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ABSTRACT

We apply Kirchhoff theory for the target strength of a rough, circular surface whose
roughness is characterized by a two-dimensional, isotropic power-law wavenumber spec-
trum, W, (x) = nzx"’ ?, Three nondimensional parameters are found that govern the tar-
get strength: {=1xpa, M E‘nza"’_d, and p; =p,-1, where x; is the acoustic
wavenumber, a is the radius of the surface, and p, is the spectral exponent of the one-
dimensional power-law wavenumber spectrum. First, we discuss the general influence of
C, p1, and 1 on the target strength. Following that are calculations of average target
strength of the ice/water interface of a submerged cylindrical block of ice, which are
compared with individual realizations of measured target strengths of ice blocks for fre-
quencies between 20 kHz and 80 kHz. Data and theory show that the (smooth surface)
form function for a finite surface does not describe the observed diffraction pattern.
Instead, the lobes of the pattern diminish and the nulls fill in — i.e., the total backscatter
becomes more incoherent — as frequency increases or as the large wavenumber com-
ponents of the roughness spectrum contribute more to the total acoustic return. These

comparisons also allowed us to infer the rough surface statistics of the ice surface and the

compressional sound speed structure within the skeletal zone of the ice.  DTIC prazyvis - .

PACS numbers 43.20.F, 43.20.R, 43.30.G, 43.30.H, 43.30.M
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INTRODUCTION

The goals of our research are twofold: to develop a theory for total backscatter
from rough, finite surfaces near normal incidence, and to use this theory to understand
the scattering of sound from undeformed, first-year arctic sea ice. Our analysis, based on
Kirchhoff theory, breaks down the backscatter into the product of two parts. One is a
“‘rough surface form function,”” which captures the effects on the backscatter due to the
rough, finite interface. The other is the reflection coefficient of the surface, which cap-
tures the material’s intrinsic properties, such as its density and compressive sound speed

structure.

This work is of interest because existing models for high-frequency backscatter
from first-year arctic ice keels (Bishop et al., 1987) assume the keels are made up of a
collection of uncorrelated, rectangular ice blocks that are smooth, and whose individual
faces reflect energy back to the acoustic source. In nature, there are many examples of
rough, finite interfaces; thus study of the factors that determine the acoustic return from a

finite, rough object is also of general interest.

In this article, we review data that support the use of a rough-surface scattering
mechanism for individual blocks. We then develop a theory, based on the Kirchhoff

approximation, that addresses these observations.
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REVIEW OF EXPERIMENTS

Our study was motivated by observations of acoustic reflection from the bottom of
arctic ice blocks by Garrison et al. (1991). Figure 1 shows their generic experimental
setup. A cylindrical ‘‘block’ was cored out of the ice sheet; a typical length was 1 m
and the diameter about 0.5 m. This block was submerged below the ice canopy, where it
was ensonified by a transducer suspended at the vertex of a triad of cables. The cables
were manipulated so that sound struck the block over a range of angles near normal
incidence. Acoustic returns from the ice block were calibrated by ensonifying a sub-
merged, flat, air-filled pan which had the same horizontal dimensions as the ice block and

had been lowered to the same depth as the lower face of the block.

These experiments resulted in measurements of the calibrated target strength of the
ice/water interface of several ice blocks near normal incidence. Their data were for the
acoustic return from the ice-bottom/water interface only; all other contributions to the

acoustic backscatter were time-gated out.

Figure 2 contains representative samples of the resulting data. The column on the
left shows the acoustic return from the air-filled pan compared with what is essentially
the Fraunhoffer diffraction pattern for a rigid, circular plate. There are minor, near-field
corrections (a reduction in the strict Fraunhoffer beam pattern of less than 1 to 2 dB), but

these are relevant only at 80 kHz.

Fvé.l
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The strong correlation between theory and experiment for the deterministic surface
represented by the air-filled pan (restricted to between % 5° for 80 kHz) shows the
efficacy of the expermental method. It also shows that the source and scatterers were far

enough apart that the Fraunhoffer assumption holds.

The nght-hand column of Fig. 2 shows individual realizations of the acoustic return
from a submerged ice block at several frequencies compared with the Fraunhoffer
diffraction pattern used in the air-pan observation. There were not enough realizations to
define average target strengths, but these are representative of the few individual realiza-
tons displayed by Garrison et al. (1991). Compared with the smooth-faced acoustic
return, the ice-block data show a reduction in the target strength of the return at normal
incidence, as well as a smoothing of the rigid-plate side-lobe structure. Both of these

trends become more pronounced as the acoustic frequency increases.

We explain these frequency-dependent variations in target strength, arguing that
both the rough surface of the ice and the sound speed variations within the ice contribute

to the target strength of a finite ice block.

THEORY

Consider the Kirchhoff approximation in the Fraunhoffer limit for the sound scat-
tered from a rough, finite shape ensonified by a point source. Tolstoy and Clay (1966)

developed this formula for an infinite surface and included a point-source beam partern.
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We use their formula, but for a finite surface and omnidirectional sources.

Figure 3 shows the rectangular coordinate system. The angle between the incident
wave and the z-axis of the coordinate system is labeled 6;, and that between the scattered
components and the z-axis is 8y. The acoustic wavenumber is X5 = w/c, where ¢ = 1437

m/s for arctic conditions. The total scattered pressure is given by

iB %o ol + P 1)

P(ro)=
7 o Po! 17 )
X[ ] koR(oth + Bhy —y)e el By EN gy
2a = ( sinB;cosy, — sinBycosyg ), (2)
2B = ( sinB; siny, — sinfgsinyg ), 3
2y=-(cosB, + cosy ). 4)

The function h(x,y) defines the two-dimensional scattering surface. For back-
scatter, Yo =0, y; =7, and 8¢ = 8;. The constant B is the source level and R is the
reflection coefficient of the surface, based on the intrinsic impedance mismatch between
the ice and the water. We have modeled the ice as a fluid with equivalent compressional
sound speed and density. At normal incidence, only compressional waves enter the ice
from the water. We assume that the contributions to Green’s theoremn from the contours

along the sides of the block are negligible for the narrow range of angles considered.
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At this point, the standard procedure is to integrate by parts, generating an integral
with a more compact integrand and two boundary terms. For example, consider the fol-
lowing subintegral in Eq. (1) (with explicit boundary conditions chosen for didactic pur-

poses):

b . b P .
J'a.hxemxo[(u +7h(x.y)]dx - J’aeaxoo.x[ hxe2mo'yh(z.y) Jdx
a a

_ o ezixo[ax-«»‘rh(x.y)]leb
2iKyY *=a

b 2 .
- I_a_ez"‘o[w*Yh(x-Y)]dx . (5)
a Y

Similar expressions can be obtained for the other two subintegrals. The boundary terms
are usually discarded for infinite surfaces by including a bounded beam whose surface
field goes to zero at large distances from the source. For a finite surface, the boundary
terms remain. In Appendix A we examine their contribution for a one-dimensional
(rather than two-dimensional) surface. We find that these boundary terms do not
significantly contribute to the total backscattered intensity for the parameter values

relevant to our problem.

Substitution of the remaining integral relations into Eq. (1) produces the standard

expression for the total backscattered pressure, P:

p=——B ik« @1)
27tf70lf71I
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XoR : ,
XT(az"’Bz*'Yz)IA Iez‘“[m*’B’”h(”)]dxdy . 6

The quantities o, B, and y and the reflection coefficient R are functions of the
incident grazing angle 8;. We restrict our attention to angles close to normal incidence

and will consider these angular functions to be constant. We can then re-write (6) as fol-

lows:

P=0(3)0, )

—iBf (B)XoR i (@i + P1)
(ei - 2 2 L iKe(r 1 ,

Q ) 2 F?0| [?1 | ¢ (8)
where

f(ens%(a%la?w’), ©
and

GEJA J'ez‘.‘co[ax + By +Yh(x'y)]dxdy ) (10)

The expectation value of the square of the pressure is <PP" >, where * denotes the
complex conjugate. The random variable that one averages over is the height of the

rough surface A (x,y). This expectation value can be written as
<PP">=00"<00"> . (11)
We define <©@" > as the ‘‘rough-surface form function’ because it contains all the

information on the surface geometry and roughness (i.e., the exwinsic ice properties) and

controls the angular dependence of the acoustic return.
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<60'> = jjAjjAeMola(x-xvv« BO=30) g Q2RI AN =R San 1y
The standard expectation-value manipulations start with assuming a Gaussian distri-

bution for rough-surface height. This allows one to write

< BN A=) =h(x"y)] § _ -23FD(r) 13)
Here,
DIn=<[h(r)-h(@r +1)*> (14)

is called the structure function (Ishimaru, 1978). We define r=(x,y) and r'=(x",y").
The structure function gives the square of the average relative vertical displacement of a

surface between two points.

We have sparse data (Fig. 4) that are consistent with using a power law to describe
the one-dimensional wavenumber spectrum W; of the ice surface. These high-
wavenumber data are taken from observations by Garrison et al. (1990) of the surface
deviation of an ice block (one not used for the acoustics experiment). They were
analyzed assuming that the roughness is isotropic. They represent the spectrum for one
piece of first-year arctic sea ice. As such, it can be considered a single realization of a
one-dimensional wavenumber spectrum, rather than an average spectrum. We use it as a

starting point for our theoretical analysis.

A rough surface whose wavenumber spectrum follows a power law can be

described as a stationary increment process, where A(r’) — A(r’ + r) is statistically sta-
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tionary. This implies that there is no well-defined rms height deviation of an infinite sur-
face with this kind of spectrum. The rough surface is characterized by a range of hor-
izontal length scales. Jackson et al. (1986) give a formalism that relates the structure
function to the two-dimensional, isotropic power-law wavenumber spectrum of the rough
surface, W,(x). They further relate that to the one-dimensional wavenumber spectrum

W (x), based on work by Ishimaru (1978). Here, we will only quote the results.

If one measures the one-dimensional spectral amplitude 1, and exponent p; of the

one-dimensional spectrum

WI(K)ET]IK-pl s (15)

one can relate 1n; and p; to the two-dimensional power law wavenumber spectrum

W4 (x):
Wa(x)=n,x 7?2 (16)
with
p
()
Mm=Emn pr-1_ " (17)
nl/2r( 5 )

where po =p; + 1.

With this expression for W, in terms of n; and p;, we can solve for the structure

function
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D(=Cm[X*+Y2), (18)
where Xsx-x",Y=y-y’and

22 - )24
ql-q)T1 +¢q)°’

where ¢ = (p,/2) - 1.

C2

(19)

We now have an expression for the rough-surface form function for Kirchhoff

theory in the Fraunhoffer approximation.

* [ - 22 2 2
<00’ > =J’J'A'J'IAe2xxo(aX+6Y) M PxICH X2 +Y ydxdydx “dy”. (20)
We transform to a circular coordinate system, which reflects the symmetry of the
scatters considered.
Y

X > . x’ . . v
= =rcos® ; “~=rsin@ ; = =r"cosb” ; g =" sinf @2n
a : a

“

for rand r” between O and 1, and 6 and 8" between 0 and 27.

We also nondimensionalize this integral expression, which produces three nondi-

mensional parameters,

C=xpa, (22)
n=nae?@-b = nza”"4 =na” 3, (23)
andpl

We define = and Q2 as
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== . (24)
and
Q= y—‘gy— , (25)

making use of the transformation from rectangular to circular coordinate systems as

described above. We can also nondimensionize the power-law spectrum:

Wa(xay;=n(xa)P?. (26)

With these parameters, we write < PP" > as follows:

*

) 2
<PP’s = [M 2]

2nr?0|r?1|a

nl2x

1 1
xf f f e 28(a= + B~ MPCHE + QY ey e g (27)
0000

[ and

Removing the propagation factors and source level produces the target strength:

TS = 10log(<PP">) + 20log([7y | 7} 1) - 20log(B) . (28)
Remember that in these expressions @, B, and y are simply geometrical quantities.
Also, note that the rough-surface acoustic return is dependent on the size of the

object beyond the usual considerations of the area of the object and {: the effects of the

size on the total backscatter also come in through the parameter 1.
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Analysis of the rough surface form function—effects of N, p;, and { near their

"observed" values

We will now show how the normalized form function given by the integral in
Eq. (27) varies with {, 1, and p, near the values suggested in Fig. 4. These parameters
are the normalized acoustic wavenumber, spectral amplitude, and the exponent of the

one-dimensional wavenumber spectrum, respectively.

Note that { is the standard nondimensional parameter from the problem of
diffraction through a circular aperture. It appears in both the oscillating and damping
exponentials in the integrand. For n = 0 and a constant p;, we will obtain the standard
oscillaing form function, which is [Jo(X)/X ]2 for round scatterers, where X = 2{sinf

(Goodman, 1968).

We first consider the angular dependence of the rough surface form function for a
constant but nonzero T, a constant p;, and increasing {. The number of lobes will
increase as for a smooth square. However, the damping exponential in the integral of
(27), whose argument is proportional to Cz, will reduce the amplitudes of the lobes and
fill in the valleys of the form-function pattern. The mathematical expression shows this
directly. We also demonstrate this smoothing out of the form function in Fig. 5, which
shows the near-norm.ai-incidence pattern for a fixed value of 1 and p; and a range of [,
all corresponding to the arctic experiments. By { = 97, the lobe and valley patterns are

completely smoothed over.

Fie s
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We now consider holding both { and p; fixed and varying the spectral strength of
the rough surface via 1 (Fig. 6). This also leads to rough-surface form functions with
lobes and valleys that are smoothed over as M increases. As the surface roughness
increases, more energy is kicked out from the ice block away from normal incidence.
This is due to the damping term in the integral in Eq. (27), which is dependent on 1. For
increases in either { or 7, the main lobe of the rough-surface form function tends to

widen and decrease in level.

Figure 7 shows the rough-surface form function for a range of p,, for fixed n and {.
The functional dependence of the rough-surface form function is more subtle than it
would first appear. The smallest value of p; gives a net lower return than the larger two
values. This is due to the larger high frequency contributions to the rough surface at this
value of p;. This increase in high frequency corntributions for smaller p; occurs because
of the relatively shallow tilt of the power law spectrum, as well as a general increase in
the value of the spectral strength (1;, within 1) relative to the other two values of p; for
a constant valus of . The case of p; = 1.8 is more coherent than that of p; = 2.8
because of the way the parameter p, works within M. Equation (23) shows that once
3-p; < 1 forincreasing p; and a constant value of 1, then 1; hence 1n; has to increase
quickly relative to continued increases in p in order to keep T constant. An increase in
the dimensional spectral strength produces a rougher surface, with an increase in the

strength of the wavenumber spectrum of the ice surface that more than compensates for

&
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the relative decrease in the high frequency components of the roughness spectrum as p,

increases beyond 2.

Competing with the decrease in retumns due to increased { and 1 or (generally)
decreased p, will be a rise in target strength due to the x3 dependence shown in Eq. (27).
The observed reduction of the reflection coefficient as frequency increases supports the

decreasc in target strength (see below).

INITIAL COMPARISON OF THEORY AND DATA

To compare the theory [Eq. (28)] with the experimental data (Fig. 2), we describe
the reflection coefficient used. For a perfectly fiat, infinite interface, it is well known
(Bass, 1958) that the acoustic return at normal incidence is a replica of the transmitted
pulse whose amplitude is affected by the reflection coefficient. For a rough interface, it
can be shown (Melton and Horton, 1970; McDonald and Spindel, 1971; Thorsos, 1984)
that if the beamwidth of the transmitter/receiver is larger than the angular width of the
normalized backscattering cross section, and if the pulse length is long enough so that
returns from all regions within the beamwidth overlap, the amplitude of the ensemble
average of the returns from the rough interface will be the same as the amplitude for the
equivalent flat interface. Thus an ensemble of returns meeting these conditions allows
determination of the intrinsic reflection coefficient R in Eq. (27). Figure 8 shows ampli-
tude reflection coefficients determined from ensemble measurements of normal-incident

scattering off the ice canopy. Only the data taken with the ITC 1042 transducer, which is
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omnidirectional, fulfill the transmitter/receiver conditions given above. The other data
were taken with directional transmitters/receivers, but the beamwidths were large enough
below 80 kHz that the values should not be affected significantly (Francois et al., 1989).
In evaluating our expression for the target strength, Egs. (27) and (28), we will first use

the parameterization for R(f) shown as a dotted line in Fig. 8.

Our interpretation of the physics controlling the data in Fig. 8 is based on an
analysis begun by D. Winebrenner (personal communication, 1991). His work, in its most
general form, is an extension of results presented by Brekhovskikh (1980), among others,
for reflection from a smooth interface backed by continuously varying, compressional
sound speed and density profiles. Winebrenner extended this by adding variable attenua-
tion and calculating the jump produced in the reflection coefficient by a discontinuity in
the sound speed and/or density profiles. Francois et al. (1989) and Mourad et al. (1990)
presented an unpublished analysis by Mourad and Winebrenner showing in detail the
case of constant ice density and no attenuation, which is equivalent to the formalism
presented by Brekhovskikh (1980). Figure 9 shows a hypothetical sound speed profile of

form

if z <0

€o
c(z) = 2[c; = (c1)2) + (cy = c)I] + tanh(82)] if 220 (29)

for§=10° m™!. Here, c is the sound speed in the water, ¢, is the sound speed in the ice
0 i

at the ice/water interface, and ¢, is the bulk sound speed (i.e., the compressional-wave
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sound speed in the interior of the ice). The values used for these parameters are shown in
Fig. 10. Measurements of actual compressional-wave sound speed profiles are hard to
come by because of the high porosity of the skeletal layer, which makes it difficult to
handle the ice while maintaining its in situ properties (Williams and Francois, 1991).
Bogorodskii et al. (1975, 1976) report large gradients in sound speed within the slushy

skeletal layer.

The theoretical, frequency-dependent reflection coefficient calculated for this sound
speed profile is given by the solid line in Fig. 10. For this calculation, we chose
Pice/Pwaer = 0.95. The low frequency limit of this reflection coefficient is R = 0.43,

which can be shown by the thin-layer theory presented by Brekhovskikh (1980).

At low frequencies, the reflection coefficient is determined by the bulk impedance
mismatch between the ice and water; essentially, the skeletal layer is too thin to have a
significant effect on the apparent reflectance of the ice. At high frequencies, the sound
speed gradient is too weak to reflect acoustic energy back into the water; consequently,
the reflection coefficient is determined by the surface impedance mismatch. Because of
uncertainty about the sound speed gradient in the skeletal layer, more direct measure-

ments are needed to quantify the theory.

Using the equation for the reflection coefficient from Fig. 8 and the spectrum of
Fig. 4, we can make a comparison between theoretically predicted average returns and

measured individual realizations for a recently submerged ice block.

£ic '@
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Figure 11 shows this comparison as a function of incidence angle for the ice/water
interface of submerged ice blocks. For 20 kHz, the model-data comparison is plausible,
including the minor smoothing of the lobes and valleys of the predicted average pattern
relative to the smooth surface result. However, there are much larger differences between

average predictions and the individual realizations for the 40 and 80 kHz data.

We have used our best guess at observed inputs for the theory, understanding that
the spectral inputs were particularly problematic, since they were obtained from an indi-
vidual realization of a piece of ice that was different from the one used for the acoustic
experiments. That comparison suggests the measured spectrum was too rough compared
with the spectrum from the ice block used for the acoustics experiments. We will there-
fore turn the analysis around, using the theory to predict spectral strengths and
exponents, and the sound speed structure within the skeletal layer of the ice used for the
acoustic experiment. We do so considering a wider range of parameter values, reflecting
a larger choice of rough surface wavenumber spectra and sound speed profiles. The
main difficulty with this approach is the fact that we only have predictions of average tar-
get strength and observations of individual realizations of target strength, a process that

becomes more random as frequency increases.
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SECOND COMPARISON: PREDICTION OF PHYSICAL PARAMETERS

USING EXPERIMENTAL DATA AND ENSEMBLE THEORY

Figure 12 shows the rough-surface form functions calculated for normal-incidence
backscatter from a block with a range of spectral strengths and exponents and over a
range of frequency ({ with constant block size a = 0.29 m). The rate at which the form
function diminishes as frequency increases depends on both 1 and p;. For example,
when there is a larger high-frequency component to the spectrum (large N and small p,),
the rough-surface form function falls precipitously as f increases. (We shall see that in
this case the acoustic returns rapidly become incoherent for increasing frequency.)
Where there is a smaller high-frequency component to the rough surface spectrum (when
1 is relatively small and p is relatively large), the normal-incidence, rough surface form
function drops off more gently with increasing {. Also note that there are larger changes
in the rough-surface form function, hence in target strength, at large frequencies com-
pared with small frequencies. This means that the large frequency results will be more
sensitive to the shape of the rough surface spectrum than the low frequency results and

will therefore be a better indicator of the rough surface statistics.

Figure 12 can be used to develop an estimate of the target stength of large blocks
of ice, in concert with Eq. (28), if one has a good estimate of n; (hence 1;) and p;. Cal-
culate i with these values and the radius of the piece of ice in question. Then, read the

normal incidence value of the form function from Fig. 12, extrapolating where necessary.

hi
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Use this value in combination with the appropriate multiplicative factors in Eq. (27) to

calculate the target strength at normal incidence.

Figure 13 shows the predicted average target strength at 20 kHz, for a range of p,
and 7, using the average reflection coefficient listed in Fig. 8. The return is less coherent
for small p, and large n than for large p, and small n. (Comparing the case of p; = 2.8
versus p; = 2.95 shows the effect we discussed earlier—Fig. 7.) The best fit of the pred-
ictions with the individual realization is centered on values of p; and M that suggest a
surface smoother than the one measured by Garrison et al. As shown here and in Fig. 12,
this low frequency case does not let us adequately bound the rough surface statistics.
This is not surprising, since the observed target strength at 20 kHz appears to be made up

primarily of coherent acoustic energy, as evidenced by its coherent angular structure.

Figure 14 shows the target strength as a function of incidence angle and a range of
p1 and n, for 80 kHz. As predicted from Fig. 12, there is a large range in level and struc-
ture of the target strength for this high frequency case and these different parameter
values. The cases of small p, and large 1 completely lose their angular structure com-
pared with the large p, and small 1 cases. With an increase in p; for a fixed 1 up
through p; = 2.8, the normal incidence return increases and the return from outlying
angles decreases -- all while the target strength becomes more coherent. This same trend
occurs for a decrease in 7 for fixed p,. Comparing the case of p; =28 vs p; = 2.95

shows the effect we discussed earlier (Fig. 7).

oy

e
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To make the predicted averages come close to the individual realization of target
strength, we have chosen a reflection coefficient that is twice the parameterized value. In
doing so, we are assuming that the potental difference between the predicted average
level and the individual realization at normal incidence is determined entirely by the
actual sound speed structure within the ice via the reflection coefficient. We are also
assuming that the overall shape is controlled by the roughness statistics. Closer to the
truth is that the acoustic return at normal incidence is in part controlled by the inherent

variability between individual realizations of < PP~ >.

The shapes of the average target strength suggest that a good choice of rough sur-
face spectrum parameters is p; = 2.8 and N = 3.767-107%, a smoother surface than the
values suggested by the single measurement of the spectrum we had at our disposal. Fig-
ure 15 shows the predicted, one-dimensional, rough surface spectrum, along with the
"observed" spectrum. (We recalculated our model for the edge-term contributions in the

Appendix for these new values of p; and . The edge terms remained insignificant.)

Figure 16 shows our final comparison of predicted, average target strength vs indi-
vidual realizations of target strength, as a function of frequency. The predicted returns
are more coherent than our earlier ones. This seems more in line with the structure of the
individual returns shown by Garrison et al. (1991). Note that the low and mid frequency
reflection coefficient values we used are eerily consistent with the average values picked

out by the recursion relation shown in Fig. 8. This suggests that the average sound speed
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within the bulk of the ice for this experiment was about equal to the average sound speed
associated with the average reflection coefficient, about 3800 m/s. However, we had to
use a reflecdon coefficient at 80 kHz that is double the value suggested by the recursion
relation, which predicts that R(40 kHz) > R(80 kHz). This change by a factor of two in
the reflection coefficient can simply be the result of the higher variability in overall level
of target strength at high frequencies than at low frequencies. It may also mark a change
in sound speed structure from that inferred from average reflection coefficients (Figs. 9

and 10).

Figure 17 shows our predicted compressional sound speed profile within the skeletal
zone of the ice which produces the average normal incidence reflection coefficient
shown in Fig. 18 and is consistent with the reflection coefficients used in Fig. 16 in the
" model/data comparisons. This sound speed profile is given by the following formula and

used in the same way as Eq. (29):

o

_ if z <1
(cz-c,»)cos(lt-(zz—l)-)] ifz21 30)

1
c(@@)= {ZT[(ci+ca)—
2 ! ifz2z

€y
where z; is the top of the skeletal layer. This acoustic waveguide has sharper boundaries
than the profile shown in Fig. 9 and has a larger impedance mismatch at the ice/water

interface.

F'('”
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The hypothetical reflection coefficient shown in Fig. 18 comes rather close to the
particular values needed in our target strength comparisons: (20 kHz, 0.2198); (40 kHz,
0.1683); and (80 kHz, 0.1942). What we find particularly encouraging about the profile
derived via this inversion procedure is that it has dimensions similar to that inferred from
the large batch of average reflection coefficients shown in Figs. 9 and 10. We predict an
acoustical thickness of the skeletal layer (defined as the thickness of the layer from the
ice/water interface to the point where the speed is 3500 m/s) to be 3—4 cm, based on both
data sets. This is in line with our recent in situ experimental measurements of sound

speed structure within the skeletal zone (Williams et al., 1992).

CONCLUSIONS

We applied the Kirchhoff approximation to the target strength of backscatter from
finite, rough surfaces at near-normal incidence and found it was a useful way to interpret
the acoustic returns from finite blocks of arctic sea ice. The analysis breaks up the mean
square acoustic return into intrinsic and extrinsic factors. The former represents the
effects of material properties of the ice on the acoustic backscatter through the refiecdon
coefficient at normal incidence; the latter represents the effects of the rough surface.
Three natural, nondimensional parameters are a product of the analysis: = xpa, where
Ko is the acoustic wavenumber 1d a is the radius of the ice block; 1 = n,a”? -4, where
the constants 1, and p, are the spectral amplitude and spectral exponent of the two-

dimensional, isotropic power law that describes the rough surface staustics; and
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p1 = pa — 1, which is the one-dimensional spectral exponent.

We calculated "rough-surface form functions,” the counterpart of smooth-surface
form functions, for a range of , {, and p;. We showed how the lobes and valleys of the
form functions are attenuated and filled in, respectively, as 1 or { increases. The
behavior is a little more complicated with variations in p,, due to its influence on the
dimensional spectral stwength within 1 for constant 1. The net effect is that with an
increase in the higher frequency components of the roughness spectrum there are more
incoherent contributions to the target strength. These effects can produce a change of at
least 6 - 10 dB in backscatter at normal incidence when compared with the return from a

smooth, finite surface.

For the contribution to total backscatter from the intrinsic ice properties, we
sketched previous work on how the normal incidence reflection coefficient for the
ice/water interface depends on the sound speed profile created by the skeletal layer in the
ice. We showed how the variable sound speed structure within the ice can induce a
significant frequency dependence in the reflection coefficient, and thus in the back-
scattering strength. When these different physical mechanisms are combined, they result
in the theoretical expressions for average target strength given in Eqgs. (27) and (28).
Using average values of the reflection coefficient and "observed” values of spectral
strength and exponent, we compared our theory with experimental data obtained by

Garrison et al. (1991) on backscatter from the natural ice/water interface of a submerged
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block of arctic sea ice. Our theory with these inputs gave poor predictions compared
with individual acoustic returns from ice blocks. It is important to realize that this

observed spectrum was not from the block used in the acoustic experiment.

We then turned the analysis around, using the comparisons of predicted average tar-
get strength with individual realizations of target strength of ice blocks to put bounds on
the surface roughness and reflection coefficient. We found that the rough surface stats-
tics inferred from this process described a smoother surface than the one shown in Fig. 4.
The frequency dependence of the reflection coefficient at normal incidence was largely
in line with average observations, especially at low frequencies. At high frequencies
(80 kHz), the comparison suggests that the sound speed profile within the individual ice
block used for the experiment is quantitatively similar to the one we have inferred from a
large set of average refiection coefficients—especially in its prediction for the acoustical
thickness of the skeletal layer, 3-4 cm. The big differences are that the inferred single
realization of ice/water interface sound speed is about 500 m/s higher than the predicted
average ice/water interface sound speed, and that the skeletal layer is a waveguide with
sharper boundaries. These changes may be due to the initial warming of the ice block
after its submergence and before the acoustic backscatter measurements were made.
However, at 80 kHz there is an unquantified, large variability in the observed target
strength as well as a rather incoherent predicted average target strength. Taken together,

they suggest potentially large variations among individual realizations of target strength

R
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at this frequency. Therefore, this inferred sound speed profile is not definitive: the factor
of two difference between average and implied reflection coefficient that motivated this

profile could easily be subsumed within this variability.
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APPENDIX

To examine the contribution of boundary terms of the form discarded in Eq. (1) to obtain Eq.

(6), we consider the one-dimensional function [compare with Eq. (5)]

a eZixo [ax+ A (x)]
2ix,yY

2ixg {azx+yh(x)])

@ 20 kg laxevh@] ,
X, (@x+ YA (x
- - ° dx — e

-8 -a -a

£(8,%ya,h) = dx,  (Al)

where the variables are as defined in the body of the article. Calculating the expectation value of

this expression gives

) =11+02+13 (A2)
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We are considering backscattering here, where 6 = 6,,. Also, D, is the one-dimensional structure

funcdon which can be calculated using the one-dimensional spectrum in Eq. (15), giving

p-1

2N —_
I‘(3—p1)cos[(;—%)nJ o . (A6)

1

[30:-1 (-]

D,(x) =

If the first term in Eq. (A1) is discarded, the expectation value in Eq. (A2) is equal to 3, a one-
dimensional version of the term retained in the body of this paper for our theory. Figure Al shows
the relative magnitude of 1, 12, and 13 as M| is varied. The parameter values are as follows:
X,=174.5, a=0.29, and p, = 1.8, which are representative of some of the values we used in this
article. For these near-normal angles, one sees that the boundary term contributions 71 and 12 are

indeed small relative to 13 and can be discarded with negligible effect.




Figure Captions

FIG. 1. Elevation view of experimental arrangement for the ice-block experiment per-

formed by Garrison et al. (1991).

FIG. 2. Comparisons of the theoretical and measured target strengths of a circular, air-
filled pan (left panel) and of the theoretical return from a smooth circular disc and indivi-
dual returns measured from the bottom of a submerged cylinder of arctic sea ice (right

panel). Details are given by Garrison et al. (1991).
FI1G. 3. Coordinate system for the theory (after Clay and Medwin, 1977).

FIG.4. ‘“‘Observed’’ one-dimensional spectrum of arctic sea ice. The straight-line fit

gives W, (x) =1;x 7' forn, =0.0000168 and p, = 1.8.

FIG.5. Comparison of theoretical calculations of rough-surface form functions (solid
line) and smooth-surface form functions (dotted line) for parameters close to those
observed: 1 = 1.2557 -1073, p; = 1.8, a = 0.29 m. At f = 20 kHz (a), the lobes of the
rough-surface pattern are reduced and the valleys are filled in compared with the
smooth-surface pattern. At 40 kHz (b), there is more smoothing of the rough-surface
form function as incoherent scattering processes become important. At 80 kHz (c), the

return is dominated by incoherent scattering, as evidenced by the absence of a beam




-2-

pattern for the rough-surface case.

FIG. 6. Effect of i} on the rough-surface form function, with other parameters held con-
stant: {=24.295,p, = 1.8, f=20kHz, a = 0.29 m. This figure shows how an increase in
1, our nondimensional form of the one-dimensional spectral strength, causes a reduction
in the coherent return from a rough surface, as evidenced by the smoothing of the

coherent beam pattern.

FIG.7. Effect of p; on the rough-surface form function, with other parameters held
constant: { = 24.295,n = 1.2557 -107°, f= 20 kHz, a = 0.29 m. The general trend is that
for decreasing p, there is an increase in the incoherent contribution to the total back-
scatter, hence a reduction in total average backscatter and in its diffraction pattern. See

the text for details.

FIG. 8. Observations of average reflection coefficients for the ice/ocean interface, as
discussed by Garrison et al. (1990) and references within. The recursion relation (dashed
line) is given by R = 0.45 — 0.18logf, where fis in kilohertz (Francois et al., 1989). Sym-

bols refer to the different transducers used in the experiments.

FI1G.9. Hypothetical sound speed profile used to model the sound speed within the
skeletal layer, i.e., within the slushy icefocean interface of first-year arctic sea ice

(Garrison et al., 1991). This profile was chosen to be consistent with observations of




sound speed within the skeletal layer and to produce a reflection coefficient consistent

with observations (Fig. 10).

FIG. 10. Theoretical reflection coefficient calculated for the sound speed profile shown
in Fig. 9. The parameter values used in Eq. (28) are noted. For low frequencies, the
reflection coefficient is determined by the bulk impedance mismatch (i.e., by the constant
value of the sound speed away from the interface). For high frequencies, the reflection
coefhicient is determined by the discontinuity in sound speed at the ice/water interface.

For mid frequencies, there is a transition from one regime to the other.

FIG.11. Average target strength (solid line) at 20, 40, and 80 kHz predicted by Egs.
(27) and (28) compared with representative observations by Garrison et al. (1991). The
dotted line shows the smooth surface prediction, with the normal incidence value chosen
to match that of the rough surface predictions. Predicted target strength is displaced to
the left by 0.35° in the first two panels and by 0.20° in the bottom panel. Parameter
values used in the calcuiations are 1 = 3.7679 1075, p1 = 1.8, @ =0.29m, and those
noted in each panel. Both observations and theory show a well-defined beamn pattern at
20 kHz, which disappears at higher frequencies. The theoretical predictions do not
succeed in producing predicted average target strengths that come plausibly close to the

individual realizations of target strength: the levels and shapes are too different.

FIG. 12. Predictions of the normal incidence rough-surface form function -- the
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integral in Eq. (27). We vary the frequency ({ with a = 0.29 m, with the actual frequen-
cies noted on the figure) and nondimensional parameters p; (the spectral exponent of the
one-dimensional rough surface spectrum) and n (the nondimensional rough surface spec-
tral amplitude). The net result is that the rough-surface form function decreases with
combinations of p, and 7 that maximize the high wavenumber contributions to the rough
surface statistics, and especially quickly at large acoustic frequencies. In the text, we
describe a way to infer the target strength of large (round) ice block surfaces, given this

figure and knowledge of the rough surface statistics.

FIG. 13. A series of comparisons of predicted target strength at 20 kHz with an indivi-
dual realization of target strength. Predicted target strength is displaced to the left by
0.35°. The one-dimensional rough surface spectral exponent p, and nondimensional
spectral strength T are varied in the theory to infer candidate rough surface spectra that
would correspond with the observations of target strength. Constant parameters are { =
24.295 and a = 0.29 m. The reflection coefficient, 0.2128, is chosen from the parameteri-

zation in Fig. 8.

FIG. 14. Asin Fig. 13, for 80 kHz, { = 97.159, a = 0.29 m, and a reflection coefficient
of 0.1968, twice the value given by the parameterization of Fig. 8. Here the predicted
target strength is displaced to the left by 0.20°. Unlike the 20 kHz case, these comparis-

ons of average target strength with an individual realization of target strength more




strongly constrain plausible (p,n) pairs.

FIG. 15. Data from one observation of the rough surface spectrum of a piece of unde-
formed arctic sea ice, its match with a one-dimensional rough-surface power law spec-
trum (the upper line) and our prediction of the one-dimensional rough-surface power law

spectrum based upon analysis of a different piece of ice.

FIG. 16. Final comparison of predicted average target strength (solid line) and indivi-
dual realizations of target strength (squares), as a function of frequency. The dotted line
shows the smooth surface diffraction pattern, with a normal incidence level set to match
the predictions. Predicted target strength is displaced to the left by 0.35° in the first two
panels, and by 0.20° in the bottom panel. The theoretical inputs are 1} = 3.7679 -107%, p,
= 2.8, a = 0.29 m, and those noted cn the figure. The reflection coefficients were chosen
to bring the normal incidence, average target strength prediction in line with the observa-
tions. The spectral strengths and exponents were chosen to match the trends in angular
dependence, specifically the smoothing of the smooth surface diffraction pattern with

increasing frequency.

FIG. 17. Predicted sound speed profile within the skeletal layer of the ice, chosen to
produce the hypothetical frequency-dependent reflection coefficient shown in Fig. 18
that matches the model inputs used in Fig. 16. This is a prediction, subject to the caveats

noted in the text, for the sound speed profile within the ice blocks used in the experiments




of Garrison et al. (1991). This profile has the same overall structure of the average sound
speed structure inferred in Fig. 10 from average reflection coefficients, especially the

acoustic thickness of the skeletal layer of the ice.

FIG. 18. Predicted frequency-dependent reflection coefficient consistent with the sound
speed structure shown in Fig. 17, calculated using the theory of Brekhovskikh (1980)

(see text for details).

FIG. Al. Comparison of the relative contributions of the boundary terms (f,,72) and
the term (r3) analogous to the one retained in Eq. (6). The parameter values used are as
follows: xy = 174.5, a = 029, and p, = 1.8, with 1 chosen to bracket the value given in

Fig. 4.




Pole

Ring
/
30m 30m
MW//// ICE # s~ 1]@ Cw v a7 ,//11r

Sphere

30m

Transducer

MoURAD, WILLIAMS Fig.




TARGET STRENGTH (dB)

ICE (58 cm diam)

AIR (60 cm diam)

T ) S I A S S R LANEL B S e LY
- o
p 9

20 kHz § |
- -
E -
E 9
e 3
- -
o -
. 9
e b
- s
- -
- -
C o
-y -
- S
- s
- -
.

- -
- g
1 -
S
- -
b b
- -
- -
-
. s
3 E
FUSETEET T S UG G U SN ST W S (S S W S Wi

rrr | Yy vyl rrrTrTTrYT

20 kHz

lllll“ll]l‘ lljllllllljll‘lllllll

A LQA e JALJ I N

M AAAAL RARAD RAAAD RAASS

LARAS RARAS P

lvl*rTTrTvIllv‘ITrv‘r L

40 kH2

\Ad AASAA RAAAA RAAAS RAAA

lllllllll i lllllllllLlllllll'llLA

rYrrJ]r1rvyrrvrJrrvyvr ooyt

NS S G G S S S UNY S WA G ST NS

40 kHz

lL‘lilL“lllllllllllll

A121 04

C T 1 T T LANELSED NN 3 SURLEN B S A A S S N S R R IS R

L 3 9 ]

- - o -
P

- 80 kHz 3 £ 80 kHz 3

- - o -

o -4 - -

- - - -

- - S -

b - - -

- - t -

o - -

= - S 4

> L b -

e — - -

- - o -
- of

] I 3

- -

a 3 = 3

-4 -

:. - - j

9 - - -
E

t /F

-

—

-

3 4

ST B I ) 1 -

-5 o) 5 10 -10

-
o

-5 0 5

INCIDENT ANGLE (deg)

MOURAD, WILLIAMS Fla. Z




v, -180°

Receiver

'Source

MOURAD WILLIAMS s:z,j.a




Wi (k) (m®)

0.01

0.0001

107

1078

10710

5

10 20 50 100
x (m™")

MOURAD, WILLIANS P‘id




{=24.295 «~ smooth
f=20kHz

1
—‘ f = 48.590 : «— smooth (b) !
4

form functions (dB)

} 5=97.179 « smooth (©
© t=8CkHz

(]
| -

5 \— rough
i

. A
\

e - \
w,s—‘ '
\ ) 1
20 - —!
10 5 ) 5 10

Incidence angie ‘deg!

MoURAD, WILLIAMS Fry.5




form functions (dB)

. : ET ;
-10 -5 0 5 10
incidence angle (deg)

MOURAD, WILLIAMS Fig &




form functions (dB)

l i sl :
0 5 10
incidence angle (deg)

MOURAT, WILLIAMS F14. T




Amp 1 1tude Refllectlon Coefficlent

0.4

c.3

0.2

0.1

C.0

A Plctter
O ITC 1042
. . & 22x22

§ ........ SO SRS S O 22x22 on

Qrm

10

Frequency (kHz)

MOURAD, (WILLIAMS F/'g.s

8

|

j



depth (cm)

¥ 1 L T —[ ¥ t T T T 1 ' 1 ] T I
}- -~
15— —
% -
10— —
L -
5— —_
0r— —

L ll_l A l ! ! 1 1 l 1 ! 1 1 l 1 |

1000 2000 3000 4000

sound speed (m/s)

MOURAD, WILLIAMS Fig.4




Amp l11tude Reflectlon Coefficient

0.4

0.3

0.2

0.1

T

T T

YTVTYTV'IYI"‘fr"II’II'l""lj""'

....................... o] bUlk tce = 3800 m/s

THEORETICAL CALCLATION

Input Sound Veloclitles:

lce/woter
interfoce = 1700 m/s

woter = 1437 m/s

Ll e e

—
o

g llil!llllllulljlll

0 100 200
Frequency (kHz)

MOURAD, WILLIAMS Fig. 1o,




target strength (dB)

10

[ =24.295 @)
54 f=20kH2

ref.coel.=0.2128

{ = 48.590 ®)
5+ f=40kHz

ref. coef.= 0.1560

{=97.179 ©
t= BOKHz o8 _ i

-] ref. coe! = 0 0984

|

-40
10
5

1}

-5
-10 -

15 - c

10 ) 0 5 (1Y
inciKdence angie (deg:

MDURAD, WILLIAMS Fig. I




rough surface form function (dB) at normal incidence

S _ smooth surtace __ (#))
—————— ~——e___ P28 1n=37679.1077
- Pri=28 p oy Ses e
5 n‘37679.10-6 -
p,t
§
0+ . ’7‘3.7679.10_5
] L
- - ~p1= n
-10 Tt .=3;7§79-10~4
~N ~N »
154 I I %
& = TJ'
{
-20 4 ~ T T T — T —T 1
' smooth surface ®).
------------------ P1=18 n=37679+10"7
\\\\ p,.la"n‘;a ______ -
5 - \\\\ 7679.10‘6
\\\\
\\
~
0~ \\\
\\D >
\’\‘\Z 2
~a B ;
YN ~SI62
\ \f.\’O‘S )
\ S~ ;
10 AN T~
N {
~ !
~ > ~ N
5= 3 - z
| ] 7~~~ - l8n=37679004 _ 8
] 1 L
'20 T T T T T
]
10_‘ —_— smooth surtace (C)i
s\\\\\\\\ 91812,1']2&7579._1077— E
5-| \\\\\ !
i T~ i
! \\i\: o |
Cht © \'\2* i
’y \'\)6‘) i
1 \\\70$ H
-5 - - RS |
" L\Y ~
' ] S
| - ~
I g\_) {
<10 - ® i
°, ‘
? s
as- £ z I
o= x - x
DR ... S.___P=l2n=37678-107 8
Cl l -
-2C - — T
20 30 40 50 60 70 80 90 100
g

MOURAD, WILLIAMS Fig.I




1arget strengtn (dB)

1aegel siength (0B)

Lacgel strengih (i)

1a1gel siength (0B)

w0

| ned78790107
§o o298

298 ;

Q9
" ned7679010”
5 Pre28

| n=176790107
dpe2e

| ned?67901C"Y
{pe2e

ne 176794107
§- Dow1l

ETe ; '

I nea7679+10™
4 L3V ]

i na17679¢107%
T
2

w® v
nel7879e10°
PR )

. nel7879e10°}

L - Pami2

1010 s

MOURAD, WILLIAMS Fig-I5




W
T )
| ne37679e10 nel7879010~ 767901073
g Droe® P a29s ca ;:-%.as e og
ob g 00 =1}
¢ o
° \ 1 VR J’
h / b [
PR B 9 Do (] K . T
e cY 5‘_ 03 [- 2N { 1 & -
T 0= / Ny Pl o I c
% ; ;1 e /.——\
§os- 3 \ (I 2 \ L c
i ! o ¥ v e SN I c cd
0= i i
- o 3 ol A A o s
=4 W 8%y . e =325 L =%3
Calnz c ~ o.z = -] P 2
.”." ety ot - %39, &% - =3
8 . . P I}
] i
3
.l ]
0 - ]
L ned76790107 '] nel7679010 L] nwar679e10"3
§= mels p .4 al8 | J m'-ze ES
! =
R . Pl s S
0 4 ; -’
_ a- ] ) L -
g Lo ‘ .
PN ; 4 - -
§ f \ L o
1§ - = 1 5
i < | ]
- = L=
3 :/\' f\ [ P o
- asﬂ'% P [
:;_C::_ A v P Carn e o -
B H ; Bt 5 ! Saigz -
-0 = s e b= s c™ - =T ="
- - .
\ . o ,
- .
REPrTeNre | ' ne376790107¢ T s
- I Pne ! 7679010°
g Prail e L2 pe18 S 1 :.'-115 : ce
) of b ] ! a3
o~ Vo o
) | 1 E
$- - [ ! P
§ 5 v ta af ’\: $ o® s
< 5w & \n‘ - // % - e
[ { X .
%,,- 2 L, P A AN : /\
= -a Io- R
0 2 1) R ) //a . :3\ o B 23
% 20 ¥ \ s P Pl
53 . ~z " e I C N i c
2% ol -E P s ] 2z, L 3¢
' 3,850 c e e,z c e o S.c.o z
3= =T o - = aaa o= . =%e8, -z
a8~ - (-
| P b
-0
n=17679000 " Tnear679e1074 I T naa7679010
g~ Prol2 | <« Pr=12 og Poq w2 ce
| cF i o 99 | | o 9¢
0= | 4
, / 1 T
o 8- =S T c® s - s® :
g 18 B v = z
§ 0 - / \»’»\. - /\\ B -
g - a 3 . s/ e
H 2 AT K ‘ oS \c\ P a =2
- - ! -
2 - Y v, D [
g e VA | 2 L F)
- e , a%sg - ° 250, - =
o= c a I a.z o =
- =R . 3%g2 3 E.c.= -
e o a® ) H e° R - ==
b |
2 - R P -
<
0 s s 0 19 H 10 10 s

MoliRAD, WILLIAMS Fig. |4




Wi (k) (m°)

0.01

0.0001

MoufaD, WILLIAMS Fig 1"




target strength (dB)

10

[ =24.295
f= 20 KkH2

ref. coef.=0.2128

5~

{=48.490
f= 40 kH2

ref. coef.= 0.1560

5-

=97.159
t= B0KHz

N 0 5 10
nCdence angle (deg)

MOURAD, WILLIAMS Fig. 1L




z (cm)

14 - water sound speed = 1437 m/s
ice/water interface sound speed = 2250 m/s
bulk ice sound speed = 3800 m/s
42 physical thickness of skeletal zone = 5.2 cm
sinusoidal c(z) profile
10 S
8 -
Gl
4 -
2 —
‘ « ice/water interface
0 —— T T T 7

1500 2000 2500 3000 3500 4000
compressional sound speed within ice (m/s)

MouRaD, WILLIAMS FICS. )7




(a)
-25
3
-50
-5
% -IOON\/\/\/Q\/'
-125
-150 u
-11%
1,= 0.00000168
-200 2 r} ; 3 1o
~50 [3
-5
:.:-wor— 2
-~
-125%
tl
-15¢
-175
n,= 0.0000168
2 4 6 ] 10
(c)
=50 13
-75¢
~100 2
=)
= <125
~150
<175

degrees

MOURAD, WILLIAMS Fig-A



L ]

reflection coefficient

0.40

0.35

0.30

0.25 -

0.20 =

0.15 —
0.10 -
0.05 -

0.0

water sound speed = 1437 m/s

ice/water interface sound speed = 2250 m/s
bulk ice sound speed = 3800 m/s

physical thickness of skeletal zone = 5.2 cm
sinusoidal ¢c(z) profile

20

T T 1 i i
30 40 50 60 70 80
frequency (kHz)

MouRAD, Witklams Fig. I8




