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Non-linear acoustic imaging of ice properties
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ABSTRACT. Non-linear acoustic techniques have been used to investigate the
properties of a pond-ice cover. The field tests showed that the position of the
lower and upper surfaces, as well as some internal bubble layers, could be loc-
ated with centimetre-scale resolution. These results are presented, along with
an outline of parametric array theory and a description of the instrumentation.
The data indicate that dynamic modelling of the acoustic response of ice will en-
able remote estimation of some of the bulk physical properties of the ice such as
thickness, roughness and possibly brine volume. It follows that this approach to
non-destructive imaging of ice properties may find application in a wide range of

ice-engineering problems.

INTRODUCTION

An understanding of the interactions between floating
ice and engineered structures is essential to the economic
and environmentally sound development of the Earth’s
polar regions. Governments and industry are looking
increasingly toward these regions, and the polar oceans
in particular, as arcas for future development. This in-
creased activity has brought with it an increased de-
mand for detailed information on the properties of ice
which control its behaviour as a material. These physical
properties include its thickness, temperature, brine vol-
ume, crystal structure and related mechanical properties
such as Young’s modulus, Poisson’s ratio, compressive
strength, tensile strength and shear strength. Signific-
ant advances in our understanding of ice properties and
ice-structure interaction have been achieved in the past
two decades; however, much of the work to date has foc-
used on the large and meso-scale properties of sea and
lake ice, or small-scale properties of artificially grown
ice. Although mecasurements at these scales are suitable
for many purposes, numerous applications require sys-
tems capable of non-destructive sampling of natural ice
masses with millimetre-scale resolution.

For example, the small-scale underside roughness of
sea-ice floes is important in boundary-layer studies, the
entrapment of oil under ice and in determining the overall
drag coeflicient of the floe. There is also a need for more
information on the spatial and temporal variability of
ice properties, as it is often the extreme rather than the
average properties which control the forces exerted on a
structure (see Sanderson, 1988).

Although non-destructive (remote) techniques are un-
likely to provide direct measurements of the mechanical
properties mentioned above, a system capable of measur-
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ing fundamental physical properties would be extremely
valuable, as the mechanical properties could be inferred
from it. Several attempts at remotely imaging these
basic ice characteristics have been made, employing a
variety of techniques including HF radar and electro-
magnetic induction. These techniques vary widely in
terms of range, resolution and degree of signal processing
and interpretation required. Although some of these sys-
tems have been successfully used to measure (or infer) ice
thickness in specific circumstances, they are incapable of
clearly imaging both the upper and lower ice surfaces,
and do not show any promise for extension to the meas-
urements or estimation of other fundamental properties.
Linear acoustic techniques (Jezek and others, 1990) have
been used to infer ice type on the basis of reflection-
coefficient probability—density functions. While they
suggest that the intensity of the reflected energy may be
influenced by internal structure (such as bubbles) near to
the ice/water interface, they could not identify individual
structures or quantify the contribution of the features to
back-scattering. This system is also limited in its abil-
ity to resolve the air/ice interface. Rajan and others
(1990) made acoustic cross-hole tomographic sections of
lake and bay ice showing the shear and compressional
wave-speed profiles at 30 and 90kHz. This system does
provide information which can be correlated to ice prop-
erties but requires that the sensors be moved vertically
through holes in the ice sheet. An acoustic approach
which may overcome many of these limitations is non-
linear acoustics.

The advent of non-linear acoustic technology, specific-
ally the parametric array, allows a broad-band source to
be realized in practice (Berktay and others, 1979; Kon-
rad, 1979). The non-linear interaction of sound in water
was first described by Westervelt (1963). If two intense
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sound beams are coaxially transmitted into the water,
due to the non-linearity of the medium new secondary
frequencies are produced, including sums and differences
of the primary propagation frequencies. This creates a
parametric array. At the low-difference frequencies, a
very narrow beam is produced with minimal or no side-
lobe energy. The band width of these frequencies is large,
approximately that of the primaries. This is of special
importance to the sounding of ice since the length of an
acoustic pulse, which is determined by the signal’s band
width, places limits on the minimum thickness of ice and
the thickness of the internal layers that can be unambigu-
ously resolved. It is well documented and understood
in geophysics that, if an acoustic pulse length is of the
same dimension as the thickness of the medium being
sensed, the resulting returns from the top and bottom of
the layer will interact causing interference (Guigné and
others, 1990). The two time events which delineate the
boundaries of the layer would then become blurred or
incoherent.

A short pulse with a narrow beam, as provided by
the parametric array through the non-linear process,
also permits stronger signal-to-reverberation ratios to be
achieved when scattering by air bubbles in the ice is dom-
inant or present (Guigné and Chin, 1989a). Scattering by
small voids within the ice (bubbles, brine pockets, brine
drainage channels and cracks) severely restricts acoustic
returns from conventional sources. It is rare that coher-
ent short impulses of the order obtainable with paramet-
ric arrays can be achieved with current commercial echo
sounders. This makes non-linear acoustics a particularly
attractive approach.

Wallerstedt (1989) specifically verified the use of a
non-linear parametric sonar to measure sea-ice thickness.
It was observed that coherent parametric reflected pulses
off both lower (ice/water) and upper (ice/air) surfaces
were received. In this paper, we present the results of
an experiment aimed at determining the feasibility of
using non-linear acoustic techniques to image remotely

“ice properties. The field trials were conducted on Long
Pond, Newfoundland, in March 1990. At this time, the
pond surface was covered by a fairly uniform fresh-water
ice cover approximately 0.32 m thick, and completely free
of snow. The water depth at the measurement site was
approximately 2.6 m.

INSTRUMENTATION AND TECHNIQUES

An efficient technique for generating a parameteric array
is to employ a process called self-demodulation (Berk-
tay, 1965). If a modulated carrier frequency signal is
radiated from the acoustic transducer, non-linear inter-
action takes place in the water between all frequency
components present. The secondary signal produced in
the water contains a band of different frequencies and
has a time-domain form proportional to the second-time
derivatives of the square of the modulation envelope.
The secondary pressure produced by a parametric array
may be expressed as

52
p(7,1) = D oph )77, 1) (1)

where ¢(7, t) is the impulse response of the parametric ar-
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ray at position 7, * is the convolution and D is a constant
which is a function of the frequency-independent para-
meters (Ceen and Pace, 1981; Pace and Ceen, 1983). For
under-ice imaging, the axial wave form of the parametric
array is normally incident on the ice/water interface in
the near field of the carrier frequency. In this case, the
impulse response of the axis can be assumed to take the
form of a delta function. The primary frequency modul-
ation is pn(t) and may take many forms, depending on
the application. For a broad-band secondary signal, a
form for pp,(¢t) which is easily implemented is the cosine
bell

1 1
2_fc)_U(t__)] (2)

puslt) = %(1 s Bnlt) T

U(t+

where U(.) is the unit step function and f. is the carrier
frequency. The normalized on-axis secondary wave form
resulting from this modulation is

1l
27.)

B =

p(t) = =(cos 2r f.t + cos4n f.t) [U(t +

= D = %)] . (3)

This wave form has a normalized spectrum

sin B 1
B {0 +f/fc)} W

Ph=grl 2 errm *

w f [sin A 1
where A = (2— f/f.)m and B = (1 f/fc)m. This spect-
rum peaks at f = 1.5f.. Figure 1 shows a “raised co-
sine bell” modulated carrier and the self-demodulation
signal which would be received on a broad-band hyd-
rophone located on the acoustic axis of the transmitting
transducer. The pressure spectrum of the secondary or
demodulated signal is also shown in this figure (Guigné
and others, 1989). ‘

The acoustic system used in this experiment was dev-
cloped at C-CORE, Memorial University (Guigné and
Chin, 1989b). The probe consisted of a broad-band,
narrow beam source with centre frequencies from 60
to 120kHz. Signal acquisition and processing was per-
formed with a digital data-acquisition system. The
transducer and hydrophone were mounted on a rotat-
ing arm suspended 0.65m below the ice/water interface
(Fig. 2). The support frame was designed such that the
rotating arm could be locked in any one of eight evenly
spaced positions.

ICE CONDITIONS

The experiment was conducted on 6 March 1990. At
this time the ice cover on Long Pond was completely
free of snow and had a fairly smooth, uniform upper sur-
face giving the impression of lateral homogeneity. Be-
fore the acoustic imaging was performed, an ice block
was removed for analyses of crystal structure, density
and bubble distributions. The hole left by the removal
of the block served as the centre point for the sen-
sor mount. The thickness of the block varied between
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Fig. 1. The raised cosine bell modulated car-
rier waveform (a), self-demodulation signal
which would be received on a broad-band hyd-
rophone (b) and the pressure spectrum of the
demodulated signal (c). (After Guigné and
others, 1989.)

0.31 and 0.33 m, and its density was estimated to be
880kgm™>, or about 4% air space by volume. The den-
sity estimate was obtained by cutting a part of the block
into a cuboid shape, measuring its volume and weighing
it on an electronic balance.

Of greater importance to acoustic imaging was the
vertical distribution of bubbles in the ice sheet. The
bubbles ranged in shape from nearly perfect spheres to
thin tubes arranged with their long axes vertical (Fig.
3). Vertical thin sections were prepared on a microtome
and photographed between crossed polaroids. This pro-
cedure revealed that the ice was composed of long colum-
nar crystals 0.02-0.03 m in diameter and 0.10-0.15m in
length. There were no apparent associations between the
bubble layers and the crystal structure. The absence of
smaller crystals and/or a polycrystalline layer at the sur-
face of the ice suggests that the ice formed in the initial
stages of growth had melted and run off. The complex
bubble stratigraphy was the result of extremes of temper-
ature and precipitaiton during the growth history. The
1990 ice season was characterized by cycles of cold (-10°
to ~20°C) windy weather followed immediately by warm
temperatures (5° to 10°C) and heavy rain. This resulted
in rapid changes in the rate of growth at the ice/water in-
terface, and produced the strongly stratified, bubbly ice
sheet shown in Figure 3. The bubble patterns are prim-
arily a function of the ice-growth rate and amount of dis-
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Fig. 2. Schematic representation of the in-
strument set up on Long Pond, 6 March 1990.

solved air in the water (Hobbs, 1974). In general, large
bubbles are produced during periods of slow growth, and
small bubbles are the result of rapid growth. The shape
of the bubbles is a function of the supply of dissolved air,
and to a lesser extent thermal metamorphosis after initial
bubble formation (Macno, 1967). When the air supply is
constant, the bubbles tend to become cylindrical, while
a discontinuous air supply results in spherical shapes.
In the case of a shallow pond, the bubble densities and
shapes may also be influenced by gaseous releases from
the sediments.

Ice temperatures were not measured; however, in the
absence of a snow cover, it can be assumed that the ice-
surface temperature was close to the ambient air tem-
perature during the measurement period (~ —9°C). It
can also be assumed that the ice at the lower interface
was at the freezing temperature (0°C).
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Fig. 3. Sketch of the bubble structure found in
the ice block. A depth of 0.0m represents the
ice/air interface, and the two arrows indicate
the depths of two internal reflecting surfaces
R, and Rj (see text).

DATA ANALYSIS

In order to measure accurately the position of the
ice/water interface, it is necessary to measure accurately
the time interval between the outgoing pulse and the re-
turned echo. The conventional use of the maximum pos-
itive amplitude as a time reference involves the identific-
ation of a specific peak on the time trace. This approach
is sensitive to phase changes which may occur upon re-
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flection, to ambient noise, and to variations in rate of rise
time, which are controlled by the water/ice impedance
and ice properties. These variables affect the sign and
amplitude of the real valued time signal. Uncertainties
can therefore arise in defining a representative maximum
amplitude point.

To enhance and mathematically better describe the
signal content, its real-time history can be restated as
an analytic signal using the Hilbert transform (Guigné,
1986: Guigné and Chin, 1989a). To obtain the envelope
signal, the time-domain signal s(t) is made complex. By
applying the Hilbert transform, an analytic signal z(t) is
obtained:

z(t) = s(t) + 75(t) (5)

or

2(t) = E(t) exp(ié(?))

| (6)
= ||z(t)]l exp(ie(?))
where §(t) is the Hilbert transform of the time signal
s(t), E(t) is the energy envelope signal or magnitude of
z(t), ¢(t) is the instantaneous phase signal and j is ( 1)2
(Bendat, 1975).

Although most time signals contain rapidly oscillat-
ing components, these oscillations are removed by the
Hilbert transform during the formation of the envelope.
This allows for a more complete and detailed study of
the signal, since the imaginary part is included in the
calculations. The Hilbert transform offers an elegant
model for ice-structure mapping since ambiguities in ref-
erencing signal peaks are greatly reduced (by an order
of magnitude). When a complex signal is used, the res-
ulting envelope is a positive function which resembles an
energy-time curve, hence the need to be concerned with
polarity does not exist. What emerges is a clearer des-
cription of the actual energy parcel, and the influences
on it during travel through the ice. This permits the
travelling energy to be represented graphically on a log-
arithmic scale, thus providing a wide dynamic display
range.

Furthermore, the velocity computed from the Hilbert
transform time traces is a group velocity; the velocity of
the maximum energy of the wave-train pulse. Differences
between the group velocity and the phase velocity (the
wave speeds of the different frequencies within the pulse)
are influenced by the attenuation occurring within the
ice. The Hilbert transform provides a good mathematical
basis for modelling the group velocity.

RESULTS

Figure 4 shows a single acoustic record collected at trans-
ducer position A. The top part of the figure shows the
real part of the time history and the lower part shows
the instantaneous amplitude of the same record. The
instantaneous amplitude represents a pseudo-energy en-
velope. The significant events labelled on Figure 4 are
synthesized into the following points:

(i) The event labelled D represents the direct arrival
from the transducer. The transducer/hydrophone
separation of 0.434 m and the arrival time of 306 s
yield a velocity of sound in water of 1418 ms™"
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Fig. 4. An acoustic record collected at loc-
ation A in Figure 2. The diagram at the top
shows the real-time history. The lower dia-
gram shows the instantaneous amplitude of the
same record,

(ii) The event labelled R, represents the first reflected
energy from the ice/water interface.

(ili) The events labelled R, and Rj represent internal
reflections from within the ice.

(iv) The event labelled Ry represents the reflection from
the ice/air interface. The polarity reversal between
R, and Ry results from the low acoustic impedance
of the air above the ice, in comparison with the
acoustic impedance of the ice itself. The average
one-way travel time through the ice of 90 us, along
with the average ice thickness of 0.32m, gives an
average acoustic velocity in the ice of 3550 ms!.

Figure 5 shows a part of the eight acoustic records.
The top part shows the real-time histories and the bot-
tom part shows the instantaneous amplitudes. The
acoustic data have an automatic gain correction applied
to enhance the weaker internal reflections. The following
can be noted from an examination of these records:

(i) The ice-bottom reflection varies with spatial posit-
ion, revealing the roughness of the underside of the
ice. The position of the R; reflection varies by a
maximum of 22 us of two-way travel time, corres-
ponding to a thickness variation of 0.016 m.
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Fig. 5. Real-time histories of the eight acous-
tic records, with automatic gain control (up-
per), and instantaneous amplitudes with auto-
matic gain control (lower). The position let-
ters refer to Figure 2.

(i) The character of the R; reflection also varies bet-
ween positions. Interference of two or more returns
is evident at positions C, D, G and H. This is in-
dicative of reflections from closely spaced reflectors
near the ice/water interface.

(iii) The Ry reflection is seen to be present across most

of the acoustic records. This event is marked with a

solid line except at positions D, E and F, where its

location is not clearly evident. The one-way travel
time from the R; to the Ry reflector is 40 us, placing

Ry 0.14m from the ice/water interface, assuming

constant velocity.

(iv) The Ry reflection can also be followed across the

section except at F' and G where it is denoted by a

dashed line. The one-way travel time between R,

and Ry is 65 ps, placing this reflector 0.23 m above

the ice/water interface.

(v) The R, reflection is marked with a solid line at all
positions. The strength of the reflection and its
reversed polarity clearly indicate that this is the
ice/air interface.

Figure 6 shows the magnitude of the R, reflection as a
function of position for the three different acoustic pulse
frequencies. The large magnitude of the 60 kHz pulse at
position B is questionable and may have resulted from
an incorrect gain recording during data collection. The
difference in magnitude of the R, reflection at positions
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Fig. 6. The magnitude of the R; reflection as
a function of position for the three different
acoustic pulse frequencies.

A through H is indicative of spatially varying physical
properties (such as density) of the ice/water interface.

The percentage of the energy which was transmitted
through the ice and returned to the hydrophone as a
function of array position is shown in Figure 7 for the
three different frequency acoustic pulses. The largest
percentage energy return occurred at position F. It is
noteworthy that internal reflections were not well pro-
nounced at this position. The amount of energy trans-
mitted provides an indication of the presence of scat-
terers in the ice. The redistribution of energy by these
scatterers can be used to characterize the nature of the
ice matrix.

It is interesting to see that the two internal reflec-
tions correspond to the only two layers composed pre-
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Fig. 7. The percentage of energy transmit-
ted through the ice and returned to the hyd-
rophone.

dominantly of spherical bubbles (refer to Figure 3). This
is somewhat misleading since it is not the shape of the
bubbles that is of the greatest importance, but rather the
Bubble volume in the plane perpendicular to the direc-
tion of acoustic energy flow. These two layers stand out
because they project low-density planes to the acoustic
signal.

CONCLUSIONS

The results described above are extremely encouraging,
and were obtained without matching the properties of
the acoustic signal to the acoustic properties of the ice for
optimal performance. Nevertheless, in its present config-
uration, the equipment has been shown to produce infor-
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mation on both the bulk properties of the ice cover and
its internal structure. These results suggest a wide range
of applications.

The internal structure of ice, in particular bubble and
brine volumes, is crucial to the mechanical behaviour of
the material. In fact, most engineering properties of sea
ice can be empirically linked to this single parameter.
The underside roughness is another important property
which can be measured with precision through the use
of non-linear acoustics. The capability for detection of
both the ice/water and ice/air interfaces also facilitates
measurements of surface roughness. The advantages of
detecting both interfaces for ice-thickness measurements
are obvious. The narrow beam width, omission of side
lobes and precise coherent timing of the pulse return en-
able these measurements to be made with far greater ac-
curacy than is possible using conventional systems. The
approach also tends to prevent the generation of trans-
verse Rayleigh waves within the ice, thereby minimizing
volume reverberation effects. The reduction of multi-
path propagation and possible shear-wave effects concurs
with the research findings of Wallerstedt (1989).

It is likely that this technique can also be applied
to a number of other ice-related measurement problems.
Since boundaries between materials with different prop-
erties can be resolved so clearly, measurements of slush
or water layers within, or on top of an ice sheet are also
possible. Similarly, the thickness and perhaps the poros-
ity of sub-ice platelet and frazil-ice accumulations can
be investigated. The latter in particular is of consider-
able practical importance to the hydraulics of ice-covered
rivers and lakes.

There are also several devel.zing fields of ice research
where accurate measurement of ice thickness is essen-
tial. Wadhams (1990) has suggested that the impact
of COs-induced global warming can already be scen in
thickness changes of the Arctic pack-ice cover. More ac-
curate thickness data, fully exploiting the spatial and
temporal resolution obtainable with the parametric ar-
ray, would greatly improve our capability for using the
sea-ice cover as an indicator of climatic change. Simil-
arly, high-resolution underside roughness profiles would
provide insight into the fractal nature of ice at much
smaller scales than is currently possible (Bishop and
Chellis, 1989; Connors and others, 1990). While our
experiment, which has dealt with thin fresh-water ice,
has not proven the feasibility of these applications, it
does show the great potential of non-linear acoustics to
ice-measurement problems.

This study has shown that parametric array technol-
ogy can be used to measure the thickness of thin float-
ing ice sheets, and identify internal layering with centi-
metre accuracy. In addition to detecting the presence
and thickness of these different layers, the acoustic re-
turns infer something about the bulk properties of the
material. The acoustic energy balance within the ice
is controlled by attenuation, reflection and scattering,
which are all in turn controlled by the physical compos-
ition of the ice. Guigné and others (1989) have shown
how analyses of the shape of the spectral distortion can
be used to garner information about attenuation, which
can be linked to physical parameters such as density and
porosity. These dynamic models were successfully ap-
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plied to the more complex case of sea-bed soils (Guigné
and others, 1989), and similar techniques should be ap-
plicable to floating ice masses. Measurements of brine
volume and crystal structure are particularly promising.

The non-linear acoustic approach has two additional
attributes which make it extremely attractive. The first
is that sampling is non-destructive. This permits repet-
itive mapping of ice features, and the development of a
time series of ice properties. The second is its ability to
make large numbers of measurements in short periods of
time. This facilitates measurements of the spatial variat-
ions in ice properties. Spatial information is important
in all areas of ice physics and ice engineering, but so far it
has been largely neglected because of the difficulties as-
sociated with making the large number of measurements
required. Programs to develop many of these ideas, and
produce a prototype system of hardware and software
tailored specifically to ice-engineering problems, are al-
ready in place.
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