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  The morphology of sea ice during the early stages of growth is strongly dependent on environmental conditions. Under calm conditions, congelation ice
forms through downward growth of ice crystals from the water surface. Under turbulent conditions (surface waves), rapid freezing of ice crystals occurs
in the upper water column (frazil ice), eventually consolidating into pancake ice through repeated collisions and agglomeration of the loose frazil crystals. It
is expected that high-frequency scattering from the basal layer of the ice varies for different sea ice types and can reveal structural information that governs
the behavior of the ice and its interactions with the environment. Broadband scattering measurements of sea ice are presented beginning with ice-free
conditions and through initial stages of growth in laboratory experiments for both congelation and frazil ice. With increased interest in drilling for
hydrocarbon resources in the Arctic and the associated environmental concerns of an oil spill in ice-covered waters, improved methods for detection of
crude oil both under or frozen within sea ice are needed. Acoustic scattering data are presented demonstrating how the scattering changes when crude oil is
spilled beneath the ice.
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INTRODUCTION

A significant portion of the world’s estimated undiscovered oil is located in the Arctic [1]. The dramatic retreat of
Arctic summer sea ice [2], has made increased shipping traffic and the development of these areas for hydrocarbon
extraction increasingly likely. On-ice and airborne oil spill detection methods face technical and operational challenges
in ice covered seas; there is a need to investigate other technologies for the application. At present, no studies have
been published that apply broadband acoustic scattering techniques to sea ice or under-ice detection of oil spills. In
order to identify oil under or within ice using acoustic techniques, it is necessary to understand acoustic scattering
from sea ice.

The structure of sea ice during the early stages of growth is strongly dependent on the environmental conditions. Sea
ice growth initiates through the formation of loose, flat dendritic crystals known as frazil ice. Under calm conditions,
the frazil crystals will form an initial ice skim from which subsequent growth progresses vertically downward through
congelation growth. Under turbulent conditions (e.g., surface waves), rapid freezing of loose frazil ice crystals occurs in
the upper water. These frazil crystals will agglomerate and can, through repeated wave-induced collisions, consolidate
into pancake ice [3]. Once the pancakes freeze together into a continuous ice cover, further thickening occurs through
congelation ice growth. Congelation ice is characterized by columnar crystals with a so-called skeletal layer of parallel
dendrites that extend into the seawater below. Between the dendrites, there are layers of seawater enriched with brine
expelled from the ice during freezing. These complicated structures, present in the bottom centimeters of congelation
ice, are referred to here as the skeletal layer. Even above this layer, the ice contains a complex interconnected
brine network whose properties vary spatially and temporally with the salt content and temperature of the ice. The
crystal size, crystal orientation, dendrite spacing, salinity, and brine and gas pocket distributions are all influenced by
environmental conditions (e.g., currents), the ice growth rate, and method of ice formation [3].

The spatial scales associated with these different ice structures make high-frequency ( f > 10 kHz) acoustic
scattering techniques a viable potential tool for identification and characterization of the different ice structures, and
consequently may reveal information about the interactions between the ice and the environment. High-frequency
scattering from congelation ice has been measured in a limited number of previous studies using narrowband systems
[4, 5]. These findings showed that roughness of the skeletal layer of congelation ice affects the echo statistics.
Narrowband, multi-frequency methods have also been used to study frazil ice in rivers with the goal of inverting
the results to estimate suspended frazil ice concentration [6, 7]. The authors are not aware of any studies applying
broadband acoustic scattering techniques to congelation ice or frazil ice.

Here we present measurements of broadband backscatter from columnar and frazil ice grown in two separate
laboratory experiments. In both cases, data were obtained during the initial stages of growth (≤ 2 cm of ice) until
ice thickness was greater than or equal to 8 cm. Crude oil was then released in each tank. The measurements before
and after the introduction of oil provide information about the acoustic scattering from both ice types and to illustrate
how a crude oil spill changes the scattered signals.

METHODS: LABORATORY SETUP

The measurements of acoustic backscatter from congelation and frazil ice prior to and following the introduction of
crude oil were performed from Dec. 12-20, 2013 at Hamburgische Schiffbau-Versuchsanstalt GmbH (Hamburg Ship
Model Basin; HSVA) in Hamburg, Germany. Elevation views of the tanks used in these experiments are included in
Fig. 1. The frazil tank was 1.5-m deep, 3-m wide, and 16-m long with a 3-m wavemaker at one end, and a “beach"
at the other end to dissipate the surface waves. The frazil ice was formed in the wave tank by constantly running the
wavemaker to produce waves (typically 0.1-m amplitude, 1.5 s period) while the room was maintained at temperature
below -2◦C. Under-ice observations were performed with instruments mounted to a trolley that could be moved along
the bottom of the tank using wooden tracks and a pulley system. In addition to transducers for acoustic backscatter
measurements, the trolley was also equipped with GoPro high definition cameras looking upwards at the water/ice
interface and sideways at marks on the sides of the tank for determining the trolley’s location. The frazil ice was
grown to a thickness of roughly 8 cm before 10 L of oil were released under the frazil ice.

The columnar ice experiments were performed in a cylindrical tank (1.37-m deep, 1.4-m diameter) in a separate
room maintained at a temperature of -18◦C (Fig. 1a). Prior to the formation of ice, the salinity in the congelation tank
was 32 PSU. On Dec. 16, when the acoustically inferred thickness of the ice was approximately 12 cm, 50 L of oil
were released under the ice using a pipe frozen through the ice. In both experiments, the oil deployed was medium
crude oil (API gravity = 30.75).
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FIGURE 1. Illustration of the sampling scenarios (not to scale) in the congelation ice experiment (a), the frazil ice experiment
(b), and a box diagram of the pulse-echo system. Simultaneous sampling of both experiments was not possible.

In both experiments, multiple pairs of transducers (closely spaced to approximate monostatic measurements) at
different frequencies were used (Tab. 1): 350-565 kHz and 700-1050 kHz transducers in both experiments and a
200-300 kHz pair in the congelation ice experiments. In the frazil ice tank the trolley was positioned at the point of
interest and a single transducer pair sampled the backscatter at the maximum possible sampling rate. The frazil ice
data presented in this document were sampled at 5.3 Hz for 200 pings for a sampling period of approximately 38 s
(24 wave periods). Identical sampling with the second transducer pair immediately followed the samples with the first
pair.

Two types of sampling were performed in the congelation ice tank. First, at least once per day sampling was
performed using all of the transducer pairs. Each pair sampled at 1 Hz for a minimum of 30 pings. Over these time
scales no variations in backscatter attributed to the ice were observed and the data averages of the pulse compressed
data (see following section) was performed to reduce noise. Second, overnight operation of the system was used to
produce a time series of backscatter during ice growth. The data presented here were sampled every 90 s using a 1
MHz transducer pair and the analysis was performed on the individual pings (no averaging).

METHODS: DATA ACQUISITION AND PROCESSING

An elevation view of the configuration for the congelation ice experiment and a description of the pulse-echo system
hardware used for both experiments is described in Fig. 1. The same pulse-echo hardware was used in the frazil ice
experiment. Data acquisition was performed with a custom LabView script. The transmit and received signals were
sampled at 4 MHz. All transmitted signals were 250 µs linearly modulated chirps. The transducer pairs were calibrated
after allowing surface disturbances in the tank to settle overnight and using the smooth, pressure release surface as an
ideal reflector.
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TABLE 1. Transducer parameters for both experiments. The footprints are calculated at a range of rscat =0.7 m
for the frazil ice experiment and rscat =0.85 m for the congelation ice experiment.

Transducer parameter Congelation Ice Tank Frazil Ice Tank
Frequency range (kHz) 200-300 350-565 700-1050 350-565 700-1050
Center frequency (kHz) 250 500 1000 500 1000
Wavelength, λ , (mm) 5.7 2.9 1.4 2.9 1.4
Transducer diameter, D (cm) 2.54 1.91 2.54 2.54 1.91
Full beamwidth, θ (◦ at - 3 dB) 13.4 8.8 3.4 6.6 4.4
Far field, D2/λ (cm) 2.8 3.2 11.2 5.6 6.3
Fresnel radius, rscat tan( θ

2 ) (cm) 4.9 3.5 2.5 3.2 2.3
Footprint radius, rscat tan( θ

2 ) (cm) 11.3 7.5 3.8 5.3 3.8
Bandwidth (B) (kHz) 100 215 350 215 350
Spatial resolution (cm) - pulse length ( 1

2 cwT ) 18 18 18 18 18
Spatial resolution (cm) - pulse compression ( cw

2B ) 0.7 0.3 0.2 0.3 0.2

Pulse-compression techniques [8, 9], which result in improved range resolution and signal-to-noise ratios in com-
parison to narrowband methods, were used to analyze the scattered signals in the temporal domain. These results are
presented in terms of the pulse compressed (CP) output, ECP. The range to the first interface (water/ice or water/oil)
is given by: r = cw

2 t1, where cw is the sound speed of the water (cw =1440 m/s) and t1 is the delay time to the first
peak in ECP. In the congelation ice experiment, the ice thickness was inferred using the change in time delay from
the calibration data (i.e., the water/air interface). Once introduced under congelation ice, the buoyant oil forms a layer
under the ice and ECP contains two peaks, which is consistent with backscatter from two interfaces. The thickness of
the oil is given by: hoil = (coil/2) |t2− t1|, where coil is the sound speed of the oil, and t1 and t2 are the time delays of
the peaks in ECP that are attributed to the water/oil and oil/ice interfaces (e.g., ECP in Fig.1a).

The frequency spectra of the received scattered signals are presented in the form used by Lavery and Ross (2007)
[10, Eq. 1]. That is,

Pratio(ω) =
Pscat(ω)

Pinc(ω)
= G(ω)

V R(ω)

V R
cal(ω)

rscat

rcal
, (1)

where ω is the angular frequency, Pscat is the amplitude of the scattered pressure, Pinc is the amplitude of the incident
pressure at the scattering interface, rcal is the range to the surface during calibration, and rscat is the range to the
scattering interface. V R(ω) and V R

cal(ω) are the absolute values of the Fourier transforms of the received voltage time
series and the received calibration voltage time series, respectively. G(ω) =V T

cal(ω)/V T (ω) is the ratio of the absolute
value of the Fourier transform of the transmit voltage calibration time series to the absolute value of the transmit
voltage time series. All Fourier transforms use 2048 data points, which is roughly twice the length of the transmitted
signal and captures the full length of the scattered signals. This formulation accounts for the range dependence of the
incident pressure but not the range dependence of the scattered pressure. For an acoustically smooth interface, this
formulation for Pratio is equivalent to a reflection coefficient. The attenuation in water is neglected due to the short
ranges (rscat < 1m).

RESULTS: FRAZIL ICE AND OIL

As a surface wave passes, buoyant frazil crystals are displaced vertically with the ice/air interface. The envelopes of the
CP output during the frazil experiments show a well-defined water/ice interface above which peaks in the CP output
decrease in amplitude (Fig. 2a). These patterns are consistent with volume scattering and high attenuation rates in the
frazil ice. At the time the measurements in Fig. 2 were obtained there was only 8 cm of frazil ice [11] but there is no
clear signal from the ice/air interface. Other than the vertical displacement of the water/ice interface there are no clear
relationships between the phase of the surface wave and the received signals analyzed in either the temporal (Fig. 2a)
or frequency (Fig. 2b) domains. This result is surprising given the expected compression and expansion of the frazil
ice in the peaks and troughs of the passing waves could locally modulate the frazil crystal concentration. Little or no
signal from frazil crystals suspended in the water column due to downward turbulent mixing was observed. The lack
of observations consistent with either of these processes is attributed to insufficient wave energy in the experiments
to drive these processes. Due to the lack of surface wave phase dependence, the frequency-dependent backscatter is
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averaged over many wave periods (Fig. 2c). For the frazil ice Pratio is proportional to f 2, ranging from -14 dB to -5
dB. Thus, P2

ratio is proportional to f 4, as is expected for scattering in the Rayleigh regime.
Acoustic backscatter and video measurements were obtained before, during, and after the oil release. The oil is

poured into a funnel attached to a hose running under the ice to the bottom of the tank. The oil flow, driven by
hydrostatic pressure, becomes unstable and breaks into drops that rise to the surface as has been reported previously
[12]. When the rising droplets reach the water/frazil ice interface they temporarily pool under the frazil ice layer
changing the observed backscatter from the interface (Fig.3). As successive waves pass, the buoyant oil rises through
the frazil layer to the ice/air interface where it spreads horizontally. As the oil rises through the layer the backscattered
signal from the oil diminishes.

Images of the oil release and spreading within the frazil ice and post-experiment ice cores are available in Figs. 2-6
of Wilkinson et al. (2014) [11]. For a brief period (< 2 min.) following the introduction of the oil the amplitude of
ECP increased by more than a factor of three while the width of ECP decreased and contained most of the energy in a
single peak rather distributed through the frazil layer like the envelopes in Fig. 2a. Example signals approximately one
minute before, during, and one minute after the oil release are included in Fig.3.

FIGURE 2. Acoustic backscatter data from frazil ice prior to the introduction of oil. (a) ECP with approximately 8 cm of frazil
ice. The ping rate is 5.3 Hz. (b) Spectrogram of Pratio for frazil ice. (c) Pratio averaged over 200 pings (black) and a line showing
a f 2 dependence (gray). (d) Echo statistics for the 500 kHz (red x’s) and 1000 kHz (black x’s) data and the Rayleigh PDFs for the
mean Pratio in (c).
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FIGURE 3. Examples of backscattered signals before, during, and after the the introduction of oil in the frazil experiment. All
signals were associated with wave troughs so changes in the time delay are attributed to the presence of oil. (a) Frazil measurements
60 seconds before the clear signal of oil. (b) Signals attributed to the oil. (c) Measurements 60 seconds after the clear signals of oil.

RESULTS: CONGELATION ICE AND OIL

The backscatter measurements under congelation ice, prior to the introduction of oil, are influenced entirely by the
structure of the ice in the skeletal layer. Fig. 4a includes CP envelopes for the calibration signals (water/air interface)
and for the water/ice interface, for all three transducers. The signals scattered from the water/ice interface increase in
complexity with frequency, which is likely a result of both the spatial/temporal resolution of the signals increasing with
frequency due to the increasing bandwidth and the roughness of the ice increasing relative to the acoustic wavelengths.

During overnight periods, a single transmit/receive pair of 1 MHz transducers sampled at regular intervals to monitor
changes in backscatter during ice growth. Fig. 5 includes a set of CP envelopes obtained during a 10-hour period
beginning on Dec. 14. The envelopes show elevated backscatter within the bottom 5 cm of the ice. Notably, typical
structural features in the envelopes do not persist for periods longer than two hours. Further inspection of the evolution
of the envelopes in time reveals oscillations on time scales significantly shorter than those associated with ice growth.
For example, in Fig. 5 the acoustically inferred distance to the bottom of the ice using a sound speed of 1440 m/s
changes by less than 1 cm during the period. During the same period peaks in the envelopes appear and disappear
numerous times. Not only do these results indicate that changes occur in the amplitude of the returns on time scales
greater than a few hours, they also oscillate on time scales less than one hour. The source of these backscatter variations
is uncertain, as independent observations of possible structural or compositional small-scale variations in the skeletal
ice layer were not made (and, indeed, are very challenging to make). Changes in the internal pore structure of sea ice
occur during growth [14] but the timescales of these changes are likely to be greater than the observed changes in
scattering. However, previous studies demonstrated that cyclical temperature changes occur within a few centimeters
of the ice/water interface as convection occurs and brine is rejected from the growing ice [15]. Our hypothesis is
that the changes in backscatter are driven by density and temperature fluctuations associated with convention or brine
rejection.

Despite the complexity at higher frequencies, two interfaces can be identified in the envelopes once the oil is
introduced (Fig. 4a). The oil thickness is acoustically inferred from the 200-300 kHz temporal data to be approximately
4 cm thick assuming a sound speed in oil of 1475 m/s [13]. Similar inferences can be made from the higher frequency
transducers, but the additional complexity of the signals results in more ambiguity in identifying the closely spaced
interfaces. The spectra of the backscattered signals are shown in Figs. 4b and 4c for pre- and post-oil measurements.
In pre-oil measurements the spectra of the backscattered signals indicate some structure that suggests the interface is
not acoustically smooth. In the measurements with oil, the spectra exhibit structure that is consistent with reflections
from a layered medium. More specifically, there is a pattern of peaks and nulls that is consistent with constructive and
destructive interference from two interfaces.
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CONCLUSIONS

In frazil ice, the observed backscatter is consistent with expectations for volume scattering from a number of small,
loose ice crystals while in congelation ice the backscatter is attributed to the complex skeletal layer at the ice/water
interface. In the latter case, temporal changes on time scales of several hours were observed that may be related
to compositional changes caused by brine dynamics at and within the skeletal layer of the ice. This suggests that
broadband acoustic methods may be useful for non-destructive investigations of sea ice growth processes

While high-frequency, broadband acoustic backscatter can be used to distinguish oil from different laboratory-grown
ice morphologies, the complex nature of the scattering from differing ice types, including temporal changes that may
reflect acoustic signatures at different stages of ice growth, is a complicating factor. Under congelation ice, the layered
nature of the oil-ice system facilitates the identification of oil. For ice types like frazil where the oil can percolate into
the ice cover, well-defined layers were not observed and changes in scattering were only observed during the spill,
suggesting that other methods of oil detection are likely to be more effective.

FIGURE 4. (a) Three sets of envelopes show the temporal data at different time during the experiments. From bottom to top the
envelopes correspond to the calibration data with the water/air interface, the water/ice interface after roughly 6 cm ice growth, and
the water/oil and oil/ice interfaces. Assuming an oil sound speed of 1475 m/s, the acoustically inferred oil thickness is approximately
4 cm. In general, the increasingly complex envelopes at higher frequency make it more difficult to identify interfaces. (b) Frequency-
spectrum of scattering from the water/ice interface from 200-1050 kHz. (c) Frequency-spectrum of scattering from the water/oil
and oil/ice interfaces (black lines) from 200-1050 kHz. The patterns of peaks and nulls in the spectra are consistent with scattering
from two interfaces.
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FIGURE 5. Time series ECP during from Dec. 14 using a 1 MHz transducer pair. Assuming a sound speed of 1440 m/s (water),
the scale of the y-axis is approximately 10 cm. The development and subsequent decay of structures in ECP occurs over periods less
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