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Abstract

{ / )J‘:hort-tcrm.Arctic ambient noise spectra over the frequency band 2 - 200 Hz are
presented along with a two-component noise model capable of reproducing these spectra.
The model is based on the measured source spectrum and the spatial, temporal and source
level distributions of both active pressure ridging and ice cracking. Modelled ambient noise
levels are determined by summing the input energy of the distributions of ice cracking and
pressure ridging events and correcting for the propagation loss. Both modelled and
measured spectra show that ice cracking may dominate the spring-time amblent noise to
frequencies as low as 40 Hz.

Résumé

Nous présentons des spectres de bruit arctique a court terme dans la bande de
fréquences de 2 - 200 Hz ainsi qu'un modéle de bruit & deux composants capable de
reproduire ces spectres. Le modele est basé sur le spectre de la source mesurée ainsi que
les distributions spatiale, temporaire et du niveau d'émission de la formation active de stries
due 2 la pression aussi bien que de la fissuration des. glaces. Nous déterminons les niveaux
de bruit ambiant modélisés en totalisant I'énergie absorbée des distributions d'événements
de fissuration des glaces et de formation de stries due 2 la pression et en faisant des
corrections pour la perte de propagation. Les spectres modélisés aussi bien que les spectres
mesurés montrent que la fissuration des glaces peut dominer le bruit ambiant au printemps
Jusqu'aux fréquences aussi basses que 40 Hz.




I Introduction

- The long-term-averaged ambient noise spectrum of the Arctic Ocean over the
frequency band of 1 - 1000 Hz exhibits two broad peaks centered near 15 Hz and
300 Hz (see Ref. 1). The peak near 15 Hz is believed to be due to active pressure
ridging?~* while the peak near 300 Hz has been shown to be caused by thermal ice
cracking.’~7

Two important factors for many sonar applications are the short term variability
of the ambient noise spectrum and the spatial distribution of sources which comprise
the ambient noise. This paper examines the short term (2 min) fluctuations of Arctic
pack ice ambient noise spectra over the frequency band 2 - 200 Hz and relates these
fluctuations to environmental conditions. A two-component‘ noise model is presented
which incorporates both ice cracking and active pressure ridging, and is capable of
‘reproducing the measured ambient noise spectra. This model shows the relative
importance of each source term over the frequency band examined and was used to
determine the maximum range which needs to be considered for each mechanism.

Ambient noise measurements are described in Sec. II while details of the two-
component noise model are presented in Sec. III. A comparison between the model
and measurements is shown in Sec. IV and a brief summary is given in Sec. V.

II Ambient Noise Measurements

The data analyzed in this paper were collected on the pack ice off the north-
ern coast of Ellesmere Island over several days during April 1988. Details on the
_experimental setup and environmental conditions are available elsewhere.!8-1¢

A set of 69 two-minute samples of ambient noise was recorded with samples taken
approximately every 1.5 hours over a 100-hour period. At the end of this data collec-
tion period, a pressure ridge became active approximately 2 km from the experimental
site. Ambient noise measurements were recorded continuously for several hours during
the time of this ridge building event.

The 69 two-minute samples of ambient noise were separated into four distinct
classes by examining their power spectra (power levels are all given in dB relative to
a source level of 1 pPa?/Hz at 1m). The four classes of spectra are shown in Figs.
la - 1d. Class one (Fig. 1la) shows a peak with a level of approximately 86 dB at
8 Hz and a fall-off to 48 dB at 200 Hz. Class two (Fig. 1b) shows the same peak
near 8 Hz but the fall-off at higher frequency has two stages, with a rapid decrease
in level out to 35 Hz and a slower decrease beyond 35 Hz to a level of 57 dB at 200
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Figure 1: a). Average ambient noise spectra (solid) and standard deviation ( dashed)
for class 1 noise showing strong infrasonic peak at 8 Hz with hitle or no thermal ice
cracking. ' ‘
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Figure 1: b). Average ambient ﬁoise spéctra (solid) and standard deviation (dashed)
for class 2 noise showing strong tnfrasonic peak at 8 Hz with some thermal ice crack-
ing. ' :
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Figure 1: ¢). Average ambient noise spectra (solid) and standard deviation (dashed)
for class 3 noise showmg weaker and broader mfrasomc peak at J Hz with some
thermal ice cracking.
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. Figure 1: d). Average ambient noise spectra (solid) and standard deviation (dashed)
for class 4 noise showing intense thermal ice cracking with no noticable infrasonic
peak. :




“Hz. Class three (Fig. 1c) shows a weaker and broader peak at 4 Hz with a fall-off at
higher frequency to 58 dB at 200 Hz. Class four (Fig. 1d) shows a continuous but
slow decrease in noise level with increasing frequency from a level of 85 dB at 2 Hz
to 66 dB at 200 Hz. The minimum number of data sets used in any class was 14.

- In Table I, the four classes of ambient noise spectra are correlated with envi-
~ ronmental conditions and the number of detected ice cracking events occurring per

“minute. Details on the detection of individual ice cracking events are available in

previous papers.®1%!! The most striking feature of the comparison of ambient noise
" spectra with environmental parameters is the increase in noise levels above 35 Hz as
both the temperature change becomes more negative and the number of detected ice
cracking events per minute increases. This is consistent with previous measurements
. of thermal ice cracking and temperature change, although thermal ice cracking is usu-

ally associated with higher frequencies from 100 - 600 Hz (see Refs. 5-7, 12). It can.

also be seen that the noise levels above 35 Hz increase as the average solar radiation
decreases and the solar radiation change becomes more negative; hovrever, the large

variance in these measurements makes any correlations suspect. The other noticeable

feature of the comparison of ambient noise spectra with environmentzl parameters is
the high wind speeds and barometric pressures associated with the sirong peak at 8
Hz as seen in Figs. la and 1b. This agrees with previous measurements made by
Makris and Dyer.® - ‘ '

The correlations between the ambient noise levels at 10 Hz and 200 Hz with the
environmental conditions are shown in Table II. These show a very strong correlation

between the ambient noise level at 200 Hz and both the number of detected events

and a negative temperature change. A moderate correlation is also shown between
the ambient noise level at 10 Hz and the barometric pressure. Again, this is consis-
tant with the correlation study performed by Makris and Dyer.!> Surprisingly, the
correlation between the noise level at 10 Hz and the wind speed was very low.

III Model n

The goal of the two-component ambient noise model described below is to ac-
curately model the ambient noise spectra observed in the Arctic pack ice over the
frequency band 2 - 200 Hz. For these frequencies, the ambient noise is assumed to be

produced mainly by ice cracking and active pressure ridging. Thus, by summing the

acoustic field generated By the d_istribution of these events, the ambient noise can be
reproduced and the relative contributions of each noise source at the receiver can be
determined. '

&
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Table I: Mean and variance of measured environmental conditions and the number of
detected ice-cracking events per minute for the four classes of measured power spectra
shown in Figs. la - 1d. Temperature, barometric pressure and solar radiation changes
" were measured during a one-hour period prior to the ambient noise measurements.

'Environmental Class 1 Class 2 Class 3 Class 4
Parameter Fig la Fig 1b Fig 1c Fig 1d
Current Speed 3.0+£1.9 4.6 +1.8 45+06 | 44 %13
(cm/sec) '

Wind Speed ’ 78 £1.5 7.2 £2.0 3.3 +£2.0 46 £1.1
(m/sec)

Temperature -21.3 £1.4 | -21.8 +£2.3 | -18.3 +£2.1 | -21.6 +£2.3
(°C) |

Temp Change 0.35 £0.16 | -0.26 +0.16 | -0.18 £0.15 | -0.45 4+ 0.30
(°C/hour) ' '

Solar Radiation 154 £ 70 123 + 82 103 £73 65 +23
(W/m?) o |

Solar Rad Change | 24 +34 2 30 5425 | -18+14
(W/m?hour) | _

Barometric Pressure | 30.40 £0.07 | 30.35 +0.12 | 30.15 +0.11 | 30.22 4+ 0.11
(in-Hg) |
Bar Pres Change 0.00 £0.01 | 0.00 £0.01 | 0.01 £0.03 | -0.02 +0.01
(in-Hg/hour)

Detected ‘Events 1.0 £1.0 7.2 +£5.6 3.3 +13 22.2 £5.2
(events/min)




‘Table II: Cross correlation between the measured ambient noise levels at 10 Hz and
200 Hz with the measured environmental conditions and the number of detected ice-
cracking events per minute. Temperature, barometric pressure and solar radiation
changes were measured during a one-hour period prior to the ambient noise measure-

ments. : . » _

{| Environmental - Correlation Coefficient
Parameter - 10Hz | 200 Hz
Current Speed = | -0.06 0.14
Wind Speed - - 0.18 | -0.11
Temperature -0.01 | . 0.01
Temp Change 020 | - -0.72
Solar Radiation 0.28 -0.23
Solar Rad Change 020 | -0.33
Barometric Pressure | 0.52 -0.07
Bar Pres Change -0.19 . -0.05
Detected Events -0.18 0.76

A. Pressure Ridging

Active pressure ridges occur when two ice sheets are pushed together, usually by

wind or current, forcing one sheet over the other. This bends the sheets until the:

resulting stresses fracture the ice into large blocks which pile up forming long rows
with a cone shaped vertical cross section. We showed in a previous paper’ how the
source spectrum level of an active pressure ridge, when corrected for the propagation
loss of a distant event at 60 km or more, produces the infrasonic peak found in the
Arctic ambient noise spectra. The full effects of pressure ridging on the ambient noise
spectra from 2 - 200 Hz will be examined here. Also the effects on the ambient noise
of changing the bottom or ice interaction components of the propagation loss will be
examined. '

A simple method of determining the role of active pressure ridges on the ambient

" noise would be to sum the received energy from all occurring active ridges at a given

time. However, this requires knowledge of the spatial, temporal and source level

distributions of pressure ridges that are active when measurements are made; none
of these is known at the present. o

Sonar measurements of the under surface of the ice made by the USS Nautilus'
give an average of 6 keels/km across the entire Arctic basin. Laser altimetry mea-
surements of the upper surface of the ice show reasonable agreement, with an average

-




ridge separation of approximately 100 m (see Ref. 15). However, these measurements
show the sum of both active and old, inactive ridges. Members of the Defence Re-
search Establishment Pacific have been conducting experiments in the Arctic pack ice
over spans of one or more months each year since 1986 and the occurrence of an active
pressure ridge at or near an experimental site is very rare. This suggests that active
pressure ridges are only a small fraction of the ridges observed using sonar or laser
altimetry. Buck and Wilson® estimate an average active pressure ridge separation of
37 km to account for the ambient noise levels and compare this to pan sizes of 10 -
100 km measured by SEASAT SAR. (Pans are defined as groups of ice floes which
~move together.) Because of the large spatial separation of active pressure ridges, the
component of ambient noise caused by pressure ridging may be dominated by a single
or a small number of events occurring at some large distances from the array. Thus,
examining a single pressure ridging event as a function of range may provide insight
into the role of pressure ridging on the ambient noise. This requires only knowledge
of the source spectrum level and the propagation loss. :

The received spectrum of an active pressure ridge at approximately 2 km range
is shown in Fig. 2. More details on this event are available in another paper.’ The
source spectral level estimated from this received level is found to be monotonously
decreasing and agrees with the source level per unit length of an active pressure ridging
event measured by Buck and Wilson.® The spectral shape we observed persisted for
at least 1.5 hours with a continuous rise in level of approximately 15 dB over the first
thirty minutes followed by a relatively consistent ambient noise level over the next
sixty minutes with the exception of two or three large pulses occurring every minute
with durations of five to tens of seconds and levels 10 - 15 dB above the ambient level.
The absolute levels shown in Fig. 2 correspond to one of the pulses observed after
the initial thirty minute rise. The pressure ridge remained active for approximately 6
hours while the event recorded by Buck and Wilson lasted approximately two days.?

When the spectrum level of pressure ridging shown in Fig. 2 is corrected for
propagation loss, the resulting spectrum of a very distant ridging event exhibits a
broad peak at 10 - 30 Hz as shown in Fig. 3. This peak resembles the infrasonic
peak found in many real ambient noise spectra with the exception that the modelled
ambient noise level remains relatively flat until 30 - 60 Hz while the real ambient
noise level often begins decreasing at 10 - 20 Hz (Figs. la, 1b). The modelled results
also show that the peak narrows as the range of the event increases. This suggests
that the infrasonic peak could be explained if active pressure ridges were separated
by several hundred kilometers. However, this disagrees with measurements of pan
sizes so we must look at the propagation model to find an alternative explanation for
the narrow peak.

The propagation loss was modelled using SAFARI'® (Seismo-Acoustic Fast field
Algorithm for Range Independent environments) for the environmental conditions
given in Table III. A flat bottom was used in the modelling and this was confirmed
by a seismic survey which showed the bottom to be acoustically flat to beyond 1000
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- Figure 2: Received source spectrum level of ridge building event at 2 km range.
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Figure 3: Resulting ambient noise spectra produced by distant ridge building events
using the environmental conditions given in Table III to determine propagation loss.
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Hz and by depth measurements within a few kilometers around the array which in-
dicated a shallow slope of less than 1°. Measurements of the ice roughness were not
obtained during the experiment but are based on typical sonar measurements from
submarines!” and observations of the ratio of keel depth to sail height.!® The propa-
gation model, SAFARI, considers the elastic properties of the ice and bottom layers
along with scattering of a compressional wave in the water into both compressional
and vertically-polarized shear waves in the ice and bottom. However, this model uses
the Kirchhoff approximation of small roughness with small slope to estimate inter-
face roughness. Both measurements!® and modelling'® show that ridge keels form in
a roughly elliptical shape with keel depths as large as 10 times the ice thickness and
ridge widths often as small as 3 times the keel depth. Thus, the Kirchhoff approxi-
mation is a very poor estimate of the under-ice roughness, especially at the shallow
grazing angles involved with long range propagation, and will lead to an underestima-
tion of the propagation loss. Livingston and Diachok'® used matched field processing -
to estimate the under-ice reflectivity at 18 Hz and 24 Hz along several tracks. They
found the scattering loss to be approximately 10 times as large as that predicted using

SAFARI. | .

Table III: Parameters of ice and bottom layers used for propagation loss modelling
in SAFARI. C, and C, are the sound speeds for the compressional and shear waves. -
while K, and K, and the compressional and shear wave attenuations.

Ice | Bottom | Sub-Bottom

Thickness (m) 6 15 -
Density (g/cm?) 0.9 1.8 1.9
C, (m/sec) 2800 | 1800 2000
C, (m/sec) 1750 | 300 500
K, (dB/X) 2.0 0.5 0.5
K, (dB/}) 30 | 025 0.25
RMS roughness (m) '

upper 1.0 - -

lower 4.0 - -

A scattering model using elliptically striated surfaces as a close approximation
to ridge keels was first developed by Burke and Twersky.?° This model considers the
high angle slopes of ridge keels but is an inelastic model and thus also results in
an underestimation of the propagation loss. Also, this model depends on the fourth
power of ridge dimensions, which introduces large uncertainties. Finally, this model
works by estimating the under-ice reflection coefficients but does not actually include
an ice layer. Thus, it may be suitable when both the source and receivers are in the
water column but will not include the effects of a source in the ice.




In an effort to reproduce the propagation loss caused by under-ice scattering,
" the absorption loss in the ice was allowed to increase. Although this is an entirely
different loss mechanism, it has the desired characteristics of increasing the loss with
increasing frequency and with each interaction with the ice. The resulting spectrum of
a ridging eveént 90 km away for varying ice absorptions is shown in Fig. 4. This clearly
shows that as the ice absorption increases, the modelled infrasonic peak narrows and
. becomes a better approximation of the peak observed in the real data in Figs. la and
1b.
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Figure 4: Resulting ambient noise spectra produced by a ridge building event at. 90
km range for different levels of ice absorption. Levels of absorption for the compres- -

stonal wave in the ice are given in dB/A with shear wave absorption 1.5 times the
compressional wave absorption.

Fmally, because of the uncertainty in bottom shear characterlstlcs the effects of
small changes in the shear wave speed and a.bsorptmns in the bottom layers were
examined. These are shown in Figs. 5a and 5b. These figures use the environmental
conditions given in Table III with the exception that the absorption in the ice is five
times higher to compensate for the effects of under-ice roughness. Fig. 5a shows that
as the bottom shear wave speed increases, the infrasonic peak in the ambient noise
spectrum becomes more pronounced and shifts slightly towards higher frequency. Fig.

5b shows that the infrasonic peak also becomes more pronounced as the shear wave

absorption increases.
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Figure 5: a). Resulting ambient noise spectra produced by a ridge building event at
90 km range for different bottom shear wave speeds. Speeds are given in m/sec for
bottom (C3) and sub-bottom (C,) layers.
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B. Thermal Ice Cracking

Thermal ice cracks are small ice fracturing events which occur near the surface
of the ice as it contracts during times of atmospheric cooling. By using the spatial,
‘temporal and source level distributions of thermal ice cracking, the average energy
per unit area entering the water due to thermal ice cracking can be determined. This
in turn is used to determine the average energy received at a hydrophone suspended
below the ice by integrating the energy input over all locations about the hydrophone
" and subtracting the associated propagation loss for each location.

In order to develop the thermal ice cracking component of the ambient noise model,
‘the spatial, temporal and source level distributions along with the source spectrum
and directivity of thermal ice cracking must be known. These have been measured
and reported in previous papers®'® and w111 be briefly outlined here.

'The spatial distribution of events over the entire set of 69 two-minute samples
was found to be uniform. This gives some justification to the proposed model of
* determining an average input energy per unit area. Note however that two forms of
short-term fluctuations of the average input energy can occur. The first is a strength
fluctuation in the overall input level applied to all locations as the rate of ice cracking
changes. The second is a random statistical fluctuation in the spatial distribution
‘which may cause local areas of weak or intense ice cracking. These random statistical
fluctuations have more effect on the ambient noise when occuring at clese range due to
the smaller number of events and lower propagation loss associated with close range.
Thus, statistical fluctuations will be applied only within 1 km of the hydrophone.
These two types of fluctuations could account for some of the differences between
classes of real ambient noise spectra noted in the previous section and are included
in the model.

For the 2 - 200 Hz frequency band observed, the source directivity of thermal ice
cracking was found to be well described by a monopole in the ice® while the source
spectrum was found to be relatively flat. 10 Thus, the source strength distribution of
these events does not depend on frequency for this frequency band. Source levels of
detected events were measured in the range of 110 - 180 dB//uPa’/Hz at 1m, with the
'median temporal and source level distribution as shown in Fig. 6. This dlstnbutlon
approximates a linearly decreasing function on a log-dB scale of the number of events
versus source level. The decrease in the number of events with increasing source level
is proportional to 10-*5L with a ~ 0.08 for source levels below 160 dB//uPa’/Hz at
1m, and a = 0.12 for source levels above. (The shape of the source level distribution
curve of Fig. 6 is similar to the measured distribution of earthquake magnitudes
reported by Gutenberg and Richter.”') The mean of the source level distribution was
found to be twice the median. A mean of 8 events/km’min occur over a 1 dB band
of source levels centered at 110 dB//uPa’/Hz at 1m.
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Figure 6: Median number of thermal ice crdcking evenls per square kilometer per
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~ Using the temporal and source level distributions given in Fig. 6 along with the
fact that the events are spatially uniform, the mean energy input into the ice per
square kilometer as a function of source power can be determined as:

E(P) =6t N(P) P

where N(P) is the mean number of events occurring at source power P per square
kilometer per minute, and ¢ is the mean time duration of an event in minutes. From
our data, §t was found to be approximately 0.0017 minutes (0.1 seconds). The total

average energy entering the ice per square kilometer is then obtained by summing
over all source powers as:

Pmazx
E=§ Y N(P)P.

P=Pmin

When summing over only the observed source powers (Pmin = 0.1 Pa?, Pmaz = 10°
Pa?), the average energy input is 116.6 dB/km?//pPa/Hz at 1m. When extended 50
dB above and below the observed powers (from 1076 - 10!! Pa?) using the 1075
fit (SL = 10 Log P with P given in puPa?), the average energy input increased by
only 1.1 dB. Because the true minimum and maximum source powers. are unknown,

15




the average energy mput of 116 6 dB/kmz/ /;I.Pa,2 /Hz at lm is used and the sma.ll
increase obtained by extending the range of source powers will be 1gn0red

~ Using the éverage energy input per square kilometer calculated above, the average

energy received at a hydrophone from a given source location is simply the average
mput minus the propagation loss associated with that location. The average received
energy is then summed over all possible source locations to determine the ambient
noise produced by thermal ice cracking. Our model steps out in range increments of
100 m to a total range of 200 km and determines the input energy for each range
increment based on the area of the annulus m(r2,, — 72;,). Propagation loss is
then averaged from the midrange of the annulus to 21 equispaced receivers from 100
- 300 m depth using the SAFARI propagation model. An arbitrary maximum range
of 200 km was chosen based on the propagation model used but later results show
that much shorter maximum ranges could have been used. '

Fmally, the short term ﬂuctuatlons in the strength dlstnbutlon and the random
statistical fluctuations in the spatial distribution of thermal ice cracking must be mod-
elled. The strength distribution of Fig. 6 represents an average distribution over the
entire observation period. Insufficient data exists to produce separate distributions
for intense or quiet times of ice cracking and these times are assumed to result in
a strength distribution curve which is simply shifted up or down respectively. This
shift can be estimated for real data by comparing the number of events detected per
‘minute for a data sample with the average number of events detected per minute for
all the data used to produce the strength distribution curve. For all 69 data files used
_in the strength distribution curve, the average number of detected events per minute
“was 6.6. Thus, for Fig. 1d, with an average of 22.2 events detected per minute, the
* strength distribution curve is assumed to be shifted up by a factor of 3.4. This in turn
results in an increase in the average input energy per square kilomete: by a factor of
10 Log(3 4) = 5.3dB.

The random statistical fluctuations in the spatla.l distribution have a large effect
on the ambient noise levels when occuring at small range. This effect is included by
varying the average input noise level within 1 km of the hydrophone. Ignoring short

term strength fluctuations, the modelled ambient noise due to thermal ice cracking

is shown in Fig. 7 for the input noise level within 1 km of the array varying from
-20 to +20 dB relative to the average input noise level. When short term strength
fluctuations are included, the curves in Fig. 7 are simply shifted up or down by the
appropriate factor. Thus, to model the real data in Fig. 1d, the curves of Fig. 7
are shifted up by 5.3 dB as determined in the previous paragraph. Ice and bottom
characteristics used to produce Fig. 7 are given in Table III with the exception
that compressional and shear wave absorptions in the ice were five times higher in
an attempt to better compensate for the effects of under-ice roughness. (Higher ice
absorption was also required to accurately model received levels from active pressure
ridges as shown in the previous section.) For frequencies above 40 Hz, Fig. 7 shows
the general characteristics of the real data shown in Figs. la - 1d.
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Figure 7: Modelled thermal ice cracking noise. The close range input noise (within 1
km. of the array) varies from -20 dB (lower curve) to +20 dB (upper curve) relative
to the average input noise level with a 5 dB interval between individual curves.

A comparison between real and modelled data above 40 Hz shows the validity of
allowing the close range input noise to vary. Fig. la, which is approximated by a
close range input noise level that is lower than average, represents data files with very
few detected thermal ice cracking events. Of those events detected, only two events
were within 1 km of the array and the received level of both these events was less than
the ambient noise level at the time (events with a negative SNR can still be detected
because of the array gain of the vertical array). At the other extreme, Fig. 1d, which
is approximated by a higher-than-average close range input noise level, represents
data files with many detected thermal ice cracking events. These data files were each ‘
found to contain several events within 1 km of the array with received levels at least
15 dB higher than the background ambient noise level. No other data files contained
such events. : ‘

Finally, the thermal ice cracking model outlined above is capable of determining
the relative contribution of close versus far range events in producing the ambient
noise. Fig. 8 shows the required range to model 80% (within 1 dB) of the total
noise energy produced from all thermal ice cracking events out to a range of 200 km.
This is independent of the short term strength fluctuations but does depend on the
short term spatial fluctuations. For frequencies near 10 Hz, if the local (within 1
km) thermal ice cracking level is low, events beyond 100 km must be considered to
model the thermal ice cracking noise. However at this frequency, unless local thermal
ice cracking levels are high, the ambient noise is dominated by pressure ridging and
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thermal ice cracking need not be considered. For frequencies above 40 Hz, events
within 30 km range suffice to model the total ambient noise to within 1 dB.
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Flgure 8: Requzred range to model 80% ( wzthm 1 dB) of the total noise produced from
all thermal ice cracking events out to a range of 200 km. Close range input noise
(within 1 km) varied from -20 dB (upper curve) to +20 dB (lower curve) relative to
the average input noise level with a 5 dB interval between individual curves.

IV  Results

A comparison of the two-component noise model with the four classes of méasured
“real ambient noise spectra is shown in Figs. 9a - 9d. The measured and estimated
bottom and ice parameters from Table III were used to determine propagation loss
for the model with the exception that the compressmnal and shear wave absorptions
used in the ice were five times higher (10.0 and 15.0 dB/) respectively) in an effort to
better compensate for the effects of under-ice roughness. These figures show that the
measured ambient noise spectra can be reproduced by a single active pressure ridging
event, along with a distribution of thermal ice cracking events. For frequencies below
40 Hz, the ambient noise spectrum may be determined by the range and level of the
strongest received active pressure ridge. For frequencies above 40 Hz, the ambient
noise spectrum is determined by thermal ice cracking, with overall levels and spectral
shape dependent on the intensity of ice cracking and the strength of local events

relative to the average. For purposes of our model, local events are considered to be

l

within 1 km of the hydrophone.
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Figure 9: a). Comparison of two-component noise model (solid) with the average
ambient noise (dash) and standard deviation (dash-dot) of class 1 real noise from
Fig. la. Modelled noise contains a ridge at 70 km range with a source level +3 dB
relative to that shown in Fig. 2, thermal ice cracking of -8.2 dB relative to average
input energy determined from Fig. 6, and local ice cracking at -3 dB.
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Figure 9: b). Comparison of two-component noise model (solid) with the average
ambient noise (dash) and standard deviation (dash-dot) of class 2 real noise from
Fig. 1b. Modelled noise contains a ridge at 70 km range with a source level +8 dB
relative to that shown in Fig. 2, thermal ice cracking of +0.4 dB relative to average
input energy determined from Fig. 6, and local ice cracking at +0 dB.
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Figure 9: ¢). Comparison of two-component noise model (solid) with the average
ambient noise (dash) and standard deviation (dash-dot) of class.3 real noise from
Fig. Ic. Modelled noise contains a ridge at 40 km range with a source level -5 dB
relative to that shown in Fig. 2, thermal ice cracking of -3.0 dB relative to average
input energy determined from Fig. 6, and local ice cracking at +0 dB.
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Figure 9: d). Comparison of two-component noise. model (solid) with the average
ambient noise (dash) and standard deviation (dash-dot) of class 4 real noise from
Fig. 1d. Modelled noise contains a ridge at 40 km range with a source level -5 dB
“relative to that shown in Fig. 2, thermal ice cracking of +5.8 dB relative to average
input energy determined from Fig. 6, and local ice cracking at +4 dB.
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It was also noted that all of the data files used in classes 1 and 2 for real data
occurred during a 66 hour span within the middle of the experiment while all except
one of the data files used in classes 3 and 4 occurred before or after this time. This
suggests that active pressure ridging. was occurring at approximately 40 km range
during the entire 100 hours of ambient noise measurements and that for a 66 hour
span of time in the middle of the experiment, a much stronger pressure ridge was active
at a range of approximately 70 km. Although the stronger and more distant active

‘pressure ridge appears to be associated with times of weaker thermal ice cracking, no

correlation is assumed due to the short time sample and the fact that the two source
mechanisms are controlled by different environmental conditions.

Finally, it can be noticed from Figs. 9a - 9c that the modelled ambient noise
spectra have negative slope below 3 Hz while the measured spectra have a positive
slope. The reason for this discrepancy is unknown but may be due to the assumed
spectral shape of active pressure ridging which was based on measurements from a
single event using equipement which was not very reliable below 4 Hz.

V  Summary

We have shown that the spring-time Arctic ambient noise spectrum measured in
the pack-ice over the frequency band 3 - 200 Hz can be modelled by a combination of
active pressure ridging and thermal ice cracking. A single or few active pressure ridges
at ranges of tens of kilometers produces the low frequency end of the ambient noise
spectrum up to approximately 40 Hz, while a distribution of thermal ice cracking
events produces the higher end. Over 80% of the ambient noise produced by thermal
ice cracking is generated by events occurring within 30 km of the hydrophone.
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