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ABSTRACT

An environmental/acoustic model of sound propagation in the Arctic
Ocean, which éccounts for reflection losses from ridged sea ice, has been
developed. In this model sea-ice ridges are represented as infinitely
long, randomly distributed, elliptical half-cylinders. Under-ice reflection
losses for acoustic wavelengths either large or small compared to ridge
dimensions are computed from theoretical equations as a function of average
keel depth and width, number of ridges per km, and grazing angle. Numerical
values of under-ice reflection loss as a function of grazing angle are then
incorporated into ray theoretical cémputations of transmission loss assuming
a single sound speed profile which is characteristic of the central Arctic
Ocean. The validity of the concepts, approximations, and the limitations
of the model, and the accuracy of coincident measurements of environmental
and acpustic parameters required to validate the model are discussed. To
illustrate the predictions and accuracy of the model under diverse ice
conditions, several comparisons of theoretical and experimental determina-

tions of under-ice transmission loss in the central Arctic Ocean are presented.
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INTRODUCTION
The environmental configuration of the Arctic Ocean is characterized
by a relatively stable, nearly isothermal water column, and an ice canopy

1 Due to an essentially

which is highly variable in both time and space.
positive sound speed gradient in the water column, acoustic ray paths are
generally upward-refracted and subsequently reflected and/or scattered

from the ice-water interface? as illustrated in figure 1. Theoretically,
reflection losses froﬁ the ice-water and ice-air interfaces are a function
of frequency, and physical properties of the sea-ice canopy. A preliminary
analysis3 of coincident measurements of transmission loss and sea-ice ridge
characteristics demonstrates that under-ice reflection loss at high fre-
quencies may be quantitatively related to the average depth and number of
ridges per km, suggesting that reflection loss at low frequencies may be
similarly modeled.

The purpose of this paper is to (1) discuss geometrical and statistical
models of sea ice ridges that lend themselves to quantitative analysis of
under-ice reflection loss, (2) present a theoretical model of under-ice
reflectivity which is consistent with the ridge models, (3) illustrate the
effect of under-ice reflection losses on long range transmission loss and
(4) compare theoretical predictions with experimental measurements of long
range transmission loss, particularly at low frequencies.

‘Ideally, a demonstration of the validity of fhe model would require
coincident measurements of long range transmission loss and under-ice ridge
characteristics. Unfortqnately, such measurements do not exist. Instead,

a comparison will be made between transmission loss data and theoretical
predictions based on estimatesvof ridge keel parameters, which were inferred
from measurements of topside sea ice profiles and plausible models of sea-

ice ridges.
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Coincident measurements of topside sea-ice ridge characteristics and
under-ice transmission loss, discussed in this paper., were acquired in

May 1974 along tracks 18, 20, 22 and 26, which are depicted in figure 2.

MODELS OF SEA ICE. RIDGES

Sea ice may be described as consisting of floating plates or floes
about 3 m thick, occasionally interrupted by ridges, which are rubble
piles formed by collisions and shear interactions between adjacent floes.
Ridge dimensions vary widely but are nominally about 1 m high, 4 m deep and
12 m wide; the ridge length is generally much greater than the depth or width.
A representative average spacing between ridges, which is random, is about
100 m. The effective orientation of a large number of ridges is also
generally random. The cross-sectional contours of ridge sails and keels,
the result of a random process, are highly variable.

A photograph depicting the two dimensional character of ridged sea
ice,* as observed from aircraft, is illustrated in'figure 3, as well as a
coincident airborne laser profiler trace depicting the nature of the
vertical profile of sea ice. Ridges are located at sites C, D and E.

Examples of measured cross-sectional ridge contours,>:6:7 which are
shown in figure 4, illustrate the following features of sea ice ridges:
(1) a majority Qf ridge keels are flattened at the bottom due to ablation,®
and approach the ice-water interface at a relatively steep angle, and

(2) the shapes of ridge sails are highly variable, although in many instances

a narrow protuberance is evident near the center of the ridge.
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Measurements of the keel depth to sail height ratio, R, of previously
reported contours®:8:759 vary between 1/3 and 8, and average 4.0 *0.5, as
illustrated in the histogram10 in figure 5. In this figure the number of
observations is shown as a function of the estimated keel depth to sail
height ratio of the examined contours. Another estimate of R, based on a
statistical analysis10 of a set of near-coincident measurements of about
100 keel depths and sail heights, results in R = 4.0 +.3, which is in good
agreement with the results in figure 5. In addition, it is noteworthy that
the ratio between the deepest keel and the highest sail reported in the
literature®s10 is equal to 3.6.

A comparison between measured contours and simple geometrical shapes
suggests that ridge keel contours may reasonably be represented by a half-
ellipse, and that ridge sail contours may be described using the Gaussian

10 35 in figure 6. The relative dimensions of this

distribution function,
geometrical model, in particular d/h = 4.0 and wo/d = 1.6 are based on
results shown in figure 5, previously reported measurements! 0,20 of sea-
ice ridge characteristics, and isostatic considerations.!>10

A theoretical investigation of acoustic feflectivity from a large
number of sea-ice ridges also requires a model of the distribution of ridge
heights, depths and widths. It has been suggested by Klimovich!2 and sub-

3 that the Rayleigh distribution function,l? whiéh

sequently by the author
is directly applicable to the description of the distribution of maxima of
any random noise function, might also adequately describe the height/depth

distributions of pressure ridges in sea ice. The distribution of widths

has not been examined.
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From a qualitative comparison between an empirical curve based on a
large number of on-site measurements of ridge heights reported by Klimovich
(corrected to height above the ice-water interface) and the Rayleigh dis-
tribution function shown in figure 7, it may be inferred that this function
provides a reasonably good fit to Klimovich's representation of his set of
measurements. Unfortunately, the corresponding raw data was not reported.

The systematic departure between the general trend of the measured
data and Rayleigh distribution function in the region of small ridges may
be a consequence of (1) measurement errors,* (2) the inadequacy of the
Rayleigh distribution function to describe the observed distributions
precisely, and (3) the nature of Klimovich's definition of a ridge, which
unfortunately is not clearly stated.

Two statistical definitions1*>15,16,17 of a ridge have been proposed
for computer analyses of airborne laser measurements of the distributions of
ridge heights. A comparison between the distributions of ridge heights
based on these definitions demonstrates that resultant distributions are
virtually identical in the region of large ridges, but are strongly dependent
on the statistical definition of a ridge in the vicinity of small ridges.l7,18

Distributibns of ridge heights derived from laser measurements, which
are discussed in this paper, are based on the so-called Rayleigh criterion,
viz. a relative maximum is a ridge when the corresponding minimum points
are less than half of the peak. Based on this definition, the computed
distribution of ridges approaches zero as the ridge height becomes large,
and approaches infinity as the ridge height approaches zero, which is
inconsistent with Klimovich's on-site observations in the region of small

ridges, and with previously reported estimates!0 of the total number of

SACLANTCEN CP-17 9-5



DIACHOK: Effects of sea-ice ridges on sound propagation

ridges per km. The unreasonably high counts in the region of small ridges
are probably a result of considering snow drifts, floe edges and small
"side-lobes'" of large ridges as individual ridges. Consequently, only the
distribution of relatively large ridges will be considered in comparisons
with the theoretical function.

A comparison of the resultant distribution of ridge heights greater
than 1.2 m, which was determined from laser measurements along two 300 km
tracks in.the western Arctic designated tracks 22 and 26, and the Rayleigh
distribution function is shown in figure 8.

Due to the incomplete nature of the data, the theoretical curve had to
be fitted to the data by selecting the total number of ridges, N and the
characteristic ridge height, a (a = 2/\ ™ h, where h is the average ridge
height). 1In this case selection of N = 9.5 ridges per km, and a = 1.21 m
provided the best fit to both sets of data, which are nearly identical.

For comparison, data based on laser measurements along two 300 km
tracks in the eastern Arctic, designated tracks 18 and 20, is shown in
figure 9. Here, selection of N = 11.5 ridges per km, and a = 1.48 m pro-
vided the best fit to the two data sets. These two sets of measurements
are also virtually identical.

The inferred values of N are in quantitative agreement with Wittmann
and Schule's results;11 and the inferred values of h are in reasonably good

agreement with Kovaks and Mellor® observations.

REFLECTION LOSS FROM RIDGED SEA ICE

Prior to a theoretical interpretation of the relationship between the
statistical properties of sea-ice ridges and under-ice reflection loss, a
few relevant theoretical aspects of acoustic reflectivity from sea ice will

be mentioned.
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Rays which propagate to long distances (greater than 30 km) in Arctic
waters reflect from the ice-water interface at grazing angles, ¢, which are
generally smaller than 15°.

Representative values of the shear wave velocity19 in bulk ice vary
between 1500 ahd 1860 m/sec. If the lowest measured shear wave velocity is
considered, the smallest possible shear critical (grazing) angle according
to Snell's Law is 20°. Hence, if a simple ice-water interface is assumed,
the theoretical reflectivity20 at high frequencies in the angular range of
interest is presumably unity over the reported range of sea ice velocities.
Consequently, if the ice-water interface were perfectly smooth, the measured
under-ice reflection loss might be expected to be zero. The sea ice canopy,
however, is generally interspersed with ridges, and the estimated reflection
loss is generally greater than zero.3

A theoretical model of reflectivity from a distribution of randomly
spaced protuberances at a perfectly reflecting boundary has been developed
by Twersky.2l1»22 The model considers a plane seonstic yave incldent on &
one-dimensional distribution of protuberances, which may be either identical
or non-identical, and either elliptic or circular half-cylinders situated
at the surface of a perfectly reflecting half-space, as illustrated in
figure 10.

The nature of "randomness' required is essentially that the average
separation of the scatterers be large compared to widths, a condition that
is generally satisfied by sea ice ridges. Based on the geometrical and
statistical models discussed previously, the spacing-to-ridge-width ratio
of sea ice ridges is estimated to be generally between 5 and 10, except in

extremely rough near-shore areas during the winter season where this ratio

may approach 2.
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Approximate and relatively simple solutions for reflectivity have been
derived by Burke and Twersky?? as a function of grazing angle, ¢, acoustic
wave number, k, number of protuberances per unit distance, N, protuberance
half-width, w, and depth, d, for cases where the wavelength is either large
or small compaied to protuberance dimensions. Theoretical solutions were
derived for identical scatterers, but are equally valid for average values
of d and w of non-identical scatterers.

To simplify the analysis of under-ice reflectivity in both the high
and low frequency limits, the protuberance above the air-ice interface will
be disregarded. Furthermore, at frequencies corresponding to wavelengths
comparable to the modal thickness, complications caused by mode conversion
to Lamb modes in the ice plate?3 will also be dismissed.

To apply results of Twersky's analysis to modeling under-ice reflection
loss, the geometrical model in figure 10 will be assumed to be a good
approximation of the spatial configuration of a large number of sea-ice
24

ridges. Due to the random orientation of ridges,“" the effective ridge

width, w, is assumed equal to \/2 Wy

CASE 1: kd > 1

In this case the reflectivity from a distribution of widely spaced
elliptical half-cylinders is indefendent of frequency; the wavelength is
assumed to be smaller than the average ridge depth, d; and the plate thick-
ness, a, is assumed to be infinitely large. Thg energy reflectivity, R;

from a perfectly reflecting ridged surface is éxpressed by:

_ |1 - xnd/¢ | 2
R = [l + xnd/¢] (1)
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x may be interpreted as a correction for the eccentricity of the half-
ellipse. For circular half-cylinders, x = 1; for the geometrical model of

ridges under consideration, and in the angular range of interest, x = 0.9.

CASE 2: kd <1

For the case where the wavelength is greater than the average ridge
depth and the plate thickness, a, is assumed to be negligibly small, the
energy reflectivity from a perfectly reflecting ridged surface is given by

the expression:

R=1-2 (Nd) k3 [d<d+7w)2]¢ (2)

This equation is an approximate expression which is valid only for
relatively small reflection losses.

Computed reflection losses as a function of grazing angle at frequencies
of 30, 40 and 50 Hz and at high frequencies, shown in figure 11, are based
on (a) estimates of N and h, inferred from laser measurements along tracks 22
and 26, (b) estimates of d and w inferred from the geometrical model, and
(c) equations (1) and (2).

Computed reflection losses as a function of frequency and grazing angle,
which are based on laser measurements along tracks 18 and 20, are delineated
in figure 12.

From a comparison of the two sets of computations in figures 11 and 12,
it may be inferred that losses at high frequencies are slightly higher in
the eastern than western Arctic, whereas losses at low frequencies are much

higher in the east than in the west. In accordance with this contention a
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comparison3 between previously reported transmission loss measurementsZ?2s23,24
at various locations in the Arctic, and theoretical transmission loss com-
putations which include a parametric surface reflection loss, also suggests

that under-ice reflection losses are relatively high in the eastern Arctic.

COMPARISON BETWEEN THEORY AND EXPERIMENT

Theoretical computations of geometrical spreading loss are based on the
sound speed structure along the measurement path, which is a function of
temperature and salinity. Compared to ice-free oceans and seas, the tempera-
ture and salinity structure of the Arctic Ocean is relatively stable in time

and uniform in space.?8

Quasi-synoptic measurements of vertical temperature
profiles in the top 300 meters which were determined using bathythermographs
at sites B, C, D, E, F and G, depicted in figure 3, are shown in figure 13.
Also shown are temperature vs depth measurements made at T-3. These data
illustrate the uniformity of the temperature structure in the top 300 meters
and the slight variability of the structure in the top 50 meters. Below
300 meters the variability has been observed to be small.?8

Measurements of vertical salinity profiles also reveal generally small
differences, except in the Canadian Basin, where the near-surface salinity is
demonstrably lower than in most other parts of the Arctic.?® This anomaly,
however, may be shown to have a small effect on sound speed.

The relative uniformity of temperéture and salinity suggests that the
velocity structure in the central Arctic Oceaﬁ may justifiably be approxi-

mated by a single vertical profile.
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The effect of reflection loss on transmission loss may be computed using
ray theory when the wavelength is small compared to environmental dimensions.
Vibragrams depicting frequency vs. time of arrival of normal modes in the
Arctic;,29 suggest that the departure from a réy theoretical description of
sound propagation becomes pronounced at frequencies below about 40 Hz. Con-
sequently, ray theoretical computations will be restricted to frequencies
of 40 Hz and above.

Figure 14 indicates results of spatially averaged ray theoretical
computations3° of transmission loss based on a single sound velocity profile,
which include surface reflection loss, as a function of grazing angle at
frequencies of 40 Hz, 50 Hz and at high frequencies along the western Arctic
tracks, designated 22 and 26. Ray theoretical computations represent the
incoherent summation of 1000 rays between source angles of *15°. A nominal
angle-independent value of bottom loss of 1 dB per reflection was assumed
in this set of computations. Effects of the ocean bottom on the magnitude
of transmission loss for ranges greater than 30 km, however, are insignificant.
At very low frequencies, where the wavelength becomes comparable to the ocean
depth, bottom effects on the magnitude of transmission loss in Arctic waters
may be considerable. Such low frequencies, however, will not be considered
here.

Figure 14 also portrays coincident transmission loss measurements at
frequenéies of 40, 50 and 200 Hz, obtained by MK 61 explosive signals de-
ployed from aircraft into water openings in the ice field, and detonated at
a depth of 243 meters. The signals were detected at sites A and C (figure 2)
at a depth of 90 meters via modified sonobuoys which wére monitored from a

second aircraft.
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The data was tape-recorded and subsequently processed in one-third
octave frequency bands and total energy transmission loss computed. Assumed
values of source levels of explosive signals were based on results of
Gaspin and Schuler.3! (Data at 40 Hz were adjusted by 2 dB to facilitate
demonstration of the virtual equivalence between predicted and measured loss
per unit distance.)

Measurements and predictions of transmission loss along tracks 22 and
26 (figure 14) are in reasonably good agreement at both high (200 Hz), and
low frequencies (40 and 50 Hz). Measurements at frequencies higher than
200 Hz are essentially identical to 200 Hz data up to a frequency of 800 Hz.

At higher frequencies other effects apparently become significant, as
illustrated in figure 15(a). This figure shows the total attenuation coef-
ficient above cylindrical spreading along tracks 22 and 26, previously re-
ported absorption coefficients vs frequency corresponding to the North
Pacific Ocean32,33 and a postulated curve depicting the absorption coefficient
in the Canadian Basin which results in a '"'corrected'" attenuation coefficient,
which is independent of frequency as required by the under-ice reflection
loss model. At 1 kHz a frequency-dependent attenuation coefficient, which
is in excess of the frequency-independent attenuation due to under-ice
reflection loss; is estimated to be .02 +.01 dB/km.

This result is slightly lower than Mellen's32 and Lovett's33 estimate of
the mid-water attenuation coefficient in the North Pacific Ocean, which at
1 kHz equals .035 +.020 dB/km, and is significantly lower than attenuation

measurements in the North Atlantic reported by Thorp,3“ which averages
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.065 +.020 dB/km at 1 kHz, as in figure 15(b). Simmons, et al.,3° attribute
the observed attenuation in this frequency range to a 1 kHz relaxation of
boric acid, and suggest the possibility of a significant dependence on
concentration. Consequently, it may be noteworthy that the near-surface
salinity in the Canadian Basin, being between 27 and 31°/c0, is among the
lowest in the world ocean.?28

As previously reported, analysis of sound attenuation in the East
Greenland Sea,3 where the near-surface salinity is comparable to North
Atlantic values, yields inferred mid-water attenuation coefficients in
agreement with Thorp's results, as seen in figure 15(b).

Transmission loss was also measured along tracks 22 and 26 with ex-
plosive signals detonated at a depth of 18 m. A comparison between theoretical
predictions and experimental measurements at a frequency of 200 Hz at the two
source signal depths is illustrated in figure 16, as well as transmission loss
computations corresponding to a surface reflection loss of zero. Agreement
between theory and data for both source depths is excellent within a range
of 150 km. This result is in accordance with previously reported measurements,
which were generally limited to about 150 km. Beyond 150 km the general trend
of the two sets of measurements departs from predicted curves. Discrepancies
may be related to inaccuracies in the reflection loss model, and in ray
theoretical computations. However, measurement errors caused by low signal
to noise ratios, below 3 dB, at ranges beyond 150 km may also affect some of

of the long range data.
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Noticeably the prediction of the difference between the two sets of
measurements at long ranges is reasonably accurate. At 200 km the predicted
difference is 3 dB and the average measured difference is 5 dB.

Results of ray theory for transmission loss, including surface reflection
loss at frequencies of 40, 50 and 200 Hz, corresponding to the eastern Arctic
tracks, are shown in figure 17. Ocean depth along these tracks was about
1000 m.

Coincident transmission loss measurements at the same frequencies, also
plotted in figure 17 were determined by explosives deployed from aircraft
into water openings, and detonated at a depth of 243 m. In this case,
however, the signals were detected at a depth of 60 m on hydrophones lowered
from Ice Island, T-3, by H. Kutschale. (Data at 40 Hz were adjusted by
3 dB to facilitate demonstration of the virtual equivalence of predicted
and measured loss per unit distance.) Again, predictions and measurements

are in accord at both low and high frequencies.

DISCUSSION

The reasonably good agreement between theoretical predictions and ex-
perimental measurements along both eastern and western Arctic measurement
tracks suggests that (1) the sea ice ridge model and theoretical distribution
function, which were used to infer under-ice ridge characteristics from
topside measurements are valid idealizations of ridged sea ice, (2) the
assumption of horizontal uniformity of temperature and salinity in the
Arctic Ocean is an acceptable approximation, and (3) predictions of the

relatively simple reflection loss model are fairly accurate.
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At high frequencies the dependence of reflection loss, R, on Nd, the
product of the average ridge depth and number of ridges per km, is nearly
linear for small Nd, whereas for large Nd the reflectivity asymptotically
approaches zero. In the range of Nd considered in this paper the dependence
of R on Nd is slight, and large uncertainties in Nd lead to small uncertainties
in R. For ekample, A(Nd) = #20% results in AR = *1 dB in the range of angles
where most of the energy which propagates to long ranges is concentrated.

Furthermore, uncertainties in the source levels of deep explosive signals
at high frequencies are relatively well established,3? and ray theory is ex-
pected to provide accurate estimates of transmission loss at high frequencies.
As a consequence, agreement between predictions and measurements at high
frequencies, particularly at ranges below 150 km, may be considered a
demonstration of the validity of the reflection loss model.

Agreement at low frequencies, however, may to some extent be fortuitous.
Owing to the dependence of theoretical reflection loss on the fourth power
of ridge dimensions, the uncertainty in the experimentally determined average
ridge depth and width must be below *10% for the prediction of reflection
loss to be meaningful. The procedure to estimate d and w, however, results
in uncertainties in these parameters that have not been precisely ascertained.
Furthermore, uncertainties in source levels at low frequencies, discussed
in some detail by Weinstein, 3¢ may be greater than 3 dB. In addition,
accurate computations of theoretical transmission loss at such low fre-

quencies requires wave theory techniques.
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CONCLUSIONS

Plausible geometrical and statistical models of sea-ice ridges have been
described and a heuristic under-ice reflection loss model, based on these
models has been developed.

The good agreement between theoretical computations of transmission loss
including surface reflection loss and high frequency transmission loss measure-
ments, reported previously as well as in this paper, may be considered
demonstrations of the validity of the reflection loss model. At low fre-
quencies the good agreement between predictions and measurements discussed-
in this paper suggests that the model is also valid at frequencies below
50 Hz. These results, however, may to some extent be fortuitous, and should
not be considered reliable demonstrations of the validity of the model, due
to uncertainties in the ridge model, reflection lbss model, ray theory

computations, and source levels.

A more convincing validation of the model at low frequencies would
require a comparison between measurements of transmission loss from a source
with a precisely known source level, and wave theoretical computations which
include theoretical predictions of reflection loss based on coincident sub-
marine sonar measurements of under-ice ridge characteristics. Unfortunately,

such coincident measurements do not exist.
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FIG. 1 TYPICAL SOUND SPEED PROFILE AND CORRESPONDING RAY DIAGRAM FOR
SOUND PROPAGATION IN THE ARCTIC OCEAN
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FIG. 2
LOCATIONS OF TRACKS, (18-26), ACOUSTIC
MEASUREMENTS SITES (T=3, A, C and G),

AXBT SITES (B—G) AND THE APPROXIMATE
LOCATION OF THE ICE-WATER BOUNDARY

FIG, 3

COINCIDENT LASER MEASUREMENTS (top) AND PHOTOGRAPH
(bottom) OF RIDGED SEA ICE NEAR ARCTIC ICE-WATER
BOUNDARY. RIDGED ARE SHOWN AT SITESC, D AND E
(Noble, Ketchum, and Ross)

FIG. 4
W RIDGE PROFILE MEASUREMENTS BY KOVAKS (A and B)
AND FRANCOIS (C and D)
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FI1G. 11 COMPUTED REFLECTIVITY vs GRAZING ANGLE FOR FREQUENCIES OF 30, 40 AND 50 Hz AND HIGH
FREQUENCIES. ESTIMATED RIDGE PARAMETERS: N = 9.5km=1, d= 4.3 meters, AND w= 9.8m
(TRACKS 22 AND 26)
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FIG. 12 COMPUTED REFLECTIVITY vs GRAZING ANGLE FOR FREQUENCIES OF 30, 40 AND 50 Hz AND HIGH
FREQUENCIES. ESTIMATED RIDGE PARAMETERS: N = 1L5km=1, d = 5.3 meters, AND w =119 m
(TRACKS 18 AND 20)
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