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ABSTRACT Lo -

3> Acoustic measurements at 20~300 kHz were made in the Arctic in Spring 1988 to
study sound speed and absorption within the ice canopy and the reflectivity of the
water—ice interface. An average sound speed of 3669 ;29 m/s was found for first-year
ice, with evidence that the speed varied from 3800 nys in solid ice to 2000 my/s in the so-

called skeletal layer at the lower boundary. The absorption, o, for vertical transmissions

was found to be three times as high as that given in the literature for horizontal transmis- -

aloho

sions; the recommended frequency and temperature dependence is of'= 0.19f(-6/T)%>"
for temperatures between T =-2 and T = ~20°C. The reflectivity of the lower surface
of the ice decreased from 0.2 at 20 kHz to 0.04 at 200 kHz for sound impinging at normal
incidence. A simple model that treats the echoes as the sum of reflections from two sur-
faces, one at the interface between the water and the skeletal layer and one at the transi-

tion from the porous skeletal layer to solid ice, matches the experimental results with rea-

sonable accuracy.—z .
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I. EXECUTIVE SUMMARY
In Spring 1988 measurements were made of high-frequency (20-300 kHz) sound

reflected at normal incidence from undisturbed first-year arctic ice—both from the 140-
cm-thick ice canopy and from blocks of ice depressed below the surface—and of vertical
transmissions through the ice to provide information on the acoustic properties of the ice.
Such information is helpful in relating ice reflections to ice properties and thus in design-

ing sonar systems for ice avoidance and ice thickness measurements.

A. Sound Speed in Ice

The average vertical sound speed in 140-cm-thick ice with the skeletal transition
layer included was 3669129 m/s for ice with a temperature varying from —2°C at the
bottom to —30°C at the top. The sound speed in solid ice was higher, near 3800 m/s. The
sound speed in new ice up to 20 cm thick and in the lower 15 cm of thicker ice was lower
than that for solid ice by about 20%. This lower speed is apparenily a property of the
skeletal transition layer, and there are indications that speeds lower than 2000 m/s may

exist near tie bottom surface of arctic sea ice.

B. Reflectivity of the Skeletal Layer

The reflectivity of the skeletal layer at the bottom of ice 140 cm thick varied
roughly from 0.2 at 20 kHz to 0.04 at 200 kHz. The reflectivity was much higher in the
first stages of freezing, gradually dropping to these values when the ice thickness reached

about 25 cm.

If the reflecting medium has a lower acoustic impedance than the propagating
medium, the reflected waveform will be inverted. The echoes recorded from the
air —water interface were inverted, whereas those from the skeletal layer were not, indi-
cating that the skeletal layer has an acoustic impedance greater than that of water. This
would be expected, since solid ice has an impedance about twice that of seawater. How-

ever, when ice blocks were removed from the water and resubmerged, their reflections

TR 9005 1
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were also inverted, indicating a low-impedance medium. A likely possibility is the pres-
ence of trapped air, which is easily envisioned for a drained skeletal layer lowered back

into the water.

C. A Two-Interface Reflection from the Skeletal Layer

A shift was observed in the phase of the reflection from the skeletal layer at the bot-
tom of a 58-cm ice block at all frequencies of measurement (20, 30, 40, 60, and 80 kHz).
This shift appears to be caused by an overlapping reflection from the top of the skeletal
layer. Visual observations of the skeletal layer indicated the structure was much firmer
1-2 cm into the ice. We demonstrate that a skeletal layer with a thickness of 1.4 cm, a
density of .98, and a sound speed of 2462 m/s would produce a delayed reflection from
the top with half the amplitude of the one from the bottom, and that this would result in
the observed phase shift.

D. Absorption of Sound in Ice

Two methods were used to calculate sound absorption in sea ice from our vertical
transmission experiments. The results were fitted to an absorption equation in the form

adopted by McCammon and McDaniel! for sea ice,
absorption = k f (~6/T)*> dB/m, (1)

where T is the ice temperature in degrees Celsius and f is the frequency in kilohertz.
They found that a value of 0.06 for the coefficient k gave a reasonable fit to the attenua-
tion data available from other experimenters. For our vertical propagation measurements
through the ice, we found that a much higher value, k = 0.19, gave a good fit for sea ice
between —20 and -2°C.

In both methods we found that the absorption in the skeletal layer (the 1-3 cm thick
porous ice layer at the water—ice interface) was anomalously high compared with the

more dense ice above: 2 to 2.5 dB over the frequency range 37-96 kHz.

2 TR 9005
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In the first method, sound absorption was calculated directly from one-way vertical
transmissions through ice of varying thickness. The results showed an absorption of 2 dB
in the combined skeletal layer and transition zone just above, and an absorption in the
solid ice about three times that found by McCammon and McDaniel for Lorizontal

transmissions.

In the second method, the absorption was calculated from reflections at normal
incidence off the front and back faces of various configurations of arctic ice. For a sub-
merged ice block, this method gave relatively high values of absorption: 12 dB/m at
30 kHz and 18 dB/m at 80 kHz. A possible reason for the high values is that the sub-
merged block had warmed somewhat, causing higher absorption. For new, rapidly grow-
ing ice, this method gave an absorption in the skeletal layer of 2.5 dB at 37-92 kHz and
an absorption coefficient in the ice about 10 times that given by the McCammon-
McDaniel model for horizontal transmissions. For the 140-cm-thick ice canopy, the fre-
quency dependence of the absorption was similar to that predicted by the McCammon-
McDaniel model for horizontal transmissions, but the coefficient X was about three times

as high, in agreement with the first method for the same ice thickness.

In all these reflection measurements, we assumed the back face of the ice, an
air—ice interface, had a reflection coefficient of unity. If the coefficient was not unity,
our results would be too high; nevertheless, they are applicable to measurements of ice
thickness in which the reflection loss from the back face and the absorption in the ice are
unavoidably combined. We also assumed that all sound not reflected back to the trans-
ducer entered the ice. Some scattering may have reduced the amount of sound entering

the ice, causing our absorption values to be too high.

Our recommendation for calculating acoustic absorption in ice colder than —2°C,
based mainly on the vertical measurements of transmission through the ice, is to use
McCammon and McDaniel’s frequency and temperature dependence, but with a higher

constant, i.e.,

TR 9005 3
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absorption = 0.19f(-6/T)%3 dB/m, (2a)

for temperatures from —20 to —2°C. For the uniform temperature profile often observed

in the ice, this becomes

. (T)'" - T’
average absorption = 1.9f — dB/m, (2b)
1— 12

where T and T, are the temperature at the top and bottom of the ice, respectively.
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II. INTRODUCTION

APPLIED PHYSICS LABORATORY

In Spring 1988, several experiments were conducted at an ice camp in the Arctic to
measure some of the acoustic properties of flat, first-year ice, namely, the sound speed

and absorption in the ice and the reflection coefficient of the under-ice surface at normal

incidence. The effect of the skeletal layer and the adjacent transition zone on these pro-

perties was given special attention but was difficult to measure. The acoustic reflection
from the ends of submerged blocks cored from the surface is described in Ref. 2. Here,

we describe five separate investigations, summarized in Table 1.

Table I. Summary of acoustic measurements in Spring 1988 discussed in this report.
Experiment Transducer Frequencies (kHz) lce Properties Calculated
Reflection from growing ice Platter 37, 52, 92, 150, 200 Sound speed profile

Retflection coefficient

Sound absorption

Under-ice surface reflections ITC 1042 | 20, 30, 40, 60, 80 Average sound speed
for source depths of 22 X22 30, 40, 50, 80, 100, 120, 160, 200, 300 | Refiection coefficient
10and 28 m Platter 15, 37, 52, 92, 150, 220, 300 Sound absorption
Under-ice surface reflections 22 X22 60, 80, 100, 120, 160, 200 Refiection coefficient
for a source depth of 2 m Sound absorption
Phase change in ITC 1042 | 20, 30, 40, 60, 80 Nature of reflecting medium
ice-block reflections? Evidence of later arrivals
Transmissions through ice ITC 1042 | 20, 30, 40, 60, 80 Sound speed profile

22X 22 30, 40, 60, 80, 100, 120, 160, 200, 300 | Sound absorption

%The ice-block experiment is described in Ref. 2.

In the first experiment, reflections from the undersurface of ice formed in a large

hole were monitored from the initial stages of freezing until the thickness reached 50 cm.

Reflections from the front and back faces were analyzed to determine the reflection

coefficient, sound speed, and absorption. This was intended as a study of the effect of the

skeletal layer at different stages of growth.
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In the second experiment, reflections at normal incidence were measured from the
underside of the flat ice field used for the ice-block experiment,2 using three different
transducers. The reflections from the back face were recorded and used to calculate the

reflection coefficient, sound speed, and absorption.

Reflections were also measured from the underside of a small area of ice similar to
the flat ice field used for the previous experiment and located between it and the main
camp. For these measurements, a transducer was supported on a rotating arm beneath the
ice, and 72 slightly overlapping areas were ensonified in turn to provide statistics on the
variations of the reflection coefficient. The reflections from the back face were used to
determine absorption.

The ice-block reflections?

were examined in detail for phase relationships that
might disclose any additional reflecting surfaces. (The phase of the initial part of the
reflection can indicate whether the reflecting medium has a higher or lower acoustic
impedance than the water. Later phase changes may indicate the arrival of additional

reflections from other surfaces in the skeletal layer or the transition zone.)

Finally, one-way transmissions were made from a transducer below the ice to a
receiver in a hole on the surface. The hole was gradually deepened to give a path
through less and less ice. A final reading was taken with the receiver in the water below

the hole. These measurements were used to determine both sound speed and absorption.

The experimental site was about 100 m from the building housing the HP 85-
controlled data-acquisition system. All operator/equipment interaction, other than gain
setting changes, occurred at the computer. Pulses of desired frequency, length, and level
were selected at the computer. The gains were read automatically by the computer, and
the waveforms recorded on a Nicolet digital oscilloscope. Errors often made in the log-

ging of important parameters were in effect eliminated with this system.
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III. REFLECTIONS FROM GROWING ICE

A. Experimental Arrangement

To measure reflections from growing ice, a large hole was made in 1.4-m-thick ice
in the flat ice field used to measure reflections from the ends of cylindrical ice blocks?
cored out with APL’s ice melter.? A transducer referred to as the ‘‘platter’’ transducer
(described in Section IV.B) was suspended on lines from holes in the ice as shown in Fig-
ure 1. While pulses were transmitted, the lines were adjusted to bring the transducer
directly under the hole, as ascertained by maximizing the returns from a calibration
sphere suspended temporarily below the hole. Once in place, the transducer was fixed in
position 11.3 m below the water surface. The transmitter and receiver electronics were
located in a building 100 m away, where the received signals were monitored and
recorded.

At various stages of freezing, cw pulses were transmitted at five frequencies (37, 52,
92, 150, and 220 kHz) and reflections recorded from the water surface or, after freezing
started, from the ice.

Our first attempt, with a hole 86 cm in diameter, resulted in too much reflection
from the edge of the hole. Before abandoning it, however, we measured sound speeds
for the path to and from the upper surface of the ice through the surrounding ice cover.
Later, a larger hole, about 2 m square, was made, and the reflections from the freezing

surface were measured at intervals of 5—-10 hours for 16 days.

B. Growth Rate

The first measurement was made before any ice had formed in order to calibrate the
transducer and measure the distance between it and the water surface. The transducer
and the upper surface of the ice were assumed to remain at these initial levels during the

remainder of the experiment.
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To Instrumentation

Cable to Transducer (a)

Not to Scale

Transducer
Below

1.36 m /Ring
| 30m 30m
T.l% T CE 7 I (7 R 77 707 % 7

11m

Transducer

Figure 1. Suspension system used to support and move the transducer below the grow-
ing ice. Movement of the ring on top of the ice controls the movement of the
transducer below. The ring is positioned on a grid of wooden pegs to
ensure accurate movement. (a)Plan view. (b) Elevation view (two-

dimensional simplification).




UNIVERSITY OF WASHINGTON - APPLIED PHYSICS LABORATORY

At various times thereafter, depending on other activities, measurements were made
of the reflections from the undersurface of the ice in the hole. As the ice thickened, the
reflections arrived earlier. The reflection time was converted into distance, i.e., ice thick-
ness, using the known sound speed in the water (1436 m/s). The increase in thickness
with time is shown in the upper plot of Figure 2 as a smoothed average. The lower plot,
which was computed from the slope of the upper graph, shows the decrease in the freez-

ing rate.

fce Thickness (cm)

sl s o b g g a baaagleyn

15

]

(

(em/doy)

freesing Rate

13C 20C 30C 422
Freezing Time (hr)

ic 1S
F-eezing Time (doys’

S =S

Figure 2. Increase in thickness of ice growing in a 2x2-m hole (top) and the
corresponding freezing rate (bottom).
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Table 2 compares our ice thickness measurements with those of Anderson* in 1956
and 1957 at Thule, Greenland, who related his thickness to degree-days of cooling (i.e.,
jATdt, where AT is the freezing temperature of the water minus the air temperature and ¢
is time). The air temperature during our measurements averaged —28°C for the first
6 days, —33 for the next 3 days, —29 for the next 4, and —25 the last 3 days. The agree-
ment with Anderson’s measurements is good even though our freezing took place in a
2x2 m hole surrounded by ice 1.4 m thick, a configuration which should have increased

the freezing rate.

Table 2. Comparison of measured thickness with Anderson’s measurements.*

Measured Ice Thickness (cm)
Cumulative
°C - Days APL 1988 Anderson 1956-7
in Beaufort Sea | at Thule, Greenland

0 0 0
20 8.2 9
40 135 14
100 223 24
200 325 37
400 46.4 50
457 (last) 50 52

C. Changes in Reflectivity of the Lower Surface

The reflections from the surface of the water before any ice had formed are plotted
in Figure 3. The first, at 37 kHz, shows a fairly square pulse, taking only two cycles to
reach full amplitude. The second, at 52 kHz, was near the resonant frequency of the
transducer and has a slow build-up and a slow decay. A 0.35-ms pulse was used for both

these frequencies.

A 0.2-ms pulse was used for the third and fourth frequencies. The 92-kHz echo
showed a ringing at 52 kHz after the end of the pulse, which caused some confusion in
sorting out the returns. For the fifth frequency, 220 kHz, a pulse only 0.035 ms long was

used.
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Figure 3. Waveforms of the reflections from the water surface in the 2x2-m hole at
frequencies of 37-220 kHz. Waveforms are displaced vertically to avoid
overlap.

A few of the echoes measured at various times during the following 16 days are
shown in Figure 4. At first, the echoes from the lower and upper surfaces of the growing
ice merged together. As the ice thickened, we were able to distinguish the reflections
from the lower and upper faces. Table 3 shows the various items that were measured and
calculated (some entries in this table will be explained later). The return from the lower
surface, V, is tabulated just below the electrical voltage T, applied to the transducer.
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Figure 4a. Waveforms for the reflections from the newly frozen ice in the 2x2-m hole,
after 18.8 hours of freezing. The arrow indicates the estimated start of the
reflection from the upper face.
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Figure 4b. Waveforms for the reflections from the newly frozen ice in the 2 x2-m hole,
after 705 hours of freezing. The arrow indicates the estimated start of the
reflection from the upper face.
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Figure 4c. Waveforms for the reflections from the newly frozen ice in the 2 x2-m hole,
after 102.5 hours of freezing. The arrow indicates the estimated start of the
reflection from the upper face.
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Figure 4d. Waveforms for the reflections from the newly frozen ice in the 2x2-m hole,
after 200 hours of freezing. The arrow indicates the estimated start of the
reflection from the upper face.
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Table 3. Acoustic measurements during freezing in the hole.

Hours of Freezing 0.0 5.0 9.0 18.8 31.2 43.0 52.0
Smoothed T, (ms) | 16.209 | 16.167 | 16.139 | 16.087 | 16.039 | 16.001 | 15.976
To-Ty (ms) 0.042 0.070 0.122 0.170 0.208 0.233
Range (m) 11.64 11.61 11.59 11.55 11.52 11.49 11.47
Thickness (cm) 2.98 5.01 8.75 12.21 14.91 16.76
T2-Ty; 37kHz (ms) 0.030 0.065 0.110 0.120 0.122
52 kHz (ms) 0.020 0.082 0.110 0.130
92 kHz (ms) 0.060 0.065 0.085 0.100 0.100
Smoothed T,-T, (ms) 0.0300 | 0.0470 | 0.0740 | 0.0950 | 0.1101 | 0.1204
Sound speed in ice (m/s) 1986. 2133. 2364. 2570. 2709. 2784.
Refraction correction 1.0036 | 1.0064 | 1.0125 | 1.0190 | 1.0245 | 1.0283
37 kHz; Te (Vpp) | 10.12 26.60 26.20 25.50 33.00 32.90 32.40
Vi (Vpp) | 0.520 0.280 0.320 0.360 0.330 0.305
Va (Vpp) 0.650 0.640 0.535 0.425 0.675 0.135
V,3 (Vpp) 0.410 0.400 0.650 0.635 0.380
Amplitude check Yes Yes Yes Yes Yes
2-way absorption (dB) 10.1 9.9 8.0 8.2 12.6
Absorption coef. (dB/m) 100.5 56.6 328 27.6 375
52 kHz; Te (Vpp) 4.98 7.56 18.60 436 4.60 11.90 12.40
Vi (Vpp) | 2.000 0.400 0.700 1.103 1.290
Va (Vpp) 1.450 | 3.000
Vi (Vpp)
Amplitude check
2-way absorption (dB)
Absorption coef. (dB/m)
92 kHz; Te (Vpp) | 11.20 77.00 63.60 28.60 63.20 | 128.70 | 62.20
Vi (Vpp) | 1.050 0.410 1.030 1.020 0.500
V2 (Vpp) 1.400 2.450 0.940 1.550
V3 (Vpp) 0.590 0.450
Amplitude check Yes No
2-way absorption (dB) 12.6 217
Absorption coef. (dB/m) 71.8 88.9
150 kHz; T, (Vpp) | 33.00 | 104.80 | 96.80 38.40 82.20 | 154.40 | 84.80
Vi (Vpp) | 2.800 1.600 1.650 0.700 1.300 1.300 0.500
220 kHz; T. (Vpp) 450 2420 9.90 4.68 7.1 12.90 8.60
V, (Vpp) | 2.800 1.300 2.190 0.850 1.150 0.900 0.800
Rg; 37 kHz | 0.984 0.204 0.239 0.207 0.190 0.178
52kHz | 0.989 0.230 0.380 0.225 0.252
92 kHz | 1.039 0.158 0.179 0.087 0.088
150 kHz | 1.019 0.204 0217 0.188 0.100 0.070
220 kHz | 0.924 0.327 0.268 0.238 0.102 0.136

To = time of return from water surface

T, = time of return from lower ice surface
T, = time of return from upper ice surface

T, = voitage apphed o transmitter

TR 9005

V, = voltage of return from lower ice surface

V, = voitage of combined returns from lower and upper surfaces
V; = voitage of return from upper ice surface

Ampiitude check: Is V, between V,-V; and V,+V,?




Table 3. (cont)
Hours of Freezing 70.5 80.5 94.5 102.5 112.5 128.0 145.0
Smoothed T, (ms) | 15.928 | 15.905 { 15.875 | 15.859 | 15.839 | 15.812 | 15.785
To-T; (ms) | 0.281 0.304 0.334 0.350 0.370 0.397 0.424
Range (m) 11.44 11.42 11.40 11.39 11.37 11.35 11.33
Thickness (cm) | 20.18 21.81 23.99 25.15 26.56 28.52 30.46
T,-Ty; 37kHz (ms) | 0.135 0.147 0.145 0.175 0.165 0.185 0.195
52 kHz (ms) 0.150 0.155 0.165 0.180 0.167 0.180 0.207
92 kHz (ms) | 0.130 0.140 0.160 0.165 0.170 0.185 0.195
Smoothed T,-T, (ms) { 0.1389 | 0.1476 | 0.1592 { 0.1653 { 0.1729 | 0.1835 | 0.1942
Sound speed in ice (m/s) | 2905. 2956. 3014. 3043. 3072. 3108. 3137.
Refraction correction | 1.0357 | 1.0393 | 1.0442 | 1.0468 | 1.0500 | 1.0544 | 1.0587
37 kHz; T, (Vpp) | 32.80 64.40 32.20 33.20 32.40 33.60 32.80
v, (Vpp) 0.250 0.340 0.220 0.140 0.120 0.055 0.040
Va2 (Vpp) | 0.625 0.600 0.380 0.350 0.370 0.500 0.540
V3 (Vpp) | 0.540 1.030 0.560 0.460 0.610 0.675 0.652
Amplitude check Yes No Yes Yes No No No
2-way absorption (dB) 9.7 10.0 9.2 11.3 8.6 8.0 8.1
Absorption coef. (dB/m) 24.0 23.0 19.2 224 16.2 14.1 133
52 kHz; T, (Vpp) 12.00 8.51 12.10 12.00 12.10 12.30 12.00
V, (Vpp) 0.990 0.390 0.650 0.540 0.670 0.370 0.170
V2 (Vpp)
Vi (Vpp) 0.850
Amplitude check
2-way absorption (dB) 14.9
Absorption coef. (dB/m) 244
92 kHz; Ty (Vpp) 62.60 62.40 61.50 124,40 | 125.60 | 126.80 | 126.80
vV, (Vpp) 0.480 0.720 0.330 0.340 0.270 0.215 0.500
V2 (Vpp)
Vs (Vpp) 0.380 | 0510 | 0.470 | 0.300
Amplitude check
2-way absorption (dB) 23.1 26.6 274 314
Absorption coef. (dB:m) 48.1 53.0 51.6 55.0
150 kHz, Ty (Vpp) 84.20 155.60 | 157.20 | 158.00 | 155.60 | 158.40 | 156.80
V; (Vpp) 0.900 0.840 0.400 1.040 0.500 1.000 0.360
220 kHz; Tx (Vpp) 15.80 15.40 31.40 33.00 17.50 17.20 32.20
V, (Vpp) 0.700 0.600 0.650 0.600 0.760 0.630 0.620
Ra; 37kHz | 0.143 0.099 0.128 0.079 0.069 0.031 0.023
52kHz | 0.200 0.111 0.130 0.108 0.133 0.072 0.034
92 kHz 0.083 0.125 0.058 0.030 0.023 0.018 0.042
150 kHz | 0.126 0.064 0.030 0.077 0.038 0.074 0.027
220 kHz 0.065 0.057 0.030 0.026 0.063 0.053 0.028
TR 9005
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Table 3. (cont)
Hours of Freezing | 163.5 200.0 261.0 281.0 333.0 358.0 382.0
Smoothed T, (ms) | 15.757 | 15.708 | 15.638 | 15.615 | 15.563 | 15.538 | 15.514
To-Ty (ms) | 0.452 0.500 0.571 0.594 0.646 0.670 0.694
Range (m) 11.31 11.28 11.23 11.21 11.17 11.16 11.14
Thickness (cm) | 32.45 35.94 | 41.03 | 4261 46.38 48.14 49.87
T2-Ty; 37kHz (ms) | 0.182 0.220 0.265 0.260 0.330 0.270 0.373
52 kHz (ms) | 0.202 0.227 0.260 0.260 0.310 0.400
92 kHz (ms) | 0.211 0.229 0.248 0.254 0.274 0.298
Smoothed T,-T, (ms) | 0.2052 | 0.2244 | 0.2523 | 0.2607 | 0.2802 | 0.2890 | 0.2975
Sound speed in ice (m/s) | 3163. 3203. 3252. 3269. 3311. 3332. 3352.
Refraction correction | 1.0632 | 1.0711 | 1.0828 | 1.0865 | 1.0957 | 1.1001 | 1.1045
37 kHz; Tx (Vpp) | 32.00 16.10 33.40 32.60 32.60 | 162.50 | 31.80
V, (Vpp) 0.120 0.080 0.080 0.060 0.065 0.280 0.110
V2 (Vpp) | 0.455 0.206 0.220 0.112 0.330
V3 (Vpp) 0.310 0.250 0.080 0.140 0.065
Amplitude check No Yes Yes Yes
2-way absorption (dB) 14.6 16.3 26.1 35.2 276
Absorption coef. (dB/m) 17.8 19.1 28.1 36.5 27.7
52 kHz; Tx (Vpp) | 12.10 7.70 24.00 23.20 23.30 23.80 23.80
Vi (Vpp) | 0.380 0.320 0.505 0.380 0.225 0.570
V2 (Vpp) 0.730 1.380
V3 (Vpp) | 1.200 0.780 1.130 0.830
Amplitude check Yes Yes
2-way absorption (dB) 119 11.7 18.3 20.7
Absorption coef. (dB/m) 18.4 16.2 223 243
92 kHz; Te (Vpp) | 126.40 | 65.90 | 124.80 | 63.20 | 120.80 | 119.20 | 124.00
Vi (Vpp) | 0.570 | 0.430 | 0.400 | 0.220 | 0.100 0.270
V2 (Vpp)
V3 (Vpp)
Ampiitude check
2-way absorption (dB)
Absorption coef. (dB/m)
150 kHz; Ty (Vpp) | 156.80 | 93.10 | 1569.20 | 79.20 | 159.60 | 162.40 | 158.40
Vy (Vpp) | 0.750 0.600 0.300 0.380 0.170 0.100 0.400
220 kHz; T, (Vpp) | 32.20 12.20 34.00 32.80 30.20 34.00 18.30
Vi (Vpp) | 1.050 0.800 1.060 0.600 0.180 0.020
Ra; 37 kHz | 0.070 0.092 0.044 0.034 0.037 0.032 0.063
52kHz | 0.075 0.099 0.050 0.039 0.023 0.056
92 kHz | 0.048 0.070 0.034 0.037 0.009 0.023
150 kHz | 0.056 0.075 0.022 0.055 0.012 0.007 0.029
220 kHz | 0.047 ] 0.094 | 0.045 | 0.026 | 0.008 | 0.001
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Knowing the calibration properties of the transducer and the voltage applied, we
calculated the amplitude reflection coefficient for the under-ice surface in the hole. The

change in the reflection coefficient as the ice froze is shown in Figure 5. At all frequen-

cies, the reflection coefficient plunged from unity (assumed for the water surface) to less

than 0.5 in the first 10 hours and then decreased to a nearly constant value in about

100 hours, when the ice thickness, was 25 cm.
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Figure 5. Dropoff of amplitude reflection coefficient as the ice in the hole thickened.
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D. Reflections from Upper Surface of Growing Ice
Before we try to identify the reflection from the upper surface of the growing ice,

we will review the various sound paths and reflections present in the return. Figure 6
shows an echo at 37 kHz after 94.5 hours of freezing. The phase with respect to an arbi-
trary reference signal at the same frequency is plotted below as an aid in separating the
reflections present in the echo. The first reflection (a) occurred from the bottom of the
ice surrounding the hole. Overlapping this was a small return of sound that had entered
this surface, traveled through the ice, and reflected off the upper surface of the ice cover.
These two reflections were unwanted, and occurred because the transducer pattern was
too wide. They usually ended before the arrival of the reflection of main interest (b)
from the bottom of the newly frozen surface; however, after 200 hours had elapsed, the
reflection from the freezing surface arrived sufficiently early that there was some over-
lap. The reflection from the upper surface of the growing ice (c) generally overlapped
that from the lower surface (b). Phase changes usually occur when a contribution starts
or ends; thus the lower plot in Figure 6 was useful in determining the arrival time of
pulse (c).
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Figure 6. An example of the return showing the various reflections (top) and the use of
corresponding phase changes to detect each arrival (bottom). These data
are for a frequency of 37 kHz and a freezing time of 94.5 hours.
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E. Change in Sound Speed with Thickness

The growing-ice experiment gave an opportunity to measure the sound speed in ice
of varying thickness, always with the skeletal layer present. The time of arrival T, of the
echoes from the surface where freezing was taking place (reflection (b) in Figure 6) is
plotted in Figure 7. The plotted results show a fairly smooth rate of freezing. By com-
paring these times with Ty, the time of the return from the initial water surface, and using
the known sound speed in the water, we can calculate the thickness of the ice as it grew.
This assumes that the freezing plug in the hole did not rise or bulge as its buoyancy
increased; the surface appeared to remain flat and well bonded to the sides of the hole.
This thickness is used in both the sound speed and absorption calculations.
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Figure 7. The travel time of the return from the bottom of growing ice.
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The reflection from the upper surface (reflection (c) in Figure 6) was identified, and
the time between the reflections was measured. This time difference, labeled T, — T, is
tabulated in Table 3 and plotted in Figure 8 versus freezing time and ice thickness. A
smooth line has been drawn as an estimate of T — T, as the ice froze and the thickness
increased. The smoothed two-way travel times shown in Figure 8 and the thickness cal-
culated from the smoothed T, values in Figure 7 were used to calculate the average

sound speed in the ice versus time and thickness (Figure 9).

From one measurement to the next, the sound speed at any depth increases because
the ice is becoming less porous. If we assume that from one measurement to the next the
sound speed in the lower few centimeters remains the same, we can calculate the sound
speed in the incremental layer at the top of the ice that has the same thickness as the
amount added at the bottom. In other words, the next average will involve an “‘addi-
tional’’ ice layer at the top, and the change in the average can be used to calculate the
sound speed in that layer. The sound speeds calculated are plotted in Figure 10 along
with the average sound speed. Note that the incremental sound speed increases rapidly
until a thickness of 14 cm is obtained, indicating a skeletal layer transition zone of that
thickness.
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Figure 8. Time interval between returns from front and back faces of growing ice
versus freezing time (top) and ice thickness (bottom).
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Figure 9. Average sound speed in the newly frozen ice as determined from reflections
from the front and back faces, plotted versus freezing time (top) and ice

thickness (bottom).
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Figure 10. Sound speed in an increment at the top of the ice (solid curve) calculated
from the change in the average (dotted curve) as freezing progressed. The
first points are not very accurate, but a low speed in the skeletal layer is
indicated.

F. Sound Speed for a Path through the Surrounding Ice

During the growing-ice experiment, we also observed a reflection from the bottom
of the ice cover and a second reflection which appeared to be from the top surface of the
ice cover. Knowing the thickness of the ice cover, we compared the times of the two
returns in an attempt to calculate the sound speed in the ice.

The times of the echoes from the top and bottom of the ice cover are tabulated in
Table 4 and plotted in Figure 11. If we assume that the transducer did not move verti-
cally, the decrease in travel time for the echo from the bottom indicates an increase of
about 0.27 cm per day in the ice surrounding the bottom of the hole, one-half the growth
observed during various investigations of the undisturbed ice in the area. The travel

times of the echoes from the upper face show a gradual decrease in the first 200 hours.
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Table 4. The times of the returns from the upper and lower surfaces of the ice cover (37
and 52 kHz data), and the calculated sound speed.

Freezing Time (ms)
Time Disc | Track
(hr) T1,lower | T2, upper | T2-T1
43 13 6.7 14.53 15.40 0.87
52 11,12 14.54 15.37 0.83
81 14 1,2 14.54 15.32 0.78
95 6.7 14.54 15.34 0.78
103 11,12 14.53 15.35 0.82
113 16,17 14.52 15.28 0.76
128 15 1.2 1452 15.28 0.76
164 11,12 14.52 15.21 0.69
200 16,17 14.51 15.28 0.77
261 16 1,2 1450 15.24 0.74
333 11,12 14.52 15.28 0.76
358 16,17 14.51 15.29 0.78
382 17 1.2 14.45 15.27 0.82

average difference 0.78
std.dev. £0.05
std. dev. of mean +0.013

For average thickness of 142 cm,

2@
Sound speed = 0.78x10° 3640 +60 m/s
SO F 8 T T T T T T
: . :
~ 15.35 F o® E
< ° p
E st ¢
c - [ N J [ ] [ J Py 1
(5 - -
3 15.25 o ° -
& F Upper Surfoce o 3
o 1520k e
(=]
- r —Tr—— e — T ——
g 14.55 =~ e _ee, OT 1 3
— i o —o "2'75 ‘dcy [ J ° b
14.5C + ~f‘—-___‘—_'
I Lower Surfoace 3
14.45 |k ' | | ®
o] 100 200 300 400

Freezing Time (hr)

Figure 11. Return times for reflections from the upper and lower surfaces of the ice
canopy (37 and 52 kHz data). The difference is the two-way travel time
through the ice cover.
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To correspond to the extra ice added on the bottom, this decrease should be 0.063 ms, but
instead is three times that. We think that the arrival times for the pulses traveling through
the ice are not as accurately measured as those of the pulses reflected from the bottom,

and that the variation in the returns from the upper face is probably merely timing error.

The thickness of the ice canopy was measured at various times and places in the
vicinity of the ice-growth experiment. The thickness was approximately 140 cm at the
beginning of the experiment and increased 0.25 cm per day to 144 cm at the end. Based
on the average thickness of 142 cm and the average time difference of 0.78 m/s given in
Table 4, we calculate an average sound speed of 3640+ 60 m/s for the 142-cm-thick ice.

Returns from the ice canopy were also recorded during an earlier attempt to monitor
ice growth in a smaller-diameter hole. This attempt was aborted after the ice had grown
to a thickness of 38 cm, because of reflections from the lower edge of the hole. How-
ever, the timing of the returns from the upper and lower surfaces of the ice cover was
fairly accurate. These times (Table 5) increased slightly for both the upper and lower
surfaces; however, the differences were fairly constant, indicating that the increase was
due to a slight downward movement of the transducer. The ice thickness was taken as
139 cm, compared with the 140 cm measured later at the beginning of the measurements
at the larger hole. This gives a mean sound speed of 3757 m/s with a standard deviation
of 15 mys for the 14 readings.

G. Change in Absorption with Thickness of Growing Ice

The amplitudes of the returns from the upper and lower faces of the growing ice in
the hole were used to calculate the absorption. Near the beginning of the experiment,
these amplitudes were difficult to read because of the overlapping of the two returns.
The readings are shown in Table 3 for the three lower frequencies (37, 52, and 92 kHz).
At the two higher frequencies (150 and 220 kHz), the return from the upper face was too

small to read.
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Table 5. The times of the returns from the upper and lower surfaces of the ice cover
during the preliminary experiment using an 86-cm-diameter hole; platter
transducer, 37 kHz only.

Time (ms)
Disc | Track

T1, lower | T2, upper | T2-T1
6 7 14.44 15.17 0.73
13 14.44 15.17 0.73
7 1 14.44 15.17 0.73
7 14.44 15.17 0.73
13 14.44 15.17 0.73
8 1 14.45 15.19 0.74
7 14.45 15.19 0.74
13 14.46 15.21 0.75
9 1 14.46 15.19 0.73
8 14.46 15.21 0.75
15 14.46 15.21 0.75
10 2 14.47 15.22 0.75
9 14.51 15.25 0.74
1 1 14.51 15.26 0.75

average difference 0.74
std.dev. 10.01
std. dev. of mean +0.003

For thickness 139 cm,
1.39 (2)

07ax102 = 3757 +15m/s

Sound speed =

The returns were corrected for refraction effects as described in Section IV.G. The

value of the correction changes with thickness and is tabulated in Table 3.

Because we suspect that the skeletal layer provides most of the absorption, we first
calculated the total absorption rather than the absorption per meter. The relationship®>
used to calculate the total two-way absorption loss in the ice from the reflections from the
lower and upper surfaces is
1-R? ViV,

-R ,
R, P11 INR 3)

loss = 20 log
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where R, is the amplitude reflection coefficient at the lower surface, R, is the amplitude
reflection coefficient at the upper surface, ¢ is the thickness of the ice, and V, and V, are
the returns reccived from the lower and upper faces, respectively. The factor 1 +tN/R is
the refraction correction (see Section IV.G). The average absorption coefficient could
then be obtained by dividing by 2:.

The results are tabulated in Table 6 and plotted in Figure 12. The three points at the
far right for 37 kHz are considered unreliable because of the interference from other
paths through the ice.

Table 6. One-way absorption loss in growing ice, calculated from measurements using
platter transducer.

One-Way Absorption Loss, L
Freezing t qt (dB)
Time Thickness

(h) (cm) 37 kHz* | 52 kHz® | 92 kHz¢ | 37 kHz | 52kHz | 92 kHz
0 0 - - - - - -
5 3.0 - - - - - -
9 5.0 1.21 - 3.01 5.0 - 73
19 88 213 - 5.30 49 - 6.3
31 12.2 2.96 - 7.35 4.0 - 10.8
43 14.9 3.61 - - 41 - -
52 16.8 4.07 - - 6.3 - -
7 20.2 4.90 - - 4.8 - -
81 218 5.28 - - 5.0 - -
95 240 5.82 - 14.46 4.6 - 115
103 25.2 6.11 - 15.19 5.6 - 13.3
113 266 6.45 - 16.03 43 - 13.7
128 285 6.91 - 1717 4.0 - 15.7
145 305 7.39 10.39 - 4.0 7.4 -
164 325 - 11.07 - - 59 -
200 359 - 12.23 - - 58 -
261 41.0 9.94 13.96 - 73 9.1 -
281 42,6 10.33 14,51 - 8.1 10.3 -
333 46.4 11.25 - - 13.0 - -
358 48.1 11.66 - - 17.6 - -
382 499 12.10 - - 13.8 - -

20 =24.24,%°q = 34.06,°q = 60.26
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The variation in absorption loss with ice thickness indicates there is a constant
amount of scattering and absorption caused by the skeletal layer plus an amount that is
proportional to thickness. In Section III.H we discuss modifying an absorption model to
accommodate these measurements of average absorption in the ice.

20 I T T T T T T T T I T T L T ' T 1 T I T 1 T T T-

L <3 .

L O 37 kHz Q |

~ I D2k X AN
D 15 F g P
3 - X 92 L(HZ xx OI* -1
‘0;; - —_—.xl ,I -
S 10k x- DD/' i
> - ) L .
2 | x\x/ o o} ,:’,oo ]
N - < B-ﬂ" L
sk o0--e 00 ]

S Sf 0-¢ ©° S o0 ~
. *omitted ~
OFILLJLllllilL.ll....|....1‘
0 10 20 30 40 50

Ice Thickness (cm)

Figure 12. One-way absorption loss in the newly frozen ice, assuming that the ampli-
tude reflection coefficient at the upper surface is unity (R, =—1). The three
37-kHz points at the far right are unreliable and were omitted when calcu-
lating absorption.
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H. Absorption Coefficient Versus Temperature of Growing Ice

1. Average Absorption

Before we can calculate the average absorption through a given thickness of ice, we
must examine the expected variation with temperature to determine how the measured
average can be used to determine constants in a temperature-dependent absorption equa-
tion.

McCammon and McDaniel! have expressed the absorption coefficient in ice as a
function of frequency f (kHz) and temperature T (°C) for temperatures between —20 and
=2°C:

o = kf(-6/T)?® dB/m (4)
with coefficient k = 0.06.

During periods with a stable ambient temperature, the ice has been found to have a
constant gradient between the air temperature and the water temperature. For this linear

temperature profile, the one-way absorption loss in ice of thickness ¢ is

t
loss = fady . 5)
0
For temperatures varying fromT; to T,
T1/3 - T1/3
loss = (3)kfr6¥3 T2 =T0) 4. 6)
T,-T,

Let us assume that the skeletal layer has a loss p (in decibels) due to scattering and
absorption. The total apparent one-way absorption loss for an ice canopy of thickness ¢
with temperature varying linearly from T'; to T, can then be expressed

total loss = p + kqt , )
where
(-T)' - (-T;)3
— af23
q = 3f6 T.-T, . (8a)
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2. Absorption Measurement

The total absorption calculated for the growing-ice data was tabulated in Table 3
and plotted in Figure 12. During the experiment, the thickness of the ice in the hole
increased to 50 cm. The air temperature at the time was —30°C, and the water tempera-
ture was about —2°C. If we ignore a possible change in the temperature gradient across
the skeletal layer and take these as the top and bottom temperatures of the ice, we obtain

q = 0.655f . (8b)

From Eq. (7) we see that a plot of the loss versus gz should give a straight line with
slope k. The data are plotted in Figure 13 together with a least-squares regression line.
This line indicates an absorption of 2.5 dB (one-way) in the skeletal transition zone
(gt = 0) and has a value of k£ = 0.57 (with a standard deviation of 0.08). This value is
nearly 10 times the value of 0.06 found by McCammon and McDaniel for horizontal

transmissions.

8 m K T L4 i T I Ll T T L] I | A T ¥ I T L] L L) ' L i
3 - 24 -
N - O 37 kHz (o) J
. - 0O 52 kHz X 1
e B % g2 o » -]
—Jg : r4 00 xx ””/’ J
c [ X --~ A
2 1o} X _.--0 -
a - _--"% 0 .
§ I P ¢ x ’,—”a L=p +kqt .
£ - ‘o 0o p =2.52 1

SFOO "&O k = 0.57 £0.08
>  .--00 Qoo q = (6/TPF ]
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I? E *omitted = 0. f J
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Figure 13. Absorption loss calculated from upper- and lower-surface reflections in
growing ice. The three points marked with an asterisk were omitted when
calculating absorption.
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In calculating Eq. (3), we assumed that all sound not specularly reflected entered
the ice. The amplitude reflection coefficient (Figure 5) drops to about 0.05 after
140 hours of freezing, when, according to Figure 2, the thickness was 30 cm. Note from
Table 6 that, at least for the first two frequencies, there is a sudden increase in absorption
at a thickness of 41 cm (261 hours). This may be due to an increase in scattering at this

thickness, which shows up in the calculation of Eq. (7) as an increase in absorption.
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IV. REFLECTIONS FROM UNDER-ICE SURFACE

Reflections from the undersurface of the ice canopy were measured at several loca-
tions, using three different transducers. Most of the experiments utilized the same
configuration used for the ice-block experiment, but some were made with the trans-
ducer mounted on a rotating arm suspended beneath the ice. The transducers consisted
of an ITC 1042 (a 2.5-cm-diameter sphere with a nearly omnidirectional pattern), the
‘‘platter’’ transducer used for the growing-ice experiments (described in Section III), and
the ‘‘22x22,”’ a multielement array constructed at APL. In addition to providing data
on the reflectivity of the under-ice surface, the returns were used to calculate sound

speed and absorption.

A. Experimental Arrangement

1. Measurements with the ITC 1042 Transducer

For these measurements, the transducer was suspended on three polypropylene lines
28 m below the under-ice surface and pointed upward as in the ice-block experiment (see
Figure 1). The ice was 1.36 m thick, and the lower surface appeared uniform over the

whole area.

The locations of the measurements are shown in Figure 14, which gives the position
of the ring on the frame as x’s and the corresponding position of the transducer as dots.
A typical reflection area is shown at the lower right, based on the return amplitude level-
ing off at about 1/3 the pulse length. Any return outside the circle would arrive later than
this. A considerable overlapping of areas is indicated. The directive patterns of the
platter and 22 x 22 transducers used at the higher frequencies would reduce the area to

less than that shown.

Short (0.5 ms) cw pulses were transmitted, and the echoes from the surface were
received on the same transducer. A series of five frequencies (20, 30, 40, 60 and 80 kHz)

was transmitted at a spacing of 0.1 s.
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Figure 14. Locations of ITC 1042 transducer used for the surface-reflection measure-
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2. Measurements with Other Transducers

The platter transducer was suspended in the same manner as the sphere. The
22 x22 was suspended in the same manner at first, but later some additional measure-
ments were made with the transducer mounted on a rotating arm as shown in Figure 15.
Both the platter and the 22 x22 transducers were calibrated using reflections from a
Freon-filled stainless-steel sphere and from an air—water interface. The latter was more

accurate, but the sphere calibration was closer in time to the reflection measurement.

1.5m ICE

!»-1.8 m —
D

Figure 15. Apparatus for measuring short-range surface reflections with the 22x22
transducer. The arm was rotated in 10° increments to obtain 36 samples of
the surface.
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3. Calibration Sphere

calibrating the measurements. The sphere was suspended 1-2 m below the ice and near
the center of the transducer beam. The return from the sphere came before the return

from the ice and was easy to recognize and measure.

1042, when both the sphere and an air-water interface were in the field of view at the
same time. The calibration values for the ITC 1042, the target strengths obtained for the

sphere during the ice-block experiment, and those obtained during the surface-reflection

UNIVERSITY OF WASHINGTON - APPLIED PHYSICS LABORATORY

A 20-cm diameter, stainless-steel sphere filled with Freon TF was used as an aid in

The best calibration was obtained during the ice-block experiment? using the ITC

measurements with the ITC 1042 are shown in the first four columns of Table 7.

Table 7. Target strengths of calibration sphere calculated from several measurements.

36

SPHERE TARGET STRENGTH (dB)
Freq. | CAL® | | o o Surtace? At Barge | At Barge | Selected
(kHz) | (dB) Ex o t Reflaction Using Using For
periment | Measurements | Mk 46 22x22 | Arctic Use
20 -75 -9.0 -94 -9.2 -9.2
25 -13.6
30 -70 =71 -9.6 -12.1 -8.0
35 -10.8
40 -85 -6.0 -8.1 -9.3 -75
45 -11.8
50 -9.0 -9.3
55 -104 -95
60 -50 -84 -103 -9.4 -88
65 -10.0
70 -9.9
75 -104
80 -50 -8.1 -116 -11.0 -9.8
100 -10.2 -10.2
120 -12.2 -11.0
160 -17.3 -16.0
200 -18.5 -175
250 -20.4
300 -20.9 -20.0
“ Transmitting response plus receiving sensitivity of ITC 1042 transducer.
® See Table 14 in Section IV.D.1.
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The target strength of the sphere was also measured at the APL acoustic calibration
barge after the field trip. These measurements were made in fresh water at 15°C. Marks
and Mikeska® have shown that the target strength of a 6-in. fluid-filled sphere at
50-130 kHz is maximum when the index of refraction of the fluid in the sphere relative
to that of the surrounding water is 1.77; the strength drops off 2 dB when it increases to
1.8, and drops another 3 dB when it increases to 2.0. At arctic temperatures, the Freon
would have an index of refraction of 1.8, whereas at the calibration barge the index
would be 2.0. This difference would make the target strength of the sphere 3 dB higher
in the Arctic. The measurements at the barge were made with a transducer using Tor-
pedo Mk 46 elements at 2055 kHz and with the 22 x 22 transducer at 50~300 kHz. The

range was about 2 m. The results are shown in the fifth and sixth columns of Table 7.

All values in the table are plotted for comparison in Figure 16. As expected, the
low-frequency calibration measurements at the barge are lower than those in the Arctic.

_5 T T T ] J T 1 1 ] R T
5 - J
- ’ "' '/— Ice-block experiment .
© : ]
S 1o Selected for _
- s arctlc use J
6 | -
C | - 4
TN _
& _ie b Borge with Mk 46 . _
15 “_\
> L Surfoce-reflect lon measurements X ~ 4
[
[} - .
- X S~
20 - Barge 22x22—/ \\ N
B L )< 4 .
1 1 1 ] [ T T | 1 1
20 30 50 100 200 300

Frequency (kHz)

Figure 16. Measured target strength of 20-cm Freon-filled sphere. The measurements
at the acoustic barge were at 15°C. At this temperature, the sound is not
focused well onto the back face; therefore, the barge data are not accurate
for arctic conditions.
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(There were no high-frequency arctic calibration measurements.) The best estimate
selected for the target sirength of the sphere in the Arctic is given in the last column of
Table 7. Above 100 kHz, where there are no field calibration measurements, we have
estimated a value 1dB higher than the barge calibration, based on comparisons at
50-80 kHz.

Our results are in good agreement with those of Marks and Mikeska,® who mea-
sured the reflections from several spheres 15-45 cm in diameter in the laboratory at
70°F. They used a mixture of Freon and carbon tetrachloride to obtain the desired index

of refraction, whereas we obtained the same result by operating at a lower temperature.
B. Transducers

1. ITC 1042

The ITC 1042 was a 2.5-cm-diameter sphere with a nearly omnidirectional pattern.
It was calibrated during the experiment by measuring the reflections from a level
air—water interface. The air—water interface was obtained by installing a flat metal pan
with a diameter about the same as that of the ice block, open end down, just below the ice
and filling it with air. The target strength at normal incidence for such a circular flat area

is given by Urick’ as
TS = 20log (area/wavelength) .

The transducer calibration value CAL, which is the sum of the transmitting response and
the receiving sensitivity, was chosen as the value that would give this target strength.

Results are given in the second column of Table 7 for five frequencies.

During the surface-reflection measurements, a 20-cm-diameter, stainless-steel
sphere filled with Freon was suspended in the center of the area so that all returns
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included an echo from this sphere. The measured sphere echoes and the transmitted volt-
ages are shown in Section D for each of the six surface-retlection measurements taken in
the ice-block area. The average target strengths of the sphere for the six measurements
were calculated using the CAL values in Table 7. At 20 kHz, they agreed with the sphere
target strengths determined during the ice-block experiment; at the other frequencies,
they were about 2 dB lower. This agreement gave confidence that the transducer calibra-
tion for the surface-reflection measurements was correct.

2. Plarter Transducer

The platter transducer was a narrow-beam, multi-element array arranged within a
28-cm-diameter disk. The beam patterns, as measured in October 1988 at the APL
acoustic calibration barge, are shown in Figure 17.

The platter was calibrated in the field and again later at the acoustic barge in Seat-
tle. The first field calibration was from the return from the water surface in the 2x2 m

hole used for the growing-ice experiment. The measurements and their results are shown
in Table 8.

Table 8. Platter calibration using reflections from a free surface in the 2x2 m hole
atarange of 11.7 m.

Frequency Nicolet Time Tx Rec CAL®
(kHz) Frame No. | (ms) (Vpp) (Vpp) (dB)

37 1 16.20 | 10.08 | 0.528 | -38.1
52 2 16.22 482 | 1960 | -20.2
92 3 16.21 11.60 | 1.048 | -33.1
150 4 16.21 | 3480 | 2.897 | -33.6
220 5 16.21 450 | 3.040 | -15.1

%Transmitting response plus receiving sensitivity of piatter transducer.

CAL = zouogRTic +2010g2R + 2aR - G

where o = absorption coefficient in water
R = range ]
G = receiver gain = 40 dB
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transmit and receive).
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Figure 17. Beam patterns of platter transducer at several frequencies (same for
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The second field calibration was obtained from returns from a 20-cm-diameter
sphere at a range of about 10 m. The target strength of the sphere selected for arctic use

is shown in Figure 16. The calibration data and results are shown in Table 9.

Table 9. Platter transducer calibration using the sphere at a range of 9.78 m.

a
Frequency | Nicolet | Tx | Rec |JS .o | cal®
(kHz) Frame No. (Vpp) (vpp) (dB) (dB)

15 8 976 | 0.524 9.3 -36.4

37 9 160.8 1.776 -7.7 316

52 10 234 1.704 8.3 -14.6

92 11 1224 | 1476 | -10.0 | -30.2
150 12 1576 | 1176 | -140 | -28.0
220 13 1791 | 1760 | -18.1 | -21.9
300 14 185.6 | 1.528 -20.0 -21.0

9Target strength of sphere from Table 7
bCAL = 2on<>g—RT;(ﬁ +4010gR + 2aR - TS - G

The acoustic barge calibrations, performed in November 1988, are compared with
the field calibrations in Table 10 and Figure 18. At frequencies up to 150 kHz, the barge
and sphere calibrations agree well. We believe that the measurements in the 2 x 2 m hole
were influenced by returns from the sides of the hole. The sphere values were used for
calibration instead of the barge values mainly because the sphere returns were from the

same ping as the surface-reflection measurements.
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Table 10. Summary of platter transducer calibrations.

CAL (dB)
Frequency

(kHz) At | Using Free Surface | Using®
Barge in a 2x2 m Hole Sphere

15 -36.4
37 -30.4 -38.1 -31.6
52 -15.0 -20.2 -14.6
92 -29.8 -33.1 -30.2
150 -27.0 -33.6 -28.0
220 28 -15.1 -21.9
300 -33.9 -21.0

% These CAL values were selected for arctic use.

= T T T T T T T 17 T T -
10 ;' X Post colibration ot borge with Preamp 2 (40 dB) ?
- O Using sphere X ]
OrF o Using free surfaoce In o 2x2 m hole 5'3 =
@ -10 | E
5 2F o S oo
-30 :— 6 n..'..".-g:::::::::;;;::6‘"’.3 —::
F e R 0 1% .
O O ]
-40 3
= 1 v L [N T | L \ ]

10 20 30 50 100 200 300

Frequency (kHz)

Figure 18. Platter transducer calibrations. The sphere calibration was selected for use
in the data analysis.
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3. 22x22 Transducer

This transducer consisted of an array of 22x22 elements built at APL from an

8.26-cm-square ceramic plate. When potted in polyurethane and mounted for use, it had

one-way) of 8° at 100 kHz. The one-way beam pat-

terns at 100, 145, 200, and 300 kHz are shown in Figure 19.
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Figure 19. Beam patterns of the 22 x 22 transducer .
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Two calibrations were performed for this transducer in the field. One was done
specifically for the short-range measurements from the rotating arm. For this calibration,
the apparatus was set up i a large open hole so that reflections could be measured from
the free air—water interface. Three trials, each with the transducer at slightly different

distances below the water, were run. The results are shown in Table 11.

Table 11. Calibration of 22x22 transducer using reflections from a water-air interface
ina 1x13-m hole. The transmit/receive box and cables are included.

Freqency | Range | T,* Rec. | 20l0g2R | 2aR | Gain
(kHz) (m) | (Vo) | (V) (dB) (dB) | (dB) | CAL
Run7
60 2.19 66.6 | 0.205 12.8 0.1 20 | -51.3
80 219 5§5.6 | 0.389 12.8 0.1 20 -44.2
100 2.19 26.6 | 0.381 12.8 0.1 20 | -37.9
120 2.19 10.6 | 0.277 12.8 0.1 20 | -327
160 2.19 4.6 | 0.454 12.8 0.1 20 | -21.2
200 219 1.1 | 0.436 12.8 0.2 20 -9.0
Run 8
60 2.10 66.6 | 0.218 125 0.1 20 | -51.1
80 210 5§5.6 | 0.404 125 0.1 20 | -44.2
100 2.10 26.6 | 0.400 125 0.1 20 -37.0
120 2.10 10.6 | 0.291 125 0.1 20 -32.6
160 2.10 4.6 | 0470 125 0.1 20 -21.2
200 210 1.1 | 0.459 125 0.2 20 -8.9
Run 9
60 2.28 66.6 | 0.202 13.2 0.1 20 | -51.0
80 2.28 55.6 | 0.376 13.2 0.1 20 —44.1
100 2.28 26.6 | 0.367 13.2 0.1 20 | -379
120 2.28 10.6 | 0.267 13.2 0.1 20 | -30.7
160 2.28 46 | 0.439 13.2 0.1 20 -21.1
200 2.28 1.1 | 0.417 13.2 0.2 20 -9.0
*Corrected by -1.4 V for TR box Average of Three Runs
®CAL = 20log (Rec/T,) + 20l0g2R + 2R
- Gain Freq. CAL
60 -51.1
80 -44.2
100 -37.9
120 -30.7
160 -21.1
200 -9.0
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The calibration was also checked by measuring reflections from the stainless-steel

sphere installed for the ice-block experiment. The transducer was located below the

sphere, and returns from the sphere were measured at several frequencies. The transmit-

ted and received voltages and the assumed target strength of the sphere are shown in

Table 12. The calculaied calibration values (CAL) of the transducer appear in the last

column. This method is limited by the accuracy of the assumption used for the target

strength of the sphere. Some uncertainty in the sphere calibration is evident in the sum-

mary plot in Figure 16.

Table 12. Calibration of 22 x22 transducer using reflections from the sphere.

Tx | Rec. | 2uR | Sphere® | CAL®

Frequency | Frame | (V,) | (mV,) | (dB) | TS(dB) | (dB)
30 1 183 54 0.3 -8.0 -67.3

40 2 91 425 | 05 -75 -63.7

60 3 152 | 1315 | 0.8 -8.8 -57.0

80 4 184 336 0.9 -9.8 -49.4

100 5 46.9 | 105 1.0 -10.2 -47.2
120 6 31.2 126 1.1 -11.0 -40.8
160 7 27.7 | 230 1.5 -16.0 -29.1
200 8 286 | 513 20 -175 -20.4
300 9 28.4 88 3.1 -20.0 -32.1

*See Table 7.

bCAL = 20log (Rec/T,) + 40logR + 20R - Gain - Sphere TS,
where R = 23.8 m, Gain = 60 dB.

The 22 x 22 transducer was calibrated at the acoustic barge in November 1988 after

the field trip. The results are compared with the two field calibrations in Table 13 and

Figure 20. The sphere calibration is used for analyzing the surface reflection-

measurements in the ice-block area because the cable and preamplifier configuration

were the same in both cases.
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Table 13. Comparison of calibration values for 22x22 transducer and values selected

Jor use.
CAL (dB)
Water-Air Selected
Frequency | Interface® Barge Sphere for Use in
(kHz) (Table 11) | Nov. 1988 | (Table 12) | lce-Block Area
30 - -62.0 -67.3 -67.8
40 - - -63.7 —64.4
60 =51.1 -50.3 ~57.0 -57.7
80 -44.2 - 494 -51.1
100 =379 =385 —47.2 -45.0
120 -30.7 - -40.8 -39.0
150 - -21.5 - -30.5
160 -21.1 - -29.1 -28.0
200 -9.0 -52 -20.4 -20.3
300 - -15.8 -32.1 -30.5
*Used for measurements with the rotating arm.
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Figure 20. Comparison of calibrations of 22x22 transducer. The sphere calibration
was used for the surface-reflection measurements in the ice-block area
because the transducer had the same accessories used for those measure-
ments. The water—air interface and barge calibrations were used in
analysis of the surface-reflection measurements with the 22 x 22 transducer
mounted on a rotating arm, since these three measurements all used the
same accessories.
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C. Amplitude Reflection Coefficient

The returns at normal incidence from the undersurface of the ice cover include con-
tributions from both coherent reflections and incoherent scatter. With the understanding
that an ‘‘effective’’ amplitude reflection coefficient will include both, we now consider

ways to determine this coefficient from the field measurements.

1. Comparison with an Air-Water Interface

The straightforward way is to repeat the measurements, using exactly the same
geometry, with a flat water—air interface replacing the undersurface of the ice. The
amplitude reflection coefficient is then the ratio between the amplitude of the return from
the ice and that from the wat.r—air interface.

2. Mirror Image Calculation

An alternative is to calibrate the transducer accurately and then compare the return
with that expected from a mirror surface, i.e., the signal from an image source with a
range twice that of the ice. This method may include a small error because of beam-
pattern effects. If the surface is slightly rough, some of the sound energy within the beam
will be lost because of incoherent scattering from the surface, with no compensating
energy being gained by scattering from the surface lying outside the beam. For the meas-
urements reported here, this effect would be small because measurements of the under-
ice surface? indicated undulations with maximum slopes of 1°, which is exceeded by the
transducer pattern except for the extreme case of the platter at 300 kHz. Another indica-
tion that scattering had a small effect is the fast rise of the return pulse, as shown in Fig-

ure 21.
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Figure 21. Example of the returns from the calibration sphere and the ice cover at nor-
mal incidence.
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3. Calculation of Amplitude Reflection Coefficient

The nominal steady-state return is for a specular reflection from an infinite, rigid (or
fully compliant) surface. For measurements from any other surface, the reflectivity is
represented by an amplitude reflection coefficient that is accordingly less than unity.
Therefore, if we measure the amplitude of a reflection from the surface, we can calculate
the reflection coefficient from the following equation by considering a source at distance
2R:

20logV,; = 20logVx + CAL —20log2R — 2R + 20logR, + G , ®
where V; is the amplitude of the surface reflection, CAL is the sum of the transmitting
response and receiving sensitivity of the transducer, V, is the amplitude of the voltage
applied to the transmitter, R is the range, a is the absorption in seawater, R, is the ampli-
tude reflection coefficient for the front face, and G is the receiver gain. Transposing, we

obtain

20logR, = 201og(V,/V,) — CAL + 20log2R + 20R -G . (10)

D. Measured Returns

The returns from the ice usually consisted of two cw pulses, one from the lower face
and one from the upper. Some examples of the returns measured with the ITC 1042 are
shown in Figure 21. The pulse at the left is the return from the sphere. The returns from
the upper and lower faces of the ice were usually well separated, but there were extra
reflections at the higher frequencies that caused confusion. For these returns, the

reflection gain (201ogR,) at the lower surface is given by Eq. (10).

1. Returns Measured with the ITC 1042 Transducer

The amplitudes of the ITC 1042 returns from the calibration sphere and those from
the two faces of the ice at the six locations shown in Figure 14 are tabulated in Table A1

in Appendix A. The average amplitude-reflection coefficients for the six locations are

TR 9005 49




UNIVERSITY OF WASHINGTON « APPLIED PHYSICS LABORATORY

shown in Table 14 along with the average target strengths of the calibration sphere for

the same pings. These were discussed earlier and plotted in Figure 16.

Table 14. Summary of under-ice amplitude-reflection coefficients for six locations
measured using the ITC 1042 transducer. The target strength of the calibra-
tion sphere measured for the same pings is given below.

Amplitude Reflection Coefficient
Frame

Coordinates | 20 kHz | 30kHz | 40kHz | 60 kHz | 80 kHz
N2, E23 0.33 0.15 0.10 0.08 0.05
Ni8,E23 0.20 0.13 0.14 0.11 0.08
N40,E16 0.20 0.12 0.16 0.14 0.10
N24,E16 0.15 0.11 0.12 0.11 0.10
N24,E40 0.33 0.20 0.18 0.13 0.12
N40,E40 0.25 0.17 017 0.17 0.1
Mean 0.24 0.16 0.14 0.12 0.09
Std. Dev. 0.07 0.03 0.03 0.03 0.03
Std. Dev. 003 | o001 | o001 001 | 0.01

of Mean

Average 1arget Strength of Calibration Sphere |

TS (dB) -9.4 -9.6 -8.1 -103 -11.6
Std. Dev. (dB) 4.6 4.0 3.2 3.7 35
Std. Dev.

of Mean (dB) 1.9 1.6 1.3 1.5 1.4

2. Returns Measured with the Platter Transducer

The transmit voltages and received amplitudes for the five locations measured with
the platter transducer are shown in Table A2 in Appendix A. The results are summarized
in Table 15.

3. Returns Measured with 22 x 22 Transducer

The transmit voltages and received amplitudes for the 10 locations measured with
the 22 x 22 transducer are shown in Table A3 in Appendix A. The results are summar-
ized in Table 16.
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Table 15. Summary of under-ice amplitude reflection coefficients measured at five loca-
tions using the platter transducer.

Amplitude Reflection Coefticient, R,
Frequency (kHz)
15 37 52 92 150 | 220 | 300
1a 030 { 0.13 | 0.08 | 0.09 | 0.04 | 0.02 | 0.03
1ib 030 1 016 { 0.12 |} 0.21 | 0.06 | 0.09 | 0.06
2a - 0.14 | 0.08 | 0.13 | 0.05 | 0.04 | 0.03

2b 034 | 015 0.10 | 0.21 | 0.05 | 0.08 | 0.04
3a 033016} 0.10 | 0.18 | 0.08 | 0.08 | 0.06

Mean 032015} 0.10 | 0.16 | 0.06 | 0.06 | 0.04
Std.Dev. | 0.02 | 0.01 | 0.02 | 0.05 | 0.02 | 0.03 | 0.02

i‘f"h’i;:' 0.01 | 0.01 | 0.01 | 0.02 | 0.01 | 0.01 | 0.01

Location

Table 16. Summary of under-ice amplitude reflection coefficients measured at ten loca-
tions using the 22 x22 transducer.

Amplitude Reflection Coeflicient, Ry

Frequency (kHz)
30 40 60 80 100 120 160 200 300

N13,E32 | 0.10 | 007 | 008 | 008 | 0.11 0.06 | 0.009 | 0.013 | 0.016
N22,E30 | 009 { 007 | 006 { 009 | 008 | 0.06 | 0.005 | 0.011 | 0.018
N12,E22 | 0.1 008 | 006 | 008 | 0.08 | 0.05 | 0.012 | 0.006 | 0.013
N13E14 | 009 | 008 | 0.07 | 009 | 0.12 | 0.06 | 0.009 | 0.006 | 0.013
N28,E16 | 009 | 006 | 0.08 | 007 | 009 | 0.06 | 0.013 | 0.006 | 0.017
N40,E16 | 0.11 008 | 009 | 005 | 0.10 | 0.06 | 0.011 | 0.008 | 0.020
N2gE28 | 009 | 008 | 007 | 007 | 009 | 0.06 | 0.008 | 0.012 | 0.018
N40,E28 | 0.11 007 | 0.08 | 0.11 0.11 0.06 | 0.011 | 0.005 | 0.016
N40,E40 | 010 | 009 | 010 | 009 | 0.13 | 0.11 | 0.013 | 0.009 | 0.018
N28,E40 | 0.11 010 | 0.11 007 | 013 | 0.11 | 0.019 { 0.013 | 0.015

Location

Mean 0.100 | 0.077 | 0.080 | 0.081 | 0.104 | 0.068 | 0.011 | 0.009 | 0.017
Std.Dev. | 0.009 | 0.011 | 0.016 | 0.015 | 0.019 | 0.022 | 0.004 | 0.003 | 0.002

Sid. Dev.
of Mean 0.003 | 0.003 | 0.005 | 0.005 | 0.006 | 0.007 | 0.001 | 0.001 | 0.001
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4. Returns Measured with the 22 x 22 on the Rotating Arm

At each of two holes, the 22 x 22 transducer was mounted on a 1.8-m-long arm and
rotated to 36 locations spaced at 10° in azimuth. At 100 kHz the spot size (to the -3 dB
points, two-way) was 0.26-m in diameter. The holes were spaced 0.32 m apart; there-
fore, the reflections were independent above 100 kHz but slightly overlapping at 60 and
80 kHz.

The transducer was calibrated by placing it 2 m below the surface in a 1 13 m hole
that had been cut for other experiments. All cables and electronic equipment were the
same as for the ice-reflection measurements. In analyzing the data, the ice reflection was
simply compared with the reflection from the free surface to obtain the amplitude
reflection coefficient.

The results are summarized in Table 17. These data contain 72 nearly independent
samples of the return from the under-ice surface. The transducer calibration values were
about 3 dB higher than those obtained from the sphere reflection, as shown in Figure 20.
Histograms of the reflection coefficients are plotted in Figure 22; these histograms were
used to test the effect of roughness.?

Table 17. Summary of under-ice amplitude reflection coefficients measured at 72 loca-
tions when using the 22 x22 transducer on the rotating arm.

Amplitude Reflection Coefficient, Ry
Frequency (kHz) 60 80 100 120 160 200
CAL -51 -44 -37 -33 -21 -9
36 at Hole 1 0.126 | 0.090 | 0.035 | 0.053 | 0.046 | 0.040
36 at Hole 2 0.115 | 0.071 | 0.041 | 0.056 | 0.041 | 0.040

Mean 0.120 | 0.081 | 0.038 | 0.055 | 0.044 | 0.040
Siud. Dev. 0.020 | 0.020 | 0.014 | 0.016 | 0.017 | 0.017
Std. Dev. of Mean | 0.002 | 0.002 | 0.002 | 0.002 | 0.002 | 0.002
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Figure 22. Histograms of reflection coefficients for returns at normal incidence
obtained at 72 locations and at several frequencies. The smooth curves are

a best fit with a Rice probability function.

TR 9005 53




UNIVERSITY OF WASHINGTON « APPLIED PHYSICS LABORATORY

E. Reflection Coefficients Compared

The amplitude reflection coefficients tabulated in Tables 14—17 for the lower face
are summarized in Table 18 and plotted in Figure 23. The reflection coefficient decreases

as the frequency increases.

There is good agreement considering the different methods and geometries used to
measure the reflection. The results for the deep 22 x 22 transducer are low; a review of

the measurements and calculations shows no explanation.

Table 18. Summary of amplitude reflection coefficients measured in Spring 1988.

TRANSDUCER
Freq. ice Block
(kHzZ) | ITC 1042 Platter 22x22 2222 on arm
Ra c Ra c Ra ] Ra c Ra c
15 0.32 | 0.01
20 | 0.24 | 0.03 0.20 | 0.02
30 | 0.15 | 0.01 0.100 | 0.003 0.17 | 0.02
37 0.15 | 0.01
40 | 014 | 0.01 0.077 | 0.003 0.19 | 0.02
52 0.10 | 0.01
60 | 0.12 | 0.01 0.080 | 0.005 | 0.120 | 0.002 | 0.13 | 0.02
80 | 0.09 | 0.01 0.081 | 0.005 | 0.081 | 0.002 | 0.12 | 0.01
92 0.16 | 0.02
100 0.104 | 0.006 | 0.038 | 0.002
120 0.068 | 0.007 | 0.055 | 0.002
150 0.06 | 0.01
160 0.011 | 0.001 | 0.044 | 0.002
200 0.009 | 0.001 | 0.040 | 0.002
220 0.06 | 0.01
300 0.04 | 0.01 | 0.017 | 0.001
Source | Table 14 Table 15 Table 16 Table 17 F ‘;g-e; ’2"’
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Figure 23. Comparison of all amplitude reflection coefficients calculated for returns at
normal incidence from the under-ice surface in Spring 1988.
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F. Sound Speed Calculations

The time between the arrival of the reflections from the front and back faces can be
used to calculate the average sound speed in the ice. For the six locations ensonified by
the ITC 1042 transducer, the average time difference was 0.750+0.005 ms. For two
locations ensonified by the platter transducer that gave distinct arrival times, it was
0.726+0.007 ms for all frequencies (37-300 kHz). For seven locations measured with
the 22 x22 transducer it was 0.750+0.006 ms at all frequencies (30—60 kHz). The ice
thickness was measured several times with a boat hook, and averaged 136+ 1 cm. Thus,

the average measured sound speed in the vertical direction for this ice is

c=36421£70 m/s . (11)

G. Refraction Correction

As sound enters the ice, it is refracted. At normal incidence, the spreading increases
as if the sound had originated from a shorter range. As a result, sound entering the ice
will have a greater spreading loss than sound reflected from the lower face. After the
sound is reflected from the upper face, it will be somewhat focused as it passes through
the lower face back into the water. The net decrease in amplitude suffered by reflections
from the upper face as a result of these two effects is derived in Appendix B, and is given
by the factor 1/F.

F=(1+Nt/R), (12)
where N is the ratio of sound speed in ice to that in water, ¢ is the thickness of the ice, and
R is the distance from transducer to the bottom of the ice.

The return from the upper face will be lower than that from the bottom face because
of the refraction both ways, and its amplitude must be multiplied by F to compensate for

the loss.
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H. Absorption Calculated from Two Reflections

1. Measurements with the ITC 1042 Transducer

Table 19 shows the absorption values calculated for the reflection measurements
with the ITC 1042 at the six locations in the area of the ice-block experiment. The
amplitude reflection coefficient for the lower surface (R,) was computed in Section D
and shown in Table 14. The amplitude reflection coefficient for the upper surface, R,
cannot be determined from these measurements—it must be assumed. In calculating the
absorption, we assume there is no loss in amplitude upon reflection at the upper surface
(i.e., R, = -1), as if the upper surface were a sharp transition between hard ice and air.
With a partially packed snow surface, R; might be as low in magnitude as R, at the
skeletal surface below, but surely no lower.

Table 19. Absorption calculations for ice reflections measured with the ITC 1042 trans-
ducer. The ice was 1.36 m thick.

Ratio ot Upper-Face Reflection to Lower-Face Reflection
(VaV,)
Location 20 kHz 30 kHz 40 kHz 60 kHz | 80 kHz
1 1.53 1.67 1.80 0.93 0.70
2 1.47 1.69 0.60 0.69 0.63
3 0.93 1.44 0.69 0.31 0.32
4 145 1.20 0.75 0.23 0.31
5 1.26 2.09 1.57 0.56 0.63
6 1.24 1.16 0.96 0.48 0.50
Mean B < ) 1.54 1.06 0.53 0.52
Std. Dev. 0.22 0.35 0.50 0.26 0.17
Std. Dev.
of Mean 0.08 0.14 0.20 0.11 0.07
R, from
Table 14 0.24 0.15 0.14 0.12 0.09
One-Way
Absorption
Loss (dB) for 43 58 75 115 12.6
Rp - - 1
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2. Measurements with the Platter Transducer

Similar calculations were made for the measurements at five locations with the
platter transducer using data from Table A2 and the R, values from Table 15. The results
are tabulated in Table 20.

Table 20. Absorption calculations for ice reflections measured with the platter
transducer.

Ratio of Upper-Face Reflection to Lower-Face Reflection
(V2tVy)

Location 15kHz | 87 kHz | 52kHz | 92kHz | 150 kHz | 220 kHz | 300 kHz

1a 1.58 0.68 0.28 0.24 0.38 042 0.29
1b - 0.69 0.51 0.22 0.41 0.13 0.21
2a - 0.67 047 0.21 0.36 0.22 0.33
2b 1.19 1.32 0.49 0.16 0.42 0.12 0.29
3a 1.46 0.77 0.62 0.25 0.35 0.15 0.32
Avg. 1.41 0.83 0.47 0.22 0.38 0.21 0.29
c 0.20 0.28 0.12 0.03 0.03 0.12 0.05
G mean 0.09 0.13 0.06 0.02 0.01 0.06 0.02
R, :om 0.06 0.04
Table 15 0.32 0.15 0.10 0.16 0.06
One-Way
Absorption
Loss (dB) for 25 8.7 12.6 13.9 15.9 18.5 18.8
Ry »=~1
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3. Measurements with the 22 x22 Transducer

The results for the measurements at the 10 locations with the 22 x22 transducer,
made using data from Tables A3 and 16, are tabulated in Table 21.

Table 21. Absorption calculations for ice reflections measured with the 22 x22

transducer.
Ratio of Upper-Face Reflection to Lower-Face Reflection
(Vo1V,)
Location 30kHz | 40kHz | 60kHz | 80kHz | 100 kHz | 120 kHz | 160 kHz
N13,E32 0.69 0.78 0.36 - - - -
N22,E30 1.35 1.02 0.26 0.18 - - -
N12,E22 1.19 1.62 0.49 0.26 - - -
N13,E14 1.54 1.00 0.44 0.22 - - 0.78
N28,E16 1.72 1.38 0.74 - - - -
N40,E16 1.15 1.07 0.38 0.34 - - -
N28,E28 1.47 1.19 0.49 - - - -
N40,E28 1.13 1.04 045 0.109 - - -
N40,E40 1.33 1.16 0.49 0.20 - - -
N28,E40 1.60 1.24 0.37 - - - -
Mean. 1.32 1.1% 0.45 0.22 - - 0.78
o 0.30 0.23 0.13 0.08 - - -
© mean 0.09 0.07 0.04 0.03 - - -
R, from
Table 16 0.10 0.08 0.08 0.08 -- - 0.01
One-Way
Absorption
Loss (dB) for 8.2 9.8 139 17.0 - - 20.1
Ry =~1
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4. Measurements with the 22 x 22 Transducer on the Rotating Arm

The absorption calculated for the returns as the arm was rotated to 36 different loca-
tions at two holes is listed in Tables 22a and 22b. The absorption was calculated from the

Table 22a. Absorption calculated for data obtained with the 22x22 transducer on the
rotating arm; frequency, 60 kHz.

Hole 1 Hole 2

Azimuth | o | Vi | va [Absorption® [ o I v, | v. |Absomptions
(deg) (mv) | (mV) (dB) {mv) | (mV) (dB)
0 0.12 209 23 14.4 0.15 252 26 135
10 [012 212 18 15.4 014 224 16 15.7
20 [ 013 219 15 16.2 013 214 21 145
30 (012 217 26 139 012 193 38 119
40 0.10 182 39 12.1 0.14 235 27 134
50 | 008 146 15 16.4 0.14 227 20 148
60 0.04 63 39 12.2 0.14 227 35 12.3
70 | 006 111 45 115 013 208 38 119
80 | 009 158 39 12.1 011 181 14 16.4
90 0.09 140 16 15.7 0.14 231 26 13.6
100 | 008 139 24 14.0 014 227 17 155
110 | 011 186 14 165 013 220 12 16.9
120 | 012 206 20 149 013 218 42 115
130 | 012 217 16 16.0 013 212 21 146
140 | 013 224 20 15.0 013 212 23 140
150 0.12 213 23 144 0.13 211 19 15.0
160 | 014 250 6 20.2 016 258 34 12.3
170 [ 011 197 7 195 013 210 18 15.2
180 0.12 204 20 15.0 0.13 221 25 13.7
190 | 013 228 17 15.6 011 188 20 148
200 0.12 202 7 195 0.1 176 28 13.2
210 | 012 207 21 149 009 148 23 14.0
220 | 012 218 19 15.2 014 224 16 15.6
230 | 012 217 23 14.4 013 205 25 137
240 | 011 198 24 142 011 181 16 157
250 0.13 225 27 13.7 0.12 198 15 16.0
260 | 0.14 254 26 14.0 041 171 12 169
270 | 011 197 20 15.0 013 207 13 16.6
280 | 009 155 18 155 011 189 26 136
290 | 012 203 33 128 010 159 26 134
300 [ 012 202 33 127 012 202 28 1322
310 0.13 231 38 12.2 0.13 214 14 16.3
320 | 015 255 40 119 013 218 36 12.2
330 0.14 238 34 127 0.13 206 22 14.3
340 | 015 254 39 12.0 013 209 12 169
350 | 013 226 23 14.4 010 169 37 1222
Mean 0.11 14.6 0.13 14.3
Sid. Dev. | 0.02 2.1 0.01 16

Std. Dev.

Moo | 0.004 0.4 0.002 0.3

30ne-way loss for an assumed Rp = -1,
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ratios between the reflections from the upper and lower faces, assuming no loss upon
reflection at the upper surface (R, = —1). Table 22a is for 60 kHz and Table 22b for
80 kHz. At higher frequencies, the reflections from the back face were unreadable.

Table 22b. Absorption calculated for data obtained with the 22x22 transducer on the
rotating arm; frequency, 80 kH:.

Hole 1 Hole 2
Azimuth | g | v | v, [Absorption | I V, | v. | Absorptiond
(deg) (mv) | (mv) (dB) (mv) | (mV) (dB)
() 0.07 404 17 21.0 008 464 9 23.7
10 0.08 461 15 21.6 0.09 539 11 229
20 007 450 14 22.0 0.09 521 7 248
30 0.09 542 27 19.1 0.08 484 28 19.0
40 0.07 450 13 223 0.10 613 28 18.8
50 003 173 29 18.9 0.08 458 11 228
60 0.02 127 44 171 011 674 52 16.1
70 002 118 47 16.8 0.10 589 9 23.7
80 0.02 101 23 19.9 0.10 606 19 205
90 008 512 13 223 007 390 18 20.7
100 0.11 654 19 20.6 0.08 480 16 213
110 0.10 602 7 250 009 547 15 215
120 010 591 10 23.4 009 559 34 18.0
130 0.09 578 16 215 009 526 29 18.6
140 0.07 455 11 23.0 0.07 407 29 185
150 0.06 385 7 25.0 0.09 536 8 243
160 0.07 393 10 23.4 0.11 678 27 19.0
170 0.06 375 9 24.0 009 531 13 222
180 0.04 229 8 24.3 0.10 571 15 215
190 0.08 520 16 215 0.10 581 19 20.4
200 0.07 454 7 25.1 011 623 18 20.7
210 0.06 344 7 24.9 0.10 562 13 222
220 008 509 15 21.8 0.08 482 9 238
230 0.07 421 17 21.2 0.08 446 26 19.2
240 0.08 479 13 225 009 510 14 21.8
250 0.07 418 12 228 0.07 424 10 23.3
260 0.08 474 9 23.9 0.09 551 10 23.2
270 009 550 16 21.4 0.05 298 7 24.7
280 0.07 455 20 205 009 523 15 215
290 0.09 532 10 235 0.09 540 13 22.1
300 009 524 24 19.7 0.08 459 9 238
310 0.07 457 31 18.7 0.08 470 5 26.4
320 007 449 28 19.0 0.08 452 15 21.6
330 009 533 39 17.6 0.08 494 12 225
340 007 435 38 178 0.12 683 21 20.1
350 0.09 537 12 22.6 0.11 634 10 23.
Mean 0.07 215 0.09 21.6
Sid. Dev. | 0.02 24 0.01 23
Sid. Dev.
of Mean | 0-004 0.4 0.002 0.4

90ne-way loss for an assumed Rp = -1.
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5. Summary of Absorption in the Ice Cover

We now use the equations developed in Section III.H to take into account the varia-
tion of absorption with temperature and to allow for extra absorption in the skeletal layer.
Asin Eq. (7),

L = p+kqt (13)

for the total one-way absorption loss. The values calculated for L and gr are summarized
in Table 23 and plotted in Figure 24. The absorption values for g > 95 are low compared
with the trend at the lower frequencies. Omitting these data, we computed least-squares
values for p and q. The resulting line is plotted in Figure 24 and indicates p = 0.8 dB and
k=022

Table 23. Summary of absorption measurements in the ice cover (using unity for the
reflectivity of the upper face).

One-Way Absorp.
Transducer | Frequency Loss (dB) q qt

ITC 1042 20 43 131 17.8
Table 19 30 58 19.7 26.8
t=136m 40 75 26.2 35.6
60 1.5 393 53.4
80 12.6 524 713
Platter 15 25 9.8 13.3
(Table 20) 37 8.7 242 329
t=136m 52 12.6 34.1 46.4
92 139 60.3 82.0

150 15.9 98.3* | 134*

220 18.5 144* 196*

330 18.8 216* 204*
22x22 30 8.2 19.7 26.8
(Table 21) 40 9.8 26.2 35.6
te 1.36 m 60 139 393 534
80 17.0 524 713

160 20.1 105* 143*
22x22 on 60 (hole 1) 14.6 39.3 59.0
Arm 60 (hole 2) 14.3 39.3 59.0
(Table 22) 80 (hole 1) 215 524 78.6
t=150m 80 (hole 2) 216 524 78.6

@Data for g > 95 omitted in calculation of best-fit line.
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Figure 24. Acoustic absorption determined from reflections off the upper surface of ice
cover of thickness t in Spring 1988. The absorption is expressed as an ini-
tial loss in the skeletal layer plus an absorption per meter in the form of the
McCammon-McDaniel model.!
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V. PHASE RELATIONSHIPS IN REFLECTIONS FROM SKELETAL LAYER

The phase of the first cycles of the signal reflected at normal incidence from the
skeletal layer at the bottom of the ice during the ice-block experiment was examined to
determine the acoustic nature of the reflecting medium. A plane wave traveling from one
medium to another will be transmitted completely only if the acoustic impedances of the
two media are exactly equal. If the impedances are unequal, a reflection will occur at the
interface. If the impedance of medium 2 is greater than that of medium 1, the reflection
will be in phase with the incident wave. If the impedance of medium 2 is less than that of
medium 1, the reflection will be 180° out of phase. In the foregoing, we assume that the

reactive component of the impedance is zero.

We were able to compare the reflections from the skeletal layer with reflections
from two media with known phase shifts—a water—air interface (~180° phase shift) and
a Freon-filled sphere (approx. zero phase shift}—to determine whether the impedance of
the skeletal layer was lower or higher than that of the water. Also, we were able to
detect additional reflecting layers within the ice by looking for slightly later arrivals
which would shift the phase and elongate the pulse. The use of these properties to deter-

mine the nature of the skeletal layer is discussed in this section.

A. Review of Ice Reflection Measurements

Before we discuss the echoes measured, we will review the ice-block experiment.?
Reflections were measured from ice blocks of four diameters: 27, 38, 58, and 84 cm.
Reflections from four inverted, air-filled metal pans of about the same diameters (28, 40,

60, and 86 cm) were used to calibrate the transducer.

In addition, various modifications were made to 58-cm blocks. (1) After the stan-

dard reflection measurements, the 58-cm block was pulled just out of the water and

allowed to drain for half an hour. During that time, the lower portion of the block was
surrounded with fiberglass insulation in an attempt to keep it from cooling. The block
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was then lowered back into the water, and the reflection measurement repeated. (2) The

block was removed from the water, and the top portion was sawed off. The block was
then lowered beneath the ice and turned over to release any air trapped in the skeletal
layer. After the block was turned back to its original orientation, the reflection was again

measured. (3) For comparison, another 58-cm block that had been exposed to —25 to

-30°C air for 3 days was cut off at both ends, providing a 62-cm long cylinder of cold,

brittle ice. This block was lowered into the water, and its reflection was measured. The

variations in target strength for these modifications are shown in Figure 25.

Torget Strength (dB)
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Figure 25. Target strength measurements at normal incidence for 58-cm blocks with
several modifications. The target strengths have been normalized to the

area of the 84-cm block.
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The 84-cm block was remeasured after it had been in the water for 28 hours, show-
ing a large reduction in reflectivity. The variations in target strength with time for both
the 58- and 84-cm blocks are shown in Figure 26.

In addition to the ice-block measurements, measurements were made of one-way
vertical transmissions through the ice and to depths within the ice (Section VI). Mea-
surements were also made of refiection from the under-ice surface at various locations in
the area (Section IV).
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Figure 26. Changes in the returns at normal incidence from the 58- and 84-cm blocks
dafter several hours of submergence. The target strengths have been normal-
ized to the area of the 84-cm block.
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B. The Transmitted Pulse

The shape of the pulse can be seen in the reflections from the air-filled pans. Fig-
ure 27 shows the return from the ITC 1042 transducer at 20 kHz. (In this and the follow-
ing figures in this section, pulses longer than 0.2 ms have been split and a central portion
removed so that the ends of the pulse can be compared at the same scale.) At the lower
frequencies, the pulse begins near the resonant frequency of the transducer
(80-100 kHz) and then, after two or three cycles, settles to the driving frequency. At the
end of the pulse, the transducer again oscillates a few cycles at its resonant frequency.
At the higher frequencies, which are near the transducer resonance, the transition is
hardly noticeable. In the composite at the bottom of the figure, times are matched for
best fit, and amplitudes are adjusted to match in the steady-state region. The return from
the 86-cm block saturated the oscilloscope; thus the peaks are lower than those for the
other blocks. The echoes from the 60-cm air-filled pan at all frequencies are shown in
Figure 28. Figure 29 is a composite of echoes from all four air-filled pans, amplitude
adjusted for best match; the echoes show excellent agreement at all frequencies. The
constancy of the waveform for the four pan sizes indicates that this signal represents the
in-water signal, with possibly some variation in amplitude as the frequency of the cycles

changes.

The asymmetry of the waveform allows us to determine the phase of reflections
even if we are unable to determine exactly the starting time of the signal as it rises above
the noise. The asymmetry is also helpful in determining the time and amplitude of addi-

tional reflections.
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Figure 27. The 20-kH:z echoes from air-filled pans of four diameters when using an ITC
1042 transducer. The composite at the bottom shows the consistency in the
shape. A portion in the center of the pulse has been removed so that both
ends can be presented at a large scale.
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Figure 28. The echoes from the 60-cm air-filled pan at all frequencies.
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150
Time (us)

Figure 29. Composites of echoes from four sizes of air-filled pans, aligned for best fit at
each frequency.
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C. Phase of the Reflections

A calibration sphere was placed so that its echo was present in every ping during
the ice-block experiment. To compare the phase of the returns from the air-filled calibra-
tions pans and that of the ice-block reflections, we examined the accompanying sphere
echoes for all pings. The sphere echoes accompanying the air-pan returns at 20 kHz are
shown in Figure 30. Those accompanying the ice-block echoes at 20 kHz are shown in
Figure 31. The transmitted pulse is the same shape, with no polarity inversion, for both

measurements.

Some sample waveforms of the various ice-block echoes at the five frequencies are
shown in Figures 32-36. To test whether the reflections are essentially in phase with a
water—air echo (air-type) or 180° out of phase (ice-type), we compared them with both
the echoes recorded from the air-filled pans and inverted versions of those echoes. For

each block, we then plotted the comparison with the better correlation.

As expected, the unmodified 58-cm block (Figure 32) gave ice-type reflections.
Surprisingly, however, all the modified 58-cm blocks gave air-type echoes at all frequen-
cies, including the cold ice block with the sawed-off surface (Figure 35). For the blocks
with a skeletal layer that had been removed from the water and then resubmerged (Fig-
ures 33 and 34), we suspect that sufficient air was trapped to cause the phase reversal.
For the cold ice block with the sawed-off surface (Figure 35) it is difficuit to envision any
trapped air. However, the high target strength of this block shown in Figure 25 requires
that the reflection be from a plane surface with a large impedance mismatch, and air

trapped in the rough saw cut seems the only answer.

The echoes from the smaller ice blocks (27 and 28 cm) had a low signal-to-noise
ratio and were not examined in detail. In contrast to the 58-cm block, the echo from the
84-cm block (Figure 36) was more air-type than ice-type, which is also difficult to
explain. A complex impedance model, incorporating our ice absorption results (see Sec-

tion VII.C) may provide more insight into these issues.
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Figure 20. Sphere echoes at 20 kHz that accompanied the echoes from the air-filled
pans.
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Composite

Figure 31. Sphere echoes at 20 kHz that accompanied the echoes from various 58-cm
ice blocks.
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Figure 32. Echoes from the unmodified 58-cm ice block (solid lines) compared with
inverted echoes from an air-filled pan (dotted lines). Conclusion: The
58-cm ice block is an ice-type reflector.

74 TR 9005




UNIVERSITY OF WASHINGTON « APPLIED PHYSICS LABORATORY

o 20 kHz
R /'lc' . " A on

30 kHz

60 kHz

80 kHz

180
Time (us)

Figure 33. Echoes from the drained 58 cm ice block (solid lines) compared with echoes
from the air-filled pan. Conclusion: The drained ice is an air-type
reflector.
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Figure 34. Echoes from the 58-cm ice block that was removed from the water and the
top sawed off (solid lines) compared with echoes from the air-filled pan.
Conclusion: This ice is an air-type reflector.
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60 kHz

150
Time (us)

Figure 35. Echoes from the 58-cm cold, hard ice block (solid lines) compared with
echoes from an air-filled pan. Conclusion: This hard ice is an air-type
reflector.
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60 kHz
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Figure 36. Echoes from the 84-cm ice block (solid lines) compared with echoes from an
air-filled pan. Conclusion: The 84-cm ice-block reflection is more air-type
than ice-type.
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The reflections from the 84-cm ice block were remeasured after it had been under-
water for 28 hours (Figure 37). The target strength decreased 3 dB at 20 kHz and pro-
gressively more as the frequency increased, reaching a decrease of 12 dB at the higher
frequencies (Figure 26). (In the echoes shown in Figure 37, the amplitudes have been
adjusted to about the same size for plotting.) At the lower frequencies, the higher-
frequency first cycle has decreased considerably more than the following cycles, con-

sistent with the observation that higher frequencies are reduced more. A change in the

'."‘.l'-./-Flir 20 kHz

40 kHz

B0 kHz

or
8
8

15C
Time (Us)

Figure 37. Echoes from the 84-cm ice block after a one-day submergence compared
with echoes from an air-filled pan. Conclusion: This ice block is an air-
type reflector.
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surface as the block warmed in the water is not surprising, considering the delicate bal-
ance between brine drainage and pore closure; however, we cannot explain just how this

causes the reflectivity to change.

The reflection from the underside of the ice canopy, using the ITC 1042 with its
very broad pattern, is compared with the echo from the sphere and the inverted echo
from the air-filled pan in Figure 38. For the first cycle, the ice-canopy and sphere echoes

are similar. Also, the agreement with the inverted air echo is good except for the first

;‘/-Q!r (inverted) ’::' 20 kHz

- =)
Time (US)

at-
8

Figure 38. Reflection from the underside of the ice canopy (solid lines) compared with
echoes from the Freon-filled sphere (dashed lines) and the inverted return
from the air-filled pan (dotted lines). Conclusion: The canopy reflection is
more ice-type than air-type.
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cycle, which is at a higher frequency and thus theoretically would have a higher return.
Beyond the first cycle or two, the canopy retumns lag the other returns by about 75°. The
lag may result because the canopy return involves larger incident angles, which have
later arrival times.

D. Additional Reflecting Layers

The phases of the skeletal-layer reflections shown in Figures 32 and 33 appear to
shift with respect to those of the air return after the first cycle or two. We suspected this
was caused by an additional reflecting layer. To test this hypothesis, a computer simula-
tion was made by taking the appropriate air-pan reflection and adding to it a replica with
delay g (in microseconds) and amplitude ratio f. The simulation results for various
values of fand g were then compared with the 58-cm ice-block reflection, and the best fit
selected.

The waveforms for the 58-cm ice block and the 60-cm air pan are shown in Fig-
ure 39. First the ice echo (solid line) is compared with the air echo (dashed line) and
then with the simulated echo, which is an air echo plus a delayed replica at lower ampli-
tude. In all these comparisons, the relative amplitude has been arbitrarily adjusted to
give the best match for the whole pulse. At the higher frequencies, the presence of a
delayed echo is not so evident because the anomalous first cycle is not present and the
delay is approximately the period of one cycle. In general, the simulated echoes are

close fits to the ice echoes, verifying that the two-layer model is adequate.

To quantify the analysis, we computed the cross-correlation coefficient

_l_ -
NI XY (14)
r=—m——,

The sensitivity of the comparison to f and g was determined by computing the correlation
coefficient for many values of fand g. For 20 kHz, the correlation between the ice echo
and the inverted echo from the air-filled pan was 0.82 at f = g = 0, and peaked at 0.98 at
f=0.6and g = 11. The correlation values for all frequencies are shown in Figure 40;

TR 9005 81




UNIVERSITY OF WASHINGTON « APPLIED PHYSICS LABORATORY

ice ond oir echoes

0 S0 100 150 200 250
Time (ps)

Figure 39. Improvement in correlation between echoes from 58-cm ice block and
inverted return from an air-filled pan when adding a delayed air echo.
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Figure 39, cont.
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Figure 40. Variation of cross correlation coefficient (shown as percent) between the ice
echo and a simulated echo consistirg of the inverted echo from the air-filled
pan with an added replica, as a function of the amplitude and delay of the
added echo.
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contour lines have been arawn for correlation coefficient values near maximum and at a

few successively lower values to show the sensitivity of the determinations to f and g.
The correlations between the ice echoes and the air echoes without the added

replica, the values of fand g that gave the highest correlation between the ice echoes and

tne simulated echoes with the added replica, and the values of the highest correlation are

shown in Table 24 for all frequencies. The values are very consistent, with an average of
f=05andg =11.

Table 24. Summary of the amplitude ratios and delays at each frequency that gave a
peak in the correlation between ice echoes and a simulation based on air

echoes.
Frequency | Coirelation f g Correlation
(kHz) ice—Air {(us) | lce-Simulation
20 0.818 06| 11 0.977
30 0.906 04 11 0.988
40 0.946 041 10 0.995
60 0.870 05| 12 0.999
80 0.936 0.7 | 11 0.992
Average { 05 | 11

A delay of g = 11 ps corresponds to a distance of 1.4 cm into the ice if we assume a
sound speed of 2600 m/s (as estimated from examination of Figure 10 and Figures 41 and
42 in Section VI.C). This may be the depth into the ice at which the pores close ard the
growing platelets merge into a solid structure, i.e., the extent of the region called the

‘‘skeletal transitica layer.”’

A delay of 11 ps corresponds to a phase shift of 0.22 cycle at 20 kHz and 0.44 cycle
at 40 kHz. Thus if the two-reflection model is correct, we should sce a transition from
somewhat constructive interference at 20 kHz (amplitude ratio of 1.20) to destructive
interference at 40 kHz (amplitude ratio of 0.54), or a difference of 7 dB. The target
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strength of the 58-cm block measured during the ice-block experiment (Figure 26) was
about 5 dB lower (referenced to theory) at 40 kHz than at 20 kHz, indicating that the

decrease with frequency was due to a combination of two reflections.

For another approach, consider that the ice reflections involve three media: the ice,
the skeletal layer, and the water. The densities and sound speeds of the ice and the water
are known, and the density of the skeletal layer must lie between that of the ice and the
water. Let us calculate the sound speed in the skeletal layer that would give the ratio of
0.5 obtained by the simulation method for reflections from the upper and lower surfaces.
The sound speed in the ice (shown in Figure 43a in Section VI.C) is about 3610 m/s. The
density near the lower surface of the ice, say at —2°C and a salinity of 5 ppt, is given by
Cox and Weeks® as 0.93. The density of the skeletal layer is assumed to be about mid-

way between that of ice and water, or 0.98.

Sound Speed, ¢ Density,p  Acoustic Impedance,

Medium (m/s) (g/cm3 ) pc
Ice 3610 0.93 3357
Skeletal layer Unknown 0.98 Unknown
Water 1440 1.02 1469

The one-way absorption in the skeletal layer is 1-2 dB (see summary in Section VIL.C).
If we assume the smallest value, 1 dB each way, we obtain a total of 2 dB.

For each interface, with pc ratio N, the amplitude reflection coefficient at normal
incidence is

N-1
R = N+1~

(15)

For an incident sound wave normal to the lower surface, the ratio of the return from the

upper interface to the return from the lower can be shown to be

1-R2
R, ’

ratio = mR,, (16)
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where R, and R,, are the reflection coefficients for the lower and upper interfaces, respec-
tively, and m represents the skeletal layer absorption (equal to 0.79 for the assumed
absorption of 2 dB). Trial and error shows that a skeletal-layer sound speed of 2462 m/s
gives a ratio of 0.5, the value given by the simulation method. This sound speed is in fair
agreement with the measurements shown in Figure 10 and Figure 43a in Section VI.C,

demonstrating a consistency in the various measurements.

TR 9005 87




UNIVERSITY OF WASHINGTON « APPLIED PHYSICS LABORATORY

V1. VERTICAL TRANSMISSIONS THROUGH THE ICE

This experiment was conceptually quite simple: position a source in the water, put
a receiver in a shallow hole in the ice directly above the source, and measure the sound
transmitted through the ice at several frequencies; then deepen the hole and repeat the
process, taking a final reading with the receiver in the water below the completed hole.
From the arrival time and the measured distance between the source and the receiver, the
sound speed profile can be estimated. From the change in sound level with depth,
absorption can be calculated.

A. Experimental Arrangement

The three-point tethering system (Figure 1) was used to suspend a sound source
29 m under the ice. Since the source was free to move, it could be positioned directly
below a receiver at several different locations. Two transducers were used as the sound
source on separate occasions: an ITC 1042 with an omnidirectional beam pattern and a

small 22 x 22-element array with a narrow beam. (See descriptions in Section IV.B.)

A second ITC 1042 transducer was used as the receiver. It was mounted inside a
5.1-cm-diameter aluminum pipe with its tip flush with the end of the pipe. A tape mea-
sure was affixed to the pipe for reading the depth of the transducer relative to a fixed
reference. The fixed reference was a swinging arm attached to a vertical pipe previously
frozen into the ice. The arm was an L-shaped piece of aluminum supported by a piano
hinge along the vertical side. The horizontal part was 60 cm long and could be swung in
and out of place during hole-augering operations without changing its vertical position.
This vertical rigidity was necessary to obtain accurate depth readings for the sound-speed

measurements.
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B. Experimental Procedure

For each location chosen for the receiver, a pipe was frozen vertically in the ice
about 40 cm away, and the swinging arm attached. The next task was to locate the
source directly beneath the receiving hydrophone. To accomplish this, the hydrophone
was lowered into the water through a hole offset 1 m away from the desired location.
The source was then activated and moved around, by moving the surface ring of the
three-point tether, until the arrival time of the received pulse reached a minimum, indi-
cating the source was directly beneath the receiver. The source was then moved 1 min
the direction required to correct for the offset and bring it directly beneath the location
chosen for the receiver. After the snow was removed from the surface at that location,
the pipe holding the receiver pipe was positioned vertically with the hydrophone end
resting on the ice. The arm was swung against the pipe, and a reference ‘‘zero-depth’’
was read on the tape measure affixed to the pipe. The pipe was then removed, and the
arm swung out of the way. A shallow 10-cm-diameter hole was augered manually at the
chosen location, warmed seawater was poured in to improve the acoustic coupling
between the transducer and the ice, and the pipe then set in the hole. A new depth read-
ing was taken, and a series of pulses was transmitted through the ice and recorded. Con-
siderable slush was generated both by the augering and by subsequent freezing, and this
slush was difficult to remove. Ice chips were usually found trapped within the cavity
between the receiving hydrophone and the surrounding pipe, and may have affected the
signal received.

The procedure was repeated at hole-depth intervals of 10-20 cm. The intention
was to take finer steps near the bottom in order to profile the skeletal-layer transition
zone in greater detail. However, because of the weaker ice in this layer and poor control
with the manually operated auger, the auger usually broke unexpectedly through the last
10-20 cm and into the water below. A set of measurements with the receiver in the

water was taken for reference.
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At each depth, several cw pulses at different frequencies were transmitted upward
through the ice and received by the hydrophone. The monitored transmit pulse (at 1/100
of the actual output level) and the received waveform were recorded on the Nicolet oscil-
loscope disks along with relevant information such as frequency, gain, depth, etc. Table
25 lists the runs made.

The measurements made on 27 March contain data from two holes on opposite sides
of the pipe supporting the swinging arm. For these measurements the source transducer
was kept stationary at a horizontal position midway between the holes, and the receiver
was moved alternately from one hole to the other.

C. Sound Speed Profiles from One-Way Transmissions

The stored data were recalled onto the digital oscilloscope and examined. Pulses at
the various frequencies appeared to arrive at the same time, but the waveform of the
highest frequency was used for timing because it provided the best detection of the lead-
ing edge of the pulse. At each depth, the pulse’s arrival time was resolved to an accuracy
equivalent to the sampling rate (see Table 25) used on the Nicolet oscilloscope. The
sampling interval of 0.5 us used for hole 1 is equivalent to a distance of about 0.19 cm in
the ice. This is twice as large as the uncertainty in the depth readings (0.1 cm) and

Table 25. Measurements of vertical transmissions through the ice. Receiving trans-
ducer was an ITC 1042 for all measurements.

Digitizing
Pulse Interval
Hole Data Transmitting | Length | on Scope Frequency
Date No. Disk Transducer {ms) (us) (kHz)
30,40,60,80,100,
26 March 88 1 ABS 15,16 22x22 0.2 05 120,160,200
27 March 88 | 2,3 Block 3,4 ITC 1042 0.2 1.0 20,30,40,60,80
16 April 88 4 ABS 19-21 ITC 1042 0.2 20 20,30,40,60,80
)
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results in an error, depending on the depth interval, of up to 4% in the sound speed. For
the other holes, the error is 2—4 times as large as for hole 1.

The sound speed was computed by simply dividing the depth interval between mea-
surements by the difference in the travel times for the two measurements defining the
interval. The quotient obtained for each depth interval is considered the average speed at
the mid-point of that interval. In addition, a value for the top layer (between the top of
the ice and the first measurement) and one for the bottom layer (between the last mea-
surement and the bottom of the ice) can also be obtained from the data. The sound speed
in the top layer is obtained by merely taking the depth of the first measurement point and
dividing by one-half the difference between the travel times of the direct pulse and the

pulse reflected from the top of the ice; in this case, these pulses overlapped, but could be
resolved using a digital inverse filtering technique.!? The sound speed in the bottom layer
was computed from the measurement in the water and the lowest measurement in the ice

as outlined in Figure 41. The sound speed profiles obtained are shown in Figure 42.

A large scatter is observed in all four profiles. The exceptionally large scatter in the
data from hole 4 is hard to explain. The timing resolution was about 2 ys, too small to
cause the variations observed in the measured sound speeds. If only one depth reading
had been wrong, there should have been a high value adjacent to each low value.
Instead, the data show two consecutive high values over 5000 m/s. This would require

that two successive readings (either time or depth) be in error.

The results for holes 2 and 3, which were measured alternately, are repeated in
Figure 43a with the less accurate value for the top layer of the ice omitted. They are in
fair agreement, with both indicating a lower sound speed in the bottom of the ice.
Profiles derived from the measured values of temperature, salinity, and density for two
ice cores taken from the same experimental site!! are shown in Figure 43b for com-
parison. Here too, the sound speed decreases in the skeletal-layer transition zone at the
bottom of the ice.
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7 7 Ice surface
Ice D ¢ Deepest hydrophone
b location in ice
! D3(T3) (e3) Ice bottom
Water Dr(‘r )
4
) |

Hydrophone in water

Transmitter

Measurements
D = ice thickness
D,. Dy = depth readings on pipe scale, referenced to the surface reading

T4. T2 = measured one-way travel times
Cw = sound speed in the water

Icylation
Travel times
T4 = D4/Cw
T3=To-T1-Ts
=T2-T1 —DascCy
=T2-T1-(D1-D)/cw
Sound speed in skeletal-layer transition zone
¢3=D3/T3=(D-Dp)/T3

Figure 41. Relationships used in computing the sound speed in the skeletal-layer tran-
sition zone.
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Figure 42. Measured sound speed profiles in the ice, computed from one-way transmis-
sions at 80 kHz on 27 March 1988.
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Figure 43. (a) A replot of two directly measured sound speed profiles made as the
transducer was moved alternately from one hole to the other on 27 March
1988. (b) Profiles derived from the measured temperature, salinity, and
density of sawed off pieces of two ice cores taken nearby on 25 March and 3
April 1988.

The unweighted average sound speed in the ice column computed for each of the
four holes is 3623, 3517, 3587, and 3814 m/s, respectively, for an average of 3635 m/s.
The last value, for hole 4, is highly questionable, since the profile varies so widely. How-
ever, it agrees well with the averages of the profiles derived from the temperature, salin-
ity, and density measurements, whereas for the first three holes these averages are about
200 m/s lower.
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D. Absorption Calculated from One-Way Transmissions

The stored data recorded during the one-way transmission measurements were
recalled from the Nicolet disks, and the peak values of the transmit voltage and received
waveform were read and recorded for each pulse. Some waveforms were not flat topped,
and eyeball averaging was performed. Figure 44 shows the waveforms obtained for six
of the frequencies (30, 40, 60, 80, 100, and 120 kHz) recorded at hole 1. The readings at
160 and 200 kHz have been omitted because the waveforms generally had very low
amplitudes owing to the poor response of the ITC 1042 at these frequencies. To compare
the levels at different depths in a hole, we computed the received signal levels relative to
1V transmitted as follows:

L =201log(V,R7100V,) — gain, 17

where V, is the received voltage, V, is the recorded transmit voltage, and R is the range
adjusted to correct for the additional spreading in the ice. The logarithm is to base 10.

The measured sound levels are listed in Table 26. Figures 45a and 45b are vertical
profiles of the sound levels received at each hole. The received level has been corrected
for spreading loss, both in the water and in the ice, by R* = R + xc;/c,,, where R is the
range from the transmitter to the under-ice surface, x is the distance into the ice, and c;
and ¢, are the sound speed in the ice and the water, respectively (see Appendix B).
Despite some large scatter, the slope of the profile appears to increase with frequency.

According to the absorption model of McCammon and McDaniel! discussed in Sec-
tion III.H, the absorption should be higher at the bottom of the ice, where the temperature
is higher, than at the top of the ice. Their model includes a factor 0.06 which we labeled
k. To test the temperature and frequency dependence of the model, we calculated a value

of k for each frequency and each hole and examined the constancy of the calculated k’s.

Equation (6) in Section III.H gives the absorption in ice of thickness ¢ with a con-
stant temperature gradient. For a transmission distance d into the ice from below, the

loss can be expressed
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First Cycle Trovel Distance
Amplitude (mVpp) Thru Ice (cm)
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137.0
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Time (us)
Figure 44a. Pulses received at several depths in the ice from a transducer placed
below hole 1, frequency, 30 kHz.
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Figure 44b. Pulses received at several depths in the ice from a transducer placed
below hole 1, frequency, 40 kHz.
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First Cycle Trovel Distance
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Figure 44c. Pulses received at several depths in the ice from a transducer placed below
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hole 1, frequency, 60 kHz.
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First Cycle Travel Distance
Amplitude (mVpp) Thru Ice (cm)
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5 1 i
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Time (us)

Figure 44e. Pulses received at several depths in the ice from a transducer placed below
hole 1; frequency, 100 kHz.
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~ Figure 44f. Pulses received at several depths in the ice from a transducer placed below
hole 1; frequency, 120 kHz.

TR9005 101




UNIVERSITY OF WASHINGTON -« APPLIED PHYSICS LABORATORY

Distance from bottom of ice (cm)

Hole 1
Frequency (kHz)

30 40 60 120 160 200
3
120
80 -
40 +—
r . d \ L, -,... -.."

0

160 —

L

T

—

In water - a a a “a “a “a A

Oistonce from bottom of ice (cm)

102

Sound level (dB)

o Hole 2
160 —~
| Frequency (kHz)
I 20 30 40 &0
- 20
120 Scole (dB)
&] -
s
40
o0+ LN
In water - 4 "A 'A 'A 'A

Sound level (dB)

Figure 45a. Measured sound levels at holes 1 and 2 for all frequencies.
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Figure 45b. Measured sound levels at holes 3 and 4 for all frequencies.
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Table 26. Measured steady-state sound levels (in decibels) after travel through ice of

various thicknesses at four locations. All levels are corrected for spreading
loss in the water and in the ice. The 22x22 transducer was used as the

transmitter for hole 1 and the ITC 1042 for the other holes.

Hole 1
lce
Thickness Frequency (kHz)
(cm) 30 40 60 80 100 120 160 200
130.1 -534 -580 422 -433 -388 -434 -535 -739
123.6 -47.7 -510 -364 -466 -381 -326 -494 -544
108.8 -46.7 -433 -377 -354 -203 -357 -508 -76.8
95.7 -438 -394 -323 -280 -222 -328 470 -56.0
80.3 -423 -376 -379 -325 -279 -473 426 -534
66.1 -465 -403 -351 -312 -196 -31.7 423 -519
50.4 -380 -357 -350 -305 -193 -346 -537 -633
35.9 -381 -378 -276 -328 -243 -361 -374 -488
25.0 -51.8 -379 -281 -213 -171 -212 -444 -623
17.0 -474 -382 -279 -238 -256 -28.0 -455 -584
-18.29 -423 -330 -21.0 -125 59 -121 -183 =337
Hole 2 Hole 3
lce lce
Thickness Frequency (kHz2) Thickness Frequency (kHz)
(cm) 20 30 40 60 - 80 (cm) 20 30 40 60 80
131.0 -203 -157 -16.t -238 -23.9 131.4 -184 -104 04 -03 -88
118.5 -179 -1041 -49 -03 48 1171 -284 -217 -144 -45 -76
108.1 -128 -111 -144 -02 -73 109.8 -148 -120 -156 -7.8 -40
99.7 -177 -152 -179 53 -33 99.7 =219 -153 -121 -~113 =72
89.0 -19.2 -163 -215 -39 45 87.8 -142 -17.2 -104 05 -56
774 -16.4 -221 -10.1 -94 -89 74.6 -23.0 -183 -150 02 -20
65.1 -26.2 -198 -19.6 1.6 -82 61.7 -259 -160 -157 19 -23
52.8 -18.7 -163 -11.0 -06 37 45.0 -289 -160 -7.1 28 34
36.5 -15.5 ~9.0 -7.4 3.6 6.0 35.0 -214 -143 -9.0 3.6 0.2
287 -178 -152 -89 3.0 48 26.4 -19.1 -149 -105 5.6 1.5
209 -142 -136 -96 4.0 1.6 20.3 -162 -137 -55 68 35
15.7 -148 -166 -7.3 44 31 14.0 -149 -134 -56 56 34
6.0 -13.3 -198 -66 47 48 as -166 -194 -6.1 1.1 113
~55.29 -147 -133 -39 6.8 8.8 ~55.69 -171 -148 -36 83 89
Hole 4 2Receiving transducer in the water below the ice.
ice
Thickness Frequency (kHz)
(cm) 20 30 40 60 80
150.9 -263 -279 -153 -102 -185
141.2 -283 -270 -203 -114 -137
134.0 -284 -333 -204 -131 -133
115.6 -26.7 -314 -191 -126 -11.2
108.1 -278 -342 -164 -97 -163
97.2 -366 -293 -235 -179 -119
74.0 -278 -243 -155 -86 -108
54.9 -256 -254 -166 -83 -175
44 4 -319 -321 -222 -85 -96
17.4 -226 -213 -121 -63 49
0.0 -242 -225 -152 46 -22
-11.09 -238 -205 -205 -50 -10
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(=T )!P —(-T()3
To-T,

loss = (d)(k)[376*™] dB, (18)
where
k = coefficient in absorption model
T = water temperature below the ice (°C)
T, = ice temperature at receiver depth (°C)

f = frequency (kHz) .

For ice of thickness ¢ with temperature T, at the top surface, and assuming a constant
temperature gradient, the temperature at the receiver a distance d above the bottom is

d
Ty =To+ T2-To) . (19)

For a sound level L in the ice at the bottom, and letting

5 (T = (TP

)}
= . 2
q = 36 TooT (20)
the sound level at distance d into the ice can be expressed
L=Ly—kqd, 21

where ¢ is a function of T and thus a function of d.

For each set of measured sound levels at several depths in the four tests at five fre-
quencies, we plotted L versus gd and applied a first-order least-squares regression to the
set of data for each frequency and each hole to obtain values for Ly and k. The data
points obtained in the water were not included in the least-squares fit because of the addi-
tional loss at the water—ice interface. Table 27 gives the k’s calculated for each fre-
quency and each hole. As mentioned before, the effect due to spreading was included as

a correction to the measured sound level L.
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Table 27. Values computed for absorption constant k in Eq. (21) for measurements at

the four holes.
Frequency
(kHz) Hole 1* | Hole 2° | Hole 3° | Hole 4°

20 - 0.18 0.14 0.14
30 0.21 -0.05 -0.02 0.23
40 0.46 0.22 0.09 0.04
60 0.26 0.30 0.20 0.10
80 0.31 0.27 0.20 0.12

100 0.23 - - -

120 0.15 - - -

160 0.12 - - -

200 0.10 - - -

*Data set ABS-15
bData set BLOCK-3
¢Data set ABS-19

The k’s exhibit a large scatter. The average is 0.17 with a standard deviation of
0.11. The negative values of k obtained at 30 xHz for holes 2 and 3 indicate an increase
in the sound level with range instead of a decrease, mainly because of the lower sound
levels measured near the bottom of the ice. The higher-frequency data (160 and
200 kHz) for hole 1 are also disturbing, because the drop in k indicates that the absorp-
tion coefficient is not proportional to frequency, as modeled.

The average k, 0.17, is about three times the value of 0.06 used in the McCammon-
McDaniel model. Their model was based on horizontal transmissions whereas ours were
in the vertical direction. Intuitively, we would have expected the vertically oriented

brine channels to cause more absorption for horizontal transmissions.
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E. Alternate Absorption Analysis

An expanded view of the reflected waveform shows that the first cycle is apparently
a transient near the resonant frequency of the transmitting transducer. This is followed
by a gradual transition to the driving frequency, which dominates after about two cycles
of that frequency. As the receiver was lowered in the successively deepened hole in the
ice, these first cycles appear to have less variation than the steady-state cycles that fol-
low. The steady-state return apparently includes some deflected or refiected paths that
combine and interfere with the direct pulse. To avoid this interference, we recalculated
the absorption based on the first cycle only, thereby limiting our investigation of fre-
quency dependence to the variation in frequency of the first cycle.

In Figure 44 we note that the first cycle has a frequency near the resonant frequency
of the transducer regardless of the driving frequency. During the next few cycles, the
frequency changes gradually to the driving frequency. The numbers at the left in Fig-
ure 44 give the peak-to-peak voltage of the first cycle, and those at the right give the dis-
tance the sound traveled through the ice. Using Eq. (17), we computed a signal level L,
normalized for differences in transmit voltage, receiver gain, and refraction, and plotted
L versus qd to determine the slope of the line given by Eq. (21). When computing ¢, we
used a temperature of —25°C for the top of the ice for all holes even though the air tem-
perature at the time of the measurements at hole 4 had warmed to —10°C. We assumed
that the ice, with some snow cover, probably did not change temperature appreciably in
the 2 days between the measurements at hole 1 and hole 4. Figure 46 shows plots of the
return amplitude of the first cycle at successive distances through the ice for holes 1-4.
The labeled frequencies are the driving frequencies, which differ from the first-cycle fre-
quencies. After replotting signal level against gd (not shown), we computed a least-

squares line; the slope of this line gives a value for & in the absorption equation, (4).
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Figure 46. Signal level of first cycle versus thickness of ice for holes 1-4. When replot-
ted against qd, as shown in Eq. (21), the slope is the constant k. The fre-
quency of the first cycle varied only from 60—94 kHz as the driving fre-
quency increased.
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Note the high correlation among the five pings for the data taken at each depth.
This indicates that the variation in signal level was the same at all frequencies, and thus
the first few cycles did not involve any type of interference. The variations may have
been caused by inadequate coupling between the receiving transducer and the ice, even
though water was placed in the bottom of the hole to enhance the coupling.

Table 28 and Figure 47 show the k’s calculated for holes 1-4 for the different first-
cycle frequencies. For hole 1, we used the 22 x22 transducer for transmitting; for the
other holes, we used the ITC 1042. Since hole 1 had a different transducer and a
different range of frequencies, it was treated separately, resulting in an average k of 0.21.
The results for the other three holes were averaged together, giving a k of 0.17. The
agreement between holes is fair. The overall average for k is 0.1910.02, three times that
given by the McCammon-McDaniel model for horizontal transmission. The value of k is
about the same as that obtained in the previous section (VL.D), but the accuracy of the
result is five times better.

These measurements indicate that the absorption coefficient for vertical transmis-
sion is given by
3

dB/m. (22)

= 0.19f %

For 20 kHz, this gives an absorption coefficient of 7.9 dB/m at —2°C and 1.5 dB/m at
-25°C.

Why was the amplitude of the first cycle so uniform with depth in the ice and the
amplitude of the later cycles so erratic? This may be caused by later arrivals, either from
surfaces above the hydrophone or from rays deflected at the interface. The signal usually
reached steady state in 0.1 ms. Reflections from the surface of the water placed in the
hole to improve coupling would arrive within this time if the surface was less than 7 cm
above the transducer. Except for the first measurement, holes 1-3 had much more water
than that. A deflected ray that intercepted the ice 65 cm off to one side would arrive at
the receiver near the top of the ice 100 ps later if it had been deflected 25° as it entered
the ice—a path that might be possible.
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Table 28. Summary of absorption constants k determined from transmissions through
several thicknesses of ice at four holes.

First
Transmitted Cycle
Frequency | Frequency Correlation
Location (kHz) (kHz) k Coefficient Average k
Hole 1 30 60 0.21 0.73
40 66 0.24 0.76
60 72 0.24 0.74
80 83 0.22 0.71
100 93 0.19 0.7
120 96 0.19 0.69
160 91 0.23 0.75
200 83 0.20 0.71
300 94 0.19 0.7 Hole 1 = 0.21 £ 0.01
Hole 2 20 57 0.174 0.78
30 58 0.174 0.82
40 61 0.167 0.85
60 66 0.169 0.84
80 73 0.166 0.91
Hole 3 20 57 0.212 0.83
30 58 0.205 0.86
40 61 0.202 0.88
60 66 0.215 0.94
80 73 0.205 0.94
Hole 4 20 57 0.143 0.87
30 58 0.141 0.87
40 61 0.144 0.91
60 66 0.139 0.90
80 73 0.138 0.93 Holes 2-4 = 0.17 £ 0.01
Overall = 0.19 £ 0.02
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Figure 47. The coefficient k in the absorption model, o. = kf [;T‘;] , as determined by

one-way transmissions at four locations (holes 1-4).
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Is there a higher absorption in the skeletal layer than in the ice above? This was
determined by comparing the signal level just inside the ice with the level in the water
below the ice. The signal level in the ice was obtained from the zero axis intercepts in
Figure 46. The signal levels in the water were measured after each set of in-ice measure-
ments. The difference between the in-ice and in-water sound levels is due to the change
in amplitude at the interface plus the extra loss in the skeletal layer. For the change in
amplitude at the interface, we referred to Figure 23, which shows the amplitude
reflection coefficients, R,. The amplitude of the sound entering the ice should have been
1 + R, times the incident amplitude. We compared this gain, 20log(1+R,), with the total
loss to determine the loss due to absorption in the skeletal layer. This difference is shown
for all holes and all frequencies in Tables 29 and 30. Because the spread in first-cycle

Table 29. Measured total loss in signal level at the interface and calculated absorption
loss in the skeletal layer for hoie 1, using the 22x22 transducer as the

transmitter.
First
Transmitted Cycle Lo from® Received | L at Receiver® Total
Frequency | Frequency | Best-Fit Line | Amplitude | Below the ice Loss
(kHz) (kHz) (dB) (Vep) (dB) (dB)
30 60 -31.6 109 -30.3 1.3
40 66 -26.2 154 -27.3 -1.1
60 72 -16.2 532 -165 -0.3
80 83 -15.4 636 -15.0 04
100 93 -11.1 1272 -8.9 2.2
120 96 -13.0 1096 -10.2 28
160 91 -17.8 624 -15.1 2.7
200 83 -23.6 342 -20.4 3.2
300 94 -275 170 -26.4 1.1
*For simplicity, we used a transmitter Average Loss 1.4 105 dB
voltage Vx of 1.0 V, peak to peak,
even though there were small varia- Gain at interface 0.7 dB
tions. with R,= 0.09 :
®For the signal level below *he ice,
Eq. (17) inputs are R« 28 m, Sum is skeletal layer 21dB
G =0, Vx = 0.5V, peak to peak. absorption loss )
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frequency was small, we treated all the data together. The results are shown at the bot-
toms of the tables. For hole 1, we calculate an absorption of 2.1 dB for the skeletal layer.
For holes 2, 3, and 4, the results are quite consistent, giving an average of 2.2 dB.

Table 30. Measured total loss in signal level at the interface and calculated absorption
loss in the skeletal layer for holes 24, using the ITC 1042 transducer as the

transmitter.
Lo from L at Receiver
First Best-Fit Line Below the Ice
Transmitted Cycle Total
Frequency | Frequency | Hole2 | Hole 3 | Average { Hole 2 | Hole 3 | Average | Loss
(kHz) (kHz) (dB) (dB) (dB) (dB) (dB) (dB) (dB)
20 52 -175 -16.4 -16.9 -165 -14.1 -15.3 1.6
30 53 -132 | -126 -12.9 -11.8 | -101 -11.0 19
40 57 -11.6 -104 -11.0 -104 -93 -9.8 1.2
60 60 -6.0 4.4 -5.2 -4.6 -3.8 -4.2 1.0
80 62 -1.3 -0.2 -0.8 -11 +0.6 -0.2 0.6
Hole 4 1st 2nd
20 52 -184 -16.9 -16.1 -16.5 1.9
30 53 -14.7 -13.3 -14.1 ~13.7 1.0
40 57 -12.4 -11.5 -115 -1158 0.9
60 60 -10.3 -9.5 -10.0 -9.7 0.6
80 62 -8.9 -79 -8.6 -8.3 0.6

Average loss (equal weight per hole) 1.2+ 0.1 dB

Gain at interface,
withR, =012  109B

Sum is skeletal layer

absorption loss 22d8
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VII. SUMMARY OF ACOUSTIC PROPERTIES OF THE ICE

A. Sound Speed

1. Average Speed

The average vertical sound speeds in the ice calculated from the acoustic measure-

ments of arctic ice made by APL in 1988 are summarized below:

Calculated from front- and back-surface reflections

Submerged cylindrical blocks (140-cm-thick-ice) ......cccccreveinnnnne. 3480 m/s
Growing ice in hole (50-cm-thick iC€) ...cc.ccevvevireerienirieicirireeeneee 3360 m/s
Ice cover (140-Cm-thiCK ICE) .......coeeiericicriceereeteceeeteeee e eneennenns 3642 m/s
Ice adjacent to first growing ice hole (139-cm-thick ice) .................. 3757 m/s
Ice adjacent to second growing ice hole (142-cm-thick ice) ............. 3640 m/s

Calculated from one-way transmissions
Ice cover (140-Cm-thiCK 1C€) c.evurirriieiiceieeere et e ans 3635 m/s

In calculating an average value for the ice cover in Spring 1988, we have omitted
the growing-ice result because the skeletal layer has a lower sound speed, and thus
thinner ice may have a lower average. The average and the standard deviation from the
average for the latter four measurements, all in the natural 139-140-cm-thick ice cover,

are
Average sound speed = 3669+29 m/s . (23)

Equations relating elastic strength properties to the physical properties (tempera-
ture, salinity, and density) give a result about 100 m/s higher, possibly because the skele-

tal layer is not included. The equations do not apply to the skeletal layer because the ice

is not homogeneous.
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2. Sound Speed Profile
A sound speed profile calculated from measurements of the temperature, salinity,

and density in ice core sections taken in 1988 showed a constant value in the solid ice but
a pronounced decrease in sound speed in the section at the bottom containing the
skeletal-layer transition zone. Measurements of acoustic reflection from growing ice
(Section II) and acoustic transmission through the ice (Section VI) showed a similar
dropoff in sound speed near the bottom of the ice cover. The average sound speed for the
lower 2-3 cm appears to be about 2000 m/s. It is quite possible that there may be a grad-
ual transition of the sound speed in the skeletal layer to the water sound speed of 1440
my/s.

B. Amplitude Reflection Coefficient

The measured amplitude reflection coefficients are shown in Figure 48 along with
the results from the ice-block experiments>> and with measurements of thin ice by Stan-
ton et al.!? We offer two explanations for the decrease in R, with frequency and another

for some of the irregularities.

1. Decrease Due to Surface Variations

A surface variation, or roughness, with a scale near 1/4 wavelength (1.8 and 0.4 cm
for 20 and 100 kHz) will cause differences of 180° in the phase of the reflections and
therefore destructive interference. The large decrease in R, seen in Figure 48 between
20 and 100 kHz could be caused by a surface variation somewhere between 1.8 and
0.4 cm. The lower surface of an 84-cm-diameter, cylindrical block of ice taken from the
field used for the acoustic measurements was measured with a probe and found to have a
peak-to-peak deviation of 0.85+0.3 cm from a plane. Thus surface variation alone may

provide sufficient phase cancellation to lower the reflections.
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Figure 48. Reflection coefficients for the underside of the ice. Data from the ice-block

experiment and from Stanton et al.'? are included for comparison. The line
R, = 0.454 — 19log f is the best fit of a line to the APL data for frequencies
below 200 H:.

2. Decrease Due to Variations in Sound Speed Profile

Calculations of the sound speed profile in the ice show a gradual decrease near the

bottom in the skeletal-layer transition zone. With such a profile, the amplitude reflection

coefficient can no longer be expected to be the value calculated for the acoustic

impedance change from water to average ice. A model of a fluid medium in which the

sound speed varies arbitrarily with depth was generalized by Winebrenner!® and used to
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predict that the sound speed profile shown in Figure 49b will produce the amplitude
reflection coefficient curve plotted in Figure 49a, which is a good fit to the measured

results.

At lower frequencies, we consider that, for acoustic purposes, the ice is represented
by its bulk properties of sound speed and density. The transition from ice to water
involves an impedance change that corresponds to R, = 0.41. The curve should be
asymptotic to this value at low frequencies, as it appears to be in Figure 49a.

The modeled profile shown in Figure 49b drops off more sharply than the measured
profile in Figure 43. However, measurements in the dropoff region are very difficult to
make and thus may be in error. We feel that the agreement is good enough that the
model deserves further study and testing.

(a)

H Theoret 1col Caleulation b)
et .
T 04pT Tt Input Sound Velocitles (m/s): - 15 —r T ' - T
% bulk-1ce = 3800 s 1
8 1ce/wate~ Interface = 1700 ~ j
c woter = 1437 g | i
s T 10} .
E 8 | ]
o £
o I 4
3 Pl .
® 5 -
© ™ )}
3 b L
= s 1
; : |

. H N p -

N BN i i 3 (@] 0 Y " n i i 1 " 1
S0 100 200 S0 2000 3000 4000

Frequency (kHz) Sound Speed (m/s)

Figure 49. Frequency-dependent reflection coefficient (a) calculated for the hypotheti-
cal sound speed profile (b) that was selected to take into account the two
general regions of the ice, i.e., the skeletal-layer transition zone and the
columnar :zone. Below 20 kH:z, calculations show that the reflection
coefficient tends toward the low-frequency limit as computed from bulk pro-
perties.
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3. [Irregularities Due to Interference

Another possibility is that the skeletal layer provides two abrupt impedance
changes, one at the bottom and one at the top. Deviations from a smooth frequency
dependence may occur because the two resulting closely spaced reflections would
exhibit interference effects. Some echoes measured from the bottom of a
58-cm-diameter ice block were examined in detail and shown to be the sum of two
reflections—one from the bottom and another, at half the amplitude, from the top of the
skeletal layer—spaced 11 ps apart. The interference between two such reflections would
reduce the amplitude by one-half at 45 kHz and increase the amplitude by 1.5 at 91 kHz.

Some evidence of this effect can be seen in Figure 48, in which high values are seen at

90-100 kHz for the platter and the 22 x 22 transducers. No data were taken at 45 kHz,
so it is impossible to tell whether there is a corresponding dip at that frequency.

C. Sound Absorption

Two methods were used to measure sound absorption in the ice. In the first, the
absorption was measured directly from one-way transmissions through the ice. One pos-
sible source of error with this method is that a different ping was used for each thickness
of ice, and the transmitted signal may have varied. To avoid the effect of reflections or
interfering paths, we computed the absorption coefficient using only the first cycle of the
transmissions. The measurements give a value of 0.1910.02 for the absorption
coefficient & used in the McCammon-McDaniel model, a = kf(-6/T )2’3; McCammon and
McDaniel used & = 0.06 to match the horizontal measurements made by Langleben4 at
—6°C. Some measurements of the sound level in the water just below the ice indicate a
loss of 2.3 dB in the skeletal layer.

In the second method, the absorption was determined from reflections from the
lower and upper surfaces of the ice. This method assumes that we can estimate the
reflectivity of the upper face and that all sound not specularly reflected from the lower
surface enters the ice. All returns from the 140-cm-thick ice indicate a loss of about 1 dB
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each way in the skeletal layer, followed by an absorption in the ice that is again about
three times that of the McCammon-McDaniel model.

In contrast, the absorption calculated for the returns from growing ice in the 2 x2-m
hole was quite erratic and high, 10 times the McCammon-McDaniel value. A possible
explanation for these high values is that there was more supercooled water in the pro-
tected hole and that the crystals grew without disturbance from the current, forming a
very irregular surface which caused considerable scattering. This caused a reduction in
R,, which, as seen in Figure 5, reached a value much lower than expected after 100 hours
of freezing and remained low for the duration of the experiment. On passing downward
through the lower surface, the return was also reduced by scattering. In our calculations,
scattering losses are ignored. The reduction in the return from the upper surface due to
scattering results in an apparently high absorption.

In summary, the absorption calculated directly from the first cycle of vertical
transmissions through the ice, thus avoiding extraneous paths and reflections, is con-
sidered quite accurate. The absorption obtained by comparing reflections from the lower
and upper surfaces of the ice is less accurate but in good agreement. Although we do not
claim to have substantiated the temperature and frequency dependence of the
McCammon-McDaniel model, which was for horizontal transmissions, we find that these
dependencies are good for our vertical measurements at 15-100 kHz in ice with a linear
temperature profile from -2 to —25°C; however, we calculate a constant of 0.19 rather
than their 0.06. Our recommended model for absorption of sound transmitted vertically

in the ice at these frequencies and under these conditions is
o = 0.19f(-6/T)¥* dB/m, (24)

where f is the frequency in kilohertz and T is the temperature in degrees Celsius. The
skeletal layer and transition zone appear to have an extra absorption of 2 dB.

For the uniform temperature profile often observed in the ice, the average absorp-

tion is

TR9005 119




UNIVERSITY OF WASHINGTON « APPLIED PHYSICS LABORATORY

)P - Tp¥”
T,-T,

_ T
& = (0.19)3)f63 12 (25)

(-T)B~(-T )}
= 1.9f
9f T.-T, dB/m,

where Ty and T, are the temperature at the top and bottom of the ice, respectively.

It should be noted, however, that our measurements were in first-year ice. Mul-
tiyear ice has a lower salinity, having gone through one or more melt seasons. The
Pounder and Langleben!® measurements, the major source for the McCammon-
McDaniel model, were made in sea ice that had a salinity of 1ppt in the 1967
measurements and 4 ppt in the 1969 measurements. The salinity of the ice in our mea-
surements was higher, varying from 4-9 ppt. The absorption loss, and also the sound
speed, in sea ice is expected to be a function of brine porosity and air porosity, plus the
temperature effect on the (pure) ice as a matrix material. Further work, perhaps under
laboratory controlled conditions, is required to establish the combined effects of salinity
and temperature on the acoustic absorption of sea ice. Until such refinements are made,
we believe that Eq. (24) provides the best estimate to use in analyzing the performance of

sonar systems.

D. Use of Reflections to Measure Ice Thickness

Much interest has been expressed in measuring ice thickness acoustically from
below. Such measurements would be particularly helpful for sea-ice penetration studies,
where the greatest interest is in first-year ice, which ranges in thickness from a few cen-
timeters to 2 m. Multiyear ice is thicker and, in general, much stronger because of desa-
linization over the previous melt season(s). The accuracy of thickness estimates becomes
more important as the thickness increases because of the square-law relationship of
penetrating force to ice thickness. The following factors need to be considered in design-

ing equipment for measuring ice thickness:
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(1) The amplitude reflection coefficient R, decreases with frequency.
(2) Absorption loss in the ice increases with frequency.

(3) For best measurement of the difference between the arrivals times of
reflections from the front and back faces of first-year ice, the amplitude of the
two retumns should be roughly equal so that the rise times of the pulses can be

estimated with similar error.
(4) In general, the higher the frequency, the better the time resolution.

(5) Highly directive vertical beams are required for measurement accuracy, and

such beams require a primary transmission of high frequency.

For general surveys of ice with a thickness of several meters, a parametric sonar
may provide a low-frequency system that will satisfy some requirements. The above
considerations also apply to the choice of the difference frequency and to ice
thickness/accuracy tradeoffs.

The opposing effects of a decrease in reflectivity with frequency and an increase in
absorption with frequency must be compared to determine at what frequency the
reflection from the back face will have an amplitude near that of the reflection from the

front face.

To do this, we use Eq. (3) to calculate the ratio of the back-face amplitude to the
front-face amplitude from the total two-way absorption loss, 2L;

2
Vs _ oo UR)Ry)

v, R,(1+IN/R) (26)

For R, we use the value R, = 0.454 - 0.19 f from Figure 48. For L we use the line in Fig-
ure 24, which has the relation

L =08+0.22gt (dB). 27
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For typical arctic conditions, this can be written

L =0.8 + 0.144ft (dB) (28)

using Eq. (8), i.e., g = 0.655f. To get the total absorption loss 2L, we multiply this by 2.
A plot of V,/V, as a function of ice thickness and frequency, as given by Eq. (26) with
Rp, = -1 and for no refraction correction, is shown in Figure 50. The curve for V, =V,
indicates the best frequency to use for thickness of ice ¢. For example, if the thickness is
expected to be about 1 m, use 60 kHz; for a thickness of 2 m, use 20 kHz. For a system
with a single frequency, a compromise frequency could be selected for the thicknesses
considered most important.

Ice Thickness (m)

Frequency (kHz)

Figure 50. Amplitude ratio of upper surface reflection to lower surface reflection as a
function of frequency.
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APPENDIX A
Tables of Under-lce Acoustic-Reflection Measurements

The echoes that were recorded on diskette in the field with the Nicolet oscilloscope
were examined, and the average voltages of various echoes were read manually. The
foliowing three tables give the resulting data for the three transducers used in the meas-
urements.




Table Al. Measurements of reflection from the upper and lower surfaces of the ice

canopy with the ITC 1042 transducer.

Received
Sphere®  Reflection® Amplitude®
Track Freq. Tx  Sphere v, Ve Gain CAL TS Gain Reflection
No. (kHz) (Vo) (mVp) (mVp,) (mV,) (dB) (uB) (dB) (dB) Coef., R,
Location N2,E23
1 20 189 108 764 1167 72 -75 -6.6 -9.7 0.33
2 30 220 181 698 1164 72 -70 -8.2 -16.5 0.15
3 40 182 210 650 1168 72 -65 -10.1 -20.3 0.10
4 60 156 1396 2430 2256 72 -50 -7.0 -22.4 0.08
5 80 145 718 1344 944 72 =50 -12.0 -26.5 0.05
Location N18,E23
6 20 189 134 470 690 72 -75 -47 -13.9 0.20
7 30 214 206 538 908 72 -70 -6.8 -185 0.12
8 40 187 420 998 600 72 -65 —43 -17.1 0.14
9 60 156 1298 3492 2408 72 -50 =77 -19.2 0.11
10 80 145 940 2456 1552 72 -50 -9.6 -21.9 0.08
Location N40,E16
11 20 189 92 468 436 72 =75 -8.0 -14.0 0.20
12 30 212 190 540 776 72 -70 -75 -185 0.12
13 40 182 302 1068 742 72 -65 -6.9 -15.9 0.16
14 60 164 920 4816 1494 72 -50 -11.1 -17.1 0.14
15 80 141 880 2656 848 72 -50  -10.0 -20.0 0.10
Location N24,E16
16 20 199 92 412 596 72 -75 -8.4 -16.5 0.15
17 30 213 227 492 588 72 -70 -5.9 -19.2 0.1
18 40 185 378 856 644 72 -65 -5.1 -185 0.12
19 60 157 1406 3490 810 72 -50 -7.0 -19.2 0.11
20 80 142 1222 2752 848 72 -50 -7.2 -20.0 0.10
Location N24,E40
1 20 194 66 391 492 66 -75 -11.1 -9.7 0.33
2 30 212 100 360 752 66 -70 -13.0 -13.9 0.20
3 40 185 208 552 864 66 -65 -10.3 -14.9 0.18
4 60 159 695 2136 1188 66 -50 -13.3 -17.7 0.13
5 80 140 592 1665 1049 66 -50 -134 -18.5 0.12
Location N40,E40
6 20 192 30 299 371 66 -75 -17.8 -12.0 0.25
7 30 217 73 348 404 66 -70 -16.0 -15.4 0.17
8 40 186 169 591 568 66 -65 -12.1 -15.4 0.17
9 60 155 505 2725 1314 66 -50 -15.9 -154 0.17
10 80 140 379 1384 686 66 -50 -17.3 -19.2 0.11

“Sphere TS = 20log (V/Tx) - CAL - Gain + 40logR + 20R. For a return time of 33.0 ms, R = 23.8 m

and 2uR was 0.2, 0.4, 0.6, 0.8, and 1.0, respectively, for the five frequencies.

PRefiection gain = 20log (V,/Tx) -~ CAL -~ Gain + 20log 2R + 2uR. For a return time of 39.4 ms, R =

282 m.
‘Define A, by Reflection Gain = 20log R,;.
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Table A2. Measurements of reflections from both ice surfaces with the platter trans-

ducer.
Received
Pulse Transmit Reflection  Amplitude
Track Freq. Length Time Ta Vi V, Cal Gain? Reflection
No. (kHz) (ms) (ms) (Vpp) (Vpp) (Vpp) (dB) (dB) Coef.,’ Ry
Location 1a
1 15 0.35 138 47.2 107 1.69 -36.4 -105 0.30
2 37 0.35 13.7 165.6 2.86 1.94 =316 -176 0.13
3 52 0.35 13.7 478 3.50 0.98 -146 -220 0.08
4 92 0.20 13.7 2496 3.46 0.83 -30.2 -20.7 0.09
5 150 0.20 137 304.8 2.50 0.95 -28.0 -27.3 0.04
6 220 0.03 137 198.4 1.34 0.56 -21.9 -348 0.02
7 300 0.05 13.7 186.4 1.84 0.54 -210 =319 0.03
Location 1b
8 15 0.35 120 496 131 - -36.4 -10.4 0.30
9 37 0.35 120 164.0 382 2.62 -316 -16.2 0.16
10 52 0.35 120 23.0 2.96 1.52 -14.6 -183 0.12
1 92 0.20 120 122.4 4.34 097 -30.2 -13.7 0.21
12 150 0.20 120 157.6 2.08 0.85 -28.0 =244 0.06
13 220 0.03 120 189.0 6.95 0.87 -219 =213 0.09
14 300 0.05 120 186.0 5.30 1.12 =210 -240 0.06
Location 2a
1 15 0.35 115 48.0 - - -36.4 - -
2 37 0.35 115 1648 354 2.38 =316 -17.2 0.14
3 52 0.35 115 238 1.99 0.94 -14.6 -223 0.08
4 92 0.20 115 1220 282 0.59 -30.2 -17.8 0.13
5 180 0.20 115 157.6 1.7 0.62 -28.0 -26.4 0.05
6 220 0.03 115 1728 2.78 0.62 -219 -28.9 0.04
7 300 0.05 118 192.8 293 0.97 -21.0 -29.9 0.03
Location 2b
2 15 0.35 11.2 468 1.50 1.78 =364 ~93 0.34
3 37 0.35 1.1 814 1.98 2.61 =316 -16.5 0.15
4 52 0.35 11 236 275 1.34 -146 -19.8 0.10
5 92 0.20 11.4 1216 4.72 0.74 -30.2 -13.7 0.21
6 150 0.20 111 159.2 184 0.77 -28.0 -26.2 0.05
7 220 0.03 11.1 197.6 6.91 0.85 -21.9 -225 0.08
8 300 0.05 11 227.2 4.21 1.22 -21.0 -28.6 0.04
Location 3a
1 15 0.35 1.0 46.2 1.44 2.10 -36.4 ~9.7 0.33
2 37 035 108 164.0 424 3.25 -31.6 -16.2 0.16
3 52 0.35 10.8 229 2.72 1.68 -14.6 -19.9 0.10
4 92 0.20 108 1240 436 1.08 -30.2 -~14.7 0.18
5 150 0.20 108 158 .4 3.10 1.09 -28.0 -219 0.08
6 220 0.03 108 194.4 7.43 1.10 -21.9 -21.9 0.08
7 300 0.05 108 186.4 5.72 1.81 -21.0 -~24.4 0.06

2Range = 7.8 to 10.0 m, Spreading loss = 20log 2R = 23.9 to 26.0 dB, Absorption loss = 20R = 0.1 to

A2

1.3 dB, Receiver Gain = 40 dB
bDetine R, by Reflection Gain = 20log Ry

TR 9005




Table A3. Measurements of reflections from both ice surfaces with the 22x 22 trans-

ducer.
Received
Pulse Transmit —mM8 Reflection  Amplitude
Track Freq Length Time Ty Vi V, Cal Gain? Reflection
No (kH2) (ms) (ms) (Vpp) (Vpp) (Vpp) (dB) (dB) Coaf.,b Ra
Location N13,E32
10 30 0.50 39.3 183.0 131 91 -67.8 -19.7 0.10
11 40 0.50 39.3 1820 120 93 644 -23.6 0.07
12 60 0.50 39.3 149.0 242 87 -57.7 -22.2 0.08
13 80 0.50 39.3 904 300 - =511 -22.4 0.08
14 100 0.50 393 520 500 - -45.0 -19.2 0.1
15 120 0.50 39.3 330 360 - -39.0 ~23.9 0.06
16 160 0.50 393 29.2 158 - -28.0 —40.6 0.009
17 200 0.50 393 282 490 - -20.3 -37.7 0.013
18 300 0.20 39.3 54.0 300 - -30.5 =359 0.016
Location N22,E30
1 30 0.50 389 1919 123 166 -67.8 -20.7 0.09
2 40 0.50 39.6 187.2 129 132 -64.4 -23.2 0.07
3 60 0.50 396 155.2 203 52 -57.7 —-24.0 0.06
4 80 0.50 396 91.6 350 64 -51.1 =211 0.09
5 100 0.50 39.6 516 355 - -45.0 -220 0.08
6 120 0.50 39.6 32.4 320 - -39.0 -24.7 0.06
7 160 0.50 396 28.4 84 - -28.0 —45.7 0.005
8 200 0.50 39.6 295 432 - -20.3 -39.1 0.011
9 300 0.20 396 56.0 348 - -30.5 =348 0.018
Location N12,E22
10 30 0.50 39.3 187.0 140 167 —-67.8 -19.3 0.11
11 40 0.50 39.3 187.0 144 233 644 -223 0.08
12 60 0.50 393 158.0 215 106 -577 -23.8 0.06
13 80 0.50 393 104.0 385 102 -51.1 -21.5 0.08
14 100 0.50 393 584 396 - -450" 222 0.08
15 120 0.50 393 376 326 - -39.0 -25.9 0.05
16 160 0.50 393 31.2 210 - -28.0 -38.7 0.012
17 200 0.50 39.3 288 244 - -20.3 -43.9 0.006
18 300 0.20 39.3 59.6 262 - -30.5 -3798 0.013
Location N13,E14
1 30 0.50 39.2 187.0 114 175 -678 -21.1 0.09
2 40 0.50 392 190.0 143 143 -64.4 -225 0.08
3 60 0.50 39.2 163.0 231 102 -57.7 -23.4 0.07
4 80 0.50 39.2 107.0 428 94 =511 -20.8 0.09
5 100 0.50 39.2 584 638 - -45.0 -18.1 0.12
6 120 0.50 39.2 379 360 - -390 -25.1 0.06
7 160 0.50 39.2 31.0 160 125 -28.0 -410 0.009
8 200 0.50 39.2 30.7 266 - -203 -438 0.006
9 300 0.20 39.2 570 263 - -30.5 =375 0.013
Location N28 E16
10 30 0.50 385 1856 118 203 -678 -209 0.09
11 40 0.50 385 188.8 125 173 -64.4 -238 0.06
12 60 0.50 385 168.0 292 216 -57.7 -21.8 0.08
13 80 0.50 385 100.0 322 - -51.1 -229 0.07
14 100 0.50 385 60.0 470 - —45.0 -21.1 0.09
15 120 0.50 385 376 387 - -39.0 -246 0.06
16 160 0.50 385 316 238 - -28.0 -37.9 0.013
17 200 0.50 385 30.0 252 - -20.3 —-44.2 0.006
18 300 0.20 385 60.0 368 - -305 -353 0.017

3Range = 26.9 to 28.5 m, Spreading loss = 20 log 2R = 34.6 to 35.1 dB, Absorption loss = 2aR = 0.4 to
3.7 dB, Receiver Gain = 60 dB

bDefine Ry by Reflection Gain = 20 log R,

A3




Table A3. Measurements of reflections from both ice surfaces with the 22x 22 trans-

ducer, cont.
Received
Pulse Transmit Reflection - Amplitude
Track Freq Length Time T. Vi V, Cal Gain? Reflection
No (kHz) (ms) (ms)  (Vpp)  (Vpp) (Vpp) (dB) (dB)  Coef.’ Ry
Location N40,E16
1 30 0.50 375 189.0 152 175 678 -19.1 0.11
3 40 0.50 375 187.0 162 173 644 -21.7 0.08
4 60 0.50 kYA 170.0 340 128 577 209 0.09
5 80 0.50 ars 105.0 260 89  -51.1 254 0.05
6 100 0.50 375 59.6 537 - 450 -20.2 0.10
7 120 0.50 375 384 436 - -39.0 -24.0 0.06
8 160 0.50 37s 324 212 - -28.0 -39.4 0.011
9 200 0.50 375 288 314 - 203 422 0.008
10 300 0.20 37s 56.6 424 - -30.5 -339 0.020
Location N28,E28
11 30 0.50 386 189.0 118 173 678 210 0.09
12 40 0.50 386 190.0 151 180 644 222 0.08
13 60 0.50 386 164.0 260 127 577 -226 0.07
14 80 0.50 386 104.0 342 - -51.1 227 0.07
15 100 0.50 386 610 513 - 450 -205 0.09
16 120 0.50 386 380 390 - -39.0 -246 0.06
17 160 0.50 386 320 156 - 280 417 0.008
18 200 0.50 386 31.3 522 - 203 382 0.012
19 300 0.20 386 60.0 390 - -305 -347 0.018
Location N40,E28
1 30 0.50 376 189.0 144 163 678 -195 0.11
2 40 0.50 376 189.0 144 150  -64.4 228 0.07
3 60 0.50 376 165.0 275 125 577 224 0.08
4 80 050 are 106.0 541 59 511 -19.1 0.1
5 100 0.50 376 59.2 602 - 450 -19.4 0.11
6 120 0.50 376 370 37 - -39.0 249 0.06
7 160 0.50 376 318 218 - -280 -390 0.011
8 200 0.50 a7e 300 214 - 203 459 0.005
9 300 0.20 376 57.0 344 - -305 -35.7 0.016
Location N40,E40
10 30 0.50 375 186.0 138 184 678 -19.8 0.10
1 40 0.50 375 184.0 180 208 644 -206 0.09
12 60 0.50 375 163.0 346 170 577 203 0.10
13 80 0.50 375 105.0 438 8  -51.1 -20.9 0.09
14 100 0.50 ars 60.0 710 - 450 178 0.13
15 120 0.50 375 374 743 - -39.0 -19.1 0.1
16 160 0.50 375 31.2 250 - -280 -37.7 0.013
17 200 0.50 375 204 366 - 203 41.1 0.009
18 300 0.20 378 586 380 - 305 -35.1 0.018
Location N28,E40
1 30 0.50 385 189.0 141 225 678 195 0.11
2 40 0.50 385 190.0 186 231 644 204 0.10
3 60 0.50 385 163.0 393 146 577 -19.0 0.1
4 80 0.50 385 104.0 341 - -51.1 227 0.07
5 100 9.50 385 60.0 688 - 450 178 0.13
6 120 0.50 385 374 702 - -390 -19.4 o.n
7 160 0.50 385 a1.2 358 - -280 343 0.019
8 200 0.50 385 297 516 - 203 379 0.013
9 300 0.20 38s 50.8 318 - -305 -365 0.015
TR 9005




APPENDIX B
Refraction Correction for Back-Face Reflection
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Transmitted sound enters the ice from below as shown in Figure B1. From Snell’s

Law
sin@ sin6.
1 _ 2 , ®B1)
(o8| Cay
and thus
sinG, ¢,
sin91 - (] =N. (BZ)
Figure B1 shows the geometrical relationships
b = 2t tan9, (B3)
a = Rtan, , (B4)
and, from the larger triangle,
a+b =rytan0, . (BS)
Combining Egs. (B3), (B4), and (BS5), we obtain
rptanf; =R tan6, + 2¢tan6, , (B6)
(r—R)tan0; = 2rtan6, B7)
ro—R tan0,
2t - tanel ) (B8)

For small angles, the sine and tangent are nearly equal, and the above ratio is approxi-
mately equal to N. Solving for r,, we obtain

ry=2N+R. (B9)

The spreading loss for the upper-surface return is over a distance 2(R +r,) compared
with 2R for the lower-surface return. This causes a reduction in amplitude by 1/F, where

Rt (B10)
=2
Substituting r, from above, we obtain
F=£&§—R2t—N=l+tN/R. (B11)

To compensate for the additional spreading loss of the back-face reflection caused by
passage through the ice, the amplitude of the back-face return must be multiplied by F to
normalize results.
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-+ ¢ Upper surface image
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Figure Bl. Refraction effects when sound enters the ice and then, after reflection off the

B2

upper surface, passes from the ice into the water.
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