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WAVE PROPAGATION THROUGH FIELDS OF PACK ICE 

BY G. DE Q. ROBIN 
Scott Polar Research Institute, Cambridge 

(Communicated by G. E. R. Deacon, F.R.S.--Received 18 May 1962) 

[Plates 3 and 4] 
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Experimental studies of penetration of sea waves and swell into fields of loose pack ice were carried 
out by means of a ship-borne wave recorder, during a voyage into the Weddell Sea in R.R.S. John 
Biscoe in 1959-60. This reconnaissance study has provided the first systematic data within an ice 
field of the variation of wave amplitudes and period over the normal wave spectrum of 4 to 24 s. 
Although observations were confined to a single ship, a reasonably constant background of swell, 
together with varied ice conditions, has made it possible to draw certain conclusions for waves and 
swell of relatively small amplitudes. The penetration of long ocean swell, of periods from 11 to 23 s, 
into ice fields consisting of large floes of more than half a wavelength across takes place by bending of 
the floes. The results suggest that the fraction of the wave energy penetrating such an ice field is pro- 
portional to A41h3, where h is the thickness of the ice floes and A the wavelength of the swell. For periods 
of less than 10 s, floes of around 1P5 m thick and 40 m or less in diameter approximate to rigid floating 
plates. For these periods, the main energy cut-off took place when floe diameters were about one- 
third of the wavelength; little loss of energy occurred when floes were less than one-sixth of the wave- 
length across, while no detectable penetration took place when the floes were half a wavelength or 
more in diameter. 

Consideration of the results, together with limited evidence available from tide and gravimeter 
observations, shows that most long waves penetrate polar ice fields with little loss of energy. 
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314 G. DE Q. ROBIN 

Discussion of the energy required to bend large ice floes indicates that long-period swell is 
propagated through regions covered by pack ice with little loss of energy only when the energy 
required to bend the floes is at least an order of magnitude smaller than the total energy of the 
waves. 

1. INTRODUCTION 

The rapid attenuation of sea waves and swell on entering pack ice is a phenomenon well 
known to ice navigators, but, owing to the difficulties of obtaining wave records at sea, 
very few measurements of the amplitude of waves within pack ice have been made. 
A theoretical study of the effect of pack ice on wave amplitudes in water of infinite depth has 
been made by Peters (I950), and for finite depth by Weitz & Keller (1950). This work has 
been interpreted numerically by Shapiro & Simpson (1953) for the deep sea, and a simplified 
theory for shallow water has been developed by Keller & Goldstein (1953). However, the 
theoretical studies deal only with the case of a non-rigid floating mat of ice, and it is seldom 
that field conditions approximate to this picture; a satisfactory theoretical approach con- 
sidering the ice field as a series of rigid or elastic plates has not yet been made. An experi- 
mental approach to this problem therefore appeared to be particularly desirable. This 
paper records such a study made on board R.R.S. John Biscoe during the 1959-60 relief 
voyage to the Falkland Islands Dependencies Survey base at Halley Bay (lat. 750 31' S, 
long. 260 36' W), formerly the Royal Society station. In spite of observations being limited 
to a single ship, the investigation throws some light on the mechanisms of wave and swell 
penetration into fields of loose pack ice. Possible effects of pressure in fields of pack ice are 
also mentioned. 

2. EQUIPMENT 

A ship-borne wave recorder, designed at the National Institute of Oceanography, 
England (Tucker 1956) was used to obtain wave records inside the pack-ice belt as well as 
on the open ocean. In order to cope with the small wave amplitudes expected within the 
pack ice, an additional d.c. amplifier which provided an amplitude gain of 2, 4 or 8 was used 
within the pack ice. 

The standard ship-borne wave recorder has a sensitivity of 30 5 cm per scale division, 
but the additional amplifier increased this to 3@ 8 cm per division (figure 1). Chart speeds of 
2 5 or 7 6 cm per min were provided. The instrument is intended to cover the ocean wave 
spectrum for periods between 4 and 24s, but periods down to 2s were present on some 
records from within the shore lead. The calibration of the instrument was re-checked at the 
National Institute of Oceanography after the return of the ship to England, and no signi- 
ficant change had taken place. Calibration of the d.c. amplifier was checked periodically, 
and the gain did not vary from the stated figures by more than 5 0 during the voyage. The 
siting of the accelerometer and pressure units was most satisfactory, the pressure inlet holes 
being amidships on the vertical ships sides about 9 ft. below the mean water level. Nominal 
depths of the pressure hole of 6-75 ft. (2.1 m) for the ship lightly laden, or 9-25 ft. (2 8 m) for 
the ship fully laden, were used in calculating corrections to the results. Actual depths should 
not vary from the assumed depths by more than 0 5 m. 

The instrument response has been calculated from the formula 

true_height _0 83[1 -H(8.8 x 21rf>-2]1exp (4ff./2kd), observed height 
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WAVE PROPAGATION THROUGH FIELDS OF PACK ICE 315 

wherefis the frequency, g the value of gravity, d the depth and k is a constant. The exponen- 
tial term in this expression is due to the falling-off of wave motion with increasing depth. 
In the absence of interference from the ship, k 1; but the ship has an effect which is 
difficult to allow for theoretically. Practical measurements by Cartwright and Darbyshire 
(Darbyshire I96I) indicate that the presence of the ship increases k to a value between 2 and 
3, with 2-25 as the most probable value, which has therefore been used in our calculations. 
When allowances are made for possible error in the value of k, for errors in our assumed 
depths, and for instrumental errors, we find that wave amplitudes may be in error by 
factors of 1 1 at 16s period, 1I3 at 8s period and 2O0 at 4s period. 

Apart from errors in amplitude, any variation in the speed of the chart drive will result in 
proportional errors in derived wave periods. The chart was driven by a synchronous motor, 
and errors in speed will be due to errors in the frequency of the 50 c/s power supply. Initially 
this was drawn from a rotary converter run off the ship's d.c. mains, but chart speeds varied 
from 0-5 to 4-5 0 slow under these conditions. Shortly before entering the ice, a vibrator 
power supply run off 24V accumulators was installed and the chart speed then varied 
between correct and 2-2 0 fast. No corrections for chart speeds have been applied during 
analyses, since the errors involved will not affect the conclusions drawn. 

Although the accuracy of the instrumental observations was not high, statistical errors 
arising from the limited duration of each recording are larger. Furthermore, the attenuation 
being studied was so large that the possible errors do not seriously affect the conclusions. 
Future studies will require improved methods of recording sea-ice characteristics rather 
than improved wave-measuring techniques, if the conclusions drawn from this work are 
to be subject to a more rigorous test. 

3. OBSERVATIONS 

(a) Waves and swell 
Throughout the voyage from Port Stanley to Halley Bay and return (30 December 1959 

to 12 January 1960) the ship was stopped at 6h intervals for a 10 min period so that the 
instrument would record the true wave period as well as amplitude. Three typical wave 
records are shown in figure 1 (a) (open ocean), figure 1 (b) (pack ice, large floes) and 
figure 1 (c) (within shore lead), together with the analyses of the spectral energy densities 
of the respective records. 

(b) Ice observations 
In addition to the normal ice log kept by the ship's officers, a more detailed ice log was 

kept as part of the wave-recording programme. Estimates of ice thickness, the mean 
diameter of ice floes and the total density of pack-ice cover in tenths, were included, in 
addition to any special comments entered under remarks. The intervals between entries in 
this log depended on the rapidity with which ice conclitions were changing, and varied from 
less than -a h to 4 or 6 h. 

(c) Density of ice cover 
There was general agreement between estimates of ice cover made by ship's officers and 

by the wave observer. Sinlce analysis indicates that this is not an important parameter, 
errors in estimating the ice cover will not affect the conclusions. 

40-2 
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FIGURE 1. Wave records and wave spectra. (a) Open ocean, lat. 55 6? S. Outward voyage. (b) In 
large ice floes, lat. 69.10 S. Outward voyage. (c) In shore lead, lat. 75.50 S (Halley Bay). 

(d) Thickness of ice floes 
This is the most difficult estimate to make. Whenever possible, the thickness was estimated 

from looking at pieces of ice broken off large floes by the ship. Pieces of ice tilted over so 
that their whole thickness was exposed above the water level, made it possible to avoid 
refraction effects. Errors of estimates should not exceed one-third of the total thickness for 
uniform flat floes of a thickness up to 2-5 m. However, older ice which was 2 to 3 m thick or 
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FIGURE 2. Small ice floes from navigating bridge at lat. 67 4' S, on return voyage, estimated at 
0(5 to (075 m thick, 5 to 20 m diameter (see table 1). 

FIGURE :3. Ice floes from navigating bridge at lat. (i87? S on outward voyage, estimated at ito 15 m 
thick, mean diameter 10)0 m (see table l). 

(I'aCtcin{; p. 3J16) 
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~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~-U 

FIGURE 4. Heavy ice floes from radar platform at lat. 71-10 S on outward voyage, estimated at 
3 to 10 m thick, 50 m to 1 km in diameter. 
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WAVE PROPAGATION THROUGH FIELDS OF PACK ICE 317 

more, was considerably rafted and distorted, and not at all uniform in thickness. Plates of 
ice were sometimes seen to protrude downwards an estimated 10 m below water level, and 
it is quite likely that such plates or ridges might have protruded down to 20 m in places, 
since such protruberances were found beneath similar heavy polar pack ice in the Arctic 
by U.S.S. Nautilus. 

(e) Diameter of icefloes 
These were estimated by eye, the dimensions of the ship providing a useful measure for 

comparison. When lighting conditions were suitable, photographs were taken from the 
navigating bridge (see figures 2 to 4, plates 3 and 4). These photographs have been used to 
check the accuracy of visual estimates of the size of the smaller floes. From the known height 
of the camera, the focal length of the lens, the horizontal angle between the ends of an ice 
floe, and the vertical angle from the horizon to the centre of the flow one can calculate its 
width normal to the line of sight. A transparent grid based on these factors was superimposed 
on the photograph, and approximate floe diameters could be read off rapidly for floes 
within 300 m of the ship. Comparison of such photographic measurements with entries in 
the ice log are shown in table 1. The comparison for 11.30 G.M.T. on 2 February indicates 
that the estimates tend to be too small by about one-third. Statistics for the two other 
comparisons are less satisfactory but also show a tendency to underestimate floe sizes. 

TABLE 1. COMPARISON OF ESTIMATES AND P:HOTOGRAPHIC MEASUREMENTS 

OF DIAMETERS OF ICE FLOES 

photographic measurements 

ice floes estimated diameters from ice log 

time size time diameter 
date (G.M.T.) no. (m) (G.M.T.) (m) 

9. i. 60 17.45 3 0 to 15 16.30 to 18.00 5 to 20 
6 16to25 
2 26 to 35 18.00 to 24.00 5 to 40 
2 36to45 

10. i. 60 11.00 2 83 
1 93 

1 134 mean 124 11.00 mean 100 

1 155 
1 208 

2. ii. 60 11.30 11 0 to 5 
5 6to 10 

29 11 to 15 11.30 5to20 
26 16 to 20 
8 21 to25 
7 25 to 30 

4. ANALYSIS 

During the voyage, the height of the water level was read off the wave records at i s 
intervals and recorded. On returnl to Cambridge, these heights were punched on tape for 
subsequent analysis by EDSAC in the University Mathematical Laboratory. The system of 
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FIGURE 5 (a). For legend see facing page. 

power spectra analysis used was that given by Pierson & Marks (1952). As one feature of the 
results to be studied was the sharpness of the energy cut off at shorter periods, analysis was 
carried outusing a narrowfrequencyband to give high resolution (80intervals of 0 00625s 1) . 

Although the analysis made it possible to detect waves down to a period of 2s results 
presented here are confined to periods of 4s and longer owing to uncertainty about the 
instrument response at shorter periods. The statistical errors with a 10 mmn wave record are 

such that there is 90 00O chance that the true power spectrum lies within a range of 0*60 to 

2 1 times the results given by the analyses shown in figures 1, 5 and 7 to 9, and within these 
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FIGURE 5. Wave and ice data. (a) Outward voyage. (b) Return voyage. Wave heights are the 
maximum peak to trough heights recorded during 10 mmn. When diameters of large floes 
exceed 2 km this is indicated by a short addition to the line beyond the 2 km point. 

limits moderate fluctuations of the power spectrum may be obscured. Consideration of the 
uniform nature of the power density of low frequency over several days (e.g. figure 5 (a): 

16s swell, lat. 56? S to lat. 6705, outward voyage) when conditions appeared to be 

constant, gives confidence that the statistical errors do not exceed the above limits. 
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5. RESULTS 

(a) General _presentation 
Wave heights and spectral densities throughout the voyage are shown in figure 5 for 

waves of 4, 8 and 16 s period together with the relevant sea-ice data, while the noon positions 
shown in figure 6 give a general guide to the location of measurements. Results are plotted 
against latitude and, since there is a general tendency for the edge of pack-ice belts in this 
region to run in an east-west direction, the latitude scale serves as a better guide to the 
distance from open water than would the distance along the ship's track. Latitudes were 
estimated by dead reckoning between fixes. This is an inaccurate method when continually 
altering course through fields of ice. Relative errors between adjacent observations should 
not exceed 02? of latitude, and will normally be less than 0d0', which corresponds to an 
error of 1 knot in estimating the northerly component of the mean speed of the ship over a 
6 h period. The total latitude error should not exceed 0.20 on the outward voyage, or 0.40 
on the return voyage. The standard time interval between recordings was 6 h when wave 
activity was present, although the interval was sometimes decreased within the pack-ice belt. 

__ _ _30c0W 00 

Port Stdy 18/ \C 
Nrvetgi:' 

6/1~~~ 

FIGURE 6. Noon positions. 

(b) Noise level 

The noise level on the records appears to be due to three separate causes: (i) At low 
frequencies, variations in the supply voltage of the ship's mains were the dominant cause of 
noise during the 1959-60 season. A considerable decrease inz this noise the following season, 
when the instrument was operated off a battery power supply, confirms this cause. (ii) At 
higher frequencies, errors in reading off water levels at 1 s time intervals from steeply sloping 
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WAVE PROPAGATION THROUGH FIELDS OF PACK ICE 321 

traces such as those in figure 1 (c) must contribute to the noise. (iii) Instrumental effects 
such as those caused by slight rolling of the ship will produce some noise. 

In heavy pack ice, to the south of lat. 710 S, the fluctuations of the instrument record 
lacked any regular wave form, and when the inputs to the amplifiers were switched off 
similar fluctuations continued on the record. Since the apparent spectral energy densities 
for frequencies less than 0 04s-I on these records were similar to those of other records 
obtained with considerable wave activity present, we conclude that records obtained south 
of lat. 71? S give a satisfactory guide to noise levels at low frequencies. It is difficult to 
specify noise levels at higher frequencies which result from the presence of lower frequency 
waves. It can, however, be seen in figures 7 and 8 that irregular fluctuations of spectral 
energy density occur on the high-frequency side of cut-offs owing to the presence of ice floes. 
Since these irregular fluctuations are about 0 1 to 1 0 % of the magnitude of the maximum 
spectral energy densities present, the most satisfactory explanation appears to be that they 
represent noise. The principal reason for the rise in noise level with frequency, shown in 
figures 7 and 8, is due to the decreased sensitivity of the instrument at higher frequencies. 
Before corrections for instrumental response are applied, noise levels of individual records 
between 041 and 0 25s-1 show little variation with frequency. It is still more difficult to 
estimate noise levels at intermediate frequencies, but in one case, shown in figure 9, curve 1, 
the arguments used to estimate high-frequency noise can be applied on the low-frequency 
side of the wave spectrum obtained in the shore lead since long-period waves from the open 
ocean are absent. 

The maximum 'noise' levels noted in the 16, 8 and 4 s bands on the basis of this discussion 
were 28, 40 and 208 cm2 s, respectively. However, in the 4 s band, it is uncertain whether 
values of 423 and 558 cm2s at lat. 57.5?S and 61-90S on the outward voyage should be 
attributed to noise. For presentation of diagrams, noise levels have been shown con- 
servatively as 30, 60 and 500 cm2 in the 16, 8 and 4s bands. Since wave activity at other 
frequencies influences the noise level at shorter periods, our arbitrary figures will be unduly 
high for cases when little or no wave activity is present. 

Once all the ocean swell of less than IO s in period had disappeared, the apparent spectral 
energy density in the 4 s band dropped below 10 cm2 s for twenty analyses made when the 
ship was surrounded by pack ice, but rose above this figure on seven occasions when the 
ship was clear of pack ice within the shore lead, and on one occasion when. the ship was in an 
exceptionally large pool of over 30 km in length with'in the pack ice. It therefore appears 
that the noise level in the 4 s band fell to around 10cm2 s at times when south of lat. 71?S, 
and that spectral energy densities of greater than this value within the shore lead may show 
that wave activity is present as indicated in figure 9. 

(c) Waves of 4 s period 
On the open ocean, waves of 4 s period did not fall below a spectral energy density (E) of 

3000 cm2s; they did not rise above E -600cm2s when within the pack-ice belt, except 
within the shore lead. When a small amount of brash was present on two occasions, values 
of 1700 and 800 cm2 s were measured. In the discussion of noise level in 5 (b) it was seen that, 
within the shore lead and in a pool some 30 k long, a level of E greater than 10 cm2 s 
appeared to be signific.ant. 

4' VOL. 255. A, 
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Within the limits set by noise level, it appears that the ice floes were sufficient in size to 
stop appreciable transmission of 4s waves at all times. The presence of slight activity of 
waves of this period within the shore lead can only be due to wave generation within the 
lead. The presence of small amounts of brash ice caused some decrease of wave energy. 

(d) Swell of 8 s period 
On the open ocean, the spectral energy density did not fall below 4000 cm2 s in the 8 s 

band, but the presence of a partial cover of ice floes, estimated to be 10 m in diameter, and 
up to 3 m in thickness, caused a decrease in E to around one-third of this value. In the 
presence of floes of estimated sizes of 20 or 30 m in diameter and 0-5 to 1P5 m thick, some 
wave energy was still present, but no wave energy of 8 s period was detected when estimated 
floe diameters were 40 m or more. No significant wave energy in this band was detected in 
the shore lead, but no winds of sufficient strength to generate energy in this band were 
experienced when within the lead. 

(e) Swell of 16 s period 
On the open ocean, the spectral energy density did not fall much below 500 cm2 s at any 

time. The level was reasonably constant at around I04 cm22s for 3 days (lat. 56 to 670S) 
before entering the main ice fields on the outward journey, but it was lower and more 
variable after leaving the ice fields on the return journey. When within fields of ice floes of 
3 m or more in thickness, and of diameters of 1 km or more, the swell dropped below the 
noise level. Appreciable penetration occurred with floes of similar diameter, but 2 m or less 
in thickness. When floes were 40 m or less in diameter, no appreciable loss of energy in this 
band was evident. 

Swell in this band was detected in the shore lead only in the northern section traversed 
during the returnjourney, and this swell had clearly penetrated from the open ocean. It had 
probably not encountered any floes of large diameter with a thickness of greater than 2 m 
judging by the ice conditions seen from the ship during the return journey, when the only 
thicker floes encountered did not exceed 100 m diameter. 

(f) Source of swell 
The results from the three frequency bands described present a general picture of the 

variation of wave energy with time when passing through the pack-ice belt. In general, the 
source of the wave energy in each band could not be readily identified, except when related 
to local wind conditions. Ship reports and weather analyses for the Atlantic south of 500 
latitude were inspected, and it was clear that most of the long period swell originated outside 
this region. Normal methods of relating ocean swell studies to the storms causing the swell 
were not applicable, hence the necessity for this presentation of results. 

(g) Variation of wave spectra within pack ice 
In figure 7 are shown wave spectra from 4 to 20 s corresponding to each set of ice condi- 

tions when proceeding from the open ocean into large heavy pack ice on the outward 
journey. Some wave spectra have been omitted in order to preserve the clarity of the 
diagram, but those omitted are consistent with the ones shown in figure 7, as canl be seen 
for: the 16 and 8 s wave data presented from all analyses in figure 5 (a). Similar spectra are 
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WAVE PROPAGATION THROUGH FIELDS OF PACK ICE 323 

presented in figure 8 for the return passage through the pack ice, from the time at which the 
ship was near the centre of the belt of large floes until it reached the open ocean. Both sets 
of observations show that the change in the wave spectra, as one moves in from the open 
open ocean, first consists in a gradual elimination of the energy of shorter period waves with 
little change in the energy of longer period waves, then the latter suffer a general decrease 

lo,~~~~~ 

4 

10 \\ \2 

4-j~~~~ 

1 h1i11' \3,' \2' 
I ' I . 2 I 

2000 1 500 100 50 30 A(m) 

FIGURE 7. Wave spectra during outward voyage. 1, Open ocean (64 2? S); 2, fl'oes 10 m diam. 
(61-9' S); 3, floes 20 m diam. (66 5? S); 4, floes 30 m diam. (65 8? S); 5, floes 40 m diam. 
(6 7 - S) 6, floes 5 0 m diam. (67 7?7 S) ; 7, floes 3 km diam., 1 to 12- m thick (68 8?8 S) ; 8, floes 
5 km diam., 2 to 3 m thick (70 30 S). 

as one moves through very large floes. In general, the thicker the ice the lower is the 
remaining spectral energy density at all frequencies when within fields of floes of more than 
Ifit) m acrnoss. 
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shore lead, as outlined in ? 5 (c). In figure 9, curve 1 shows the wave spectra being generated 
by a 20-knot wind across the shore lead at Halley Bay at the time of observation, while 
curves 2 and 3 show weaker activity of similar periods which has remained from earlier 
storms, or come from storms some distance away within the shore lead. Such activity during 
winter months may well be greater if prolonged gales open up a wide shore lead. Only 
curve 2, obtained in the northern section of the shore lead, shows the presence of a long- 
period swell penetrating from the open ocean. 

l', 

io- \3 , .*kI 

loo 

20~ ~~~ m 2im (6 4? S;3fle30 4 Tim (6(?s;) les1t Sk im. 1t nc 

(67-9 and 68 2? S); 5, floes I km diam., l1 to 11 m thick (6 7 -8? S). 

(h) Conltinuous recording of waves with ship under wau 
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presented in figure 10. Owing to the ship's movement through the water while these 
records were being made, analyses of spectral energy densities are not practicable. 
Instead, the parameters presented are the maximum wave heights (peak to trough) and 
number of zero crossings. Relevant sea ice data are presented on an expanded scale 
compared to figure 5. 

lo, J 

30 20 10 4 T(s)-2 

_~~~~~~~~~~~~~~ 

>1~~~~~~~~~~~1 

/ 3 

to.~ ~ ~ ~ ~ ~~~~~~ 

0.0 0.05 0.1 0~..015 0 2 0-25f~1 
30 20 10 4 T (s) 

20004 500 100 50 30 X(m) 
1000 

FIGURE 9. Wave spectra in shore lead. 1, 75.50 S, 20 knot wind; 2, 71.10 S, calm; 3, 75.50 S, calm. 

The tendency for the number of zero crossings to be lower with the ship stopped confirms 
that the ship was steaming into a swell coming from the open sea. The rough correspondence 
of the increase of wave height with increase in the number of zero crossings is due to the 
wider spectrum of waves present when approaching the edge of the pack, as shown in figure 8. 

These observations show clearly that large changes in wave characteristics can occur 
without any appreciable change in the density of pack-ice cover taking place. Changes in 
diameter of the ice floes appear to be related to the changing wave heights and number of 
zero crossings mnore closely thanl do changes of ice thickness or of the extent of pack-ice 
cover. A similar conlclusion can be drawn from figure 5 for waves of 8 s period. 

This content downloaded from 62.122.78.82 on Mon, 5 May 2014 02:27:08 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


326 (G. DE Q. ROBIN 

ice cover 10/10 brash 

O 

2 

ice thickness (m) I 11111 Iiii 

lo- L I Illlul LLSeLLL. 1 1.1 

81 - 

floe diameter (in)4 

number of zero I1 IhI~~L 
crossings in 10 min 

0 
* 

10 * under wav ~ ~*~e ~ship stopped. 

maximum wave * 
height (m) 0.5 . 

0600/1 1200/1 1800/l 0000/2 
time 

FIGURE 10. Wave and ice data from continuous record made with ship under way, lat. 67.70 S to 
lat. 66.10 S, return voyage. 

6. DIsCUSSION: FLOE DIAMETERS SMALL COMPARED TO WAVELENGTH 

(a) Wavelengths 

The general discussion of the results obtained so far has shown that the horizontal 
dimensions of the ice floes are a major factor controlling wave penetration at shorter wave- 
lengths, while with longer wavelengths which penetrate regions of large ice floes the thick- 
ness of the floes may be of importance. The discussion may therefore be divided into two 
sections depending on whether the floe size is small or large compared to the wavelength. 

Discussion of certain of the results in terms of wavelength, instead of the frequency or 
period given by our analysis, provides a better picture of the processes involved. Although 
the presence of ice floes will have some effect on the wavelength (A), this is neglected and the 
value for open water A g T2/2ir (where g is the value of gravity and T the period) is used 
throughout. This appears to be the correct procedure if the ice covers only a small proportion 
of the sea. However, the figures of Shapiro & Simpson (1953) indicate that a broken ice field 
covering the whole surface will reduce the wavelength on the open sea by 50 %0 for ice 
lOft. (3 m) thick for waves of 5 s period, or by 33 0 for 6 s waves. Corresponding figures for 
ice 4 ft. (1.2 m) thick are 20 and 15 ?0 , respectively. These results are due only to the mass 
effect of the ice, while bending of the ice wvill have the opposite effect and tend to increase 
the wavelength. Under the conditions experienced, such increases would be of the order of 
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1 % for floes large compared to the wavelength. The effect would be smaller when the floes 
are broken. After taking the above factors into account, it is concluded that errors in the 
calculated wavelengths due to the presence of ice and to errors in the chart speed should not 
exceed 6 % while the ship was within the pack ice. 

(b) Wave attenuation in smallfloes 
Figure 2, plate 3, shows R.R.S. John Biscoe proceeding through such an icefield at 

1.30 G.M.T. on 2 February. Although most of the sea surface was covered by ice, individual 
floes were floating in loose contact only. 

It is of interest to compare the numerical predictions of Shapiro & Simpson (1953) with 
our results for 'broken' ice fields. In order to determine the ratios of the wave energies 
within each frequency band inside the ice fields to those outside the ice fields for presentation 
in figure 11, we assume that wave conditions do not vary over a 6 h period. The extent to 
which this assumption is justified is shown by the spectral energy density curves in figure 5. 

100 - / 

x 

e _o + 

+ 0'il l 

+~~~~~ 

+ 

X.,o 

wave period (s) 

FIGURE 11. Enlergy penetration into a broken ice field. Some theoretical estimates and observed 
values with smaller floes. Theoretical curves (Shapiro & Simpson): 1, ice 1n2 m thick; 2, ice 3 m 
thick. Observations: 0, 3 m thick, 10 m diam. (57.5? 5); x, 1 m thick, 20 m diam. (65.00 5); 
+, 1 m thick, 20 m diam (67.40 5). 

Figure 8 shows a large discrepancy between the theoretical curves of Shapiro & Simpson 
and the observat;ions. This might be explained in part by the fact that the observations apply 
to waves that have traversed numbers of small patches of pack ice, rather than the single 
continuous ice field assumed as the basis of the theoretical calculations. However, the 
dominant effect of the diameter of the ice floes as compared to thickness, already mentioned 
in ? 5 (f), is again apparenlt in that the enlergy losses are greater with floes of larger diameter, 
even though these were thinner than the smaller floes. If the thickness of small floes is 
unimportant as a parameter, it is apparent that bending of the floes can be neglected and 
we may visualize the floes as rigid floating plates. A field of loosely floating rigid plates, very 
small compared to the wavelengths involved, would not be expected to affect wave pro- 
pagation except for the mass effect, but if they are an appreciable fraction of a wavelength 
one would expect them to cause attenuation. 
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In order to determine the frequency cut-off due to the size of the floes, we define the 
frequency of cut-off arbitrarily for the purpose of this study as the frequency at which the 
spectral energy density falls below 500 cm2 s. This cut-off equals the approximate noise level 
at 4 s period, and exceeds the noise level for longer periods and is lower than the spectral 
energy densities found on the open sea at all periods. The relationship between the wave- 
lengths corresponding to the cut-off frequencies and the floe diameters is shown in figure 12. 
Since our floe diameters are visual estimates only, some scatter of the results is to be expected. 

too -. 
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0 200 400 
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FIGURE 12. Floe diameters and wavelength of cut-off with smaller floes. 

The results indicate that an approximately linear relationship exists between floe size and 
the wavelengths at which the cut-off of wave transmission occurs. This cut-off takes place 
when the estimated floe diameter is about one-quarter of a wavelength, but if we allow for 
a general tendency, shown in table 1, for floe sizes to be one-third larger than their estimated 
diameters, we should modify our conclusion to say that the cut-off in wave transmission 
occurs for wavelengths less than three times the floe diameters. 

Inspection of the wavelength scales on figures 7 and 8 shows that the spectral energy 
densities have fallen below the noise level by the time the wavelengths are one-half the 
corrected floe diameters. It is more difficult to decide the point at which attenuation starts 
to become appreciable but this appears to be at roughly double the wavelength of the 
500 cm2 s cut-off, or six times the floe diameter, except for floes of 50 m or more in size for 
which bending of the floe is significant. This result suggests that the same criterion applies in 
the case of ocean waves and small ice floes as in the case of elastic and electromagnetic waves, 
where scattering becomes appreciable when the diameter of the scatterer is greater than 
A/ 2i. 

7. DISCUSSION: FLOE DIAMETERS LARGE COMPARED TO WAVELENGTH 

(a) General 
Results presented in ? 5 (c) to (g) show that, within the limits of the sensitivity of our 

instrument, no penetration of wave energy occurred for waves of less than II s in period 
when floe sizes were over 100 m in diameter. The wavrelengths recorded within fields of 
large floes run from around 200 m up to 1 000 m, at which point the instrument sensitivity 
is decreasing rapidly. These wavelengths were large compared to the widths of open water 
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leads found between the ice floes, and very large compared to the thickness of the floes. 
Under these circumstances, it is clear that the wave energy could not be confined to the open 
water leads and that bending of the ice floes must take place as a normal process of wave 
propagation. 

Another feature of the results from regions covered by large floes, is that between 
lat. 68*8 and 699? S on the outward voyage, and between lat. 70 0 and 682? S on the return, 
the maximum wave height (peak to trough) noted during the 10 min recordings varied 
only from 7 to 11 cm from 14 separate recordings. It dropped to 3 cm in tighter pack ice at 
lat. 67*8? S for one recording on the return journey. This constancy of level may have been 
fortuitous, but it could indicate that the ice floes of around 2 m in thickness readily transmit 
swell only up to a certain amplitude, beyond which additional forms of loss control the 
energy penetrating ice field. More observations are needed before such a hypothesis could 
be justified. 

(b) Wave attenuation in largefloes 
We must now consider the possible causes of attenuation of waves passing through fields 

of large ice floes. Types of energy loss which may occur are: 
(i) mechanical friction between floes and turbulent flow of water around floe 

boundaries; 
(ii) hysteresis losses involved in repeated bending of floes; 
(iii) wave reflexion, or other energy losses, at the boundary of large ice floes corre- 

sponding to energy losses in passing from one media to another in acoustical theory. 
More detailed consideration of changes of wave energy in the 16 s band (400 m wave- 

length) than was presented in ? 5 (e) helps to show which of the above losses are important. 
Mechanical friction between floes and turbulence are likely to cause most loss when the 

floes are relatively small, and there are numerous floe boundaries around which friction and 
turbulence may occur. In figure 5 (a), the constant level of wave energy in the 16 s band 
when floes were smaller than 40 m (one-tenth of a wavelength) indicates that this loss is 
unlikely to be important when floe sizes are large compared to the wavelength. 

The energy in the 16s band within fields of large floes remained within the range of 
170 to 700cm2s-5 between lat. 68-8 and 69 9?S on the outward journey, and between lat. 
70 0 and 68 2? S on the return journey. This relative constancy of energy over distances of 
some hundreds of wavelengths indicates that losses due to hysteresis, turbulence or friction 
do not rapidly absorb a major part of the wave energy. However, a possible limitation to the 
amplitude of waves penetrating this region mentioned earlier could result from some of 
these losses increasing rapidly as wave amplitudes increase. 

On both outward and return journeys, the northernmost regions in which energy losses 
in the 16 s band (400 m wavelength) occurred correspond to the zones in which the floe 
sizes change from a fraction of the wavelength to several wavelengths across. On the out- 
ward journey this zone started when floes 1 to 1P5 m in thickness were more than 40 m across, 
while on the returnjourney the zone may have started with floes 0 5 to 1 m thick and 30 m in 
diameter. On the outward journey, the second zone in which a major decrease in energy 
took place was that in which the ship left relatively large floes up to 2 m thick and entered 
older ice up to 3 m thick, with floes still large in diameter. The same factors probably caused 
the change in energy between lat. 72 and 71? S on the return journey, when the enlergy level 

42 VOL. 255. A. 
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in the 16 s band became significant only after the ship emerged from a gap of 1 km in width 
between heavy Weddell Sea pack ice on one side and fast ice on the other, both being of 3 m 
estimated thickness. The rise in energy between lat. 71k6 and 71.10S is probably due to 
decreased 'shadowing' -from the heavy Weddell Sea pack ice, as the ship moved north-east 
around Kap Norvegia. 

The sharp decrease in energy which took place during the return journey at lat. 67 S0 

does not fit the above pattern. It occurred at a time when the ship was almost stopped 
because of lack of open leads, and because channels partly broken open by the ship were 
closing up before the ship could reverse and take a second run through. Irl other words, 
there appeared to be some horizontal pressure building up between the floes which limited 
the energy of the 16 s wave band. This was the only time within the fields of large floes of 
2 m or less in thickness when the ship's progress was held up to this extent, although similar 
delays between lat. 70 7 and 71.40S took place on the outward voyage when the wave 
energy was too small to detect. 

Our evidence therefore leads to the conclusion that, provided the fields of floes are 
floating loosely without pressure between the floes, major energy changes in the 16 s band 
occur at the seaward boundary of fields of large floes, and at places where the tlhickness of 
large floes increases markedly. This is the third of the three suggested effects, and appears 
to be analogous to change of acoustical impedance. 

The analogy with acoustics cannot be taken far, however, since acoustical impedance is 
given by the product of density and-compressional wave velocity. With ice floes, the change 
of density of around 1O 0 and the change of wave velocity of the order of 1 00 when 16 s 
waves enter large ice floes of 2 m in thickness (calculated from Greenhill I887) would be 
much too small to account for the small amount of energy transmitted through fields of 
large floes on the basis of acoustical theory. 

(c) Bending of ice floes 
Before we go into detailed hypotheses about the effect of a floating ice sheet on wave 

transmission, it is necessary to show that the ice will behave as an elastic medium if we are 
to use the theory of elasticity. We can check this point roughly by considering the stresses 
involved in bending an ice floe of thickness h into a form given by 

y A sin (2JTx/kA). (1) 

Provided that elastic bending takes place about a neutral plane in the centre of the ice 
floe, the surface stress ox. is given by 

yxs ---= Mh/21 (2) 

where Mis the bending moment at any point and I f y2 dy; now 
_-Jh 

-E dy(3) 
(I 1-v2) dX2 '( 

where E is Young's modulus for sea ice and v Poisson's ratio for sea ice. 
The maximum peak to trough wave height experienced with1in the fields of large floes was 

about 10 cm with the period centred around 16 s. The greatest floe thickness for such waves 
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was estimated at 1 to 2 m. We shall therefore calculate the maximum stress in the ice for 
such waves, for the following values: 

A -400 m, 
A - 5 cm (peak to trough wave height 1 0 cm), 
E-5 x 101? dyn ice, . (4) 
E 

-- 03 d cm approximate value for sea ice4 
h- 15m. 

From (1), (2) and (3) we have 
E h 4r2. 2mx 

Sxs=(l p2)A --lr sin (5) 

Using (4) we get 

o,s(max) = 5 1 x I0o dyn cm- (6) 

This value is the maximum stress which we would expect to be present in ice floes during 
our observations. 

Butkovich (1956) found that, when beams of sea ice were bent 'in place', fracture took 
place at stresses of 2-2 to 3-9 x 106dyne cm2 under conditions similar to those during our 
studies. Experiments on the visco-elastic constants of sea ice by Tabata (1955) indicate that 
the major part of the deformation of sea ice, under stresses lasting a few seconds, will be 
elastic in character. We therefore conclude that for the wave amplitudes we encountered the 
bending of the floes is mainly elastic. This conclusion may not hold for waves an order of 
magnitude greater in amplitude when inelastic bending or fracture may be significant. 
At such amplitudes increased turbulence and other forms of energy loss may also be more 
significant. 

(d) Forces necessary for elastic bending 
The vertical pressures (o-Y) necessary to bend an elastic plate of thickness h are given by 

-Eh3 d4y 
Sy 12(1-v2) dx4 (7 

If the plate is bent about a central (neutral) plane into the form of equation (1), 

-4Eh3 nT4 A 2rrx a1,- A2 4sin- (8) 3(1-v2)A4 A 

For the parameters given in (4), we find that 

z = 46.8 sin 2X dyn cm(9) 

This is equivalent to a maximum pressure 'head' of sea water of about 0 05 cm, compared 
to the wave amplitude A - 5 cm. This change in wave amplitude of about 1 0% appears to 
be within reasonable limits for the suggested process to take place. 

Although direct observations of the relative change in surface levels of ice and water were 
not made during 1959-60, observations recorded in the diary of F. Worsley, the Master of 
Shackleton's Endurance, throw some light on this poinlt. The observations were made when 

42-2 
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the party was camped on an ice floe, initially 400 m across, which was still of the order of a 
wavelength in diameter when the following was recorded: 

'9 March 1916. Noon position 630 59'S, 530 12'W. 
'All thro' the day the pack is working and creaking rhythmically to a very slight but 

undoubted swell. The cycle is from 1 6 to 20 s. The loose pieces of ice run to and fro from 
4 to 6 in. (10 to 15 cm) from a direction between NNW and NNE. The rise and fall on the 
large floes shows to no more than 4in. to 1 in. At times the swell seems to die away for a few 
minutes and then gradually increases to a maximum. A seiche has been suggested, but we 
are too far out for that to be likely and continuing all day proves to our joy it must be a 
swell from some open stretch of sea, probably within 30 miles or less as the period of the 
swell (16 to 20s) is so short.' 

Since we have shown that the floes bend to the swell, Worsley's rise and fall of 0-6 to 
2-5cm should correspond to double the calculated pressure head for our observation 
(i.e. 0 1 cm). The run to and fro of the loose pieces of ice tO0 to 15 cm relative to the ice floe 
should indicate the approximate wave amplitude if the ice floe does not move horizontally. 
This assumption gives us A = 5 to 7-5 cm for Worsley's observation, compared to 5 cm used 
in our calculations. Worsley's observations thus indicate a vertical pressure head small in 
comparison with the wave amplitude, as indicated by our calculations. However, the 
pressure head he indicates appears to be an order of magnitude larger than that calculated, 
but this could be partly due to differences of ice thickness (oc h3) or wavelengths (Oc A4) 
involved, horizontal movement of the ice floe (possibly less than one wavelength across) 
giving too small a value of A, or to other causes. 

Worsley's diary notes, on 10 March 1916, that: 
'Not the faintest sign of yesterday's swell is to be seen, this is probably accounted for by the 

fact that the pack is closer'. From then until they left the pack on 13/14 April, there are 
several references to swell. Little swell was present when the pack closed up, while the swell 
varied from 'nil' to a 'large rolling swell' with loose pack ice. These observations give 
support to the tentative hypothesis advanced to explain the low wave amplitude measured 
at lat. 67.8?5 on the return journey. This could be explained in terms of elastic theory by 
adding an additional compressive stress in the horizontal direction, so that the 'neutral' 
plane is no longer taken to be at the centre of the ice floe. The energy required to bend the 
floe then increases rapidly with increase of the additional stress. 

(e) Energy of elastic bending 
The amount of energy per wavelength (We) necessary for the elastic bending of a strip of 

an ice floe of unit width to the form of (1) is 

We = 3 ( 1-v2) A3 ' (10) 

whereas the total energy of an ocean gravity wave (Wg) of the same amplitude is 

W the d tofA2A waer 
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Again, using the value of various parameters in (4), we get 

We - 4 7 x 106 ergs per 400 m wavelength 

and Wg-5 50 x 108 ergs per 400 m wavelength. 

Thus about 1 0 of the wave energy goes into bending the floes for our typical case. 
It is also of interest to calculate the total kinetic energy per wavelength of the top 135 cm 

of sea water (the mass of water displaced by 150 cm of ice) for the same wavelength and 
amplitude on the open ocean. This is approximately 1.0 x 107 ergs for 16s period, or about 
2 % of the total wave energy. Since the ice floe moves vertically with approximately the 
same amplitude as that of the rotation of the water particles, it will account for a kinetic 
energy of half that of the water displaced, that is about 1 % of the total wave energy. It 
therefore appears that in the 16 s energy band, the sum of the elastic and kinetic energy 
involved in bending the ice floe approximately equals the total kinetic energy which would 
have been possessed by the water mass displaced. In such a case, the motion of the water 
beneath the depth of the ice will be the same whether the ice is present or absent, except 
close to the ice-water interface where relative horizontal movement will cause some losses 
due to viscosity or turbulence. This appears to explain why wave energy in the 16 s band 
can be transmitted over long distances with little loss. 

Since no effective transmission of wave energy took place for wavelengths less than 200 m in 
fields of large floes, we conclude that appreciable transmission of wave energy will only take 
place when the energy involved in the elastic bending of floes is an order of magnitude, or 
more, smaller than the total wave energy. 

(f) Variation of wave transmission with wavelength and ice thickness 

Since on our elementary theory, both the ratio of the elastic to gravitational wave 
energies (WJW'/J) and the pressures necessary to bend the ice floe to a sinusoidal form (oY) 
vary in proportion to h3/A4, the results have been analyzed to see if the variation of energy 
transmission appears to fit these characteristics. A series of double logarithmic plots in 
figures 13 to 15 show the proportion of wave energy transmitted through the ice field in each 
frequency band as a function of wave period (figures 13 and 14) and as a function of thickness 
for the 1 6 s band in figure 1 5. 

In figures 13 and 14 are plotted the ratio of spectral energy densities inside and outside the 
fields of large floes for different time intervals, which range from 6 to 47- h, each time 
interval being roughly centred on the time at which the boundary of the fields of large ice 
floes was crossed. Any variation of wave spectra with time will then tend to cause variations 
with time of the slope and form of curve shown in figures 13 and 14. 

The boundary of the field of large ice floes was not well defined on the outward journey, 
when some bending of 50 m floes was evident at 00.00/10 January in figure 7, and floes had 
only reached a little over 1 00 m in size by 08.00/1 0. The energy ratios for 06.00/10 to 00.00/10 
which show a slope of T6 are therefore less typical of large floes than the T8 result from the 
energy ratios for 12.00/10 to 18.30/9 (floe sizes of 3 km and 40Om, respectively). On the 
return journey, the boundary of the largest ice floes was more clearly defined and was 
passed around 01.30/2 February. The energy ratios over the interval 00.00/2 to 06.00/2 fit 
the 778 relationship quite closely as do those for 12.00/2 to 12.00/1. AVlthough not as 

42-3 

This content downloaded from 62.122.78.82 on Mon, 5 May 2014 02:27:08 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


334 G. DE Q. ROBIN 

conclusive as one would wish, the results indicate that the fraction of wave energy trans- 
mitted into fields of large ice floes is proportional to approximately the fourth power of the 
wavelength. This again confirms that elastic bending of the floes is the main parameter 
which determines the energy transmission at these amplitudes, rather than frictional or 
hysteresis losses which one would expect to be in linear proportion to the wavelength. 
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FIGURF 13. Energy penetration into fields of large ice floes as a function of wave period. 
Outward voyage. 

It is more difcult to show the influence on wave penetration of changing ice thicknesses 
than of clianging Nvavelengths, since thicknesses have been estimated by eye only, whereas 

Favelengths have been derived from recorded wave data. Figure 15 shows the plot of ice 
thickness a1ainst the energy ratios for all records from reosion of large floes wvere pienifiod nt 
wave energies were measured in the 16 s band. For these calculations the energy outside the 
pack ice has been taken from figure 5 as constant at 1*5 x 104~ cm2 s for the outward voyage, 
and as 2 x 103 cm2 s for the return voyage. A line of slope hN shows rough agreement with 
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the observations. A similar trend is apparent from the shift of the lines in figures 13 and 14 
between results from ice floes of different thicknesses. 

Our results there suggest that the amount of wave energy penetrating fields of large ice 
floes for periods of 11 to 23 s is proportional to A4/h3. We can write this as 

Eicefield CA4/h1, (12) 
Eocean 

T 

0 /- 

0 
0 

0 

-10 1 
S 

bb 
0 

-3 0 

1-0 1.1 1.2 1 3 

log1o {period (s)} 
lat. thickness 
(O S) (m) diam. 

E000012 67.8 to lj 1km 

E06.0012 67-7 1 to 14 100 m 

E18.00/1 67-9 toi 4km 

E09.00o2 67.6 to 1 30 m 
.F1l2.0011 68.2 2to 1 km 
F12.0012 67.4 2 to 2 20 m 

FIGURE 14. Energy penetration into fields of large ice floes as a function of wave period. 
Return voyage. 

where C is a constant which we can determine from each line of slope drawn in figures 13 
and 14. The values we obtain for Care 3'6, 2-7, 45, 18 and 08 x10'-4cm -lwhen A and 
h are measured in centimetres. The low value of 08 xl0-14 cm-1 corresponds to the 
presence of pressure between large floes at 67. 8 S on the return journey, as mentioned in 
? 7 (b). Apart from this figure the values of C vary over a range of 2 5: 1. Relative errors in 
estimating thickness of 1-35: 1 which may be present, would explain these variations. 

As an approximate guide, we write (12) as 

Ejcefield- 3 x 0'-1 Acm1t 13 
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Under steady conditions, the wave energy in the icefield cannot exceed that in the open 
ocean, therefore the above ratio should not exceed unity. The point at which the above 
empirical relationship equals unity should, however, serve as a rough guide to the minimum 
wavelengths and periods which will penetrate fields of large ice floes with little attenuation. 
Values calculated in this way from (13) are shown in table 2, which includes an extrapola- 
tion to 5 m thickness. Extrapolation to thinner ice is not justified. 

0- 

O .- 

?-120 -\-- CD 

-I 

0 

-3 0 I I I I i 
-1.0 -05 00 +0S 

logl0 {ice thickness (m)} 

FIGURE 15. Energy penetration into fields of large ice floes as a function of ice thickness. 
*, Outward journey; o, return journey. 

TABLE 2. WAVELENGTHS AND PERIOD AT WHICH OCEAN SWELL PENETRATES LOOSE 

FIELDS OF LARGE ICE FLOES WITH LITTLE ATTENUATION 

ice 
thickness wavelength period 

(m) (m) (s) 

0 5 450 17 
1*0 760 22 
2.0 1280 27'5 
3*0 1730 33 
5*0 2540 40 

The constant C in (12) is not a dimensionless constant, but will depend on the elastic 
constants of the sea ice and possibly other factors. The elastic constants of sea ice are a com- 
plex function of age and temperature which affect the amount of brine in the ice. While 
these may cause some variation of the values given in table 2, the resultant variations will not 
be large since only the first power of Young's modulus of elasticity is involved in the bending 
equation. 
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8. WIND GENERATION OF SWELL WITHIN PACK ICE 

During the outward voyage, at lat. 67-1 and 70 6?S, winds of 18 knots blowing over pack 
ice produced no detectable wave action. Worsley also records that a southerly gale on 
14 March 1916 produced no swell. In view of the poor transmission of all but the longer 
period waves through fields of pack ice, these observations are to be expected. 

9. LONG WAVES 

The figures derived in table 2 on the basis of these results indicate that long waves of a 
minute or more in period should be propagated with little loss of energy over most ice- 
covered seas. The presence of waves as short as 3 min in period has been noted on tide-gauge 
records obtained in Terre Adelie during the Antarctic winter in Imbert (I954), and similar 
fluctuations are visible on winter tide records of the British Graham Land Expedition, 
1934-37. 

Another check on our conclusions is possible from gravimeter observations made on 
floating ice. An extensive series of observations ofgravimeter oscillations on Arctic Ice Island 
T. 3 has been published and roughly analyzed by Crary & Goldstein (1959). The mean 
period of oscillation ranged from 23 to 61 s, witlh 70 % of occurrences falling between 33 
and 43 s. If the oscillations were primarily controlled by long-period swell through the pack 
ice, the latter periods, together with table 2, would suggest that the mean ice thickness over 
the Arctic Ocean was from 3 to 5 m, which is the correct order of magnitude. However, such 
a conclusion should be treated with caution, since although swell is the most likely cause, 
the natural oscillations of a floating ice island 50 m thick and a few kilometres across may 
obscure the true picture. In the Weddell Sea, Pratt (I960) made some estimates of the period 
and amplitude of movement on large ice floes from gravimeter observations some 200 to 
300 km in from the edge of the pack. Half amplitudes of around 3 and 5 cm at a period of 
30 s and of 83 and 66 cm at periods of 90 s were present. 

An attempt to measure wave amplitudes by noting the tilt of a theodolite bubble relative 
to the horizon was made off' Syowa' station by Murauchi & Yoshida (I959). They detected 
waves of 20 s in period with half amplitudes of 0 7 cm. The ship was then 30 km south of the 
ice edge, with 10/10 sea-ice cover, of which 2/10 consisted of large floes and 8/10 of small 
floes. The ice was about 4m thick. This amplitude is similar to that measured by R.R.S. 
John Biscoe when heavy ice was estimated to be 3 m thick at lat. 70 30 S, on the outward 
voyage. 

Thus limited evidence from other investigations is in general agreement with the observa- 
tions and conclusions of this paper. 

10 . MICROSEISMS 

Both Imbert (I954) and Hatherton (I960) base their discussion of microseisms on the 
assumptionn that waves and swell do not penetrate the pack-ice belt. Hatherton concludes 
that short-period microseisms (1 to 35 5s) recorded at 'Scott base' originate in the open- 
water areas of the Ross Sea. This is consistent with the findings of this paper which indicate 
that the necessary wave periods of 2 to 7 s are largely confinled to open water. 
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Long-period microseisms (4 to 7 s) at 'Scott base' which would be caused by waves of 
period 8 to 14 s are thought to be due to swell moving on to the continental shelf in the Ross 
Sea. Their decrease in April and early May may be due as much to the thickening of the 
sea ice limiting wave transmission at these periods as to the growing extent of the pack ice. 

Hatherton's conclusion that ultra long-period microseisms (7 to 10 s) are produced at or 
near storm centres and are transmitted through both oceanic and continental crusts to 
'Scott base' appears unnecessary, since swell of the 14 to 20 s period necessary to cause such 
microseisms would appear capable of penetrating through the pack ice for long distances, 
and might well produce the mnicroseisms over the continental shelf as before. If wave energy 
is reflected from the boundaries of fields of large ice floes, or from regions where the ice floes 
increase in thickness, the pattern of standing waves believed necessary for the generation of 
microseisms would be present. 

Hatherton finds that the amplitude of his slhorter microseisms are proportional to the 
fourth power of their period, which is the same as our relationship for swell in fields of large 
ice floes. However, the microseisms are of too short a period for ice floes to exercise any 
control, but control of swell by ice floes may well contribute to the higher power of the 
period (776) which he finds proportional to the amplitude at long periods. 

The programme has been made possible through the continued co-operation of the 
National Institute of Oceanography and the British Antarctic Survey (formerly the Falkland 
Islands Dependencies Survey). The National Institute of Oceanography made the wave 
recording instrument available on loan at short notice when the investigation was first 
proposed, and installation and servicing of the equipment has been done by L. Draper of 
their staff, while MN/. J. Tucker has given general support to the work and has made valuable 
criticisms of this paper. The British Antarctic Survey covered the cost of engineering work on 
R.R.S. John Biscoe necessary for the installation of the wave recorder, and subsequently 
purchased the equipment to make a longer term project possible. Thanks are due especially 
to the Master of R.R.S. John Biscoe, Captain W. Johnstone, and to the officers and crew for 
their ready co-operation in stopping the ship at frequent intervals and for suffering the 
heavy rolling which set in when the ship was stopped. C. Dean and other members of the 
survey helped to operate the equipment botb before and after the author joined the ship. 

Analysis of records has been carried out by the staff of the Mathematical Laboratory in 
the University of Cambridge, and thanks are due especially to Mr P. Swinnerton-Dyer who 
looked after the programming and computation on EDSAC. 

The programme of recording sea and swell within the pack ice is being continued in the 
hope of gaining further information on aspects of the work not fully covered by this paper. 

REFERENCES 

Butkovich, T. R. 1956 S.LP.R.E. Res. Rep., no. 20, Corps of Engineers, U.S. Army, U.S.A. 
Crary, A. P. & Goldstein, N. I959 U.S.A.F. Cambridge Research Center, Geophys. Res. Paper, no. 63, 1. 
Darbyshire, M. I96I Dtsch. Hydrograph. Z. 14, 56. 
Greenhill, A. G. I887 Amer. J. Math. 9, 62. 
Hatherton, T. I960 Geophys. J. 3, 381. 
Imbert, B. I954 Ann. Geiophys. 10, 175. 
Keller, J. B. & Goldstein, E. 1953 Trans. Amer. Geophys. UIn. 34, 43. 

This content downloaded from 62.122.78.82 on Mon, 5 May 2014 02:27:08 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp


WAVE PROPAGATION THROUGH FIELDS OF PACK ICE 339 

Murauchi, S. & Yoshida, N. I959 Antarctic record, 8, 22. Tokyo: Ministry of Educationl. 
Peters, A. S. I950 Commun. Pure Appl. Math. 3, 319. 
Pierson, W. J. & Marks, W. I952 Trans. Amer. Geophys. Un. 33, 834. 
Pratt, J. G. D. I960 Trans-Antarctic Expedition, 1955-58, Scientific Report, no. 2. London. 
Shapiro, A. & Simpson, L. S. 1953 Trans. Amer. Geop/hys. Un. 34, 36. 
Tabata, T. I955 J. Oceanogr. Soc. Japan, 11, 185. 
Tucker, M. J. I956 Trans. Inst. Nav. Architects, 98, 236. 
W'Veitz, M. & Keller, J. B. I950 Commuz. Pure Appl. Math. 3, 305. 

This content downloaded from 62.122.78.82 on Mon, 5 May 2014 02:27:08 AM
All use subject to JSTOR Terms and Conditions

http://www.jstor.org/page/info/about/policies/terms.jsp

	Article Contents
	p.313
	p.314
	p.315
	p.316
	[unnumbered]
	[unnumbered]
	p.317
	p.318
	p.319
	p.320
	p.321
	p.322
	p.323
	p.324
	p.325
	p.326
	p.327
	p.328
	p.329
	p.330
	p.331
	p.332
	p.333
	p.334
	p.335
	p.336
	p.337
	p.338
	p.339

	Issue Table of Contents
	Philosophical Transactions of the Royal Society of London. Series A, Mathematical and Physical Sciences, Vol. 255, No. 1057 (Feb. 21, 1963), pp. 313-339
	Front Matter
	Wave Propagation through Fields of Pack Ice [pp.313-339]
	Back Matter



