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During field operations in the Greenland and Bering Seas in 1978, 1979 and 1983, a number of 
experiments were carried out in which wave energy was measured along a line of stations running 
from the open sea deep into an icefield. Wave buoys in the water and accelerometer packages on 
floes were the instruments employed, with airborne vertical photography to supply information on 
floe size distribution. It was found that the decay of waves is exponential, with a decay coefficient 
which generally increases with frequency except for a roll-over at the highest frequencies. The 
observations can be fitted reasonably well to a theory of one-dimensional scattering. 

1. INTRODUCTION trum. At each site a wave buoy was inserted between floes to 
measure the local wave spectrum, while the flexural, heave 

This paper describes the results of a series of field experi- and surge responses of the experimental floe were measured 
ments carried out by Scott Polar Research Institute (SPRI), with accelerometers and strainmeters. The thicknesses of 
Cambridge, England, between 1978 and 1983 to measure 
wave attenuation rates in the marginal ice zones of the 
Greenland and Bering Seas. Wave-ice interaction is an im- 
portant phenomenon in these regions because ice breakup 
due to wave-induced flexural failure is the chief determinant 

of floe size distribution. 

The first measurements of wave decay in the zone of dis- 

the experimental floes were determined by coring, and floe 
size distributions along the flight path into the ice were de- 
rived from overlapping vertical photography done from the 
helicopter. In this paper we report on the attenuation re- 
sults from five field experiments of this kind: 
1. East Greenland pack ice experiments done in the vicinity 

of Kong Oscars Fjord (720 N)in September 1978 (Green- 
crete ice floes near an unconfined ice margin were made by land Sea 1978); 
shipborne wave recorder [Robin, 1963; Dean, 1966 reported 2. Experiments done during the cruise of NOAA ship Sur- 
in Wadhams, 1973, 1986]. Later measurements were made veyor to the Bering Sea ice margin in March 1979 (Bering 
by upward-looking echo sounder from a submerged hover- Sea 1979); 
ing submarine [Wadhams, 1972, 1978] and by airborne laser 3. Further experiments in the Kong Oscars Fjord area ofeast 
profilometer [Wadhams, 1975]. These early experiments all Greenland in September 1979 (Greenland Sea 1979); 
suggested that wave energy decays exponentially with dis- 4. Experiments done during the MIZEX-West experiment in 
truce, according to an equation of the form February 1983 in the Bering Sea, from NOAA ship Dis- 

coverer and USCG cutter Westwind (Bering Sea 1983); 
Ey(x)- Ey(0)exp(-c•x) (1) 5. Experiments done during the MIZEX-83 experiment in 

where c• is a frequency dependent attenuation coefficient 
and E/(x) is the energy density m2s of a spectral compo- 
nent centred at frequency f at a penetration x (m). This 
is suggestive of a scattering process [Wadhams, 1973, 1975, 
1986; Squire, 1983] and therefore it is important to have 
accurate ice geometry data to match the wave data. 

In 1978 SPRI began a new series of experiments in which 
a helicopter wr[s used to visit floes at intervals of a few km in 
the icefield along the major axis of the incoming wave spec- 

the Fram Strait region of the Greenland Sea (77-790 N) 
during July 1983, from the Norwegian M.V. Polarbj•rn 
(Greenland Sea 1983). 
The most recent set of experiments used a directional 

wave buoy, and have been reported by Wadhams et al [1985, 
1986]. 

2. DESCRIPTION OF FIELD EXPERIMENTS 

2.1. Greenland Sea 1978 

These experiments were carried out at Mestersvig in east 
1Now at Department of Mathematics and Statistics, University Greenland (720 N, 240 W) from which flights were made by 

of Otago, Dunedin, New Zealand. Bell 204B helicopter out to the nearby pack ice. Wave en- 
ergy was recorded using Seaspri, a simple free-floating spar 
buoy with a chain to ballast it and a vertical accelerome- 

Copyright 1988 by the American Geophysical Union. 
ter in its head, connected by cable to an FM magnetic tape 

Paper number 7C0705. recorder and amplifier on the ice floe. The vertical photog- 
0148-0227/88/007C-0705505.00 raphy was done using • Hasselblad camera mounted either 
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in the helicopter itself or in a Twin O,tter aircraft. A descrip- 
tion of the field operation as a whole is given in Wadhams 
[1979], while Overgaard et al [1983] give a general descrip- 
tion of the ice conditions at the time of the experiments. 
Results already reported comprise measurements on an ice 
island in the fjord [Goodman et al, 1980]; and temperature, 
salinity, density and pH measurements on ice cores [Over_ 
gaard, 1980; Overgaard et al, 1983]. 

The experiments where a sequence of sites was visited 
so as to yield wave decay rates were carried out on 16th 
September (6 stations), 18th (4), 19th (4), 21st (3) and 22nd 
(5). The locations of the stations are shown in figure 1. 
Floe size information is available for the 19th, with vertical 
photography from the helicopter, and for the 18th and 22nd 
from the Twin Otter. 

2.2 Bering Sea 1979 

A single wave attenuation experiment was carried out 
from NOAA ship Surveyor in 1979. The experiment is re- 
ported in Squire and Moore [1980], and a description of ice 
conditions during the experiment is given in Squire [1979] 
and Squire and Martin [1980]. Although no detailed map- 
ping of the ice morphology on the day of the attenuation run 
took place, an overflight by a NASA Convair 990 a few days 
later provided a 200 km long aerial photographic run from 
which characteristic floe size distribution statistics were ob- 

tained. 

On the day of the experiment the sea ice cover in the 
MIZ region was of 5/10 concentration and consisted of three 
zones. The outermost edge zone, extended for 5 km and 
comprised floes of 20-30 m diameter that had been heavily 
deformed through inelastic collisions caused by high waves. 

TABLE 1. The Eight Floe Stations Making up the Bering Sea 
1979 Attenuation Experiment 

Floe station Distance from ice edge, km 

1 0.0 

2 0.7 

3 2.2 

4 5.3 

5 10.3 

6 18.9 

7 38.6 

8 65.1 

A transition zone (5-30 km) had floes of similar diameter 
which were less deformed; the wave field could still limit floes 
size by fracture but was not sufficient to cause deformation 
by collision. In the interior zone (>30 km) the wave energy 
was insufficient to break up floes, so that large floes greater 
than 100 m in diameter could be found. 

The ship's Bell 206 helicopter occupied eight wave stations 
on ice floes as shown in table 1. Floes of similar character, of 
diameter 20-30 m, and thickness approximately 0.5 m, were 
chosen to ensure that the frequency-dependent heave re- 
sponses of the floes were roughly comparable [Squire, 1981]. 
At each site a vertical accelerometer was used to measure 

the heave of the floe; the 20 minute records were amplified 
and recorded on a TOA chart recorder. For most of the at- 

tenuation run a Waverider buoy, borrowed from the Pacific 
Marine Environmental Laboratory, recorded the incoming 
wave spectrum in the open sea outside the ice edge. This 
provided a monitor for the forcing, and a determination of 
the stationarity of wave conditions for the duration of the 
experiment (several hours). 
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Fig. 1. Wave stations occupied in Kong Oscars Fjord area, east Greenland 1978 and 1979. 
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Fig. 2. Wave stations occupied during MIZEX-•Arest experiment in the Bering Sea, February 1983. 

2.3. Greenland Sea 1979 

These experiments were identical to the 1978 Greenland 
Sea programme, except that the Hasselblad camera was re- 
placed by a Vinten F95 70 mm reconnaissance camera. Ice 
was much sparser in the fjord than in 1978. Its properties 
are again described in Overgaard [1980] and Overgaard et 
al [1983]; it consisted mainly of multi-year ice which had 
been trapped in the fjord during the winter. The main East 
Greenland pack had retreated further up the coast and was 
not connected with the Kong Oscars Fjord ice as it had been 
in the summer of 1978. 

Two wave attenuation experiments were carried out. On 
4 September six evenly spaced stations were occupied along 
the axis of Kong Oscars Fjord (figure 1) in a reasonably 
uniform 3/10 cover of multi-year floes of typical diameter 
50-80 m. On 10 September more widely spaced stations were 
occupied along the fjord axis (figure 1) in a sparser ice cover; 
some larger floes occurred deeper into the fjord, and floe 
1003 was 150 m in diameter. 

œ.d. Bering Sea 1983 

The 1983 Bering Sea field season was part of MIZEX- 
West, a program to study the marginal ice zone in winter 
[Cavalieri et al, 1983]. Two ships were involved: NOAA ship 
Discoverer, which remained near the ice edge, and USCG 
cutter Westwind, which operated approximately 100 km in- 
side the edge. Early in the experiment four radar transpon- 
ders were deployed on floes by Westwind. Each transponder 
was accompanied by a Seadisc, a disc-shaped wave buoy 
designed at SPRI by S.C. Moore for use in water or on 
floes, which employs a gimballed Schaevitz accelerometer to 
measure vertical acceleration. The buoys were set out in a 
line of three stretching into the pack ice at 5.6 km intervals 
with a fourth displaced from the central position. Only the 
three in-line units are used in the present study. These were 

located on ice floes of similar character, each of diameter 
about 20m. The vertical floe acceleration was telemetered 

back to Discoverer continuously over a 4-day period, and 
recorded on a Racal Store 14 FM tape recorder. Each sen- 
sor was equipped with automatic gain control to optimise its 
performance in any sea conditions. Two examples of these 
data were analysed, the first from the beginning of the ex- 
periment (7 February), and the second from approximately 
12 hours later before the array had seriously deformed. In 
addition, three further experiments were carried out, all of 
which were attenuation transects performed using the heli- 
copter to hop from floe to floe. These took place on 20, 22 
and 26 February from Westwind, with the edge wave condi- 
tions and their incident direction measured by Discoverer. 
The incident direction was used to define the baseline for 

the experiment. The position and relative configuration of 
floes involved in each attenuation run are shown in figure 2. 

œ.5. Greenland Sea 1983 

Two experiments were carried out from M.V. Polarbj•arn 
during the second leg of the MIZEX-83 cruise [Wadhams et 
al, 1981; Johannessen et al, 1983]. A preliminary report on 
the results of SPRI participation in this cruise is given by 
Squire et al [1983]. 

The first experiment, on July 26, was carried out in a 
tongue of ice associated with a semi-permanent eddy in 
Fram Strait (79 o N) which has been described by Wad- 
hams and Squire [1983]. Figure 3a shows the disposition of 
the ice and the locations of six sites visited by helicopter. 
Polarbj•rn hove to some 4 km outside the ice edge and de- 
ployed a Seadisc to monitor incoming wave energy. Having 
ascertained that the main swell was coming from 180 o, we 
ran a line of stations by Bell 206 helicopter as shown along a 
33 km baseline; at each station a 22 minute heave record was 
taken using a vertical accelerometer. Floe size distributions 
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Fig. 3 b 
Fig. 3. Wave stations occupied during the attenuation experiments of MIZEX-83 in the Greenland Sea, July 26 
and 29 1983. 

along the flight line were measured from vertical photogra- baseline in the direction of the incoming swell. Meanwhile 
phy, and each experimental floe was surveyed to estimate its the ship, whilst doing oceanographic stations, deployed a 
heave response. Seadisc buoy at the locations shown by stars in figure 3b 

The second experiment, on July 29, was carried out at at the times shown; the first location coincided in time with 
77 ø N with the ship inside the ice edge. Again six stations the helicopter stations (1430-1800 GMT). Again, floe size 
were occupied, as shown in figure 3b, aligned along a 53 km distributions were measured from helicopter photography. 
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3. THEORY OF WAVE DECAY BY SCATTERING attenuation along the line of propagation of a unidirectional 
wave. Solutions to this problem were first obtained in the 

The problem of floating bodies interacting with ocean case of shallow water, where depth << wavelength: John 
waves has received attention because of its relevance to ship [1949] solved for a freely floating cylinder and Stoker [1957] 
motion. The incident wave produces a forced response in the for a finite or semi-infinite raft. Wadhams [1973, 1986] de- 
body, and thus generates a scattered wave field. If the body 
is long compared with its beam, and if it faces a beam sea, 
the problem reduces to two-dimensions and the scattering is 
equivalent to a partial transmission and partial reflection of 
wave energy. Neglecting viscosity and surface tension, and 
quadratic terms in the body's displacement, we can treat 
the problem using linear potential theory. This, the sim- 

veloped a treatment for floating rafts in deep water which 
has been found to work well in comparisons with earlier field 
data [Wadhams, 1975, 1978; Squire, 1983]. 

The reader is referred to section B.3 of Wadhams [1986] 
for a description of the theory, which solves for the velocity 
potential in front of, underneath, and behind an infinitely 
wide floe of finite length d in the direction of the wave vec- 

piest approach to wave scattering theory, deals only with tot. Beneath the floe the surface boundary condition is that 
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the pressure field causes bodily motions of the floe (heave, c• -- • piti pitch) and also flexure in the form of flexural-gravity waves • q- o(r•) (4) 
obeying the same dispersion relation as similar waves in con- i 
tinuous ice sheets. The three sets of velocity potentials are The single scattering approximation is valid if the ice cover 
then matched across the floe edges (x -- 0 and d). Be- is sparse but most ice fields encountered in nature are suffi- 
cause the wave number for a flexural gravity wave is different ciently concentrated for multiple scattering to be important. 
from that of an open water wave of the same frequency, the A full treatment of multiple scattering without dissipation 
matching cannot be successful at all depths; it is done at the predicts that all incoming wave energy is ultimately reflected 
surface only, to obtain an energy transmission coefficient t back out of the front of the icefield, while attenuation within 
(= IT[ 2) for a single floe. To convert t into an experimental the icefield is linear (A. S. Thorndike, personal communica- 
attenuation coefficient c• we picture our infinitely long ice tion). Since this is not observed, it is plain that dissipation 
floe as equivalent to a row of floes, each of diameter d, situ- occurs. A simple treatment which goes one step beyond sin- 
ated with their centres at the same value of x so that they gle scattering is also given in Wadhams [1986]. It assumes:- 
all respond in phase to the incoming wave. Energy scattered 1. A reflected wave vector incident on the far side of a floe 
by individual floes in the positive and negative x-directions experiences the same reflection and transmission coeffi- 
is then reinforced, whereas energy scattered to the side is cients as the main forward wave vector incident on the 
not. front. 

If floes of diameter d occupy a fraction p of sea surface 2. A wave vector is allowed to suffer two reflections and is 
area, there will be p/d equivalent rows per unit penetra- then dissipated. 
tion in the x-direction. The simplest possible assumption is 3. Energy contributions from individual wave vectors can be 
that only single scattering occurs, i.e. each row transmits a added arithmetically, i.e., the scattering is incoherent. 
fraction t of the energy incident upon it, while the reflected Wadhams showed that these assumptions lead to a mod- 
fraction r is dissipated in an unspecified w_•y before it can ified attenuation rate of 
get back to the preceding row. Let unit energy per unit area 
be incident on the ice edge. Then after passing n rows of 
floes the forward energy is reduced to EF -- I n. Now 

OEF = p OEF _ pt n In t (2) Ox d On - d 

The energy attenuation coefficient c• for exponential decay 
is defined by (1), so we have 

--p•n t pr . - - + (3) 
where r -- 1- t is the energy reflection coefficient. For a 
real ice field, where floes of size class di occupy a fraction Pi 
of the sea surface area, 

- + ct • r- 3-i-(n- 1)r 
where n is the number of rows of floes which the wave has 

crossed since the edge. Comparison with (4) shows that 
the effect of multiple scattering is to reduce the observed 
attenuation coefficient, especially in the outermost parts of 
the ice field. At the ice edge itself the factor is 2/3 and 
it does not begin to increase significantly until we reach a 
penetration such that (n- 1)r ,,, 2 -• 3. This corresponds 
to 

ß ~ 



WADHAMS ET AL.: OCEAN WAVE ATTENUATION IN MARGINAL ICE ZONE 6805 

z 

>- 

z 

1 - 

10-1 - 

10-2 - 

10-3 - 

10-4- 

10-5- 

2202 2203 220/. 2206 

22 SEPTEMBER, 1978 

(.) 

lO 20 3o z.o 
DISTANCE FROM FROM FIRST STATION, krn. 

Fig. 4 d 

2207 
I 

50 60 

z 
I.U 

10-3 

C9 
10-4 ct' 

I.U 
Z 
I.U 

10-5 

which in most cases is of the order of km or tens of kin. 
At very great penetrations, c• asymptotically approaches its 
va]ue for single scattering, going as p(r -- d/z)/d. 

Recently an alternative theoretica] treatment has been 
proposed [Weber, 1987] which is not based on progressive 
scattering of incoming waves from ice floes. Instead, the ice 
cover is modelled as a highly viscous Newtonian fluid over- 
lying a slightly viscous (due to turbulent diffusion) rotating 
ocean. Although originally intended to model brash ice, this 
second order theory compares favourably with results pre- 
sented in the present paper for appropriate values of eddy 
diffusion coefficient. 

4. RESULTS 

The data from each wave station were digitised and spec- 
trally analysed, with smoothing over 15 contiguous fre- 
quency intervals to give a standard error of -4-25.8 % in 
each spectral estimate. Each independent smoothed spec- 
tral component from the stations in an attenuation run was 
then plotted as a function of penetration into the ice. In 
all of the experiments reported in this paper the line of sta- 
tions was run in the direction of the main component of 

the sea as judged by eye, so that the penetrations in these 
plots represent distance measured along the wave propaga- 
tion vector. The plot of energy density against distance was 
then subjected to a least squares exponential curve fit so as 
to determine an attenuation coefficient c• of best fit to the 
data. The values of c• calculated in this way are presented 
in a second plot for each experiment, and are also listed in 
table 2, together with a standard error (from the goodness- 
of-fit of the data to an experiment); the frequency interval 
concerned; and the centre period of that interval. A sample 
spectrum is also usually shown superimposed on the second 
plot as an indication of the frequencies at which significant 
energy is present. 

Where the energy density in the spectrum is very small, 
we expect that a noise level may become important, com- 
posed of side lobe leakage from higher energy components, 
errors due to over-amplification of very small accelerations, 
and genuine noise in the ocean wave record due to factors 
such as collisions between floes, wave reflections off the fjord 
sides etc. We decided that an energy density of 0.01 m2s in 
the incident spectrum should be a lower limit for the input 
signal, and likewise that energy densities in the interior of 
less than 10 -5 m2s should be treated with reserve as being 
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Fig. 5. Decay coefficients derived from exponential curve fitting of data in figure 4 plotted against period. The 
energy spectra nearest the ice edge are also shown (right hand scale) on each plot. 

likely to consist mainly of noise. This defined the limits of 
a valid range of periods over which we could calculate the 
attenuation coefficient. 

For every experiment in which concurrent floe size infor- 
mation was available from aerial photography, the model of 
Wadhams [1986] was run using distributions of floe diame- 
ters found from analyses of the photographs whereby every 
floe along the line of overlapping frames was digitised using 
a curve follower. The thicknesses used in the model runs 

depended on the experiment location. For the East Green- 
land data a floe thickness of 3.1 m was used, based on an 
average of cores taken in Kong Oscars Fjord. In the Bering 
Sea model runs the floes were distributed among the fol- 
lowing thickness categories: 0.4 m, 20 %; 0.7 m, 40 %; 1.1 m, 
0 %; 1.7 m, 10 %. These were derived from the results of the 
extensive coring programme done during the MIZEX-West 
experiment. Sensitivity studies show that c• varies approxi- 
mately linearly with thickness h, so that errors in thickness 
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measurement are not as crucial as errors in diameter mea- 
surement. 

In each case the model's predictions of c• for single and 
multiple scattering were computed, and added to the plot 
of observed c• against T. The pairs of model curves are 
connected by hatching to show the span of the model pre- 
dictions. The goodness of fit of the model predictions to the 
observations is then the test of the model's validity. 

J. 1. Greenland Sea 1978 

16 September. The record length used was 1048.1 s and 
digitising interval was 0.512s. Figure 4a shows the decay 
against distance and 5a shows c• against T. The spectrum 
from station 1606, nearest the ice edge, has been added to 
figure 5a; it is narrow with a peak at 8.4s period. In fig- 
ure 5a the horizontal error bars on c• represent the range 

of wave periods covered by the frequency smoothing of each 
component. 

The attenuation rate shows a general increase with fre- 
quency; except for a roll-over at the shortest period which 
will be found to recur in other observations described be- 

low. No direct comparison with theory is possible because 
no aerial photography was carried out, although it was ob- 
served that the close ice cover was composed of uniformly 
sized multi-year floes. 

18 September. Two photo-transects were flown by Twin 
Otter over the experimental area. Ice conditions were far 
from uniform; this is shown very clearly on a Landsat image 
taken on that day [figure 3 of Overgaard et al, 1983] which 
demonstrates that there was a gyre within the fjord. This 
gyre moved ice-free water from the inner part of the fjord 
out along the southern shore and then mixed it across the 
width of the fjord in the form of an eddy. The result was 
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that station 1803, on the seaward rim of the eddy, was sit- 
uated in heavier ice than stations 1801 and 1802, while the 
space between 1803 and 1804 wa• partly occupied by the 
open water of the eddy. The corresponding photo transects 
were subdivided into six sections, corresponding to distinct 
zonations in the ice characteristics. Brash and young ice 
were not included in the analysis. Figure 6 shows the distri- 
butions of floe diameters, measured in the direction of the 
incoming swell. These are very typical of floe size distribu- 
tions in the outer MIZ. This procedure was undertaken for 
all subsequent data sets reported in this paper, but we show 
only this flight analysis as an example of the data used in 
the mode]. 

Figure 4b shows the energy decay; it can be seen that sta- 
tion 1804 has anomalously high energies and 1803 anoma- 
lously low, in relation to 1801 and 1802. The fact that the 
attenuation run was entirely carried out within the fjord 
is also a source of uncertainty, due to the possibilities of 
wave reflection or absorption at the fjord sides. Neverthe- 
]ess, exponential curve fitting was attempted, with the re- 
suits shown in figure 5b. The associated wave spectrum from 
station 1801 superimposed on figure 5b shows that the in- 
coming energy was much greater than on 16 September and 
spread over a wider range of frequencies. In fact, it never 
drops below 0.01 m2s; instead, it reaches minima at low and 
high frequencies from which it rises again (these were used 
as the limits of a valid frequency range). 

The decay rates within the valid frequency range show the 
same trends as for 16 September, although the absolute val- 
ues are lower. Theoretical attenuation rates were computed 
from the floe size data of the two flight lines, and a mean 
weighted by track length was used in figure 5b. Observed 
decay rates lie within the range of computed decay rates for 
wave periods between 8 s and 11 s where wave energy is high- 
est. At short periods there is a roll-over where the observed 
decay is much lower than the model predicts, while at long 

periods the observed attenuation is greater than predicted. 
19 September. The four stations (figure 1) were not op- 

timally arranged for attenuation; stations 1901 and 1903 
were close together on opposite sides of the fjord, and each 
may have experienced different effects from wave energy re- 
flected off the fjord sides. Station 1902 was situated near the 
extreme ice edge in a region of diffuse ice cover. The photo- 
graphic transect showed that the floes were intermixed with 
heavy concentrations of brash and thin ice in the outermost 

13 km. On the basis of an observed wave direction along the 
axis of the fjord, attenuations were computed as for previous 
days. Figure 4c shows the decay against distance; at very 
long periods actual wave growth was observed, suggesting 
wind action in the fjord and throwing some doubt on the 
validity of the other decay rates shown in figure 4c. Fig- 
ure 5c shows the c• plotted against T; the values are low in 
absolute terms and display the short period roll-over. 

The four flight lines gave total concentrations of 19 %, 
52 %, 52 % and 41%, sufficiently high for multiple scatter- 
ing to be important. The fourth flight line corresponded 
most closely to the experimental line, so computations were 
made for this line and for a weighted sum of the lines. The 
results predict a much greater decay rate than is seen in the 
valid range of 5-10s period, suggesting that wave growth 
was indeed important. 

21 September. Only three of the day's wave stations pro- 
duced useful data. However, these were spaced evenly in a 
line along the observed direction of the major wave vector 
(figure 1, stations 2102-4), and so it is worthwhile to com- 
pute the attenuations observed. Figure 5d shows c• values. 
The incident spectrum was narrow (2102 is shown in fig- 
ure 5d), and in the frequency range with maximum energy 
(9-12s period) wave growth occurred rather than attenua- 
tion. As can be seen from figure 1, the station line lay close 
to a lee shore, so it is very likely that wave reflection was 
occurring from the coast and giving additional energy to the 
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Fig. 6. Probability density functions of floe diameter, measured along swell direction, derived from flight lines of 
18 September 1978. Section I lay 0 to 3.5km from ice edge, overall ice concentration 153.5-18.8km, 1022-26.6km, 
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inner stations. In matching the data to the model (figure 1) 
the same floe size distribution was used as was observed on 
the 22rid. 

22 September. Of the five stations occupied on this day 
(figure 1), the first three (2202-4) lay in a line incident on a 
lee shore, allowing the possibility of at least the innermost 
station 2204 being corrupted by reflected wave energy. The 
final two stations lay within Kong Oscars Fjord and thus 
not on a direct line with the first three; we have to assume 
that a unidirectional wave field was incident on the coast 
on a wide front. There was a dense ice cover composed not 
only of high floe concentrations but also of much young ice 
and brash. 

The observed attenuation rates (figure 4d) clearly show 
the anomalous behaviour of station 2204, where the energies 
in every case are greater than for the seaward station 2203. 
We conclude that nearshore reflection and/or wave focussing 
effects are so strong in station 2204 as to negate the validity 
of its data. Therefore, in calculating attenuation rates we 
have used only the four stations 2202, 2203, 2206, 2207. The 
results are shown in figure 5e. 

The flight line most relevant to the experimental line gave 
a total ice concentration of only 11%, which indicates titat 
single scattering is most likely. The results, however (fig- 
ure 5e), give a predicted attenuation rate which is higher 
than the observed rate. 

Bering Sea 1979 

The eight 1200 s heave records were digitised at 0.5 s. The 
1200s Waverider buoy magnetic cassette tapes were digi- 
tised at the same rate and spectra (for equivalent time in- 
tervals) were calculated. These spectra are plotted dashed in 
figure 8. The figure indicates that the wave climate changed 
little during the attenuation experiment, and that the sea 
off the ice edge was significant only in the 4.5 s to 17 s band 
when the 0.01 m2s noise criterion is adopted. Within this 
range all the spectra are twin-peaked at 12 s and 8 s period. 

Figure 7 shows the decay as a function of distance. The 
fit of the data to a negative exponential is good and shows 
the predicted increase in the decay rates as the wave periods 
become smaller. 
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Fig. 7. Energy densities, 1979 Bering Sea experiment. 

Figure 8 shows c• plotted against T. Within the valid 
range defined previously, we note the clear and systematic 
decrease in c• as the wave period increases. The fit between 
theory and observation is good, except for the theory not 
predicting the roll-over at short periods. The high overall 
ice concentration indicates that multiple scattering is im- 
portant. 

4.3 Greenland Sea 1979 

J September. Records from the six regularly spaced sta- 
tions (figure 1) were analysed in 1164.2 s lengths. Figure 10a 
shows that the incident wave spectrum was narrow, with a 
peak at 10.5 s period, and a valid range extending from 8 
to 14s. Within this range the decay of each spectrM com- 
ponent approximate to a negative exponential (figure 9), 
and decay rate increased with increasing frequency. The 

only exception was the component centred on 8.14s period, 
which decayed rapidly and exponentially over the first five 
stations, but at station 0406 exhibited an increase in energy. 
We ascribe this increase to wave regeneration due to wind 
blowing up the fjord; we expect this effect to be greatest 
at short wave periods, and examination of periods less than 
the valid range shows energy growth. We therefore use only 
the outer 5 stations for an exponential curve fit to the 8.14 s 
component (table 2, figure 10a). Note the small standard 
deviations in all of these attenuation estimates, except at 
the longest period where, as figure 9 shows, the error is due 
to the decay rate itself being almost imperceptible. 

Concurrent helicopter photography over the floes was ob- 
tained on this day, and was analysed as three 10 km bands. 
The fit with observations across the bands and for their 

weighted mean is excellent (figure 10a) when single scat- 
tering is used. 

14- 
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Fig. 8. Decay coefficients and five independent spectra from Waverider buoy in open sea off the ice edge, 1979 
Bering Sea experiment. 
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10 September. Three widely spaced stations were occu- 
pied along Kong Oscars Fjord (figure 1). The only devi- 
ation from a diffuse ice cover occurred between 17.6 and 

23.5 km, where floes were surrounded by brash. Noting also 
the small number of stations, this suggests that the results 
should be treated with caution since local effects may domi- 
nate. Figure 10b shows the computed attenuation rates, and 
also shows the spectrum from station 1001. The spectrum 
displays an increase in energy at very long periods; we sus- 
pect that this is an artefact of the recording, so valid range 
is restricted to periods from the low-period energy minimum 
(6 s) to 12 s. The results take the familiar form of an increase 
in decay rate with decreasing wave period, with roll-over at 
the shortest periods, although errors are large at this end of 
the spectrum. 

Again, concurrent photography was directly over the line 
of floes. The photographs were analysed in six sections, 
with total ice concentrations ranging from 2 % to 17 %. The 
weighted mean c• predicted by the model for the sections is 
plotted in figure 10b for single scattering. Again there is a 
good fit with observation over the whole valid data range, 
except at very long periods, where the energies were too low 
for the observed ct to be valid. 

•.• Bering Sea 1983 

7 February. Power spectra were derived from the Seadisc 
heave data and used in an exponential curve fit (not plot- 
ted). The derived attenuation coefficients are plotted as 
functions of period in figs. 11a (from the beginning of the 
buoy deployment) and 11b (from 12hours later). There is 
a familiar decrease in c• with increasing period, together 
with a roll-over at short periods. In both cases the spec- 
trum plotted on the figure as a dotted line is that seen by 
the outermost wave buoy during the experiment; this is not 
quite the forcing sea wave energy, since the buoy was some 
6 km from the ice edge and was located on an ice floe. 

The photographic transect was closer in time to experi- 
ment 2 than experiment I so the results of the model run 

have been plotted on figure 11b. Total floe concentration in 
the segments analysed was 59 %-86 %, with the remainder 
of the sea surface covered with closely packed brash and floe 
fragments, so multiple scattering is likely to be important. 
The results show a good fit, except again for a failure to 
model short period roll-over.. 

20 February. The first helicopter attenuation transect 
comprised five stations situated at 4.8 km, 8.2 km, 17.8 km 
and 19.7km from station I along a bearing of 244 o. The 
entire array was some 50 km from the ice edge, where Dis- 
coverer monitored incident waves using a Seadisc buoy. The 
data therefore represent the local wave spectrum and its de- 
cay well inside the pack, but with supporting data on the 
ocean wave activity at the ice edge. The character of the 
ice cover was markedly different from that encountered on 
7 February with large conglomerate floes composed of dis- 
crete thick floes welded together with younger ice. Along- 
track open water stretches contained large patches of very 
thin ice. 

20 minutes of vertical acceleration data were collected at 

each site. Power spectra for each station and for the ice edge 
time series were used to compute c• (figure 12a), showing 
the usual decrease between about 10s and 16s, a roll-over 
at short periods, and an increase at longer periods. The 
three ice edge spectra also plotted in the figure illustrate a 
gradual change in sea state as the experiment progressed; to 
95 % confidence, however, the wave forcing was essentially 
stationary. The form of the energy spectra was particularly 
interesting since they show significant energy at around 17 s, 
which is not found in the interior data. A secondary peak 
in the open sea spectra occurred at approximately 12.5s, 
which is seen in the interior data. It is probable that the long 
period peak represents swell propagating on a bearing other 
than that along which the interior sites were positioned. The 
values for c• show large errors (table 2) due to the small 
number of stations incorporated in the analysis, their close 
proximity, and possible drift experienced by the ship during 
the experiment. 

Concurrent aerial photography covered a swath connect- 
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ing the sampled floe sites. Overall ice concentration varied 
between 6 and 34 %. The modelled values of ct for both sin- 
gle and multiple scattering are plotted in figure 12a, where 
the fit with observation is especially good (within the valid 
range) for the single scattering curve. The low ice concen- 
tration makes this the more appropriate curve to consider. 

22 February. The second helicopter attenuation exper- 
iment comprised seven sites along a line 225 o located at 
10.3 km, 16.7 km, 25.1km, 25.5km, 32.1km and 36.1km 
from the most southerly station. Ice edge wave conditions 
were monitored by Seadisc as before. Attenuation coeffi- 
cients are plotted in figure 12b, together with three ice edge 

power spectral densities. The same characteristic shape is 
seen in the curves, with ct decreasing with increased wave 
period within the valid range band (10s to 18s). In this 
case the errors are small due to the large number of stations 
involved in the study. 

œ6 February. Wave energy was measured along 230 0 at 
eight sites located at 10.6km, 20.0km, 38.8km, 56.4km, 
62.0 km, 68.6 km and 74.3 km from the southernmost sta- 
tion in the array. The attenuation coefficients are plotted 
in figure 13 and given in table 2, and show the same roll- 
over at short periods, followed by a decreased decay with 
increasing period and by a gradually increasing decay at 
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1 and 2 on • Feb•ary 1983. 

long periods. Within the valid range (10s to 21s) the at- 
tenuation decreases as the wave period increases. No ice 
edge measurements of the wave forcing are available since 
the Seadisc buoy was lost in the rough seas. Instead, the 
most southerly spectrum is plotted to illustrate the energy 
content of the incident sea near the experimental area. The 
spectrum consists of a single, but broad, peak at about 14 s 
period. 

J.5. Greenland Sea 1983 

œ6 July. The experimental baseline (figure 3a)covered 
the entire width of the ice tongue associated with the Fram 
Strait eddy; by station 6 ice cover changed from close pack 
into the more open pack of the northern edge of the tongue. 
Figure 14a shows the energy density against distance (1320 s 
record length, time step 0.6445 s). It is clear that station 6 
is showing regeneration of wave energy, probably due to en- 
ergy incident from the north, and was therefore disregarded, 
as was the shipborne station because of problems with buoy 

calibration. An exponential curve fit was carried out on the 
remaining five stations giving the results plotted in figure 15; 
this shows the familiar pattern of ct increasing rapidly with 
frequency and a roll-over at below 8 s period before the inci- 
dent energy (shown by the spectrum for station 1) becomes 
too small to permit valid analysis. 

29 July. The experimental line (figure 3b) in the direc- 
tion of the incoming swell was oblique with respect to the 
ice edge. Therefore any wave refraction occurring at the ice 
edge will complicate the results. The data were analysed 
in the same way as for 26 July; figure 14b shows the en- 
ergy densities, which were very low. Some of the apparent 
regeneration occurring at high frequencies in the inner sta- 
tions may actually be a variable noise level in the spectrum, 
consisting of side lobe leakage from the spectral peaks (fur- 
ther evidence for this came from tests with simulated data, 
where noise levels of 10 -5 m2s could easily be generated). 
Data with energy levels below 10 -5 m2s were therefore ig- 
nored, leaving only three components within a valid range. 
The computed decay coefficients from seven components are 
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TABLE 2. Computed Attenuation Coefficients for All Wave 
Experiments Reported in This Paper 

Wave Period, s 

TABLE 2. (continued) 

Frequency Range Energy Attenuation Wave Period, s Frequency Puxnge Energy Attenuation 
of Spectral Coefficient 0•, of Spectral Coefficient 
Component, Hz m -1 X10 -4 Component, Hz m -1 X10 -4 

1978 Greenland Sea: September 16 
12.63 0.0725-0.0859 

10.69 0.0868-0.1002 
9.28 0.1011-0.1145 

8.19 0.1155-0.1288 

7.33 0.1298-0.1431 

1.20-4- 0.16 
1.92-4- 0.46 
4.77q- 1.17 
6.17-4- 1.46 
5.28-1- 1.30 

1978 Greenland Sea: September 18 
19.78 0.0439-0.0572 1.95-•- 0.25 
15.41 0.0582-0.0716 1.81q- 0.66 
12.63 0.0725-0.0859 1.57q- 0.67 
10.69 0.0868-0.1002 2.35q- 0.69 
9.28 0.1011-0.1145 3.48q- 0.60 
8.19 0.1155-0.1288 3.98q- 0.47 
7.33 0.1298-0.1431 3.34q- 0.33 
6.63 0.1441-0.1574 2.16q- 0.34 
6.06 0.1584-0.1717 2.04-•- 0.29 
5.58 0.1726-0.1861 2.61q- 0.34 

1978 Greenland Sea: September 19 
9.28 0.1011-0.1145 

8.19 0.1155-0.1288 

7.33 0.1298-0.1431 

6.63 0.1441-0.1574 

6.06 0.1584-0.1 717 

5.58 0.1726-0.1861 

1.21-1- 0.26 
1.15-1- 0.39 
0.92-4- 0.23 
0.66-4- 0.20 
0.83-4- 0.29 
0.554- 0.20 

0.214-0.10 
0.464- 0.30 
1.724- 0.07 
2.194- 0.17 

1978 Greenland Sea: September 21 
12.63 0.0725-0.0859 

8.19 0.1155-0.1288 

7.33 0.1298-0.1431 

6.63 0.1441-0.1574 

1978 Greenland Sea: September 22 
10.69 0.0868-0.1002 0.68q- 0.18 
9.28 0.1011-0.1145 0.84q- 0.10 
8.19 0.1155-0.1288 0.774. 0.41 
7.33 0.1298-0.1431 0.97q- 0.67 
6.63 0.1441-0.1574 1.094. 0.67 
6.06 0.1584-0.1717 1.24q- 0.75 
5.58 0.1726-0.1861 1.244- 0.69 
5.16 0.1870-0.2004 1.06q- 0.63 
4.81 0.2013-0.2147 1.06q- 0.40 

1979 Bering Sea: March 11 
14.49 0.063-0.076 0.304q- 0.109 
12.20 0.076-0.088 0.272q- 0.054 
10.64 0.088-0.101 0.203q- 0.036 
9.35 0.101-0.113 0.438q- 0.036 
8.40 0.113-0.126 0.700q- 0.066 
7.58 0.113-0.138 0.855q- 0.049 
6.94 0.138-0.151 0.988q- 0.062 
6.37 0.151-0.163 1.087q- 0.037 
5.92 0.163-0.176 1.118q- 0.116 
5.46 0.176-0.188 1.214q- 0.191 
5.15 0.188-0.201 1.243q- 0.245 
4.83 0.201-0.213 1.155q- 0.358 

1979 Greenland Sea: September 4 
14.03 0.0653-0.0773 

11.88 0.0781-0.0902 
10.31 0.0910-0.1030 

9.10 0.1039-0.1159 

8.14 0.1168-0.1288 

0.29,4- 0.27 
0.734. 0.25 
1.23-4- 0.19 
2.01q- 0.17 
2.66-4- O.22 

0.89q- 0.46 
1.25-4- 0.28 
1.29-4- 0.13 
2.35-4- 0.54 
2.37-1- 1.46 
2.01-1- 1.46 

1979 Greenland Sea: September 10 
11.88 0.0781-0.0902 
10.31 0.0910-0.1030 

9.10 0.1039-0.1159 

8.14 0.1168-0.1288 
7.37 0.1297-0.1417 

6.73 0.1425-0.1546 

1983 Bering Sea: February 7 (first experiment) 
12.99 0.0735-0.0805 0.34q- 0.26 
11.90 0.0805-0.0880 0.55q- 0.31 
10.87 0.0880-0.0955 0.20q- 0.05 
10.10 0.0955-0.1025 0.754. 0.19 
9.43 0.1025-0.1100 2.05q- 0.03 
8.77 0.1100-0.1175 2.84q- 0.65 
8.26 0.1175-0.1245 3.66q- 1.16 
7.81 0.1245-0.1320 4.66q- 0.81 
7.35 0.1320-0.1395 4.28q- 0.25 
6.99 0.1395-0.1465 3.57q- 0.18 

1983 Bering Sea: February 7 (second experiment) 
12.99 0.0735-0.0805 0.01q- 0.89 
11.90 0.0805-0.0880 1.89q- 0.34 
10.87 0.0880-0.0955 2.53q- 0.80 
10.10 0.0955-0.1025 2.81q- 0.64 
9.43 0.1025-0.1100 3.76q- 1.33 
8.77 0.1100-0.1175 5.79q- 1.48 
8.26 0.1175-0.1245 6.95q- 0.81 
7.81 0.1245-0.1320 8.17q- 0.59 
7.35 0.1320-0.1395 8.41q- 1.02 
6.99 0.1395-0.1465 7.87q- 2.67 

1983 Bering Sea: February 20 
15.63 0.0605-0.0680 0.20q- 0.82 
13.89 0.0680-0.0755 0.38q- 0.24 
12.66 0.0755-0.0830 0.33q- 0.63 
11.49 0.0830-0.0905 0.36q- 0.39 
10.64 0.0905-0.0980 0.81q- 0.30 
9.80 0.0980-0.1035 1.44q- 0.94 
9.17 0.1035-0.1130 0.65q- 1.28 

1983 Bering Sea: February 22 
17.54 0.0540-0.0605 0.22q- 0.09 
15.63 0.0605-0.0680 0.184. 0.17 
13.89 0.0680-0.0755 0.68q- 0.12 
12.66 0.0755-0.0830 0.84q- 0.21 
11.49 0.0830-0.0905 1.06q- 0.23 
10.64 0.0905-0.0980 1.23q- 0.22 
9.80 0.0980-0.1035 1.12q- 0.12 
9.17 0.1035-0.1130 1.04q- 0.15 

1983 Bering Sea: February 26 
20.41 0.0455-0.0540 0.10q- 0.06 
17.54 0.0540-0.0605 0.10q- 0.03 
15.63 0.0605-0.0680 0.11 q- 0.03 
13.89 0.0680-0.0755 0.19q- 0.04 
12.66 0.0755-0.0830 0.24q- 0.07 
11.49 0.0830-0.0905 0.36q- 0.08 
10.64 0.0905-0.0980 0.48q- 0.07 
9.80 0.0980-0.1035 0.27q- 0.08 
9.17 0.1035-0.1130 0.16q- 0.04 

1983 Greenland Sea: July 26 
15.90 0.0576-0.0682 1.98q- 0.20 
13.47 0.0689-0.0796 2.87q- 0.19 
11.68 0.0803-0.0909 4.86q- 0.79 
10.31 0.0917-0.1023 6.48q- 1.05 
9.23 0.1030-0.1136 7.35q- 0.90 
8.35 0.1144-0.1250 8.72q- 0.92 
7.76 0.1258-0.1364 7.39q- 1.46 

1983 Greenland Sea: July 29 
10.31 0.0917-0.1023 0.54q- 0.05 
9.23 0.1030-0.1136 1.42q- 0.21 
8.35 0.1144-0.1250 3.86q- 0.55 
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Fig. 14. Energy densities, 26 and 29 July 1983. 

' 4•t ' 4• ' 5'2 

plotted in figure 15, showing the same trend as on 26 July 
but with much lower decay rates at every frequency. The 
three attenuation coe•cients in the valid range are given in 
table 2. 

5. CONCLUSIONS 

It has been necessary to plot the results of these many 
experiments on separate graphs, rather than attempting a 
universal plot of c• against T, because the predictions of the 
scattering model are critically dependent on the distribution 
of floe diameters, which is different in every case. Never- 
theless, we can draw the following conclusions from these 
datasets, with the great variety of ice regimes and sea states 
under which they were obtained giving us some confidence 
in their general validity:- 
1. The attenuation of waves with distance into a pack of 

discrete ice floes follows a negative exponential, with an 

attenuation coe•cient cr which decreases with increasing 
wave period T over most of the spectral range of medium 
to long ocean waves. 

2. In many cases, the experimental curve of c• versus T was 
observed to possess a roll-over at short periods, whereby 
the rapid increase in c• with decreasing T slows down or 
even turns into a decrease. 

3. A simple one-dimensional model of scattering of waves by 
individual floes gives predictions which agree well with 
observations, being especially good in fitting the decrease 
of c• with increasing T which occurs in the mid-range of 
wind wave periods. 

4. The model does not predict the roll-over effect, and in 
fact predicts that attenuation rates for very short period 
waves will be so high that such waves should not be seen 
at all within icefields. This also occurs, incidently, in the 
model of Weber [1987]. 
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Fig. 15. Decay coefficients and outermost wave spectrum for 26 and 29 July 1983. 

5. Fwo possible explanations for the roll-over effect are 
1. In open icefields, the wind can generate new short wave 

energy in the open water spaces between floes. A the- 
oreticM treatment of wave generation by wind in a sea 
surface partly covered by floating scatterers is under 
way (D. Masson, personal cornrenu.). 

2. In concentrated icefields, a non-linear transfer of energy 
may occur from long to short periods due to the motions 
induced in ice floes by waves. In other words, floes do 
not simply scatter waves at the same frequency as the 
forcing function, but make waves due to such processes 
as resonant bobbing or pitching, collisions, or rafting 
events. 

The roll-over effect, although not yet treated by theory, is 
important in that the energy level of short waves in an MIZ 
icefield is a measure of the level of collisions and other ice floe 

interactions that are occurring. These, in turn, are a major 
source of acoustic ambient noise. It is probable, therefore, 
that short waves and ambient noise levels are strongly corre- 
lated, and this has been the subject of recent studies during 
the MIZEX-87 experiment (P. Rottier, personal commun.). 
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