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ABSTRACT

The energy exchange between ocean surface waves and ice floes in the marginal ice zone (MIZ) involves the
scattering and attenuation of wave energy and the excitation of oscillation modes of the ice floes, as open ocean
waves propagate into the MIZ. Heave, pitch, and roll modes of oscillation are linked to estimation of wave
scattering and attenuation. A model is presented for wave attenuation and compared to measurements from the
Marginal Ice Zone Experiments in the Greenland Sea, as reported by Wadhams et al.

1. Introduction

Ice is observed on the Grand Banks of Newfound-
land every spring. Ice edge variability involves inter-
actions between ice floes, wind, waves, and currents,
which can move the ice edge by as much as 50 km in
a single day during high wind and wave situations. Ice
edge predictability and the internal ice floe distribution
within the Marginal Ice Zone (MIZ) are difficult to
forecast on short timescales such as hours or days. As
compared to the ice-free situation, nonlinear energy
transfer, S,;, due to wave—wave interactions among
surface waves, is altered by the distribution of ice floes.
Energy input to the wave spectrum S;,, due to the wind,
the associated planetary boundary layer, as well as dis-
sipation and wave breaking in the wave spectrum, Sy;,
are also altered from the ice-free situation. As waves
are scattered and attenuated by the ice floes, wave en-
ergy is transferred to the ice floes, exciting heave, pitch,
and roll oscillation modes. Wave energy is also dissi-
pated by the development of wave-induced currents
and ice floe drift. In this study, we present a model for
the scattering and attenuation of ocean surface waves
within the MIZ, hereafter referred to as the scattering
model. We compare the attenuation predicted by the
scattering model with model estimates by Liu and
Mollo-Christensen ( 1988).

It was suggested by Masson and LeBlond (1989)
that ocean wave spectra within the MIZ should obey
the balance equation for wave spectra
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@8—{’—@+ C, VE(f, )

= (Sin + S )(1 — i) + Sy + Sices (1)
where i, is the change in energy due to wave inter-
actions with ice floes, C, is the group velocity, and fi
is the fraction of ocean surface covered by ice. Modern
operational wave models perform an integration of Eq.
(1), excluding S, and assuming fi = 0. Thus, the two-
dimensional wave spectrum E(f, ¥) is determined as
a function of frequency f, direction ¢}, and position—
time (X, t) coordinates. Wind input parameterizations,
Sin, are largely motivated by experimental field work
reported in Snyder et al. (1981), modified by numerical
experiments by Hasselmann et al. (1988) and others.
Nonlinear transfer, S, is expressed in terms of an ap-
proximation of the original formulations derived by
Hasselmann (1962). An example of its use is in the
WAM model of Hasselmann et al. (1988). Expressions
for dissipation S, originate from Hasselmann (1974),
with some modification to achieve acceptable fetch-
growth characteristics, as given by Hasselmann et al.
(1988). The manner in which S;;, Sy, and S, balance
and combine with one another is discussed by Komen
et al. (1984), Phillips (1985), Hasselmann et al.
(1988).

Our parameterization of S, follows Masson and
LeBlond (1989) and Isaacson (1982), with some cor-
rections. Thus, we use Green’s functions and assume
(i) single scattering, (ii) the Foldy—Twersky integral
equations (Ishimaru 1978), (iii) ice floes are identical
cylinders located at regular hexagonal lattice points
within an infinite array, and (iv) the cumulative effect
of wave scattering within the MIZ involves linear su-
perposition. Masson and LeBlond (1989) showed that
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FI1G. 1. Heave, pitch and roll RAOs for a cylindrical ice floe of thickness 3 m, radius 10 m, in
water 30 m deep using N = 15 and b = 1,2, 3 in Eq. (11). We replace =5,_, by =50, in determining
the source strength functions, f,,(s;) in Egs. (15)—(23).

scattering amplitude and directional properties are de-
pendent on the ratio of the ice floe diameter to wave-
length. In addition to ice floe diameter, we take account
of floe thickness, ice cover concentration, position
within the MIZ, and wave age.

The Liu and Mollo-Christensen (1988) model is es-
sentially a viscous boundary-layer model for wave at-
tenuation. They derive the dispersion relation for waves
under pack compression, find the group velocity, cal-
culate the mean compressive stress for buckling failure
in the pack, examine the exchange of momentum be-
tween waves and the ice pack, and show that pack com-
pression can change the rate of wave packet growth. A
problem with this approach is that the expression for
wave attenuation ultimately depends on eddy viscosity
v, which can range from 1 to 10° cm? s ™' for the open
ocean. For the MIZ, v depends on the roughness of the
underside of the ice cover concentration and is difficult
to measure, as suggested by Liu et al. (1991).

Section 2 suggests a parameterization of the ice
source term S, for use in an operational wave model:
this allows for scattering of waves by the presence of
ice floes. Section 3 presents how scattering depends
upon ice floe diameter d, ice floe distribution, and ice
thickness. Section 4 presents estimates of the effects of
floe diameter and ice cover on wave spectra. Section 5
compares scattering model estimates of wave attenua-
tion with observations from the Marginal Ice Zone Ex-
periment (MIZEX) as reported by Wadhams et al.
(1986). Throughout this paper, MIZ ice floes are as-
sumed not to drift. Effects of ice drift are given in Part

IT (Perrie and Hu 1996; manuscript submitted to J.
Phys. Oceanogr.).

2. Energy transfer between ice and waves

Considerable effort has been devoted to numerical
solutions of the energy balance equation (1) for waves
in the absence of ice. The resulting progression of wave
models include, on one extreme, the empirically tuned
operational models. They require a minimum of com-
putational effort and produce reasonable estimates of
wave parameters, such as the peak frequency f, and
directional properties of the wave field. On the other
extreme are more sophisticated research models that
attempt a more detailed description of the dynamics of
wave field generation and propagation. An example of
such a model is the WAM model of Hasselmann et al.
(1988). We use a comparatively simple well-tuned op-
erational model to generate waves for a given wind
field because we are concerned with the attenuation and
scattering of waves due to the MIZ ice floes. Specifi-
cally, we use a second-generation wave model, as de-
scribed by Resio (1981), Perrie and Toulany (1985)
and Perrie et al. (1989).

Waves propagate into the MIZ, or are generated
within the MIZ, and experience attenuation and scat-
tering. This is represented by S in the balance equa-
tion (1), which gives the change in E(f, %) due to ice
floes. Following Isaacson (1982) and Masson and
LeBlond (1989), we parameterize S;.. assuming a uni-
form hexagonal lattice of identical, freely floating ice
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FIG. 2. Grid for the SWAMP square-box ocean of Hasselmann et al. (1985). Wind is in the positive X-axis direction.
Ice is indicated by ®. Gridpoint separations in both X and Y directions represent 10 km, uniformly.

floes, within the MIZ. The ice term ;. is expressed in
terms of a transformation tensor T%:

S(ﬁ, ﬁi)ice = E(ﬁ’ "91) %, (2)

where space x and time ¢ coordinates are implicit and
summation is over all j angle bands of the discretiza-
tion. The transformation tensor 7% is expressed as

T = A2[BID(I)1?A0 + §(9:)(1 + |a.D(0)|?)
+6(m = I9)]aD(m)|*1, (3)

where 6 is the Dirac delta function and A% is the an-
gular increment in ¥; and 9; = |9, — ¥,|.

The coherent scattering coefficient, «. in Eq. (3),
depends on the distance between ice floe centers D,
and floe radius a, and may be expressed as

_22 ir/4 2
k 3D2V1 — 842/({3D%,

8a*

f"" xs/2a
X e*s( 1 — dx,, (4
0 < @Di) @

where k is the wavenumber. The coefficient £ in Eq.
(3) is a cumulative expression for the effective density
of wave scatterers, p.(r), defined as

R
B = limf p.(r)dr. (5)
Roe o
If the scattering process is limited to some finite time
period Az, then Eq. (5) becomes

Rmnx
8= f p(rydr, (6)
0
where Ry, is the maximum distance traveled by waves
during time period At. The effective density of ice floe
scatterers, p,(r), radiating waves to position 7, is

- ﬂ)rﬂa, (7)

fi
e
pelr ma*1 — (4fi/7) t

where fi represents ice cover concentration. This
follows from having the single scattering approxi-
mation and an assumed infinite hexagonal lattice of
ice floes.
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FiG. 3. Wave attenuation A\ as a function of frequency f and ice cover concentration fi. The
energy impinging on the MIZ is given by E(f) assuming (a) 20-m floe diameter and 1.5-m floe
thickness, (b) 20-m floe diameter and 3.0-m floe thickness and (c) 15-m floe diameter and 1.5-m

thickness.

The coefficient A, in Eq. (3), is necessary for nor-
malization of the scattered energy. It is defined as

A=(1+ |aD(0)|*+ o, D(7)]|?
27
+-ﬂf | D(9)|?dY + f)~", (8)
(4]

where f; is expressed in terms of the absorption cross
section, o,, as

fa = (ePo7eCett —

1), €))

and p, = 2/(Y3D2), as derived by Masson and Le-
Blond (1989), for a regular ice floe array.

Finally, the cross-section scattering coefficient
D(%;), in Egs. (3) and (8), is given in terms of heave,
D, (), surge, D,(¥;), pitch, D;(¥;), and diffraction,
D,(9;), as

D(9y) = Di(Vy) + Dy(9y) + D3(9y) + Da(9y). (10)

Heave D, (¥;), surge D,(¥;), and pitch D;(¥;) are
given by
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FIG. 3. (Continued)
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where w is angular frequency, g is the acceleration due
to gravity, H/2 is the wave amplitude, h the water
depth, and J, is the Bessel function of the first kind of
order [. Diffraction, D,(¥;), is similar to Eq. (11).
Specification of the body motion amplitudes &,, source
strength distribution functions f;,, and the geometrical
elements R;, Z;, L;, s;, and Cj is given in the appendix.
The corresponding response amplitude operators
(RAO) for the ice floe components are heave &,/(H/
2), surge £,/(H/2), and pitch L£;/180H.

Figure 1 presents the variation in heave, surge, and
pitch RAOs, as a function of dimensionless wavenum-
ber ka (the ratio of ice floe radius to wavelength). Ice
floe thickness is assumed 3 m in water 30 m deep. Fig-
ure 1 verifies that our model for the ice transformation
tensor T}, as introduced in Eq. (2), is approximately
the same as the T; model described by Masson and
LeBlond (1989) and Isaacson (1982). In the limit as
k = 0, corresponding to very long waves, heave and
pitch asymptote to unity, whereas surge diverges. At
ka = 1, heave has a maximum of ~1.25, whereas at ka
= 1.75, pitch has a maximum of ~1.9.

3. Attenuation characteristics

Attenuation X is understood in terms of the decay rate
of the spectral wave energy, as waves propagate from the

open ocean into the MIZ. To present the basic A charac-
teristics of the scattering model, we implemented the
model on the simple square box SWAMP ocean, used by
Hasselmann et al. (1985) in intercomparing wave mod-
els. The SWAMP ocean and wind orientation are shown
in Fig. 2. Ice floes are assumed in rows of grid points
parallel to the wind direction, as indicated. Attenuation A
is defined following Wadhams et al. (1988),

1 BE(f, )

"NEEGS) o

(12)

where E(f, ¥) is the spectral wave energy and x, the
distance propagated into the MIZ from the open ocean.
In this section, we derive estimates for \ as a function
of (i) wave frequency, (ii) ice cover concentration,
(iii) ice floe diameter, (iv) floe thickness, (v) distance
measured from the ice edge x, (vi) wind speed Uy,
and (vii) wave age. Of course, there are other variables
such as ice type and ice floe shape, which were not
considered in the scattering model, although present in
real observations.

a. Ice floe parameters

Figure 3a presents A as a function of frequency and
ice cover concentration fi, where fi = 0%, 5%, 10%,
20%, 40%, 65%. Although observed ice cover concen-
tration fi may be 90%, Eq. (7), giving the effective ice
floe number density is not valid for ice cover concen-
tration in excess of w/4. Figure 3a implies that as fi
increases, the wave attenuation increases, approxi-
mately in proportion to fi. The associated one-dimen-
sional wave spectrum E(f) is indicated. When ice is
absent (fi = 0), then \ is negative and waves are
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Fi6. 4. Wave attenuation X as in Fig. 3c for the 2nd, 3rd and 4th grid points within the ice edge,
labeled A, B, and C in Fig. 2. These points are at 20, 30, and 40 km from the ice edge. Energy
E(f) impinging on the MIZ is indicated assuming a wind speed (a) Uj; = 15 m s™" and (b) U)o

=30ms™.

generated and grow. In obtaining these results, we
have assumed the wind speed U, is 20 m s™'. Space
discretization Ax is 10 km and the time step Ar is
300 sec. The ice floes are assumed to have diameter
20 m and thickness 1.5 m. In order to allow the model
to approximately reach equilibrium, A is reported af-
ter the model has simulated 20 h. Unless otherwise
noted, the centered difference scheme was used in
solving Eq. (12) for \ at the second grid point within
the MIZ.

To demonstrate the effect of floe thickness, we present
\ for ice floes 3 m thick, in Fig. 3b. The difference in A
is less than 5% between Figs. 3a and 3b, whereas the
floe thickness differs by 2 times. All other conditions are
the same. The effect of ice floe diameter d is given in
Fig. 3c. This repeats Fig. 3a except that floe diameters
are 15 m rather than 20 m. The variation of X in Fig. 3c
is similar to that of Figs. 3a,b except the scale is ap-
proximately doubled. Thus, floe diameter d appears to
be a more important factor in N\ than floe thickness.
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FIG. 5. Wave attenuation \ as in Fig. 3¢ as a function of time ¢ = 12/3, - - -, 10 h. Corresponding

wave ages are (.23, 0.25, 0.27, 0.30, and 0.40, respectively. There were no waves at ¢ = 0. Energy
E(f) att = 10 h is indicated. Assumed wind speed is 20 m s™'. Floes are 1.5 m thick and 15 m

in diameter and fi = 20%.

b. Wind, position, and wave age

Given waves that propagate from open ocean into
the MIZ, \ may depend on wind speed U,, and the
distance from the ice edge. To investigate this, we pre-
sent \ as a function of U,y and MIZ position in Figs.
4ab. Results are shown for 15 and 30 m s™' winds,
using the second, third, and fourth grid points within
the MIZ, denoted A, B, and C in Fig. 2. Figures 4a,b
are similar, despite the fact that Uy, is 2 times larger in
Fig. 4b than in Fig. 4a. Differences in \ are apparent
in the high-frequency portion of the spectrum as a func-
tion of MIZ position. However, energy in low-fre-
quency bands is not strongly attenuated. This is partic-
ularly evident in Fig. 4b, where higher wind speeds are
associated with much higher wave energy E(f) and a
lower spectral peak f,. Therefore, although E(f) is
highly dependent on U}, and MIZ position, \ is largely
independent of these factors.

As waves are generated and evolve, the balance of
spectral wave energy differs from the equilibrated (or
saturated) state. In the equilibrium state presented in
Figs. 34, the advection of energy C,-VE(f, 9), en-
ergy input by the wind S;;, and energy transferred from
other parts of the spectrum S, establish a balance with
energy lost through dissipation S,. This balance is not
possible when waves are growing, as the spectral peak
f, rapidly decreases. Because X is highly dependent on
frequency f, we expect A should also depend on wave
growth and spectral maturity. Specifically, we expect
A should depend on wave age g/(2nf,U}o) as a measure
of wave maturity. Figure 5 presents \ as a function of

wave age for the same conditions as Fig. 3c. As time
evolves, the peak in N shifts to lower frequency f.
Moreover, the scale of \ varies as the seastate evolves.
Peak \ values decrease as waves get older. The tran-
sition occurs quickly. Within 5 h of simulated time,
estimates for \ are close to the ‘‘long time’” asymptotic
values reported in Figs. 3—4.

4. Impact of scattering and attenuation on the wave
spectrum

Except for Wadhams et al. (1986), there is little data
to validate an investigation of the impact of wave at-
tenuation \ on the wave spectrum. Obviously it is dif-
ficult to mount a large-scale experiment involving the
mooring of directional buoys in the MIZ. Within a few
hours, the ice distribution may change and the instru-
ments could be lost. The tests described in this section
consider the scattering model, implemented on the
SWAMP ocean of Fig. 2 with an assumed array of ice
floes. Wave energy is estimated as a function of (i) ice
cover concentration fi, (ii) ice edge geometry, (iii) a
single ice floe diameter d assumed uniformly for the
whole MIZ, and (iv) variable MIZ ice fioe diameters.
This is motivated by section 3, which showed that fi
and d are important factors in controlling A.

a. Ice cover concentration

Typically, ice cover concentration fi may be ex-
pected to increase gradually in proceeding from open
ocean, through the MIZ and into pack ice. Thus, we
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Fic. 6a. The two-dimensional wave spectra E( f, ), are presented at positions A, B, and C within the MIZ ice floe
array, denoted “‘with ice’” and ‘without ice.”” Floe diameter is 10 m and wind speed is 20 m s™". The grid consists of
water points, indicated by the symbol O. Ice points, with fi = 15%, 35% and 55%, are indicated by solid symbols in
the figure. Gridpoint separations in both the X and Y directions is 100 km, uniformly. The fetch for A, B, and C is X
= 500, 800, and 1100 km. To set the energy scale, the maximum for E(f, ¥) is given in each plot. The frequency f
varies from (.03 to 0.22 Hz, and direction 9 varies from 0° to 360° as indicated.

consider ice cover concentrations fi of 15%, 35%, and
55% at positions A, B, and C within the ice floe array,
as indicated in Fig. 6a. The resultant two-dimensional
energy E(f, ¥) shows a reduction of high-frequency
wave energy with fetch X, in moving from A to B and
its virtual dissipation at C. Essentially, the wave spec-
trum is reduced to a low-frequency rump at C compared
to the more rounded E(f, ¥9) at A just inside the MIZ.

Corresponding plots of E(f, ¥) for open ocean ‘‘with-
out ice’’ conditions are also given. The assumed wind
speed Ujois 20 m s7', the ice floe diameter is 10 m and
the ice thickness is 1.5 m. The grid spacing is 100 km,
implying that A, B, and C are at fetch X = 500, 800,
and 1100 km, respectively. Results in Fig. 6a are re-
ported after the scattering model has simulated 20 h.
Prior to time ¢ = 0, several days of real time were sim-
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FiG. 6b. The fetch-growth relations for total energy E, and fetch X corresponding to Fig. 6a.

ulated with the wave component of the scattering
model to allow ‘‘spin up’’ time for the waves.

The so-called fetch-growth curves, relating total en-
ergy E, to fetch X, where

o M2
E0=J;J; E(f, 9)dfd?9 (13)

are presented in Fig. 6b. Fetch-growth curves are usu-
ally presented in field experiments, such as JONSWAP
by Hasselmann et al. (1973), and numerical studies
such as the SWAMP study of Hasselmann et al.
(1985). Figure 6b shows that total energy E, is quickly
damped after time ¢ > O h. After only 1 h, E, is reduced
by =25%. After 5 h, the reduction is =50%. Of course,
at fetch X = 1300 km, which is beyond the ice array,
the spectrum grows rapidly.

b. Ice edge geometry

MIZ observations must describe the ice edge ge-
ometry carefully. In Figs. 6a,b we considered columns
of ice floes extending across the SWAMP ocean. Had
we considered a simple localized array of ice floes as
depicted in Fig. 7, results would be different. The di-
rectional distribution of wave energy E(f, ¥) allows
the propagation of energy in directions that are non-
parallel to the wind, entering the MIZ from the sides
in Fig. 7. In place of the simple sharp peak shown in
Fig. 6a, a broad peak results, propagating largely in the
wind direction. If the integration is continued for sev-
eral days, the E(f, 9) peak splits into two peaks at
directions differing slightly from the wind direction:
~ *45° or two angle bands, as shown in Fig. 7, after
120 h. The attenuation of total energy E, is slightly less

severe than was obtained in Fig. 6b, because energy
propagates into the ice floe array from the array sides.
Overall, the effects described here increase as the ice
bands become narrower. In contrast, the ice floe col-
umns in Figs. 6a,b do not allow this energy leakage
because they extend completely across the SWAMP
ocean.

c. Ice floe diameter

Figures 3a,c show that a slight change in ice floe
diameter d could result in important modifications to A.
The role of d in MIZ wave spectra is explored in Figs.
8a,b. The ice cover concentration fi is assumed 15%
throughout the array. When d = 15 m, as in Fig. 8a,
wave spectra E(f, ¢) are similar to those of Fig. 6a.
However, in Fig. 8a, E(f, ¥) has nontrivial energy in
middle and high frequency portions at positions B and
C. Corresponding energy is dissipated in Fig. 6a. In Fig.
8a, wave energy can grow within the MIZ. Figure 8b,
where d = 6 m, shows that decreasing d results in en-
hanced N\ and reduced E(f, ©¥) compared to Fig. 8a,
particularly in middle and high frequency spectral
regions. These results are consistent with Figs. 3a,c.

d. Multiple ice floe diameters

In general, ice is observed to act as a low-pass filter.
Only the low-frequency swell penetrates to great dis-
tances within the pack ice. This occurs because all the
middle and high frequency wave energy is dampened
by a myriad of MIZ ice floe sizes. Floes range from
kilometer-scale diameters down to centimeter-scale di-
ameters and occur in all shapes. However, if only a
specific diameter such as 20 m is present, we expect
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FiG. 7. The variation of E(f, ©¥) with position and time, assuming the concentrations fi and floe diameter d
of Fig. 6a, arranged in a localized array of ice floes.

that only specific regions of the spectrum should be
dampened, involving a resonant frequency and har-
monics. This is suggested analytically by Perrie and
Rahman (1991 ) for fixed cylinder floes.

Ice floes typically vary in size, with the smallest ice
floes at the ice edge, where waves have broken up
larger ice floes. Larger ice floes are usually within the
MIZ, at some distance from the ice edge. To investigate
the effect this may have on \, Fig. 9a considers a 15%
constant ice cover concentration fi , with floe diameters
d = 10, 20, and 30 m at positions A, B, and C, respec-
tively. Figure 9b gives the corresponding fetch-growth

curves. Figures 10a,b repeat Figs. 9a,b, with the distri-
bution of ice floes reversed: the largest ice floes are at
the ice edge nearest the open ocean, where waves are
being generated, and the smallest floes are at an ice
edge within the MIZ. In Figs. 9a,b, it is evident that
energy is attenuated at B relative to A and then begins
to show significant growth at C. Increasing the floe di-
ameter at C relative to B and A, results in growth in
wave energy E(f, ¥) in low, middle, and high regions
of the spectrum at C, as suggested by Figs. 8a,b. In
contrast to this, the fetch-growth curves in Fig. 10b are
somewhat inverted relative to Fig. 9b: total energy E,
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FiG. 8. The variation of E(f, ¥¥) with position, as in Fig. 6a, with fi = 15% and assuming floe diameter
(@d=15mand (b)d = 6 m.

decreases with fetch X and with reduction in floe di-
ameter. Reducing the floe diameter results in significant
reduction in middle and high frequency spectral energy
E(f, V) and only slight growth in low-frequency spec-
tral energy (at C relative to B and A in Fig. 10a).

5. Wave attenuation observations

The difficulty in comparing model estimates for
wave attenuation with MIZ observations, is that ice
concentration fi, and ice floe diameter and thickness are
well known and measured in only localized neighbor-

hoods, where intensive field experiments have been
conducted. On the scale of hundreds or thousands of
kilometers, these measurements are not generally avail-
able. Typical ice charts for the Labrador Sea and New-
foundland shelf give overall ice field characteristics
down to the scale of about 50 km. However, ice param-
eters may still vary considerably over the 10—100-km
grid size typical of wave model implementations for
the North Atlantic. Moreover, the models make several
assumptions. The scattering model assumes cylindrical
ice floes of uniform thickness located in a regular spa-
tial array that remains fixed in time. In reality, ice floes
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Fi1G. 11a. Comparison of A estimates from the scattering model, the layer model
and MIZEX data from the Bering Sea on 7 February 1983.

are irregularly shaped, with variable thickness, irregu-
lar positions, and they drift in response to atmosphere—
ocean forcing.

Liu et al. (1991) present measurements of wave at-
tenuation \, as collected by Wadhams et al. (1988)

4.5

during MIZEX, in comparison with their model esti-
mates. Their model, as described by Liu and Mollo-
Christensen (1988), is hereafter referred to as a layer
model. Examples of the measurements are given in Fig.
11a. In comparing the scattering model with data, we
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F1G. 11b. Comparison of M estimates from the scattering model and MIZEX data
from the Greenland Sea on 18 September 1978.
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j=N

Fig. 12. Geometry of symmetrical ice floes. The summation in
equations (11) and (15) goes from j = 1 to j = N, as indicated.
Integration variables, corresponding to the jth integration element s;,
are R;, Z;, and L;. The angle from normal, « in Eq. (21) for gy, is
shown.

have assumed the floe diameter d is 14.5 m, Uy, is 20
m s~', and floe thickness 1.5 m. A comparison of the
layer and scattering models is shown in Fig. 11a. In the
limit as wave period approaches zero, the scattering
model tends to be more able to match the reductions in
\ reported in observations than the layer model. As
shown in Fig. 11a, the layer model asymptotes to a
plateau as the wave period approaches zero. Moreover,
the scattering model N\ tends to match the maximum
observed A. A further comparison of scattering model
estimates with MIZEX measurements is given in Fig.
11b. Model estimates are again shown to match the
measured peak N\ values. A 10% ice cover concentra-
tion with 8-m diameter floes was assumed in Fig. 11b.

6. Conclusions

We have considered the relation between wave at-
tenuation \, MIZ ice floe parameters, wind, and wave
conditions. Using the scattering model, we have shown
that:

(1) Wave attenuation \ depends strongly on wave
frequency f, floe diameter d, ice cover concentration
fi, and wave age.

(i1) Ice floe thickness, wind speed U,q, wave energy
E(f, 9), and spatial position within the MIZ were
shown to be less important factors.

(111) Under appropriate MIZ conditions (regarding
fi and d), generation and wave growth occurs. Under
other conditions, all energy but that of the very lowest-
frequency bands is dissipated.
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For example, as fi increases or as d decreases, we have
shown that \ increases dramatically, with a strong de-
pendence on wave frequency f.

Wave attenuation A estimates from the scattering and
layer models were compared with MIZEX data. While
the scattering model is comparable to the layer model
in being largely able to estimate A, it appears to be
slightly better at modeling \ for low-frequency spectra.
Both models are limited by their assumptions, as noted
earlier. The layer model assumes a value for the eddy
viscosity. The scattering model assumes an ice cover
concentration fi, an ice floe diameter d, a single scat-
tering approximation and floes positioned in regular lat-
tice arrays. Part II of this study considers ice floe drift
experienced in response to waves, wind, and currents,
integrated with MIZ wave attenuation and scattering.

A comprehensive field effort is needed to quantita-
tively measure the geometry of the MIZ ice floes, the
ice floe array distribution, the wave spectrum and its
evolution during storm situations, before a full under-
standing of MIZ wave dynamics is possible. Although
Wadhams et al. (1986) attempted to measure the wave
spectra inside the MIZ, they were hindered by limited
data regarding ice conditions, such as floe size and
thickness distributions. However, they did make con-
clusions that are largely in agreement with our results.
They found that MIZ pack ice attenuates waves differ-
entially: short waves are dampened more than long
waves. They suggested that wave generation may occur
in low ice cover concentration fi situations. They also
suggested that wave spectra should become isotropic
soon after entering the MIZ and that swell spectra re-
quired a longer distance, but ultimately also becomes
isotropic.
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APPENDIX
Body Motion Amplitudes

The body motion amplitudes &, may be specified as
the solutions to the Fourier transformed linearized
equations of motions for a floating axisymmetric ice
floe

3
> [—w?(my + ap) — iwby, + cp1& = F,  (Al)
b=1

where i = 1, 2, 3; m; is the mass matrix, c; the hydro-
static stiffness coefficient, ¥ the exciting forces asso-
ciated with incident and diffracted wave potentials (¢,
+ ¢4), a; the added mass coefficients for a given ice
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floe, and b,, the damping coefficients. The correspond-
ing source strength distribution functions f;,(s;), in Eq.
(11), have to be computed for each particular floe
shape used in the model. Assuming symmetrical ice
floes, as shown in Fig. 12, the functions f;, are defined
by the relation

N

2 Ajfu(s) = BY, (A2)
Jj=1

where the extent of the summation, j = 1, N, is indi-
cated. The jth integration element s; of the summation
in Eq. (A2) extends from the top surface (j = 1) to the
midpoint of the jth incremental element L;, as indi-
cated. Functions A}; and B? are given by

e 0G
AL = fL R Y 6r: (s:, 8")ds' — 6;, (A3)
7/l m=0
BY = 28u(s:) (A4)

fori=1,2,---,N;l=0,1,---;b=1,2,3, 4. Radial
coordinate R; is indicated in Fig. 12. As may be inferred
from Isaacson (1982), g,; may be expressed in terms
of J;, the Bessel function of the first kind of order /,

811 = —iw cosa (A5)
820 = —iw sina (A6)
g3 = —iw(z cosa — r sinw) (A7)
iskH 3 ,
P TIPrTRY +
8al 2w cosh(kh) {sinh[k(z + h)] sinaJ,(kr)
+ cosh(k(z + h)] cosaJ/(kr)} (AS8)

for all [, where 8, = 1, and B, = 2i’ when [ = 1.
Otherwise, g,; = 0. Angle « is relative to normal, as
indicated in Fig. 12. From Isaacson (1982), the
Green’s function Gy, (s;, s') may be expressed as

Gin(sj, 5") = 4C,y cos[pm(Z; + )]

X cos | im(z + h)]K,( Hum >1,<”’"Rf> , (A9)

yij g
where
2 2
Ym + U
= Al

(pim + VYR — v (A10)
and ., are roots of u,h tan(u,h) = —vh, where m
=0, 1, ---. Vertical coordinate Z; is indicated in Fig.

12, in relation to R;. L;, and s;.
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