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WIND EFFECT ON FLEXURAL-GRAVITY WAVES
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1. INTRODUCTION

The first navigators o encounter the Arctic and
Antarctic ice margins rapidly became aware the pene-
tration of ocean waves into ice-fields. These waves are
termed as flexural-gravity waves (or coupled ice-ocean
waves) whose dispersion and energy decay are deter-
mined by the character of the ice as well as the water
bencath. The ultimate energy source for the Mexural-
gravity wave is the atmospheric pressure fuctuations
generated by winds, However, this wind effect has not
been included into the flexural-gravity wave theories
{eg. Squire, 1984; Wadhams et al, 1986; Lin and
Mollo-Christensen, 1988). The main purpose of this pa-
per is to show the importance of wind forcing on the
flexural-gravity waves. Similar to ice compressive stress,
the major wind effect on the Mexural-gravity wave is to
reduce the group velocity. In the area of low compress
stress, the wave energy accumulation occurs in the area
of high wind forcing.

2. DYNAMICS OF FLEXURAL-GRAVITY WAVE

The flexural-gravity wave has been studicd by several
investigators;  Wadhams (1973), Mollo-Christensen
(1983), Squire (1984), and Liu and Mollo-Christensen
(198R). The vertical deflection of the ice-water interface
n is Laken as

nix, 1) = a sinlkx — i) (1)
All assumptions concerning water and ice are kept the
same as in Wadhams (1973), the water is incompressible,

and the water flow is irrotational. The velocity potential
& within the water obeys the continuily equation:

Vi =0 (2)
A possible form of the solution s
$lx,z,1)=be " coslkx ~ o1). (3
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Considering the ice to be a thin (kh<l) clastic plate of
thickness h, the linearized dynamical relationship among
the deflection, the water pressure immediately below the
ice, and the atmospheric pressure Muctuation caused by
wind is:
P e 3! a
¢ 12(1 — ) 4l Al ax? n

d¢
== pul 5+ 81 =P, )

where p, is the atmospheric pressure Muctuations caused
by winds.

The notation used is the following:
g the acceleration of gravity;
E  Young's modulus of elasticity;

for ice, E= 6 x 10'Nfm?

v Polsson's ratio; for ice, v =10.3;
P compressive stress in the ice pack;
p. density of sea water (1023 kg/m");
p, density of sea ice (= 0.9p,).

3. WIND-INDUCED ATMOSPHERIC PRESSURE
FLUCTUATIONS

As the mean winds U(z) blow over the wavy water
surface (Fig-1), Lighthill (1962) indicates that the low (or
high} pressure is associated with the wave crest (or
trough), as shown in Fig.2.

The atmospheric pressure perturbation is computed
by (Lighthill, 1962)

Pu= -p.at[_[ Vaz)e™ k)] sinfkx —ar)  (5)

where a is the wave amplitude, and

Fiz) = t(z) — Ufz,) {6 |

z is the height where the mean wind cquals the phase
speed. Assuming that equation (5) i also valid for the
atmospheric pressure perturbation over flexural-gravity
waves, the last term in righthand-side of (4) is computed
by



Form Approved

Report Documentation Page OMB No. 0704-0188

Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing the collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden, to Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington
VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to a penalty for failing to comply with a collection of information if it
does not display a currently valid OMB control number.

1. REPORT DATE 3. DATES COVERED
OCT 1991 2. REPORT TYPE 00-00-1991 to 00-00-1991
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER

Wind Effect on Flexural-Gravity Waves £b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
Naval Postgraduate School ,Department of REPORT NUMBER
Oceanography,Monterey,CA,93943

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’'S ACRONY M(S)

11. SPONSOR/MONITOR'S REPORT
NUMBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution unlimited

13. SUPPLEMENTARY NOTES
Eighth Conference on Atmospheric and Oceanic Waves and Stability, 14-18 Oct 1991, Denver, CO,
American Meteorological Society, 265-268

14. ABSTRACT

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17.LIMITATION OF | 18.NUMBER | 19a NAME OF
ABSTRACT OF PAGES RESPONSIBLE PERSON
a REPORT b. ABSTRACT c. THISPAGE Same as 4
unclassified unclassified unclassified Report (SAR)

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std Z39-18



fa=—p,. Wy (7

where

W £—: [ J‘ V(z)e™ k=) )
1]

is the wind forcing on the flexural-gravity waves.

U-e¢
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Fig.1. Wind blowing over a wavy ice surface.

Trough Tregl Tiouga

Fig.2. Sheared airflow, pressure perturbation, and ocean
surface waves {Lighthill, 1962).

4. DISPERSION RELATION

The kinematic boundary condition at the underside
of the ice is
o il
e T = [+]
% B @
to & linear approximation on the plane, z = 0. Substitut-
ing (1), (3}, and {7) into (4) yields the dispersion relation
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BE® — k™ — wi? + gk

= [+ Mk o)

The B, Q, W, and M denote the effects that madify the
frequency of the flexural-gravity wave due to bending,
compression, wind forcing, and inertial of the ice TES peC-
tively, where B, 2, and M are defined by

ok ]
B—L’.Q=%1ﬂf=£:_r i1

1201 — vy, P

The dispersion relation (10) indicates that wind forcing
has the similar effccl as compressive stress on the
flexural-gravity waves. [ce struclural failure can be a
result of the action of combined wind forcing, stresses
due to waves, and structural instability. 1t is apparent
that the frequency can become imaginary for sufficient
high wind forcing, or high compressive stresses.  The
critical compressive stress for the instability known as
buckling is

Do g
. Lt B 3
w2 1201 = vY)p,,

which indicates that the wind forcing will reduce the
critical compressive stress for the structural instability,

+ g — Wk] (12)

5. GROUP YELOCITY

Liu and Mollo-Christensen (1988) suggest that the
high wave amplitudes observed by the R/V Polarstern in
the 1986 winter cruise 10 the Weddell Sea, are caused by
the wave energy accumulation due to deercase of group
velocity brought on by compressive stress. Inclusion of
the wind effect will further enhance the energy accumu-
lation processes and lower the critical value of the
compressive stress for zero group velocity. From (10},
the group velocity C, is found to be

_ o
G ="

[g — (2 + MK)Wk — (3+ 2MK)QK” + (5 + 4Mk)BK ]
[20(1 4+ Mk

(13)

Note that the group velocity takes the value of zero for
a compressive stress P in excess of a critical value P,
given by




— polg — (2 + M)Wk + (5 + 4Mk)Bic*]
o [H(3 + 28002

(14)

which shows the wind effect on this critical value. Fig.3
indicates the wavelength dependency of £, for different
values of ¥ {(a) W=,
W= 100m3 s, (d) W= 150m¥s% and (e} W = 250m3s3,
The dashed line indicates the minimum value of Py (
6.7Nm?) for W=0. When P, = Py, the buckling fail-
ure dominates; when F., < Py, the wave cnergy accu-
mulation effect (due to reduction of group velocity)
dominates, For a piven wavelength, the higher the value
of W, the smaller the P, indicating the wave cnergy
accumulation effect more important for strong wind ef-
fect. Furthermore, for 4 given value of ¥, the longer the
wavelength, the larger the £, indicating the buckling
failure more important for larger wavelengths.

The dependence of group velocity on wavelength
and wind forcing is shown in Fig.d { for P =0}, Fig.5(
for P=10N/m%, and Fig.6 { for P =3 % 10°W/m).
Without any compressive stress (Fig.4), the wind foreing
reduces the group velocity for all the wavelengths; e.g.,
for A = 250 m, the group velocity decreases from 16.5 m/s
for W =10 (no wind effect) to 7 m/s for W = 250 m?[s?

(strong wind effect). With a given compressive stress

(Fig.5 & 6), the wind forcing also reduces the group ve-
locity. This indicates that similar to compress stress, the
wind effect also contributes to the local occurrence of
large amplitude waves in the pack ice.

Py (10N )
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Fig.3. Critical compressive stress of zero group velocity (
P for different wind forcing: (a) W=0, (b
W = 50mst, () W= 100mifs, (d) W=150ms and
(2} W= 250mf5
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(bYW =30mifs, (c) -
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Fig.4. Dependence of group velocity on wavelength at
zero compressive stress (P=0) and at different wind
forcing: (a) W =10, (b) W = 50m2/s?, (c) W = 100m s,
(d) W= 150m?s% and (e) W = 250m/5%
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Fig.5. Dependence of group velocity on wavelength at a
modest compressive stress (P = 100N im?) and at different
wind lorcing: (a) W=0, (b) W=30ms, ()
W= 100m*fs?, (d) W = 150m?[s?, and (e) W = 250m?/s?,
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Fig-6. Dependence of group velocity on wavelength ot o
modest compressive stress (P = 3 x [FN/m?) and at dif-
ferent wind forcing: (a) W =0, (h} W= 25mis?, (c)
W= 50m[s?, (d) W= 75m(s", and () W= 100m3]s*,

6. SUMMARY

The wind forcing is an important part for the
flexural-gravity waves. It causes the wave energy accu-
mulation by the reduction of the group velocity. For a
very small ice compressive stress the wind cffect becomes
a dominate factor leading to large amplitudes of the

flexural-gravity waves
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