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Abstract

Motivated by differences in direction of propagation between
the modelled and measured waves observed at the Southern
Ocean Flux Station (SOFS), we investigated the possible effects
of wave refraction on a Southern Ocean current ®eld. We im-
plemented a numerical model to describe the refraction of wave
trains when propagating over a spatially varying current ®eld
and to see how they would be affected as they approach the lo-
cation of the SOFS.

The model was applied to three typical swell directions ob-
served in the Southern Ocean, coming from south (S), south-
west (SW) and west (W). The regions of convergence (increas-
ing energy) and divergence (decreasing energy) of the wave rays
are de®ned for each situation, as well as the relative changes in
wave energy, and hence wave height. It is shown that a spe-
ci®c eddy located at southwest from the buoy can have strong
in"uences in the wave propagation and, in the case of westerly
and southwesterly swells, can generate a clear divergence of the
wave rays that would otherwise have reached the buoy location
if there were no currents.

Introduction

The Southern Ocean Flux Station, deployed by the Australian
Centre for Weather and Climate Research (CSIRO and Bureau
of Meteorology) near -47S and 142E, is the ®rst successful
long-term mooring deployment in the Southern Ocean (see [5]).
The analysis of the wave data showed to have a good agreement
with wave models. However the peak direction showed charac-
teristic disagreements at times, as a systematic wave refraction.

In deep ocean, wave refraction can occur mainly due to the pres-
ence of currents, more speci®cally caused by strong current gra-
dients. The refracted wave train has its wavenumber and direc-
tion modi®ed and it does not recover the original condition. It
led us to speculate that, although the SOFS measurements indi-
cate that the currents are relatively weak, the wave propagation
might have been affected in remote regions before reaching the
buoy location.

The literature regarding the theoretical approach of wave refrac-
tion on currents is extensive. [2] expressed the changes in wave
direction as a function of the current speed for a constant cur-
rent shear model, in a Snell's law form. However this model can
hardly be applied to realistic situations. [1] presented a simpli-
®ed solution to obtain a ray tracing model. Despite its simplicity
it shows that the main characteristic of the currents which af-
fects the wave propagation is not the current speed, but the hor-
izontal current gradient. Since then, different works have been
performed to analyse the refraction effects of a current ®eld on
a propagating wave. [3] studied how a current vortex could re-
fract an incoming wave train. An interesting conclusion is that
due to the opposite signal of the current gradient on each side of

merical models can represent them fairly well. Atthe SOFS we
observed considerably weak current velocities, however the lo-
cation is surrounded by a complex system of eddies [4], which
creates an interesting scenario for studying wave-current inter-
actions.

Methods

Wave Refraction Model

The ®rst effect to be considered when a wave train propagates
into a current ®eld is linear refraction. A basic concept in the
wave study is the Doppler Shift that occurs in the wave fre-
quency when propagating in a moving medium:

w= s+ k:U; 1)
wherew is the absolute frequency or the frequency in a ®xed
frame of reference and is a function of the wavenumber vector
k, the positionx and the spatially varying current)(x;y) and

s is the intrinsic frequency or the frequency in a frame mov-
ing with the current. Equation (1) has an important in uence
in the wave ®eld, since it modi®es two very important parame-
ters: frequency and wavenumber. Besides this ®rst concept, the
geometrical optics approximation can describe the wave packet
kinematics and the consequent changes in wavenumber and po-
sition when propagating over an inhomogeneous medium (e.g.

[7):
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These two equations represent widely applied laws in wave
kinematics. Théoppler shiff caused by the currents presence
and represented by equation. (1), when applied into equations
(2), enables us to infer important changes in wavenumber, fre-
gquency and direction of propagation undertaken by waves along
the rays.
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The ®rst equation in (2) represents the changes in group veloc-
ity, i.e. the velocity with which the wave energy is propagated:

d
= ﬂ—“k(s(lo+ kU);
g = g+ U ®)

Herecy is the new group velocity in the presence of currents and
cg when the currents are absent. It means that the path through
which the wave energy is propagated is directly proportional
to the currents. The second equation in (2) is the well known

the vortex, the wave rays can create convergence and divergence law of 'conservation of waves' or 'conservation of crests' and

zones ahead.

Ocean eddies are particularly important in deep ocean.
Mesoscale geostrophic vortices are a common feature and nu-

relates the wavenumber variations in time with the angular fre-

quency changes in space. If we develop this equation further
using again equation (1), the changes in wavenumber can be
expressed as



for January 22, 2011. This day represents an example of the
clear differences found between observed and modelled wave

% = 1 (s(K)+ k:U) peak direction, and it was therefore chosen for this study. It is
dt fix interesting to notice the strong eddy located at southwest from
fs (k) U the buoy location (marked by the symbol "*"). This direction is
= | i ! k:ﬂ—x: 4) where the main wave systems come from and thus can poten-

tially in uence waves at the SOFS. In the same ®gure, panel (b)

highlights the eddy.
Here we can see that the wavenumber changes not as a function

of the current itself, but as a function of the current gradient, ~The grid showed in ®gure 1 was chosen in order to isolate the
represented by the last term on the right-hand side of the ®nal highlighted eddy and to be able to study how this speci®c eddy
equation. For convinience we can express equation (4) in terms can modify the wave rays propagation that would eventually

of the wave propagation coordinates:
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wheres is the coordinate in the direction of the wave propaga-
tion andd is the local depth.

If we consider that the intrinsic frequency is not a function of
the local depth and consequently does not depend on the spa-
tial coordinate, i.e. assuming deep water, the rate of change of
wavenumber becomes

dk U
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Using this relation we can also deduce the changes in wave di-
rection. Since the direction of propagation is given by the two

components of wavenumbe(ky) in the form

ky
= arctan2:
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the change in wave direction caused by changes in wavenumber
is hence

dg_d ky
d o d arctank—x (8)
Using (4), one obtains
dg 1 qs qu
- = 1= ST
- K '|Tm+ k'ﬂm ; 9)

wherem is the coordinate perpendicular to the wave propaga-
tion. For deep water, (9) becomes:

Y, (10)

Current Model

The current ®eld used as input for the refraction model was from
the CSIRO Bluelink ReANalysis (BRAN v. 3p5) [4], a data
assimilation model which uses an Ensemble Optimal Interpo-
lation (EnOQl) called BODAS (Bluelink Ocean Data Assimila-
tion System). Among the physical ocean variables are the three
components of velocity. To represent the surface currents we
used the 12 metres depth output, as it is about accurate as from
altimetry [4].

Figure 1 shows the velocity vector ®eld for the Southern Ocean
and for the grid used for the refraction model (red rectangle)

reach the location of the mooring.
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Figure 1: Velocity vectors for the Southern Ocean (a) and for
the grid used in the wave refraction model (b), in which a strong

eddy is highlighted. The symbol ™* marks the location of the
SOFS.

Numerical Model and Wave Rays Simulation

A numerical model to solve equations (2) was implemented us-
ing the Runge Kutta 4th order method. This model can simulate
the wave ray path and calculate the changes in wavenumber and
direction. In order to represent a wave train one thousands of
rays were propagated from the west and south grid boundaries,
totalling 2000 rays. The wave period for all simulations was
12 seconds as it was the mean period observed from the SOFS
data. Equation (9) shows that changes in direction depend also
on the wavenumber, more speci®cally the shorter the period the
higher is the refraction and the wave ray is more deviated.

Three swell directions were simulated, corresponding to typi-
cal conditions observed in the Southern Ocean: coming from
south, southwest and west. These directions were the most ob-
served in the wave data analysis, with a high predominance of
southwesterly swells.

The relative change in energy was estimated by the rays count-
ing in regular grid cells. The grid domain was divided in 20x20
cells and the relative energy was de®ned as the the number









