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World War |l

o Bad surf on the Atlantic beaches is a
calculated risk.” (Roosevelt to Churchill in
anticipation of Operation TORCH, 1942.)

e Wave energy incident on beaches can vary by
a factor of 100 in 24 hours.

oLCVPs could not operate in more than about 5ft = ==
waves. — _

e Quring the first two days of TORCH 647 of 3
the 378 LCVPs were stranded or sunk in 6 foot =g R . 0
breakers. s e,

e F .t AnlOVP
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Forecasting surf was important....

S10 Digital Archive

Walter Munk and Harald S’Verdrup, circa 1940

The British also conducted a wave prediction headed by
Fritz Ursell and Norman Barber.
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Wave Power?

Energy Flux = ¢, X Energy Density

_ pg°Ta®

(kW/meter)
87

With T=10sec and a = 1 meter, the
energy flux is 40kW/meter.

An average 40kW/meter of wave power
is typical of good sites.

1800V|vl ’O
150°W
MOZHE

Pelamis Wave Power

In the best locations, one 700 ton sea-
shake delivers 300kW on average.

This natural resource is volatile -
fluetvations by a factor of 1000
in 24 hours.

“Survival is more important than
further increase in power output.”
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Wave Power

Estimates of fotal wind-stress forcing are:
¢ 20TW (Ferrari & Wunsch, 2003)
e 60TW (Wang & Huang, 2004)
e70TW (Racsale et al., 2008 )

About 2TW reaches the shore as
surf (Rascale et al. 2008).
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Ocean Power Technologies
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A 103‘1‘00’( long, 260ton buoy being tested in
Vancouver, Washington.

(from the New York Times, September 2012.)

1 TerraWatt =107{12> Watts
= 1000 nuclear power stations

25kwm of coastline = 1 nuclear power plant
(assuming 1007 efficiency)

See “Sustainable Energy - without
the hot air” by Pavid McKay
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How 10 make a wave forecast

o STORM: a weather map provides U, F and D

o SEA: convert U F and P into wave height H
and period T.

o SWELL: wave propagation (decay, dispersion
and scattering) between storm and beach.

o SURF: the transformation of waves in
shallow water.
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The Cauchy-
Poisson solution

After the STORM, or the SPLASH,

- dispersion sorts the waves info a slowly

varying train. Long and fast waves

out-run the STORM. This is SWELL.

-

The dispersion relation: G="171/ gk
Ow 1w g¢T

and therefore —_—

0k :§E  Ax

' = wave period




The wave
propagation
diagram

7}, DISTANCE FROM SHORE

0

4
ORIGIN OF
WAVES

Barber & Ursell (1947)

Ty > T > Tg i3

Ficure 1. Wave propagation diagram.

T gl

ARERERLE

1

Ficure 4. Meteorological chart of the North Atlantic Ocean 18.00 hr. 12 March 194

Use linear wave theory:

e 1 1]
o = gk a"d Cg:E\/%:g—'IT

A 500 meter wave has a period of 18 seconds
and a group speed of 14m/s. The wave takes 44
hours fo travel 1200 navtical miles.
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Linear theory is “reasonably accurate”
- Barber & Ursell (1947)

In this example the area of the storm is
too great and it is too close to the observer.

High frequency waves are generated first,
and get a head start before being
overtaken by longer faster waves.

One should look for examples of
very distant storws.
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Enter Munk
&Snodgrass

(1957)

“The observed frequency shift is
consistent only with very
distant areas of generation in
the Indian Ocean, sovuth of

PACIFIC  OCEAN

3 3 ~ ¥ T e +

Western Australia.”
INDIAN OCEAN
There are clear
observations of a "
source with a range of r_ 94
14800 kilometers. t  Ar

Fig. 6. Azimuthal-equidistant projection centred on San Diego. Distances from Guadalupe are
given in units of degrees (1° equals 111 km).
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Munk, Snodgrass and others,
in 1963 (and again in 1966)

' o Survey bench mark

Munk, Miller, Snodgrass, and Barber (1963)

Swell incident on a triangular array of bottom pressure sensors
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A g loriO Us v inO t’Y Another version of the wave propagation diagram
for linear wave 90
theory o

10

frequency

“Energy peaks associated
with a given event appear
as slanting ridges. The
dispersion relation predicts
that these ridges should be i

straight, and they are.”

<o
<o

0/KS

-
L]

20

‘Spectral energy density log E(f1);
A = range and O = estimated direction _

, 1 | | | | 1 | L 1 1
2 B u 5 1B w8 ® 0 A 2 23 A 5

MAY 1959 fime

Munk, Miller, Snodgrass, and Barber (1963)
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Sources on
Antarctical?

There is a problem:
the inferred sources are
displaced by as much as 10
degrees from storms on
weather maps. Sowme of the
inferred sources were on the
Antarctic Continent (and
some were under sea ice).

O — no wmeteorological ohservations

® —  supporting meteorology
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Modern data




Southern californian buoys

46023
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Pitch and roll buoy: a receiver in deep water

NOAA buoy 46086

o Local depth of 1890 wm: deep-water measurements.
o 30-accelerometer: directional recording of swell.

e Height spectrum measured every hour since 2004
e Mean direction for each frequency bin.
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Back-tracking the swell

We wmeasure the peak-frequency of the
low-frequency part of the spectruwm.

This maximuwm increases linearly in time
for swell from a distant storwm:

f(t)/v(ﬁ) « 1

The slope gives the range R, and
the birth date of the storwm.

We average the direction of the incoming

swell for this peak frequency. Thus we infer:

Range and direction of the storm
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ECMWEF

e 10 m wind speed
e lce cover

e Range and direction
from buoy 46086

July 9th 2004,

m/s

25

20

6:00 am
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e 10 m wind speed
e lce cover

e Range and direction
from buoy 46036

July 9th 2004, 6:00 am
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A storwm in July 2004: ¢ m/

20

e Inferred source

July 9th 2004, 6:00 am
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More examples of well-

inferred sources
(most of the time it works)




June 13th 2006

e Inferred source
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30 October 2007

e Inferred source
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m/s

12 August 2007

e Inferred source
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But a few clean swells come
from the “‘wrong” direction
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Augqust 9th 2006:
wrong position of
the source :

Surface-wave
height (WAM)

e Inferred source

=




March 23%rd 2007:
Source on New Zealand!




Why don't waves always
follow great circles?

eRotation of the Earth. But this effect is far too small
(Backus 1962).

e The Earth is not a perfect sphere. This is even less
important than rotation.

eThe Coriolis force acts on Stokes drift and sends wave
packets round in inertial circles.

eRefraction by bottowm fopography near the three-
sensor array. This is important - Munk (2012).

o The remainder of this talk: refraction by surface
currents between the source and the receiver.
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Why don't waves always
follow great circles?

eRotation of the Earth. But this etfect is far too swmall
(Backus 1962).

e The Earth is not a perfect sphere. This is even less
important than rotation.

eThe s drift and sends wave
packets round in inertial circles.

eRefraction by bottowm fopography near the three-
sensor array. This is important - Munk (201 2).

o The remainder of this talk: refraction by surface
currents between the source and the receiver.

Swell travels at over 10m/s, while surface
currents are usvally much slower than 0.5m/s.

Friday, February 22, 2013



The ray equations (a.k.a. geometric optics)

Waves are shorter than the scale n(r,t) oce
of ocean surface currents and we
can use ‘geometric optics”.

' 1/4
el w=up+va+\g(p*+a?)
dx oJw dy ow
We trace rays by integrating E H % E + %
four differential equations: dp o dg o
dt o dt =~ 0y

Let’s consider a simple, preliminary example
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A uniform current does not deflect
a ray from a great-circle trajectory.

%k receiver

The wave vector is not tangent to
the ray, and the rays are straight,

despite the Doppler shift.
k
Ccll—’i = 0 Cc—t = 0

- % ¥ ¥

source
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A uniforwm current does not deflect
a ray from a great-circle trajectory.

%k receiver

The wave vector is not tangent to _»U
the ray, and the rays are straight,
despite the Doppler shift.
HARTRLISRIRRERE".
dx a8 sarala \/@ dy Y
dt k\ k [ AREEY IR TIN
dp dg U
it P gkt 9 -
U
EESEEES

Thus the speed of surface
currents is irrelevant for
ray bending.

source
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Vorticity (not velocity) bends rays - see L&L
G

*The key resultis: v —= —
Cg

*Valid for isotropic waves, Doppler
shifted by weak-currents:

u|

— K1

Cg

*Ray curvature is independent of
ray direction, and of current
direction. There is no anisotropy,
despite the direction suggested by
velocity.

*An irrotational velocity produces
no refraction.
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Can the vorticity of realistic
surface currents bend rays?

The Doppler-shifted
dispersion relation is:

The ray equations are:

We need an estimate of
the sea-surface velocity,
and vorticity.

W =up+vq+\/§<p2+q2)1/4

dx o

dt op

dpr 0w

A
u(x,y,t) and

dy _oJw
dt - dqg
d_q_ ow
it oy
v(x,y,t)
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0SCAR sea-surface velocity

u(x,y,t) and v(x,y,t)
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Assessment of sea—surface currents

Even very long swell (e.g., Tkwm) is still
much smaller scale than mesoscale

ocean eddies: we use geometric optics.

The Doppler-shifted gravity-wave
dispersion relation is:

w(r,k) =u(r)-k++/glkl
r=(x,y) k=(p,q)

We integrate the ray equations
X = Wp, Y = Wy
p = —Wx, q = _w_’)/

The sea-surface velocity is taken
from 0SCAR.

.
r,
Tt
v
Tt
fr

Inferred
source

Ob

A = 500m

route

I’VGI’

T=18 :
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The observer infers the
source location by great-
circle backtracking.

But the rays do not closely
follow great circles....

‘;---;13 days later
ﬁ‘* L e
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Twenty years of 0SCAR data

One frame every five days for twenty years.

® = inferred source

A = 500m T = 18s
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Propaga’non fhrough ’rhe ’rwen’ry—year mean

Eddies are crucial.

A = 500m JH—="—l~s
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How do we understand these numerical solutions?
We do not have analogs of Snell’s law, Fermat’s
principle and the index of refraction.

w(r, k) =c(r)|k| Versus

Introduction to

Second Edition

w(r,k) =u(r)-k+glk|

42 RAY PATHS FOR LATERALLY HOMOGENEOUS MODELS 67

Figure 4.2 A plane wave crossing a horizontal interface between two homogeneous half-spaces.
The higher velocity in the bottom layer causes the wavefronts to be spaced further apart.

Notice that this is simply the seismic version of Snell’s law in geometrical optics.
Equation (4.4) may also be obtained from Fermat’s principle, which states that
the travel time between two points must be stationary (usually, but not always, the
minimum time) with respect to small variations in the ray path. Fermat’s principle
itself can be derived from applying variational calculus to the eikonal equation
(e.g., Aki and Richards, 2002, pp. 89-90).

4.2 Ray paths for laterally homogeneous models

In most cases the compressional and shear velocities increase
as a function of depth in the Earth. Suppose we examine a

I
10
ray traveling downward through a series of layers, each of ! '
which is faster than the layer above. The ray parameter p i
remains constant and we have :92
I
1
p = ujpsinf; = upsin b = u3sinbs. 4.5) :/?\._
]

If the velocity continues to increase, 0 will eventually equal 90° and the ray!will be
traveling horizontally.

This is also true for continuous velocity gradients (Fig. 4.3). If we let the slowness
at the surface be w1 and the rakeoff angle be 8y, we have
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Derivation of the L£L ray curvature formula: » -

The doppler shifted dispersion relation is:

wr,k)=u-k+ o (k)

The corresponding ray equations are:
: Q)
Y =4+wWr=U+ Tkk’

k=-w,=Cz2xk-(k-V)u
The “ray acceleration” is:
?zV(%IuIZ) +CZ2XT+B (T —u)

where: B(k) € In (%)

Now use intrinsic coordinates.

Project on the normal to the ray:

x.¢2:§$+ﬁ-v<%|u|2)—[3ﬁ-u

With the weak-current approximation:

_C (1)2
X_(Dk+0 Wk

and: 3=@k+0<—?’)
Wk

Cg
Intrinsic Coordinates

¥ =st

Tangent: T =cosaX + sinxy

dx

Curvature: =
X ds

r(s)

x(S)
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Validation of:

e
X__
Cg

x10°

1.5

Antarctic circumpblar | Equa"[orial
current | ~ current |
+ 0.5f
£
CD 1
5 0
©
2 , ,
3 -0.5 e
Subtropical ;
A - frontalzone |7 % |
- : : <= =&/,
5L i i i . .
0 2 4 6 8 10

................

x 107°

time [days]

e Refraction is due to the vorticity in three
current systems between the source and the
receiver.

e This is not a randowm walk, nor is it the
accumulation of many swmall errors over great
distances.

e Most of the errors are due to refractive
events in the equatorial current system.
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Order of magnitude
of ray deflections

A = 500m ,
= TPe T

¢ = 400km
= O 3"

A few events (big eddies)
can produce the observed
deflections.

. o A=250m
012 . | * A=500m
. = A=1000 m
|+ 2A=2000m
~= L
0.04+ ! ; . ¢;
—%O -10
x 10
3 i : ® x
¢ ©
0. ‘
= -
[ )
SS 2f ° *
—
A . ¢
A a® n
1t -
| | .‘X ‘ &‘
“ | |
n - . .>< :0
<—-.-“—‘C e X ] | | ) ﬁx’.n a
—800 -250 0 250 500

0V A [degrees m /2]
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Sumwmary

Scattering near the receiver is
more important than
scattering near the source.

frue source

30°s
60°St .,
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Sunset photo by Peter Sutherland

Really the End
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SUOMO0Y) RIPIMINIAN
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Swell height (m: da ..
[ T 1
O 2 2| G z 10 1213
Time after swell generation (days)

Figure 4. Finding the source storm. All swells with a
17 4 0.5 s period that were identified in 13 days of EN-
VISAT synthetic aperture radar data over the Pacific,
are re-focussed from their location of observation (filled
dots) following their direction of arrival at the theoreti-
cal group speed for 17 s waves. This focussing reveals a
single swell generation event, well defined in space and
time (pink to red disks). The back-tracking trajectories
are color-dated from black (July 9 2004 18:00 UTC) to
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Munk & Snodgrass, 1957

Fig. 1. Aerial photograph of waves at Camp Pendleton, California, on 16 January, 1944. The
coast trends north-west — south-east.
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Fritz Ursell
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-200 -180 -160 -140 -120 -100

80 -60 -40 -20 0 20 40 60 80 100
cm

Friday, February 22, 2013



Time-average surface currents based on a
century of oceanographic observations

(after Tolmazin 1985).
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©Brian Munoz

La Jolla Cove, February 1986
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