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Ocean waves:

We are dealing with wind generated waves at the surface of the oceans,
from gentle to rough ...

<> ECMWF



Ocean Waves
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What we are dealing with?
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A Wave Record

Individual Waves,

Significant Wave Height, H_,

Maximum Individual Wave Height, H_ .
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Surface elevation time series from platform Draupner in the North Sea
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Wave Spectrum

® The irregular water surface can be decomposed into
(infinite) number of simple sinusoidal components
with different frequencies (f) and propagation
directions (@) and amplitudes.

A E(f.0)
® The distribution of

wave energy among
those components
is called:

“wave spectrum?,

F(f,6).

)
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Ocean Wave Modelling

® Modern ocean wave prediction systems are based on statistical
description of oceans waves (i.e. ensemble average of individual
waves).

® The sea state is described by the two-dimensional variance
spectrum F(f,6) of the surface elevation.

vszorm
?" o “ ‘

Ef.6%

two-dimensional spectrum

o g o

wind-sea

Nortk Sea

4
E(f) wind-sea

--------‘-------

swell

; ' ‘. -----
A one-dimensional spectrun

»

f
Ocean wave Forecasting Slide 7 -wECMWF




Ocean Wave Modelling

® Once the spectrum is known, information about the sea state can
be derived.

® For example, the mean variance of the sea surface elevation n due
to waves is given by:

(") = [[F(f,0)dfdo

® The statistical measure for wave height, called the significant wave

height (H,): 5

The term significant wave height is historical as this value
appeared to be well correlated with visual estimates of wave height
from experienced observers. It can be shown to correspond to the
average 1/3'9 highest waves (H,3).
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Ocean Wave Modelling

® The 2-D spectrum follows from the energy balance equation
(in its simplest form: deep water case):

a—F+\7g .VF =S, +S,,+S
ot

diss

Where the group velocity Vg is derived from the dispersion
relationship which relates angular frequency and wave number:

S, wind input source term (generation).
S, hon-linear 4-wave interaction (redistribution).

Syiss: dissipation term due to whitecapping (dissipation).
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Wind input in pictures

wind-induced [:>
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Figure 6.15 The normal wind-induced pressure moving as a (nearly) frozen dis-

tribution across the water surface.

Linear growth ———— ———
M

But once waves are present,
H H . high wind-induced air pressure, low wind-induced air pressure,
t h ey d I Sto rt t h e al r fI OW ab O Ve . surface moving downwards surface moving upwards

Figure 6.16 The wave-induced wind-pressure variation over a propagating
harmonic wave.

the wave grows by this mechanism, the mechanism becomes more effective, so
the wave can therefore grow faster, which in turn makes the mechanism even more
effective, etc.

Figures from “Waves in Oceanic and Coastal Waters” by exponential growth
Leo Holthuijsen. Cambridge University Press
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Non-linear inter-action in pictures

wave tank wave-nutiber
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wave generatar | wave generator 2 p ' Figure f).'.’O Quadruplet wave—wave in[erac!ions (realisable in_dee_p waler). Two
X ' pairs of wave components can create two diamond patterns with identical wave
! lengths and directions and therefore identical wave numbers. When the four waves
are superimposed (not shown here), they can thus resonate. The wave-number
FigUI'C 6.19 Triad wavcf\_wavc interactions (J’{Ul realisable .t.f’r de('p water). A hypO* vectors of the four wave components are shown 1n the righ[.hand panc] in wave-
thetical wave-tank experiment with one pair of mechanically generated, freely number space with Fy 4 Fy = ks + ky.
propagating waves, interacting with a third, freely propagating wave. The wave-
number vectors of the three wave components and of the diamond pattern are shown
in the right-hand panel in wave-number space: the wave-number vector of the third
wave is equal to the wave number of the diamond pattern, which is equal to the
sum of the wave numbers of the original two wave components: I-G3 = k; + k». (For
the concept of wave-number vectors, see Section 3.5.8).

3-waves interaction (triad) 4-waves interaction (quadruplet)
not possible in deep water possible in deep water

Figures from “Waves in Oceanic and Coastal Waters” by
Leo Holthuijsen. Cambridge University Press
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whitecapping dissipation

<> ECMWF



Wave Model Configurations

ECMWE Global models

Global from 81°S to 90°N,
including all inland seas.

Coupled to the atmospheric model
(IFS) with feedback of the sea
surface roughness change due to
waves.

70°8

The interface between WAM and
the IFS has been generalised to
include air density and gustiness
effects on wave growth and
neutral winds.

Data assimilation Jason-2
altimeter wave heights.
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Tuesday 14 March 2006 00UTC ECMWF Forecast t+36 VT: Wednesday 15 March 2006 12UTC Surface: significant wave height
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ECMWF Wave Model Configurations

Deterministic model Probabilistic forecasts
(EPS)
® 28 km grid spacing. ® 55km grid spacing.

® 36 frequencies. 30-> 25 frequencies *.

® 36 directions. 24 = 12 directions *.

Coupled to TL639 - TL319 model *.

o
o
® Coupled to the TL1279 model. ¢
o

(50+1) (10+5) day forecasts from O

_ and 12Z (monthly once a week).
® Analysis every 6 hrs and 10 day

forecasts from 0 and 12Z.

* Change in resolutions after 10 days

NB: also in seasonal forecast at lower resolutions
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Wave Model Products

The complete description of the sea
state is given by the 2-D spectrum,
however, it is a fairly large amount
of data (e.g. 1296 values at each grid
point in the global model (36x36).

It is therefore reduced to integrated
guantities:

» 1-D spectrum obtained by
integrating the 2-D spectrum
over all directions and/or over
a frequency range.

Wave model

Ef.6)4

. |spectrum Y

wind-sea

v

1-D
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Wave Model Products

When simple numbers are
required, the following
parameters are available:

» The significant wave height
(Hs).

» The peak period (period of
the peak of the 1-D
spectrum).

» Mean period(s) obtained
from weighted integration
of the 2-D spectrum.

Integrated mean direction.
Few others.

Y VY
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- peak
Ll |
|
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| | area under spectrum = < 777>
|
|
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|
/\/ -
% <f>
(peak frequency) (mean frequency)

T=1/f

Complete list at: http://www.ecmwf.int/services/archive/d/parameters/order=/table=140/
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— Wwindsea
— swell

— total sea

Ocean wave Forecasting

Wave Model Products

Plot of 2-D spectrum can become very busy !
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Mormalised 2-D Wave Spectra  EXP: 1 STREAM: WV
Crange Arrows: Total ... Hed Arows: Wind-Sea ...  Violet Arrows: Swell
19 (L 125 [LEL a'w Ta aw ELLL Y AN (L o*
| H : H : SWH [m]
4 864

i

| NN ey & R wé;‘ 45
> <> <> <> <> ,.;_ =<
> ‘—: e % b=

> <> cAS oS ARSI A

<> <> <>
:;_‘ ( 3 @ 'L*

05

02943

&S ECMWF

Slide 17



Wave Model Products

Except if you only look at one location ...

NORMALISED 2-0 SPECTRUM for 0001 wave od
06007 on 15022009
at&2@s | 53.05%°, -15.8927)

Hes= 240m, Tm= 7.238, Tp= 6838
Peakedness Op = 0.86, Directional Spread = 1.37
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Propagation direction is with respect to North
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Concentric circles ame every 005 Hz
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Wave Model Products

Use simple parameters:
total wave height and mean propagation direction

ECMWF Andlysis VT Sakrday 1+ Februay 2009 coUTE Surbace: Mean s=a kvl preszurSud: 10mete Vwind component. | e
2 r =

ECMWF Araly=is WT:Saturday 14 February 2008 00UTC Surdace: Significar wave height Su: Mean wawve drecion
=7, i AN
— ; v T t
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&

.
=

10m winds and mean sea level pressure: Wave height and mean direction:
Analysis : 14 February 2009, 00 UTC Analysis : 14 February 2009, 00 UTC

Ocean wave Forecasting
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Wave Model Products

NORMALISED 2-0 SPECTRUM for 0001 wawe od ECMWF Analysia ¥T:Saturday 14 February 2009 00UTC Surface: Signidcart wave height Surt: Mean wave diecion
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Hs= 176 m, Tm=11.26s Tp=1361s - .,
Peakedness GQp = 218, Directional Spread = 1.38
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Concentric circles am every 005 Hz h
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Wave Model Products

Situation might be more complicated !
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10m winds and mean sea level pressure: Wave height and mean direction:
Analysis : 15 February 2009, 00 UTC Analysis : 15 February 2009, 00 UTC
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Wave Model Products

Situation might be more complicated:

NORMALISED 2-0 SPECTRUM for 0001 wawe od
00:00Z on 15.02.2008
at 62001 ( 45.207, -5.00°) .
ECWWF Andysis WT:5Sunday 15 February 2009 00UTC Surtace: Signitcant wave height'Sur: Mean wave direcion

He= 227 m, Tm= 7.688 Tp=1228s
Peakedness Gp = 1.05, Directional Spread = 1.40
MWD = 245% PWD = 80°
Propagation direction is with respect to Morth
Morth is pointing upwards
Coneentric circles ame every (L05 Hz
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Wave Model Products

A scheme is used to split the global wave fields into waves which are
under the direct influence of the forcing wind, the so-called windsea or
wind waves, and those waves that are no longer bound to the forcing
wind, generally referred to as swell. Period and mean direction are also

determined for these split fields.

ECMWF Analysis ¥T:Sunday 18 Febuary 2009 00 UTS Surace: Signilicar wave heighiSurl: Mean direcion of wind waves @

-

Wave height and windsea mean direction:
Analysis : 15 February 2009, 00 UTC

Ocean wave Forecasting

ECMWF Analysis ¥TSunday 15 February 2008 00UTS Suace: Signifcard wave haghtSurd: Mea drecion of fotal swd| @

-

Wave height and swell mean direction:
Analysis : 15 February 2009, 00 UTC
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Wave Model Products

Windsea and swell: opposing sea

NORMALISED 2-0 SPECTRUM for 0001 wave od
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ECMWF Analysis VT Sunday 15 February 2008 D0OUTC Surface: windsea: height_direction
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Wave Model Products

Windsea and swell: cross sea

NORMALISED 2-D SFECTRUM for 0001 wave od

18:00Z on 15.02.2008
at62085 | 53.06°, -165.027)

Hs= 285m, Tm= 8305, Tp=1229s
Peakedness Qp = 1.01, Directional Spread = 1.34
MWD = 37* PWD= &0%
Propagation direction is with respect to Morth
North is pointing upwards
Concentric circles are every 0.05 Hz
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Wave Model Products

yet it has been introduced at JMA to indicate cross sea areas !

Initial Time: 2012 12/28 00UTC
Wave Hindcast (FT=0) .

10°N

09N

Predicted wave spectrum field (upper) and an image wave map in which
crossing area is marked. (Source: JMA)
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Wave model deterministic products on the web*

Wave products available by default on the centre’s web pages:
(Home -> Products -> Forecasts -> Ocean Wave Forecasts :
http://www.ecmwf.int/products/forecasts/wavecharts/index.html#forecasts

Wednesday 1 February 2012 00UTC @ECMWF Forecast t+132 VT: Monday 6 February 2012 12UTC
Significant wave height and mean direction
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Wave model deterministic products on the web
Also windsea and swell plots:

BN o

Wednesday 1 February 2012 00UTC ©@ECMWF Forecast t+132 VT: Monday 6 February 2012 12UTC Wednesday 1 February 2012 00UTC ©®ECMWF Forecast t+132 VT: Monday 6 February 2012 12UTC
Significant height of wind waves and mean direction Significant wave height of total swell and mean direction
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spectral partitioning
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Can we derive more information from the wave spectra?

Significant wave height and low frequency wave energy propagation,
as derived by integrating the 2d spectra over directions and frequency bands
(shown here in terms of equivalent wave height)

Betanr A‘:".m"tr:;:;’;::.m:“m o gt Wiors erer gy it s of wans hieight for wares e erergy M b of warve belght forverss
WAL per ook Bebween 23 ard 29 sec. (1000 D 12000 m waiel ) W periad shsibwesn 21 ond 25 moc. (700 b 1000 m warel g

I

BAE

11 May, 2007,
12 UTC Warve energy in beerns of ware height For waes Warve energy 1 berms of wane height for warves: Wave energy b b of ware height for vaes

with pericds bebszen 17 and 21 ==c. (430 to 700 m wavelengh) with periods between 14 and 17 s2c. (300 bo 430 m warelength) with pericds babwean 12 and 14 z=c, (225 b0 200 m wavelangh)

ﬁ 17-21s
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Large swell reaching la Réunion:
Can we derive more information from the wave spectra?

Significant wave height and low frequency wave energy propagation,
as derived by integrating the 2d spectra over directions and frequency bands
(shown here in terms of equivalent wave height)

Eetanr A‘:".m"tr:;:;’;::::“m o gt Wiors erwr gy it s of wans hiesioht for wares Warne erergy M b of warve belght forverss
WAL perocks Bebween 23 arnd 29 s (1000 b 12000 m waielendh) Wi periad sbsibwesn 21 ond 25 moc. (700 b 1000 m warel g

I

BAE

11 May, 2007,
18 UTC Warve energy in beerns of wae height For waes Warve energy 1 berms of wane height for warves: Wave erergy h b of warve height for vaes

with pericds bebszen 17 and 21 ==c. (450 to 700 m wavelengh) with periods between 14 and 17 s=c. (300 bo 430 m warelength)

T

with pericds babwean 12 and 14 z=c, (225 b0 200 m wavelengh)

L |
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Large swell reaching la Réunion:
Can we derive more information from the wave spectra?

Significant wave height and low frequency wave energy propagation,
as derived by integrating the 2d spectra over directions and frequency bands
(shown here in terms of equivalent wave height)

ECKIR Amaliyels T Saturday 12 Wiy 3007 ST Surbace: sl gficrd wavs haight
Siguicant e heightim)

Wilaram srerdy N s of ware halght for warres ‘iviarne &rery M berres of warns bl ght for veares
WIth peert ok bobweier 25 ared 29 s {1000 bo 12000 m wanel enath With pericdsbabween 21 ond 25 e (700 b 1000 m warnsl engh)

i

12 May, 2007,
0 UTC ‘e energy intermns of wane height forwaes ‘Wane energy i terms of vaee height for wanes ‘Wave energy i terms of varve height for vanes

with periods bebseen 17 and 21 ==c. (450 ko 700 m wavelengh) with periods betwesn 14 and 17 s2c. (300 0 430 mwavelegth) with periods betaeen 12 and 14 zec. (225 to 300 m wavelength)

{

L d e 0T e Ll
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Large swell reaching la Réunion:
Can we derive more information from the wave spectra?

Significant wave height and low frequency wave energy propagation,
as derived by integrating the 2d spectra over directions and frequency bands
(shown here in terms of equivalent wave height)

12 May, 2007,
6 UTC
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spectral partitioning

mid_30m: Hs: it = 9, isys = 1

mid_30m: Hs: it= 9, isys = 1

150 200

mid_30m: Hs: it=9,isys =5

100 150 200 250

Transformation of topographically partitioned North Pacific
significant wave height data (left) into systems (right) by NCEP’s
swell tracking routine. (Source: NCEP).
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Ensemble forecasting:

-—————
- -~
-~

Sd3 Sd3
A 5 . Sdy S Initial condition
/ 7 uncertainty

Click here if you know
what ensemble
forecasting means:
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So far, everything has been presented as output from the
deterministic forecast system. BUT, forecast should actually be
more probabilistic. Nowadays, weather centres rely on ensemble

tech

From an ensemble of wave
forecasts it is possible to derive
probabilities for certain wave
conditions.

Tuesday 6 November 2001 12UTC ECMWF EPS Probability Forecast t+120 VT: Sunday 11 November 200]

niques :

Significant wave height (m) at Heidrun

14

Surface: significant wave height probability >8
5°'W 0 5°E 10°E

20°W 15°W 10°w

i uf

Significant wave height above 8 m

Ocean wave Forecasting

06 Nov. 2001 12 UTC ECMWEF EPS probability forecast t+120

ECMWEF Newsletter 95 — Autumn 2002
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Basic EPS Wave Model Products

probability for set thresholds (4m)

Wedne=day 1 February 2012 00UTC @ECMWF Forecast probability t+132 VT: Monday 6 February 2012 12UTC
Surfaca: Signifizant wave height of at lbast4 m

100

&5
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Basic EPS Wave Model Products

probability for set thresholds (6m)

Wedne=day 1 February 2012 00UTC QECMWF Forecast probability t+132 VT: Monday 6 February 2012 12UTC
Surfaca: Signifizant wave haight of at lbasté m
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Basic EPS Wave Model Products

probability for set thresholds (8m)

Wedne=day 1 February 2012 00UTC QECMWF Forecast probability t+132 VT: Monday 6 February 2012 12UTC
Surfaca: Signifizant wave haight of at lbasts m
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A bit more compact: Wave EPSgram:

‘Wave Epsgram

ndavr STah 07 NZOW RS senpory Like normal EPSgram but for wind direction, wind speed,
Distribution of 10m Wind Direction e — Slgnlflcant wave helght, mean wave dlreCtlon and
mean period. i
<« v P $ = - e
ZEG EPS Conircl{55 km) High Rezolution Deterministic(14 km)
::)m Wind Speed (m/s) |1EI?
2 Significant wave height (m)
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Mean wave direction { == e
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Mean wave period (s)

Each octant is coloured based on the distribution of

the significant wave height associated with each
mean direction. The coloured areas correspond to

$ = ) b e S the fractional number of ensemble members with

éouth of Grindavik, Icelan o

d wave height in the range specified by the coloured ruler.
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Since June 2012 : new set of EFI plots

From the new model climate, it is possible to derive indices that
indicate deviations in probabilistic terms from what is ‘expected’.

Extreme Forecast Index (EFI): 1 means that all EPS are above climate.

Fri 11 May 2012 00UTC ©ECMWF t+72-96h VT: Mon 14 May 2012 00UTC - Tue 15 May 2012 00UTC Thu 10 May 2012 00UTC ©ECMWF VT: Mon 14 May 2012 00UTC - Tue 15 May 2012 00UTC 72-96h
Extreme forecast index and Shift of Tails index (black contours 0,1,5,10,15) for max significant wave height max significant wave height (in m) Model climate Q99 (one in 100 occasions realises more than value shown)
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Since June 2012 : new set of EFI plots

From the new model climate, it is possible to derive indices that
indicate deviations in probabilistic terms from what is ‘expected’.

Extreme Forecast Index (EFI): -1 means that all EPS are below climate.

Fri15Jun2012 12UTC @ECMWF t+80-84h VT: Mon 18 Jun 2012 00UTC - Tue 19 Jun 2012 00UTC Thu 14 Jun 2012 COUTC @ECMWF VT: Mon 18 Jun2012 00UTC - Tue 19 Jun 201200UTC  €0-84h
Extreme forecast index and Shift of Tails (black contours ©,1,5,10,15) for max significant wave height max significant wave height (in m) Meodel climate ©1 {ore in 100 cccasions realises less than value shown)

-1 089 08 -07 06 -05 05 0& 07 0B 02 1

Ln® ; PR ¥

e |

-

Ocean wave Forecasting Slide 42 -wECMWF




We are not always dealing with nice
‘predictable’ waves:

Click here if you have
ever experienced such
a freak wave:
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Individual Waves,

Significant Wave Height, H_,
Maximum Individual Wave Height, H .., and
Freak Wave

cH
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| | | | |
| | Individual waves i
i % etc. Hmax Hs: I_|1/3 |
| | | | |
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If H,.,>22H, 2 freak wave event
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Wave Model Products: Extreme Waves

We have recently introduced a new parameter to estimate the height of the
highest individual wave (H,.,) one can expect:

Friday 7 March 2008 00UTC ECMWF Forecast t+84 VT: Monday 10 March 2008 12UTC Surface: Significant wave height (Exp: 0001 )
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Friday 7 March 2008 00OUTC ECMWF Forecast t4
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Expected H,, .« ure
in 3 hour records
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March 10t", 2008, 12UTC
Forecasts fields from
Friday 7t March, 2008, 0 UTC

See ECMWF Tech Memo 288 for derivation and discussion

http://www.ecmwif.int/publications/library/do/references/list/14
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Questions/comments ?




