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Ocean waves:

We are dealing with wind generated waves from gentle to rough ...

Porthleven Clock Tower, Cornwall, UK

May 1, 2013
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February 5, 2014



Observe individual waves,

After a while, you can estimate a characteristic height the waves:
the Significant Wave Height, H,,

You might also notice that some waves are larger than the rest,
characterised by the Maximum Individual Wave Height, H,,.,
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Surface elevation time series from platform Draupner in the North Sea




How do we go about making predictions on the sea state?




—=—_\Wave Spectrum

* The irregular water surface can be decomposed into
(infinite) number of simple sinusoidal components

with different frequencies (f) and propagation
directions (@).
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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 wave spectrum F(f, 6).

For instance, the sea state off the coast of Holland might the results of a
local sea breeze. These waves are generally known as windsea

Waves might have also propagated from their generation area as swell
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Windsea: broad
7/ distribution of the
waves around a peak

Nortk Sea

-
swell: well defined peak in
direction and frequency.




Ocean Wave Modelling

* The 2-D spectrum follows from the energy balance equation (in its simplest
form: deep water case, no surface currents):

[
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Where the group velocity Vg is derived from the dispersion relationship which
relates frequency and wave number for a given water depth.

Group speed for different water depth
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Ocean Wave Modelling

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

& rF )06

Where the group velocity Vg is derived from the dispersion relationship which

* relates frequency (f) and wave number (k) for a given water depth (D).
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S.,: wind input source term (generation).

S,;: hon-linear 4-wave interaction (redistribution).

Sqiss: dissipation term due to whitecapping (dissipation).



Wave Model Parameters

* Once you know the wave spectrum F, any other sea state parameters can be
estimated. For example, the mean variance of the sea surface elevation 77 due
to waves is given by:

<772>=HF(f,9)dfd<9

* The statistical measure for wave height, called the significant wave height (H):

Ho=4./(r)

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™ highest waves (Hy/3).



Wave Model Parameters

2-D spectrum can be used but it is only mangeable
If you only look at one location ...

NORMALISED 2-0 SPECTRUM for 0001 wave od
06:00Z on 15.02.2000
at620a5 [ 53.06%, -15.92%)

He= 240m, Tm= 7.238 Tp= 6838
Peakedness Qp = Q.85 Directional Spread = 1.37
MWD = 18* PWD= 15%

Propagation direction is with respect to North
Maorth is pointing upwards
Coneentric circles are every 0.05 Hz
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Wave Model Products

Wave model

The complete description of the sea
state is given by the 2-D spectrum,

however, it is a fairly large amount of
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It is therefore reduced to -
integrated quantities: SHT =T

2-D
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Wave Model Parameters

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

>

The significant wave height (Hs). peak

E(f)

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

Mean period(s) obtained from area under spectrum = <772>

weighted integration of the 2-D
spectrum.
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and many others. 3 <f>
(peak frequency) (mean frequency)

T=1/f

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



ECMWF Wave Model Configurations

u ECN:WFAna:ysisVT:sFridayzjNoverr;hel201153;)6;{;0?‘:‘"“2:”0'00'; he:inghtol " i :indwa:t:sand:uell ) Coupled to the atmospheric model With
feedback of the sea surface roughness
change due to waves.

| neutral wind >
[ wind gustiness _ >
| air_density >

roughness |

Global from 81°S to 90°N

Wave model




ECMWF Wave Model Configurations

High resolution (HRES-WAM) Ensemble forecasts
(EPS-WAM)
* 14 km grid spacing. * 28 km grid spacing.
* Dissemination grid: 0.125°x0.125° - Dissemination grid: 0.25°x0.25°

* 36 frequencies.
* 36 directions.
* Coupled to the TCo1279 model.

* 36 frequencies.
* 36 directions .
* Coupled to TCo639.

- Analysis every 6 hrs and 10 day forecasts * (50+1) 15 day foregasts from 0 and
from 0 and 12 UTC. 12UTC (m wice a week).

10 day forecasts coupled to ocean * Coupled to ocean model.
model from next Cycle (45R1, June
2018)




Wave Model Products: EFI plots

From the 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.

Tue 26 Jan 2018 0OUTC @ECMWEF t+72-98h VT: Fri 23 Jan 2016 00UTC - Sat 30 Jan 2016 0OUTC

Extreme forecast index and Shift of Tails (black contours 0,1,2,5,8) for max significant wave height
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Tue 26 Jan 2016, 00 UTC, t=72-96
Gertrude (UK), Tor (Norway)
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Wave Model Products

Thu 28 Jan 2016 COUTC @ECMWFE WT: Fri 23 Jan 2016 00UTC - Sat 20 Jan 2016 0OUTC 0-24h
max significant wawve height {in m) Modelclimate %3 (one in 100 occasions realises more than value shown)

Fri29 Jan 2016 00OUTC @ECMWF ++0-24h VT: Fri29 Jan 2016 00UTC - Sat 20 Jan 2018 00OUTC
Extreme forecast index and Shift of Tails (black contours 0,1,2,5,8) for max significant wave height
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A bit more compact: Wave EPSgram:

Like normal EPSgram but for

wind direction, wind speed,

significant wave height,

mean wave direction and mean period. wave epsram

North Cormerant 61.12°N 1.13°E (EPS sea point)
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A bit more compact: Wave EPSgram:

ENS Control(55 km)
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Each octant is coloured based on the distribution of

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

the fractional number of ensemble members with

wave height in the range specified by the coloured ruler.



A bit more on Wave Model Products

Use simple parameters:
total wave height and mean propagation direction

ECMWF Aralysis WT:Satrday 14 February 2009 00UTC Sudace: Significart wave haght Surt: Mean wave drecion

m's
ECMWF Andlysis VT:Sakrday 1+ Februay 2009 G0UTE Surbace: Mean s=a kvl preszureSud: 10 mete ¥ wind companent [1=a
) .

-

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



Wave Model Products

NOHMALEED a_u SPEG_‘THUM fnr mu1 wave nd ECNMIWF Amalysiz VT:Satrday 14 February 2008 00UTC Surdace: Signifcant wave haght Suf: Mean wave drecion "—m.‘
00:00Z on 14022009 o . Hs (m)
3.7

at 62001 { 45.20°, -5007)

He=176m, Tm=11.258 Tp=13581s
FPeakedness GQp = 218, Directional Spread = 1.38
MWD = 93 PWD= 20°
Propagation direction is with respect to North
Morth is pointing upwards
Concentric circles are every 0.05 Hz
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Wave Model Products

Situation might be more complicated !

m's . .
ECMWF Analysiz VT:Surday 15 February 2008 00UTC Surlace: Mean 2e level preszureSurd: 10 mete U wind component [== ECWWF Analysis VT :Sunday 15 February 2009 00 UTC Surlace: Signitcant wave heightSurt: Mean wave direcion

-

10m winds and mean sea level pressure: Wave height and mean direction:
Analysis : 15 February 2009, 00 UTC Analysis : 15 February 2009, 00 UTC



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°) °

Hs= 227m, Tm- 7.605 Tp=1228s ECWWF Analysis WT:5unday 15 Febn.mr)l 2009 00 UTC Surtace: Signiicant wave height’sur: Mean wave direcion

Peakedness Gp = 1.05, Directional Spread = 1.40
MWD = 248% PWD = 80°

Propagation direction is with respect to Morth
Morth is pointing upwards
Conecentric circles am every 0L05 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 VT :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

ECMWF Analysis VT Sunday 15 February 2008 00UTS Suace: Sigidcard wave haghiSurd: Mean drecion of fotal swd| @

-

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



Wave Model Products

Windsea and swell: opposing sea

NORMALISED 2-0 SPECTRUM for 0001 wave od

::f;; (":sgff‘?;q ‘ ECMWF Analysis VT :Sunday 15 February 2002 00U TC Surface: windsea: height_direction

Hs= 227 m, Tm= 768958 Tp=1229s
Peakedness Qp = 1.05, Directional Spread = 1.40
MWD = 248% PWD = 90%
Propagationdirection is with respect to North
MNorthis pointing upwards
Concentric circles are every 005 Hz
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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°, -15.027)

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

ECMWF Analysis VT:Sunday 15 February 2009 D0UTC Surface: windsea: height_diraction
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Since May 2015: spectral partitioning

Operational: r
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Ocean wave forecasts

At the end of December 2013 and beginning of January 2014, the UK
and western Europe were battered by large waves:




Ocean wave forecasts

Then again in February and early March:

Porthleven Clock Tower, Cornwall

May 1, 2013
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February 5, 2014



Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 12 hours

Saturday 04 January 2014 00 UTE semf 012 VT-2aturday 04 January 2014 12 UTC swrface 10 metre U wind component10 metre V¥ wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+12 VT:3aturday 04 January 2014 12 UTC meanSea Significant haight of combined wind waves and swall

Signifisant wave haight {m)
(X ] 1= -1 4 ATE B00 25 T.50 aTE 10.00 11.25 12.50 13.T8 15.00 16.25 17.50 18.TS 20.03




Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 24 hours

Saturday 04 January 2014 00 UTC scef t+24 WT:Sunday 05 January 2044 00 UTC surface 10 metre U wind componant/ 10 metre ¥ wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+24 VT:3unday 05 January 2014 00 UTC mean3ea Significant height of combined wind waves and swall
Bignificant wawve haight {m)

10.00 11.25 12.50 13.75

Nearing
20m
at its peak !




Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 36 hours

Zaturday 04 January 2014 00 UTC scmf t+38 WT:Sunday 05 January 2014 12 UTC surface 10 metre U wind component/10 metre ¥ wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+38 VT:3unday 05 January 2014 12 UTC mean3ea Significant height of combined wind waves and sweall

SBignificant wawve haight {m])
[ 1) 13 = aTs 500 535 7.50 ars 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.7T5 20.0%




Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 48 hours

Saturday 04 January 2014 00 UTC scmf t+48 WT-Monday 08 January 2014 00 UTC surface 10 metre U wind companant1d metre ¥ wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+48 YT:Monday 08 January 2014 00 UTC mean2ea Zignificant height of combined wind waves and swell

Bignificant wawve haight {m)
[ 1] 1= = ATE 500 E25 T.50 &5 10.00 11.25 12.50 13.75 15.00 16.25 47.50 18.75 20.0%




Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 60 hours

Saturday 04 January 2014 00 UTC scmf t+80 WT-Monday 08 January 2014 12 UTC surface 10 metre U wind component'10 metre V' wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+60 VT-Monday 08 January 2014 12 UTC mean3ea Significant height of combined wind waves and swell

SBignificant wawve haight {m])
[ 1) 13 = LTS 500 535 7.50 ars 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.7T5 20.0%

e e

are, ROBtugal, Jan 6, 2014 <




Long swell forecasts

Swell are long waves propagating away from storms.

It is possible to follow the evolution of the swell.

Define the Equivalent Wave Height:

EWH, {
Equivalent Wave Height —_
for a givenfrequencybin: %

EHW =ad

whereAis the |
areaundercurvefor
a given frequencybin |

Significant wave height (m)

area under spectrum = <7>>




Long swell forecasts

Wave height and long swell forecast from 4 January 2014, step 24

H 11 H Wave energy in terms of wave height for waves Wave energy in terms of wave height for waves
S I gn Ifl Cant Wave h e'g ht ( m ) with periods between 25 and 29 sec. (1000 to 1300 m wavelength) with periods between 21 and 25 sec. (700 to 1000 m wavelength)

N:09

N0

N=0T
N=0T

Significant wave height (m)

5 0 7 8 9 10 11 12 13 14 15 16 17m

Wave energy in terms of wave height for waves
with periods between 25 and 29 sec. (1000 to 1300 m wavelength)

0.08 0.16

Wave energy in terms of wave height for waves
with periods between 21 and 25 sec. (700 to 1000 m wavelength)
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40°N

Long swell forecasts
Wave height and long swell forecast from 4 January 2014, step 48

S | g N |f| ca nt wave h e |g ht ( m ) Wave energy in terms of wave height for waves Wave energy in terms of wave height for waves

with periods between 25 and 29 sec. (1000 to 1300 m wavelength) with periods between 21 and 25 sec. (700 to 1000 m wavelength)
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Significant wave height (m)

0 1 2 3 4 5 0 7 8 9 10 11 12 13 14 15 16 17m

Wave energy in terms of wave height for waves
with periods between 25 and 29 sec. (1000 to 1300 m wavelength)

0.01 0.02 0.04 0.08 0.16 0.3 0.6 Im

Wave energy in terms of wave height for waves
with periods between 21 and 25 sec. (700 to 1000 m wavelength)

0.05 0.1 0.25 0.5 1 2 3 4 im

These long swell parameters have been introduced in operation in November 2016
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A more ‘classic’ use of the EPS:

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

5°W 10°E 20E

15°E

10w

15°W

Significant wave height (m) at Heidrun

14
12 1
10

8 ]

L 12UTY

I _
20°W 15w 10°W 5w 5°E

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

Significant wave height above 8 m

Forecast day

25%




Basic EPS Wave Model Products

Wednesday 27 January 2016 12UTC ©ECMWF Forscast probability t+050 VT Saturday 30 January 2016 00UTC
Surface: Significantwave heightof at least & m

BOw




Basic EPS Wave Model Products

Wednesday 27 January 2016 12UTC ©ECMWF Forscast probability t+050 VT Saturday 30 January 2016 00UTC
Surface: Significantwave heightof at leazt & m

o0




EFIl 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.

Fri15Jun 2012 12UTC ©ECMWF t+80-84h VT: Mon 18 Jun 201200UTC - Tue 19Jun 2012 00UTC Thu 14 Jun 2012 0OUTC LECMWF ¥T: Mon 18 Jun 2012 00UTC - Tue 19Jun 201200UTC  €0-24h
Extreme forecast indsx and Shift of Tails (black contours C,1,5,10,15) for max significant wave height max significant wave height (in m) Model climate ©1 (one in 100 cocasions realises lkess than value shown)

-1 08 08 -07 06 -05 05 06 0F 08 08 1

] LT

; % o
" il
S
EFI for significant wave height 01 percentile of the distribution for

significant wave height



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




Individual Waves,
Significant Wave Height, H,,

Maximum Individual Wave Height, Hmax, and
Freak Wave
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Wave Model Products: Extreme Waves

We have a parameter to estimate the height of the highest individual wave

(H

max

) one can expect. Its value can be derived from the 2d wave spectrum:

Tuesday 2 March201000UTC ECMWF Forecast t+32 VT: Wednesday 2 Maich 2010 15UTC Surface: Significant wave height

3

Tuesday 2 March 2010 00UTC ECMWF Forecast t+39 VT: Wednesday 3 March 2010 15UTC Surface:

B

Expected H, .,
in 20 minute recor

March 3, 2010, 15UTC
Forecasts fields from Friday 2 March, 2010, 0 UTC




Continued general improvement of model forecasts
For example: ECMWEF forecast wave height against buoy measurements:

Home -> Forecasts -> Charts -> Verifications -> Wave Products Comparison

Wind and wave observation locations for All buoys (all) from 201110 to 201112
MWW DWW meW  mew  mw mw o e are  me  me e me v wT

RMSE (m)

13 0001: WAVE HEIGHT R.M.S.E. at 0 and 12UTC from May 2001 to November 2017 at all buoys b e S ‘. "“:.
|- e R 4
14008 = —————~ [ 14072 —————= HH120 e t+168 \ e ﬁ;‘"
s
1.2 EaE
1.14
1
0.9-.;E i
. | 7 day FC In-situ wave observations
0.7 SIGNIFICANT WAVE HEIGHT ROOT MEAN SQUARE ERROR at all buoys 138 buoys
i i 5day FC TR ML DM mr e - ooDup ow
osii
: ¢ 6
05 3 day FC g
-: 5’.4-
04 L 1 day FC =
PR i '
o3 i) analysis .
commeon Lala only, Ioreczasls from 0 and=1 2Z for 201701410 201712
0.2 10m WIND SPEED ROOT MEAN SQUARE ERROR at all buoys 115 buoys.
=e=ECM == MOF =g FNM nia  =pmNCP ==MTF DWD BoM nla
——JMA - KMA nia nia nla nia nia n'a
2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 4
months (median of the 3 month running average)
2001 2017 2%
B4
w
1.6
=
08,

>

See also the Wave Forecast Verification Project

maintained on behalf of the Expert Team on Waves [ et
o . LSRR TR RRM pR MR CORER RMR ovRge e
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http://www.jcomm.info/index.php?option=com content&task=view&id=131&Iltemid=37
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