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What do you know about ocean waves?

Water surface

evation, n .
Wave Period, T
«— Wave Length, A—— »
n Crest Wave Height, H
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Trough
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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

S

February 5, 2014
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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?
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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 (4).

A E(f.0)

® The distribution of
wave energy
among those
components is -
called: o

—

“wave spectrum?”,

F(£ O
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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

e
?" o “ ‘

Ef.6

two-dime;

Windsea: broad
. /7 distribution of the
s ) waves around a peak

North Sea

wy
swell: well defined peak in
direction and frequency.
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Ocean Wave Modelling

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

o G €506
ot

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

S.,: wind input source term (generation).

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

Sqiss: dissipation term due to whitecapping (dissipation).
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Ocean Wave Modelling

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:

(n°) :”F(f,e)dfde

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

G

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).



ECMWF Wave Model Configurations

u ECN:WFAnalys\sVT:SFndaijNuvemsber201%Eseﬁ;(énr{\:e‘jgi:zdfggggmanthe‘\:htuic::‘mbmed:mdwa:d:sandf:vsl\ . Coupled to the atmospheric mOdEI With
feedback of the sea surface roughness
change due to waves.

| neutral wind >
[ wind gusfiness >
| air_density >

roughness I

Global from 81°S to 90°N

Wave model

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

data. imensga
It is therefore reduced to o
integrated quantities: =

2D |
1-D spectrum obtained by Sy
integrating the 2-D spectrum @
over all directions and/or over a L B e
frequency range. - ﬁ spectrum




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.

E(f)

peak

area under spectrum = < 772>

/\/v\/\ f

many others.

f
p
(peak frequency)

<f>
(mean frequency)

Complete list at: http://www.ecmwf.int/seElall\i/lcEg% rm%ﬂ/parameters/order=/tab|e=140/
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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:
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Ocean wave forecasts

Then again in February and early March:

Porthleven Clock Tower, Cornwall
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February 5, 2014
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Ocean wave forecasts

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

Saturday 04 January 2014 00 UTC scmf 012 VT:-2aturday 04 January 2014 12 UTC surface 10 metre U wind component10 metre ¥V wind component
Saturday 04 January 2014 00 UTC scmf Forecast t+12 VT:Saturday 04 January 2014 12 UTC meandea Significant height of combined wind waves and swall

Bignificant 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%

EUMETRAIN HIM 2014
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Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 18 hours

Saturday 04 January 2014 00 UTC scmf t+18 VT:3aturday 04 January 2014 18 UTC surface 10 metre U wind component10 metre ¥ wind component
Saturday 04 January 2014 00 UTG scmf Forecast t+18 VT:3aturday 04 January 2014 18 UTC meandesa Significant height of combined wind waves and swall

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%

EUMETRAIN HIM 2014

17



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)
7.50 ars 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.7T5 20.0%

Nearing
20m
at its peak !

EUMETRAIN HIM 2014
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Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 30 hours

Saturday 04 January 2014 00 UTC scenf t+30 WT:Sunday 05 January 2044 08 UTC surface 10 metre U wind componant/ 10 metre ¥ wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+30 VT:3unday 05 January 2014 06 UTC mean3ea Significant height of combined wind waves and swall
Bignificant wawve haight {m)

10.00 11.25 12.50

aTs

EUMETRAIN HIM 2014
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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])
LTS 500 535 7.50 ars 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.7T5 20.0%
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Ocean wave forecasts

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

anuary 2014 00 UTC scmf t+48 WT-Monday 08 January 2014 00 UTC surface 10 metre U wind component1d metre V wind component
aaaaa y 2014 00 UTC ecmf Forecast t+48 YT:Monday 08 January 2014 00 UTC meanZea Zignificant height of combined wind waves and swell
Bignificant wawve haight {m)
10.00 11.25 12.50

EUMETRAIN HIM 2014
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Ocean wave forecasts

Wave height forecast and wind from 4 January 2014, step 54 hours

Saturday 04 January 2014 00 UTC scmf t+54 VT-Monday 08 January 2014 08 UTC surface 10 metre U wind component1d metre V wind component
Saturday 04 Januar y 2014 00 UTC ecmf Forecast t+54 YT:Monday 08 January 2014 06 UTC mean3ea Zignificant height of combined wind waves and swell

Bignificant 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%

EUMETRAIN HIM 2014
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Ocean wave forecasts

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

Saturday 04 January 2014 00 UTC scmf t+80 ¥T-:Monday 08 January 2014 12 UTC surface 10 metre U wind component'10 metre ¥ wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+60 VT:-Monday 08 January 2014 12 UTC mean3ea 3ignificant height of combined wind waves and seell

Bignificant wawe haight {m])
(1] 12 = ATE: 500 6325 7.50 ATE 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.7T5 20,00

oo T
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Spectral shape:

NORMALISED 2-D SPECTRUM for 0001 wave od
00:00Z on 05.01.2014

wxxx ( 47.75, -38.50)
In excess of 20m Tm=1s.21 S 170
PeakedMess Op .79, Directional Spread = 0.50

MWD = 67 degrees PWD = 80 degrees
Propagation direction is with respect to North
North is pointing upwards
Concentric circles are every 0.05 Hz
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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, 4
EquivalentWave Height —
for a givenfrequencybin: ‘-

whereAis the
areaundercurvefor
a given frequencybin

Significant wave height (m)

area under spectrum = <7>>

EUMETRAIN HIM 2014 25



Long swell forecasts

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

H 11 1 Wave energy in terms of wave height for waves Wave energy in terms of wave height for waves
S I g n Ifl Ca nt Wave h e Ig 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)

—

60°N
.

60°N
v

40°N
40°N

20°N
20°N

Significant wave height (m)

0 1 2 3 4 5 6 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 03 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 - 5m
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Long swell forecasts

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

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

0.02 0.04 0.08 0.16 03 0.6 Im

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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EUMETRAIN HIM 2014

0.01

27



Future developments: spectral partitioning

Operational:

NORMALISED 2-D SPECTRUM for fp2t wave rd - ' . ' . r
00:00UTC on 06.06.2012 LA L deamkeagl s
at XXXXX ( 60.00°, -5.00°),332.0m TP R P
Hs= 1.79 m, Tm= 7.43s, Tp= 9.23s v o, AR
Mean Wave Dir. = 233° Peak Wave Dir. = 200° total™. - ¢ - T windsea Swell 2
Hws= 0.98 m, Tws= 3.8 s, Mean Windsea Dir.(green)= 306° g . .
Hsw= 1.50 m, Tsw= 9.0 s, Mean Swell Dir.(red)= 193° LT windsea 1
Wind Speed = 8.37 mis, Wind Dir.(blus)= 306°, u* = 0.338 m/s ', “ |
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Ocean wave Forecasting

Ensemble forecasting:

Initial condition
uncertainty

-

Click here if you know
what ensemble

forecasting means:



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 techniques :

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 20(

Significant wave height (m) at Heidrun

14 4
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8 |
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06 Nov. 2001 12 UTC ECMWEF EPS probability forecast t+120

Significant wave height above 8 m

1 12U
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Basic EPS Wave Model Products

probability for set thresholds (4m)

Friday 31 January 2014 00UTZ @ECMWF Forecast probability 14045 VT: Sunday 2 February 2014 00UTZ
Surfaca: Significan wawa haight of at lbast4 m

EUMETRAIN HIM 2014
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Basic EPS Wave Model Products

probability for set thresholds (6m)

Friday 31 January 2014 00UTZ @ECMWF Forecast probebility 140458 VT: Sunday 2 February 2014 00UTZ
Surfaca: Significan wawe haight of at lbasté m

EUMETRAIN HIM 2014
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Basic EPS Wave Model Products

probability for set thresholds (8m)

Friday 31 January 2014 00UTZ QECMWF Forecast probebility 14045 VT: Sunday 2 February 2014 00UTZ
Surfaca: Significan wawa haight of at lbasta m

100

a5

65

25
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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.

-
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Wave Epsgram
Scilly Isles 49.88°N 6.25°W (EPS sea point)
Deterministic Forecast and EPS Distribution Friday 31 January 2014 00 UTC
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EPS Control(55 km) High Resolution Deterministic(14 km)

A bit more compact: Wave EPSgram:

max
90%
19%

median

25%
10%
min

EUMETRAIN HIM 2014
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Significant wave height (m)
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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.
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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)
-1 -09 -08 -07 -06 -05 05 06 07 08 09 1 0 0.5 1 2 3 4 6 8 10 12 14 20

F

20°W

EFI for significant wave height 99 percentile of the distribution for

si%nificant wave height
EUMETRAIN HIM 201
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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

; % -
_ [
S
EFI for significant wave height 01 percentile of the distribution for

si%nificant wave height
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We are not always dealing with nice ‘predictable’ waves:

38



Individual Waves,
Significant Wave Height, H,

Maximum Individual Wave Height, H,,.,, and
Freak Wave
g 5 T T ) | T |
— A
= L[ Individual waves _
16 —_ -
.. etc. Hmax Hs=Hys
s s
i
5
-5 § _
At
-1 | | | | |
188 =]t ol e 3olt) gt ]t (=351t
t 0=
If H..,>22H, = freak wave event
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Wave Model Products: Extreme Waves

We have a parameter to estimate the height of the highest individual wave
(H._ . ) one can expect. Its value can be derived from the 2d wave spectrum:

max

.....

Expected H, .«
In 3 hour records

.....

March 3, 2010, 15UTC
Forecasts fields from Friday 2 March, 2010, 0 UTC
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Note: Impact of resolution

a) T1,3999 b) 11279

ECMWEF TL1279
Current operational

High resolution:
16km

ECMWEF TL3999
Experimental

Non-hydrostatic: 4o |
5km

A40°M

ECMWEF TL639

Current operational
Ensemble resolution:
32km

ECMWEF TL319

64 km

metres

“Evaluation of Medium-Range Forecasts for Hurricane Sandy

LINUS MAGNUSSON, JEAN-RAYMOND BIDLOT, SIMON T. K. LAaNG, ALAN THORPE, AND NILS WEDI

Eierapean Centre for Medium-Range Weather Forecass, Reading, United Kingdom

MUNEHIKO Y AMAGUCHI

European Centre for Medoom-Range Weather Forecasn, Reading, United Kingdom, and Japan Meteorological Agency,
Tirkyer, Fapan
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Note: Impact of resolution
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B Buay-East MSLP

103 1030
1020 4 10204
10104 1061404
1D < 104610 <
s, 9904 & 990
L) LY (%]
= 280 . E 080
— TE1T A n —TiE
701 — 1839 5 0 —Te30
QG0 —T1270 r GE0 ] —T1279
13995 cen 1349599
50w s 44065 01 W Obs 44025
540
Sat27 | Suni® | Mon29 | Tuedd | Wed3i £at27 | Sun2d | Mon29 | Tue30 | Wed 31
Oct Oct
€) Buoy-West, Wind soeed d) BuayEast, Wird speed
- -
i &
v -
z 7
= _l.'
£ <
& g
o o
£ E
= =
I 2
ﬂ T T T T T :l T T T LI LIS
5at27  Sund8 Monl9 Tuedd  Wed 3 Sat 27 Sum 2B Mon 28 we 300 Wed 31
et Dct
P’ Buay-Wesl, Wave heght ﬂ Buay-Cast, Wave height
12 12
10 a
f
E =
[=1] o=
= L )
e E
5 3
= =

5at27 | Sumld | Mon2d | Tuedd | Wed3l
O

5aLZ7 | SunZB | Mon 2% | Tue3D | Wed 31
ot

EUMETRAIN HIM 2014

42



® Mike Thomés



Ocean Wave Modelling: references

* The ocean wave modelling at ECMWEF is based on the wave mode WAM
cycle 4 (Komen et al. 1994), albeit with frequent improvements (Janssen
2007: ECMWEF Tech. Memo 529, Bidlot 2012, proceeding of the ECMWF
Workshop on Ocean Waves, 25-27 June 2012 ).

* Products from different configurations of WAM are currently available at
ECMWEF.

http://www.ecmwf.int/publications/manuals/d/gribapi/param/filter=grib1/order=paramid/orde
r_type=asc/p=1/table=140/

 Wave model page on the Centre’s web site:

http://www.ecmwf.int/products/forecasts/wavecharts/index.html#forecasts

 General documentation:
http://www.ecmwf.int/research/ifsdocs/CY40r1/index.html



