Ocean Waves
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Ocean waves:

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

Porthleven Clock Tower, Cornwall, UK
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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?




Wave Spectrum

 The irregular water surface can be decomposed
into (infinite) number of simple sinusoidal
components with different frequencies (f) and
propagation directions (8).
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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

North 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):

F
(z_tF=Sin+Snl+Sdiss

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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Ocean Wave Modelling

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

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 n due
to waves is given by:

(1) = [[F(f.0)dfdo
The statistical measure for wave height, called the significant wave height (H):
Hy=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 to specify boundary conditions

Spectra
used as
boundary
conditions

— windsea
— swell

— total sea

for limited area wave model.
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ave Model Parameters
Or if you only look at one location ...

NORMALISED 2-D SPECTRUM for 0001 wave od
06:00Z on 15.02.2009
at62085 ( 53.06°, -15.92°)

Hs= 240 m, Tm= 7.23s, Tp= 6.93s
Peakedness Qp = 0.85, Directional Spread = 1.37
MWD = 19° PWD= 15°
Propagation direction is with respect to North
North is pointing upwards
Concentric circles are every 0.05 Hz
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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.

It is therefore reduced to
integrated quantities:

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

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.

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




ECMWEF Wave Model Configurations

ECMWEF Analysis VT: Friday 25 November 2011 00 UTC meanSea Significant height of combined wind waves and swell

ey e e s Coupled to the atmospheric model with
feedback of the sea surface roughness
change due to waves.
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ECMWEF 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 frequencies.
36 directions. * 36 directions.
e Coupled to the TC01279 model. * Coupled to TCo639.

 (50+1) 15 day forecasts from 0 and
12UTC (monthly twice a week).

e Analysis every 6 hrs and 10 day
forecasts from 0 and 12 UTC. @upled to ocean mo@




ECMWEF Wave Model Configurations

We also have the uncoupled global configuration (stand alone)

High resolution stand alone(HRES-SAW)

. 11 km grid spacing |-
* Dissemination grid: 0.1°x0.1°
* 36 frequencies.

e 36 directions.

* Forced by HRES fields.

* Analysis every 6 hrs and 10 day
forecasts from 0 and 12 UTC.

* |Imposed surface currents from
TOPAZ4 system.




Wave Model Products: EF

| 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 28 Jan 2018 0OUTC @ECMWF t+72-98h VT: Fri 29 Jan 2016 0OUTC - Sat 20 Jan 2018 00UTC Mon 25 Jan 2018 0OUTC @ECMWF VT: Fri 29 Jan 2016 0OUTC - Sat 20 Jan 2016 0OUTC 72-98h

Extreme forecast index and Shift of Tails (black contours 0,1,2,5,8) for max significant wave height max significant wave height (in m) Modelclimate Q99 (one in 100 occasions realises more than value shown)
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Wave Model Products

Fri29 Jan 2018 0OUTC @ECMWF +0-24h VT: Fri 29 Jan 2018 00UTC - Sat 20 Jan 2018 00UTC
Extreme forecast index and Shift of Tails (black contours 0,1,2,5,8) for max significant wave height
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max significant wave height (inm) Modelclimate Q99 (one in 100 occasions realises more than value shown)

[e] 0.5 1 2 3 4 3 8 10 12 14 20

[

wind waves and swell

MAXIMUM OF SIGNIFICANT WAVE HEIGHT
t+12 to t+24

0E

Significant wave height (m)

13.04
13.00
12.00
11.00
10.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00



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 Epsgram

North Cormorant 61.12°N 1.13°E (EPS sea point)
Deterministic Forecast and EPS Distribution Wednesday 27 January 2016 12 UTC
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A bit more compact: Wave EPSgram:
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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 Amaly=iz VT:Saturday 14 February 2003 00UTC Surface: Signifcart wave haght Sud: Mean wave drecion “—m,l
Hs (m)

ECMWF Analyziz VT Satrday 14 February 2009 00UTC Surkace: Mean zea level prezzure/Surl: 10mete V wind compenent 2',]
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Analysis : 14 February 2009, 00 UTC Analysis : 14 February 2009, 00 UTC



Wave Model Products

NORMALISED 2-D SPECTRUM for 0001 wave od ST Al VTSsbrsy 14 . BN
00:00Z on 14.02.2009
at 62001 (45.20°, -5.00°)

Hs= 176 m, Tm=11.25s, Tp=1351s
Peakedness Qp = 2.18, Directional Spread = 1.38
MWD = 93° PWD= 90°
Propagationdirection is with respect to North
North is pointing upwards
Concentric circles are every 0.05 Hz

| Mermaized spactrum

...‘ 1
lu.9511
' D.5407

0.4271

] 0.2848
i 0.1898

i Dn.ms
0.0844

N e Wave height and me
.“-“‘”5 Analysis : 14 Februar

0.025

rﬂ 18

| PEAK PERIOD:
04 05 Analysis : 14 February 2009, 00 UTC

D2 03
Frequency (Hz)



Wave Model Products

Situation might be more complicated !

ECMWF Andlyziz VTSunday 15 February 2008 00 UTC Surface: Mean zea level prezzreSurd: 10medre V wind component ECMWF Andysis VT:Sunday 15 February 2009 00UTC Surtace: wave heig 1. Mean wave
y _

A Hs (m)
“¢//:—>\-1—// r

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-D SPECTRUM for 0001 wave od
00:00Z on 15.02.2009
at 62001 ( 45.20°, -5.00°) °

Hs= 227m, Tm= 7698, Tp=1229s
Peakedness Qp = 1.05, Directional Spread = 1.40
MWD = 248° PWD = 90°
Propagation direction is with respect to North
North is pointing upwards
Concentric circles are every 0.05 Hz
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ECMWF Andysis VT:Sunday 15 February 2009 00UTC Surtace: wave helg . 1l wave

Wave height and mean direction:
Analysis : 15 February 2009, 00 UTC
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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 Anay=iz VT Sunday 15 February 2009 00 UTC Surlace: Signilicam wave heighiSur: Mean direcfon ol wind waves
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Analysis : 15 February 2009, 00 UTC
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Wave Model Products

Windsea and swell: opposing sea

NORMALISED 2-D SPECTRUM for 0001 wave od
00:00Z on 15.02.2009
at 62001 ( 45.20°, -5.009) ‘
Hs= 227m, Tm= 7695, Tp=1229s
Peakedness Qp = 1.05, Directional Spread = 1.40
MWD = 248° PWD = 90°
Propagation direction is with respect to North
North is pointing upwards
Concentric circles are every 0.05 Hz
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Wave Model Products

Windsea and swell: cross sea

NORMALISED 2-D SPECTRUM for 0001 wave od
18:00Z on 15.02.2000
at62005  53.06°, -15.02°)

Hs= 285m, Tm= 830s, Tp=1220s
Peakedness Qp = 1.01, Directional Spread = 1.34
MWD = 37° PWD= 60°
Propagationdirection is with respect to North
Northis pointing upwards
Concentric circles are every 0.05 Hz
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Since May 2015: spectral partitioning

Operational: ,
1 . windsea Swell 2
totak™. ~ ' ¢ O
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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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Ocean wave forecasts

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

Saturday 04 January 2014 00 UTC ecmf t+12 VT:Saturday 04 January 2014 12 UTC surface 10 metre U wind component/10 metre V wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t¢12 VT:Saturday 04 January 2014 12 UTC meanSea Significant height of combined wind waves and swell

Significant wave height {m)
0.00 125 250 500 625 7.50 875 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.75 20.00




Ocean wave forecasts

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

Saturday 04 January 2014 00 UTC ecmf t¢24 VT:Sunday 05 January 2014 00 UTC surface 10 metre U wind component/10 metre V wind component
Saturday 04 January 2014 00 UTC ecmf Forecast 1424 VT:Sunday 05 January 2014 00 UTC meanSea Significant height of combined wind waves and swell
Significant wave height {m)

7.50 875 1000 11256 1250 1375 1500 1625 1750 1875  20.00

Nearing
20m
at its peak !




Ocean wave forecasts

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

Saturday 04 January 2014 00 UTC ecmnf t38 VT:Sunday 05 January 2014 12 UTC surface 10 metre U wind component/10 metre V wind component
Saturday 04 January 2014 00 UTC ecmf Forecast 438 VT:Sunday 05 January 2014 12 UTC meanSea Significant height of combined wind waves and swell

Significant wave height {m)
0.00 125 250 ars 500 625 7.50 875 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.75 20.00




Ocean wave forecasts

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

Saturday 04 January 2014 00 UTC ecmf t#48 VT:Monday 08 January 2014 00 UTC surface 10 metre U wind component/10 metre V wind component
Saturday 04 January 2014 00 UTC ecmf Forecast t+48 VT:Monday 08 January 2014 00 UTC meanSea Significant height of combined wind waves and swell

Significant wave height {m)
0.00 125 250 s 500 625 7.50 875 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.75 20.00
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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 ecmf t+80 VT:Monday 08 January 2014 12 UTC surface 10 metre U wind component/10 metre V wind component
Saturday 04 January 2014 00 UTC ecmnf Forecast t+80 VT:Monday 08 January 2014 12 UTC meanSea Significant height of combined wind waves and swell

Significant wave height {m)
7.50 875 10.00 11.25 12.50 13.75 15.00 16.25 17.50 18.75 20.00
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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  ___
fora givenfrequencybin: “-

where Ais the |
areaundercurvefor
a givenfrequency bin |

Significant wave height (m)

area under spectrum = <772>




Long swell forecasts

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

1 11 1 Wave energy in terms of wave height for waves Wave energy in terms of wave height for waves
Slg n Ifl Ca nt Wave helg 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)

Significant wave height (m)

0 1 2 3 + 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)

0.08 0.16

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

Sm



Long swell forecasts

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

S | g n |f| Ca nt Wave h elg 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)
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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)
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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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These long swell parameters have been introduced in operation in November 2016
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Wave energy:




Wave energy flux:

Gelneral dEﬁnmonl e Group speed for different water depth
= p.gJV,F(/.00dd0 TV, =
Its calculation would §15 o
require integrating the spectra. $ som

. 310 160m
But in deep water: g 3 320m

g _——m— G 5 | e eep
4 f
3 0
Define the spectral moments: 0.04 Frequency (Hz) 0440
[
m. = ([.f"F(f.0)dfdo
4 T m_, Note that mean period T,

H s = %4/ " m, is based on the moment -1 !

O-LE T [P ®=0478T, H kW/m

047 H,and T, are standard output of ECWAM



Wave energy flux: using archived 2d spectra
® = p,g[[V,F(f.0)dfd6

Tuesday 27 October 2015 18 UTC ecmf t+0 VT:Tuesday 27 October 2015 18 UTC meanSea Wave experimental parameter 1
Tuesday 27 October 2015 18 UTC ecmf t+0 VT:Tuesday 27 October 2015 18 UTC meanSea Wave experimental parameter 1/Wave experimental parameter 2

30°W 25°W 20°W 15°W L10°W

~s0-4 1 1 I o 1Y Y s ~ - -
8

The magnitude and direction of the wave energy flux
have been introduced in operation in November 2016



A more ‘classic’ use of the EPS:

From an ensemble of wave forecasts

Significant wave height (m) at Heidrun

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

25°W 20°W 15°W 10°W 5w i 10°E 15°E 20°E

HEI DRU/

DRAUGEN

-~

\ L’ 5
20w 15w 10w, 5w o sE 10°E

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

Significant wave height above 8 m




Basic EPS Wave Model Products

Wednesday 27 January 2016 12UTC @ECMWF Forecast probability t+060 VT: Saturday 30 January 2016 00UTC
Surface: Significant wave heightof at least 6 m
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Basic EPS Wave Model Products

Wednezsday 27 January 2016 12UTC @ECMWF Forecast probability t+060 VT: Saturday 30 January 2016 00UTC
Surface: Significant wave heightof at least 8 m
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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.

Fri15Jun 2012 12UTC @ECMWF t+80-84h VT: Mon 18 Jun201200UTC - Tue 19 Jun 201200UTC Thu 14 Jun 2012 0OUTC @ECMWF VT: Mon 18 Jun 2012 00UTC - Tue 19Jun 201200UTC 60-84h
Extreme forecast index and Shift of Tails (black contours 0,1,5,10,15) for max significant wave height max significant wave height (in m) Model climate Q1 (one in 100 occasions realises less than value shown)
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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 Individ

ual Wave Height, H,_., and
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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

Tuesday 2 March 2010 00UTC ECMWF Forecast t+30 VT: Wednesday 3 March 2010 15UTC Surface: Significant wave height
- ure:

o o i
4.802
- a
4
3
o ane
2
1
0
3 3 re
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Continued general improvement of model forecasts
For example: ECMWF forecast wave height against buoy measurements:

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

Wind and wave observation locatlons for All buoys (all) from 201110 to 201112
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See also the Wave Forecast Verification Project
maintained on behalf of the Expert Team on Waves common!iataonly.lorec";sls!romoand3122lor201601410201612
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and Storm Surges of the WMO-IOC Joint Technical = —]

Commission for Oceanography and Marine g‘g“"“" T
Meteorology (JCOMM) o
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common data only, forecasts from 0 and 12Z for 201601 to 201612

http://www.jcomm.info/index.php?option=com_content&task=view&id=131&Itemid=37
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