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INTRODUCTION

In this talk | would like to illustrate that ocean waves playimportant role in the
Interaction between atmosphere and ocean.

Ocean waves play a role in air-s momentum transfer and in

upper ocean mixing . The associated Stokes drift combined with the earth’ imtat
results in a additional force on the mean ocean circulatios:

Stokes-Coriolisforce . Also, momentum transfer and the sea state are affected by
surface currents, hence it makes sense to introdi three-way coupling between
atmosphere, ocean circulation and surface waves. The sualll issone model for the
geosphere. At ECMWE, a first version of such a model will be introduceddlyan
the ensemble prediction system and in the monthly foretgsistem.
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The programme of my talk is therefore as follows:

e Air-seainteraction

Describe the scheme to model effects of the waves on theaim®mentum
transfer. Basically, when the sea state is young the waeesteep and are
potentially extracting more momentum from the air flow thamew the sea state
IS old and the waves are gentle. The enhanced momentumdrarssfally leads
to a more rapid filling up of the pressure lows.

This effect improves the atmospheric climate on a seasonaldcale and also
Improves forecast skill in the medium range (both atmosphed ocean waves).
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e Upper-Ocean Mixing
Upper ocean mixing Iis to a large extent caused by breakisgigiiting ocean
waves. As a consequence there is an energydyexdrom atmosphere to ocean.
It is given by®,. = mpau® wherem depends on the sea state. Wave breaking and
Its associated mixing penetrates into the ocean at a sc#te ofder of the
significant wave heightls. In addition, the shear in the Stokes drift gives an
extra production of turbulent kinetic energy which pentetsanto the ocean at a
scale of the order the typical wavelength of the surface siave

Developed a simple scheme to model these effects and ajiptieetthe diurnal
cycle in SST.
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e New Results

At ECMWF we have build a new version of our ensemble predictigstem.
This system consists of a coupled atmosphere, ocean-wesan@irculation
model where each component interacts with the two others.niddel includes
a sea state dependent momentum and heat exchange, thendaved upper
ocean mixing (where Stokes drift and breaking energy fluxsapplied by the
wave model) and Stokes-Coriolis forcing while the currexitsct both the
momentum exchange between air and water and the ocean vwpagation.

This coupled system shows certain improvements in forestasof the
ensemble prediction system, in particular in the Tropics.
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Air-Sea INTERACTION

Discuss the basic air-sea interaction model. Ocean waessried by the action
spectrumN(k; x,t), are governed by th action balance equation

D

EN:S: Sn+ 1+ Sus;

and the source functiorsrepresent the physics of wind input, dissipation by wave
breaking and nonlinear four-wave interactions. Air-saaraction is governed by
momentum conservation. In the steady state:

T = Tw(2) + Trurb(2),
with 1,y(2) the wave induced stress profile with surface value

oP

= o :pW/da)dG kS
Ot | \ing

This then results in a dimensionless roughness length, armokk parameter, as
given by
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z=90__9  4~001
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and depends on the ratio of wave-induced strgs® total stresq.

Using the Charnock parameter the neutral drag coefficiegive by

u? K ’
Cp(10) = Un(10)2 (Iog(lO/Zo))

As the coupled system results in a sea state dependent Chagaameter, the drag
over the ocean Is sea state dependent as well. This isdtadtbelow where
observed Charnock parameter is plotted against the ineéthe wave age parameter
Cp/U«. The wave age parameter measures the stage of developnveintsta.
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The graph of Charnock parameter versus inverse wave agesshowegimes: for
extreme young windseas roughness increases with wave age (occurs in Hurricane

conditions), while for larger wave ages but s young windseas the roughness
decreases with wave age.

The first regime hardly ever occurs, so let us give some eguithe 'normal’
regime of young windseas.

e Check on statistical properties of the ECMWF coupled sysmmpare average
drag as function of windspeed with most recent observations

e Impact on Model Climate.

e Impact on forecast skill.
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TTEST Z 500 (T63)

Figure 1:Ensemble mean of 500 mb geopotential height of coupled anttataun and their

differences.Period is winter 1990 and area is Northern ldph@re. Heavy shading means that
there is a probability of 95% that the difference is significa
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DIURNAL CYCLE IN SST

In the past 15 years observational evidence has been pedssmut the role of wave
breaking and Langmuir turbulence in the upper ocean mixing.

For diurnal cycle simulation only wave breaking is relevdhtan be shown that near
the surface, in a layer of the order of the wave held&tthe turbulent velocity is
enhanced by a factor of 2-3, while, in agreement with obs$menmvathere is an
enhanced turbulent dissipation. This deviates from the-d&the-wall’.

Combined with a proper modelling of buoyancy effects a stialsimulation of the
diurnal cycle may be obtained. Here, the energy flux from wad@ecean column
follows from the dissipation term in the action balance eiqua

Doe = — oy / dewdd wSis.
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Figure 2:Dimensionless dissipatiosy = eHs/®qc Versus(z+ zy) /Hs
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TKE EQUATION

The enhanced turbulent dissipation can be described inotext of the turbulent
kinetic energy (TKE) equation. If effects of advection ageared, the TKE equation
describes the rate of change of turbulent kinetic energgye to processes such as
shear production (including the shear in the Stokes ddé&inping by buoyancy,
vertical transport of pressure and TKE, and turbulent gegsone. It reads

Jde dUs > 1 0 — 0 —

wheree = ¢°/2, with q the turbulent velocityS= dU /dz andN? = gpo‘lap/dz,

with N the Brunt-\aisala frequencyp,, is the water density) p andow are the
pressure and vertical velocity fluctuations and the ovemdeaotes an average taken

over a time scale that removes linear turbulent fluctuations
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The turbulent production of Langmuir circulation is moeellby the second term on
the right-hand side of the TKE equation which representksvagainst the shear in
the Stokes drift. HerbJs is the magnitude of the Stokes drift for a general wave
spectrunf (w),

Us= g/ dw w’F (w)e 4 k= w?/g.
0

Although in principle the depth dependence of the Stokdsidriknown it still is a
fairly elaborate expression through the above integratihdfinal result we will use
the approximate expression

Ug= Us(O) 6_2k5‘2|,

whereUg(0) is the value of the Stokes drift at the surface &gt an appropiately
chosen wavenumber scale.
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The dissipation term is taken to be proportional to the culibeturbulent velocity
divided by the mixing length = k|z

q3

:§7

Here,B is another dimensionless constant.

€

The pressure transport term can be determined by expjieitetielling the energy
transport caused by wave dissipation. The correlation é&tvpressure fluctuation
and vertical velocity fluctuation at the surface is

1l - ” p ol >
lw(0) = +pW5p5W(z_ 0) = /o wWSyiss(K)dk mpwu* mpé/zwg* aw’
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and the main problem is how to model the depth dependengdedi. Assume depth
scale is controlled by significant wave heidihy:

lw(z) = +$5 POW = Iy (0) X fy, fy = e 14/

where the depth scalg ~ Hs will play the role of a roughness length. Thus, the TKE
equation becomes

de 0 de\ Olw(2) oU ,
dt_dz(lqsqd_z>+ 9z +"m52+w§a N E G

At the surface there is no direct conversion of mechanicaifgynto turbulent energy
and therefore the turbulent energy flux is assumed to vakishce the boundary
conditions become

|qsqg—§:0 for  z=0,

Jde

0—2:0 for Z— 00,
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STEADY STATE PROPERTIES
NEUTRALLY STABLE

The properties of the steady state version of the TKE equatere studied
extensively. Without presenting any of the details, fortrewstratification the
following "1/3'-rule is found. Introducing the dimensionless turbulent velpcit
Q= (Su/B)Y* x g/w. the approximate solution of the TKE equation becomes
di, du
3 w _2 S
w(z) =Q =~ 1+ 0akK|z— +La K|z —
(2= Q’~ L+akld +La |z
whereLa = (w, /Us(0))%? is the turbulent Langmuir number. So in terms@¥fthere
IS a superposition principle, i.e. contributions due to wave dissipation and
Langmuir turbulence may be added to the shear productiom ter

The next graph shows the contributions of wave dissipatr@hlaangmuir turbulence
to the turbulent velocity
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Figure 3: Profile of w = Q® according to the local approximation in the ocean column near
the surface. The contributions by wave dissipation (red)lsnd Langmuir turbulence (green
line) are shown as well. Finally, the-profile according to Monin-Obukhov similarity, which is
basically the balance between shear production and digsipa shown as the blue line.

S ECMWF



Surface waves and air-sea interaction

e—e Observed
— Modelled

T(0.17)-T(3.5), K

Days

Figure 4: Observed and simulated ocean temperafiife= T(0.17) — T(3.5) at 1830’ N,
61°30’ E in the Arabian Sea for 20 days from the 23rd of April.
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Figure 5: Comparison of simulated and observed diurnal amplitudé&28@ N, 61°30’ E in
the Arabian Sea for the one year period starting from 16thaiber 1994.
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NEW RESULTS

The insights gained during the diurnal cycle work have besadun further
developing the Nemo ocean model. The ocean model is forc#agapomentum flux
to the ocean column, while the mixing due to wave breaking erplicitely depends
on the dissipation produced by the WAM model. The Stokes dréxplicitely
determined as well. This allows for explicitely taking irdocount the effects of
Langmuir turbulence and the Stokes-Coriolis force.

Specifically the momentum flux to the ocean is given by

2T (o
Too=Ta—pu | [ dwd® k(Sn+Suis). (2)

while the energy flux to the ocean reads
21T oo
Poc=—pu [ | dedd wSuss (2)

Monthly means of these quantities are shown in the next twodgju
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OCEAN STRESS FOR 1995050100
O I I 8 N I IMHI“MI g o

Figure 6:Monthly mean of momentum flux into the ocean, normalized withmonthly mean
of the atmospheric stress.

SCECMWF



Surface waves and air-sea inter action

ENERGY FLUX TO OCEAN FOR 1995050100
- Imlwl I 1 Imlml | I Imlwl gl

Figure 7:Monthly mean of energy flux into the ocean, normalized with thonthly mean of
3
Pals.
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Systematicerrors

At the moment we are in the process of extensively testingadineus new options
we have introduced in the Nemo model. First results are namwsHor the choice
that the upper ocean mixing is provided explicitely by therevenodel, by comparing
coupled seasonal forecasts with and without the wave ejfeatixing.

The period is 1991 until 2005 and starting dates are Novegpd@erating 5 member
ensembles. Shown is the average difference between modglteobserved SST
over DJF.
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Ensemble Prediction

At the moment our ensemble prediction system is not baseccon@ed model, in
stead persisted SST anomalies are being used. The nexhple$ svhat happens
when a coupled system is used to produce the probabilitglaisbn of T850 and
T200 in the Tropics. Results are for 16 cases with 50 membéhseiensemble
running al; 639/’ model.

The gquantity called CRPS measures the rms error in the nazbelimulative pdf
against observed occurrence.

The impact is big and shows that coupling with the ocean ideartage. We also
tested the impact of the sea state dependent mixing. Thes givout half of the size
of the impact.
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CONCLUSIONS

e For some time now there has been the expectation, based sicahy
considerations, that sea state effects should be relemanpper ocean mixing.

e At ECMWF, we have developed an efficient tool to study thesecedfand first
results are promising so that by the end of this year a cougiedmble
prediction system will be introduced operationally.

e Clearly, at the moment we are just at the beginning of a exgiiew
development.
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