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ABSTRACT

At ECMWF suggestions emanating from the 1970’s regardiegsta state dependence of air-sea fluxes have been fol-
lowed up by introducing a coupled ocean-wave, atmosphedehitto operations in 1998. The properties of the ECMWF
air-sea interaction model in extreme conditions and ext@sgowards the determination of the heat flux and the ocean
mixed layer are briefly discussed.

1 Introduction

At ECMWEF there is slow but steady progress in the developroéatfully-coupledatmosphere, ocean-wave,
ocean circulation modekimply called the Integrated Forecasting System ( IFSJuime 1998 we introduced
the first operational coupled atmosphere, ocean-wave matiéth was followed by the first version of the
IFS (atm-ocw-oc), used for seasonal forecasting and latembnthly forecasting. An overview of the main
applications of the coupled system may be found in Eig.

Presently, the interactions between the several compeaeatas follows: Momentum loss and heat exchange
from the atmosphere depend on the sea state following th®agp of Janssen (1991 and 2004). The ocean
circulation is driven by the sea state dependent fluxes amdlpes surface currents which are returned to the
atmospheric model needed for the determination of the fluxes

As a next step, following O. Saetra’s work (Saettaal, 2007) we are going to test impact of effects such as
Stokes-Coriolisorcing and it is proposed to drive the ocean circulation eladith momentum and energy
fluxes directly from the wave model. In addition, effects oéan-wave, current interaction will be introduced.

In this short paper the following items are briefly discussed

e MOMENTUM FLUX FOR EXTREME WINDS

For extreme winds a maximum in the drag coefficient is foutidstrated with one example from hurri-
cane Katrina usingvgg version of the IFS.

e HEAT FLUXES AND SEA STATE

Determine effects of growing ocean waves on heat flux acaegrtdi critical layer theory. Gives a Dalton
and Stanton number which increases with wind speed. Thisvar&nce with the results from HEXOS,
but not with recent measurement campaigns. Results in adegpof hurricane Katrina by 10-15 mb.

e WAVE BREAKING AND MIXED LAYER

Energy fluxd,. from atmosphere to ocean is controlled by wave breakinge&an energy flux of the
type ®oc = mpaud wherem depends on the sea state.
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Figure 1: Overview of operational applications with the pbed system.
2 Air-sea interaction model and extreme winds

2.1 The problem

Using a simple model for a hurricane, Emanuel argued thatralepressure and maximum wind speed de-
pend on the ratio of enthalpy to momentum exchange coeff&i€p/Cp. According to Emanuel(1995) this
ratio should lie in the range.2— 1.5 in order to get a realistic simulation of a hurricane. Hogrewaccord-

ing to HEXOS (DeCosmet al,, 1996),Cy (which is the Dalton or Stanton number) is independent ofdwin
speed while&Cp increases with wind speed, hence the r&ligCp decreases with increasing windspeed thereby
seriously limiting the maximum wind speed of a hurricanet Bese exchange coefficients have only been ob-
served up to a wind speed of 20 m/s, hence extrapolation teragtcases is most likely problematic. There are
a few ways out of this. The drag coefficient getsiaximuntor increasing wind and/or the heat flincreases
with windspeed.

2.2 The air-sea interaction model

Before results are discussed | will first give a basic airisé@raction model, details of which are given in
Janssen (1991 and 2004). Ocean waves, described by the pesteusiF (k; X, t), are governed by thenergy
balance equatioffKkomenet al., 1994)

D

ﬁF:S:Sn+Swl+Sjs3 (1)

and the source functior&represent the physics of wind input, dissipation by wavekireg and nonlinear four-
wave interactions. In the ECMWF formulation, the Charnoekameterz) = g2/u? (with zy the roughness
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length andu, the friction velocity) is given by
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In the present coupled system at every atmospheric time(fstepxample with thel7gg model the time step

is 720 s) neutral wind fields, air density fields and a gussirfastor are passed from the atmospheric model
to the wave model. Then the wave model integrates one tinpeaste determines the two-dimensional wave
spectrum according to the energy balance equaliprhe wave-induced stress is obtained from Bjwhich

is followed by a determination of the Charnock parameted figl The loop is closed by passing the Charnock
field to the atmospheric model which then continues with teet time step by using the updated Charnock
field in the surface drag over the oceans. Here, the neutaglabefficienCp is given by

with L the height in the surface layex,is the von Karman constant amgl= z;u?/g.
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Figure 2: Comparison of simulated and parametrized relatad drag coefficient §(Ap/2) versus wave
age g/u,. Black line: simulation; open circles Eq5), and dashed line is the case of constant parameter

(z; = 0.01).

The sea state dependence of the air-sea momentum trangfieagired in terms of the wave age parameter
Cp/Us. Since the JONSWAP campaign (Hasselman@l. 1973) it is known that a good parameter to char-
acterize the stage of development of windsea is the wave ageneter, where 'young’ windsea has a typical
valuecp/u, ~ 5— 10 while old windsea has wave ages larger than 30. There feae $everal attempts in
the past to find observational evidence for the wave age deper of the Charnock parameter in the special
case of windsea generation. Examples are: 1) Donelan (1@82)studied wind wave generation and the sea
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state dependent drag for the short fetches of lake Ontami,2% Smithal. (1992) who studied the air-sea
transfer during the HEXOS campaign, which took place in thetlsern bight of the North Sea. However,
objections were raised against the findings of Donelan (18828 Smithal. (1992) because of the problem
of spurious correlation. At a particular measurement sieerainge of phase velocitieg is usually limited
compared to the range of friction velocities and as a rebaked on observations from one measurement site,
an empirically obtained relation between the Charnockrpatar and the wave age may be spurious because it
is in essence a relation between the Charnock parameteharfidction velocity. A way to avoid the problem

of self-correlation is to combine observations from a nundfeneasurement campaigns so that the range of
phase velocities is increased. This approach was followddviang (2005). In addition, rather then obtaining

a parametrization for the Charnock parameter, which isithem$o errors in observed friction velocity, Hwang
sought a relation between the drag coefficient and the wage Blge usual reference height for the drag co-
efficient is 10 m, but Hwang argued that from the wave dynamaist of view a more meaningful reference
height should be proportional to the wavelenggof the peak of the wave spectrum. Using wavelength scaling
Hwang (2005) found

Co(Ap/2) = A(cp/u.)? ()

with A = 1.220x 100-2 anda = —0.704, reflecting the notion that the airflow over young windise@ugher
than over old windsea. It is emphasized that the paramttnizéb) for the drag coefficient is not valid for
extremely young windseas, henég ¢nly holds for windseas with,/u, > 5. As shown in Fig2 the present
formulation of the interaction between wind and waves giwsnpared to Hwang's parameterizatid) &
realistic representation of the drag coefficient at halfigbak wavelength.

Wave Ages: 0.4 < cp/U10 <5
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Figure 3: Comparison of mean drag relation versus neutrahdvaccording to Coare 3.0 and a newly
proposed Coare 4.0 algorithm (J. Edson, this workshop) \thign mean drag relation according to the
ECMWF model.

Therefore, for windsea it is possible to obtain a convingr@gametrization of the sea state dependence of
the surface stress. However, under mixed-sea conditiangrtdg coefficient and the dynamic roughness are
difficult to validate at this stage. In stead, the stati$ficaperties of the present air-sea interaction module have
been validated. Hans Hersbach collected on the global dofoathe year 2005 model drag coefficients and
surface wind speeds and he found that on average the dradpevilowing function of neutral wind speed at
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10 m height:
Cp(10) = (a+bUfF) /USE (6)

wherea = 1.03103, b = 0.041073, p; = 1.48 andp, = 0.21. In Fig. 3 (obtained from J. Edson, see also this
workshop for a detailed discussion of the observations)atlegage model relation for the drag is compared
with bin-averaged observations from a few recent obsemwatampaigns and with a corresponding fit to the
data according to the newly proposed Coare 4.0 algorithne agneement between model and the Coare 4.0
algorithm is good. Note that the Fig. also shows the preseareC3.0 algorithm which differs significantly
from the Coare 4.0 result because the present algorithmlysbh@sed on observations of the stress up to a
neutral wind speed of 18 m/s, and is therefore thought togserkgiable in the high wind speed regime.

2.3 Extreme winds

Hurricane winds are highly variable in space and time, apcefiore the sea state is extremely youeyy ¢, <

5). In those circumstances there are relatively few wavexéot a stress on the airflow and as a consequence
the airflow is smooth. In the course of time more and more wavegyenerated resulting in an increase in
roughness and the drag until the waves get so steep that weakilg and nonlinear interactiofimit and
reduce the roughnessThis picture is confirmed by Figd (from Caulliez et al. (2008) but see for an earlier
discussion of this topic Komeet al. (1998)) which shows the observed Charnock paranggtas function of

the inverse of the wave age/cp.

T T T TTT1T1]
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X

Figure 4: Charnock parametegas function of the inverse wave agg/o,. Note the maximum value of the
Charnock parameter in the range 5-10. The data to the lefh@fhaximum are from field campaigns while
the data to the right of the maximum are based on laboratopgsrents (from Caulliez et al. 2008).

For extremely young windseas (sgy/u. < 5) the Charnock parameter has low values of the order of &rtd,

in this range of wave ages the Charnock parameter increagesvave age until a maximum value of about
0.1 is reached. For larger wave ageg/(1. > 5— 10) the Charnock parameter decreases with wave age in
agreement with the findings of a number of observational eégmg in the 1980’s and 1990's and in agreement
with the fit to observations given in Eg5)( The fact that there is a maximum in the Charnock paramster a
function of wave age has some interesting consequencekdairnulation of the drag coefficient field under
hurricane conditions.

As an example | discuss the simulation of hurricane Katnrsa pefore landfall. The simulation shown in Fig.
5 was performed with th@vgg version of the ECMWF model and the mean sea level pressucesiwws a
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Figure 5: 84 hour forecast (valid at 2008082600 UTC) withyglversion of the ECMWF model of mean
sea level pressure, significant wave height and drag coeffi¢or hurricane Katrina. Note that while the
pressure field is almost symmetric, there is a clear asymynirethe wave height field with maximum wave
height to the right of the propagation direction of the hagane. In sharp contrast to the wave height field
the maximum drag is to the left of the propagation direction.

symmetric, quite deep low of 918 mb while the wave height fegid the drag coefficient field are asymmetric.
The reason for the asymmetry in the wave height field is easitierstood when it is realized that hurricane
Katrina was moving towards New Orleans with a speed of therartl5 m/s. As a result, the forcing windfield
to the right of the propagation direction is larger by 10 nospared to the area to the left. The consequence is
that indeed the significant wave height field is expected thédargest in the area to the right of the propagation
direction of the hurricane. In contrast, according to tmeuation with the coupled wave-ECMWF model, the
drag coefficient field shows a maximum to the left of the prapiag direction of Hurricane Katrina. Now,
wave ages to the right of the low are extremely small, of traepwof 3, therefore according to Figt the
Charnock parameter is small, while to the left of the low, &vage is of the order of 10, giving quite large
values of the Charnock parameter. This may explain why tisexenaximum to the left of the low where winds
are relatively low. There is no need to emphasize that foatiostary hurricane such an asymmetry does not
arise.

My findings are in qualitative agreement with recent obgoia of a number of hurricanes as reported by
Powell (2008). The height dependence of the wind profile waerthined by means of drop sondes and the
roughness length was obtained from the observations asguarogarithmic wind profile. Powell’s results are
shown in Fig. 6, where the left panel gives the drag coefficient as functibneaitral wind speed. The drag
coefficient is seen to reach a maximum at about a wind spee@ af/d. The right panel stratifies the data
according to the location of the observations with respethé propagation direction of the low. The largest
drag coefficients, being abouix 103, are found for a wind speed of about 35 m/s in the left frontcenf

the hurricane.

Note that the present agreement between the ECMWF modeirfeea interaction and Powell’s observations
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Figure 6: The left panel shows drag coefficient (squaresyastfon of 10 m neutral wind speed obtained
from observations with drop sondes of a number of hurricaridse surface roughness is obtained using
the profile method. Upward and downward pointing triangledi¢ate the 95% confidence limits on the
estimates. Numbers near each symbol indicate the numbendfspeed samples. Two relations are shown
one based on the 10-160 m layer and one based on the 20-16@&m Rayvell regards the 20-160 m layer
as more representative of the lowest levels. The right parek the change of scale by a factor of two)
stratifies the same data according to the location of the et respect to the propagation direction of the
low (from Powell (2008).

is at best qualitative at the moment. Observing the strebsriicane conditions is no mean feat, and it is my
impression that Powell seems to underestimate the dragrie satent. This follows from a comparison of the
results of the Coare 4.0 drag relation (see BligAt a wind speed of 22 m/s the drag according to Coare 4.0
is around 25 x 102 while from Fig. 6 it follows that with high confidence the drag coefficient i§ & 103

at a wind speed of 26 m/s. Assuming that in this wind speederding drag coefficient is still increasing, |
would expect a drag coefficient which is higher than the or#2an/s. This discrepancy is presently not well
understood and more work is needed to resolve this matter.

3 Heat fluxes and the sea state

In this section | will assume that heat and moisture flux catrémted on an equal footing (and are equal) and
| assume the passive scalar approximation, i.e. theseitjeardo not affect the dynamics of the flow to a
significant extent. Denoting YT the air-sea temperature difference, one has

AT = Kqu log(z/zr) (7)
wherezr is a thermal roughness length amd= —(WT’). The Dalton numbe€, then follows from
0. = CqU10AT10 (8)
and, on elimination ofAT;, one finds
cq=cl? X ©)

® log(10/zr)’

whereCp is the drag coefficient which increases withy. An important question to ask is to what extent
depends on sea state and/or wind speed.

In Janssen (1997) the theory wind-wave generatiomvas extended to include thermstratification From
previous work it is found that the mean flow is affected by tlav@s through a diffusion term:

7 7 0 0?

—Up= —K(z2)=—Up+Dy==U 10

ot % 9z ()02 0+ Bwg o (10)
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whereK(z) denotes a turbulent eddy viscosity abg, represents the effects of gravity waves (with wave
spectrunmf (k)) on the mean flow,

P x|?

Dy =
|c— vyl

F(k), (11)

with w = v/gk, vy = dw/dk andx is the normalized vertical component of the wave-inducddoigy. In fact,
this approach forms the basis of the parametrization of tleeteof waves on the mean flow as displayed in
Egns. @-3).

However, for growing windsea one would expect, by analog$ wansport by eddies, that the wave-induced
motion in the air will enhance heat transport. In fact, inplassive scalar approximation the evolutioma#an
temperaturds found to be

S T0= a% {(K(z) + DW)(%To}- (12)
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Figure 7: Comparison between a parametrization by Brut e{2005) of the drag coefficient and the Dalton
number as function of wind speed with bin-averaged modeVetants obtained from one ECMWF forecast
field.

By parametrizing the wave effect the wind and temperatuoéilprcan be obtained and one now immediately
finds the expressions for the drag coeffici€ptand the Dalton numbeZ,:

K 1/2 K

2
CD(lO):{W} + Cal10)=Co " o507z (13)

For more details on this see Janssen (1997). It is straigydfd to evaluate these coefficients from ECMWF's
IFS. Results show (see Fi@), in agreement with Bruét al. (2005), an increase @p with wind and just as
in the case of Fig4, the agreement between modelled drag and observed dragrisssive. Als&C, increases
with wind but to a lesser extent. However, the resulGgrs in sharp contrast with HEXOS observations which
gives a constant for the Dalton number. Smedmiaal. (2007) (and also Oost al. (2000)) had another look
at the heat exchange problem and they found that, in agreemiterBrut et al. (2005),Cq increases with wind
speed.

3.1 Impact on hurricane Katrina

| have performed a number of experiments on the case of hngi&atrina to test sensitivity to the formu-
lation of the heat and moisture flux. The control experimesrthe operational IFS which uses the following
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representation of the thermal roughness

77 = 5u1, 5=0.4,0.6.

*

When substituted in the expression of the Dalton/Stantankrau,

1/2 K

© =% fog(10/zr)’

this choice of thermal roughness results in a Dalton/Stantanber that is almost independent of wind speed
(which agrees with HEXOS).

Figure 8: Impact of sea state dependent heat fluxes on thetéwolof the surface pressure field for hur-
ricane Katrina. Forecast step is 84 hours verifying on 20838®812. Upper left panel shows the control
simulation, upper right panel shows the experiment anddhet right panel shows the difference between
control and experiment. Sea state effects deepen the lo@-th inb.

Figure 9: Impact of sea state dependent heat fluxes on thet@wolof the wave height field for hurricane
Katrina. Forecast step is 84 hours verifying on 200508231@2per left panel shows the control simulation,
upper right panel shows the experiment and the lower rigimtgbahows the difference between control and
experiment. Sea state effects increase maximum wave hgigt-2 m.
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The Figs.8 and9 show results of ds;1 simulation with the IFS for surface pressure and signifigeate height
and the differences between the experiment (with seastgendient thermal roughness) and control. Impact is
quite substantial.

| continued the work on the impact of sea state dependentfhe@ts by running a data assimilation and
forecast experiment with thezdg version of the ECMWF model over the period of tH8 8f August 2007
until the 14" of September. | have chosen this period because it is knoairséa surface temperature effects
play an important role in weather forecasting in this timetha# year. Near the sea surface, improvements
in forecast skill of geopotential height, temperature aigghiicant wave height were found, but the impact
vanished rapidly away from the surface. Sometimes the ivgonents were quite substantial as follows from
a plot of the anomaly correlation of forecast significant &eight over the North Pacific shown in Fig0.
However, this impact is most likely not representative as known from experience that in the summertime
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HEIGHT OF WAVES SURFACE LEVEL
ANOMALY CORRELATION FORECAST
AREA=N.PAC TIME=00 MEANOVER 24CASES 7~ CTRL
DATE = 20070818 TO 20070910
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Figure 10: Anomaly correlation of forecast significant waweight as function of forecast time for the
Northern Pacific. Shown are scores obtained with sea statem#@ent heatfluxes and without(CTRL).

weather and sea state forecasting over the North Pacific hway a very sensitive dependence on the initial
conditions.

4 Wave breaking and the mixed layer

Nowadays the role of breaking ocean waves and its contoibuty the surface current and mixing is well-
understood (Craig and Banner, 1994; Tereawl., 1999). Near surface dissipation is closely related to &ze s
state. It are the breaking waves that dump energy in the aodamn and there is no direct correspondence
between surface wind and breaking, hence there is no dektian between energy flux and local wind. A
more extensive and more detailed discussion of the roleezding waves and how to implement their effects
in a coupled atmosphere, ocean-wave, ocean circulatiorhsdiven in Jansseet al. (2004).

In the context of ocean waves the energy e and the momentum flug, into the ocean are given by

oP

k JE
Toc= ot = /dwd@ Z)Sﬂ& Bgc = ot

_ / dewd6 Sys. (14)

diss diss
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Since the dissipation term scales likgF (w) the integrals for momentum and energy flux are mainly deter-
mined by the high-frequency part of the spectrum. But, bseatd the extra factdt/w, the momentum flux is,
compared to the energy flux, to a larger extent determinetidohigh frequencies.

The timescales for growth and dissipation of the high fregqyeoart of the spectrum are short and therefore,
in practice, the high-frequency part of the ocean wave spects in equilibrium with the wind. This means
thatwind input and dissipation balander these high frequencies. As a consequence, on average fair
approximation to parametrize the momentum flux into the ndBameans of the local stress, but this does not
hold for the energy flux (as they are to some extent deterntiyetthe longer waves which are not always in
equilibrium with the wind). This is illustrated by two exaiep obtained from Janssemnal. (2004): The first

4 ‘ ‘ ‘ ‘

- tau_air
- tau_oc
= Phi_aw|
3 = Phi_oc -

Flux

Time (hrs)

Figure 11: Evolution in time of normalized momentum flux andrgy flux to the ocean for the case of a
passing front afte24 hrs. The momentum flux has been normalized pitif, while the energy flux has
been normalized with pau®, where m= 5.2.

one is a single grid-point run which mimics the passage obaté system. Hence, after one day of a constant
wind of 18 m/s, the wind turns by 9Gand drops to 10 m/s. In the second example we calculated tkesflu
from an actual wave model run for the month of January 2003dstermined the monthly mean. Here the
momentum fluxes are scaled with the local styreg€, while the energy flux is scaled mgp,u® wherem= 5.2
which is the mean value from the monthly run.

In Fig. 111 present results for normalized momentum flux and normdlieeergy flux for the case of the
passage of a front. In agreement with the previous discusglich pointed out that the momentum flux is
mainly determined by the high-frequency part of the spectrit is seen that to a good approximation the
momentum flux going into the ocean equals the momentum fluxggoito the surface gravity waves. Hence,
the momentum flux into the ocean is mainly determined by tlallstress. The picture for the energy flux
is, however, entirely different. For steady winds thereny@ small difference between energy flux into the
waves (P,y) and energy flux into the ocea®§:) as happens for the first 24 hours of the single grid-point run
However, when the frontal system passes the dgxnormalized by the local estimatap,u? increases by a
factor of three. This overshoot is well understood. Althotige wind turns and drops, the ocean waves are still
steep, therefore this is still a considerable amount of veaargy being dissipated. The 'delayed’ reaction by
the waves lasts in this instant for over three hours. As aemuence, parametrizing the energy flux into the
ocean in terms of the local stress or local wind, which is ritaya common practice, is expected to be a poor
approximation of reality.

This finding has even consequences for the monthly averatfeeanergy flux. In areas where there is high
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ECMWF Monthly mean relative momentum flux (Tau/Ustar**2) for January 2003 ECMWF Monthly mean relative energy flux (E/5.2Ustar**3) for January 2003
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Figure 12: Left Panel: Monthly mean of momentum flux into tbeam, normalized with the atmospheric
stress. Right Panel: Monthly mean of energy flux into the ncearmalized with pau® where e~ 5.2. In
both panels the period is January 2003.

variability in the weather accompanied by the passage ofdf@ystems (e.g. in the storm tracks of the Northern
and Southern hemisphere) | would expect a higher normatinedgy flux®,c/mp,us then when the weather

is steady and has hardly no variability in wind speed andctoe (e.g. in the areas where the Trade winds

prevail). This is nicely supported by Fig2 which shows the monthly average of normalized energy flux and
momentum flux. In addition, it is clear that to a good appradion the momentum flux into the ocean may be

parametrized in terms of the local friction velocity of air.

5 Conclusions

My conclusions are the following:

e Two-way interaction of winds and waves results in a realidistribution of the drag for a hurricane. A
maximum in the drag is automatically generated becausfaraely young sea state there are relatively
few waves to exert a drag on the airflow.

e The ratio of the enthalpy (heat and moisture) to the momemtansfer coefficient plays an important role
in the development of a hurricane. Wave dynamics affecthélaéand moisture transfer and the resulting
Dalton and Stanton number show a good agreement with prdagrnparametrizations of observations
(e.g. Brutet al. (2005)).The wave effect on heat and moisture flux plays amitapt role in the evolution
of extreme events, but overall impact on forecasts (althqagitive) is fairly small.

e Parametrization of the energy flux into the ocean is notydahsible using the local friction velocity.
An estimate based on wave breaking dissipation seems to teeappropriate.
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