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INTRODUCTION

At ECMWEF there is slow but steady progress in the developratatfully-coupled
atmosphere, ocean-wave, ocean circulation modesimply called the Integrated

Forecasting Systen IFS ). In June 1998 we introduced the first operational coupled
atmosphere, ocean-wave model, which was followed by thevirsion of the IFS
(atm-ocw-oc), used for seasonal forecasting and later torthity forecasting.

Presently, the interactions between the several compsaeaias follows:
Momentum loss and heat exchange from the atmosphere depeitiols sea state
following the approach of Janssen (1991, 1996, 2004). Tkarocirculation is

driven by the sea state dependent fluxes and produces saudiaeats, e.g., which are
returned to the atmospheric model needed for the detenmmetf the fluxes.

As a next step, following Saetra’s work we are going to tegtant of effects such as
Stokes-Coriolis forcing and it is proposed to drive the ocean circulation gledth
momentum and energy fluxes directly from the wave model. thtexh, effects of
ocean-wave, current interaction will be introduced.
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Today, | discuss briefly the following items:

e MOMENTUM FLUX FOR EXTREME WINDS

For extreme winds a maximum in the drag coefficient is foutidstrated with
one example from hurricane Katrina usihgq version of the IFS.

e HEAT FLUXES AND SEA STATE

Determine effects of growing ocean waves on heat flux acagrtt critical layer
theory. Gives a Dalton and Stanton number which increasiéswind speed.
This is at variance with the results from HEXOS, but not wethant
measurement campaigns. Results in a deepening of hurticetnea by 10-15
mb.

e WAVE BREAKING AND MIXED LAYER

Energy flux®,: from atmosphere to ocean is controlled by wave breakinge&iv
an energy flux of the typ@®,. = mpau® wherem depends on the sea state.
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HURRICANES and the SEA STATE

The problem

Using a simple model for a hurricane, Emanuel argued thadtalgmressure and
maximum wind speed depend on the ratio of enthalpy to momeeichange
coefficients. C, /Cy . This ratio should lie in the rangeZl— 1.5 in order to get a
realistic simulation of a hurricane.

However, according to Hexo€, (which is Dalton or Stanton number) is independent
of wind speed whilé&, increases with wind speed, hence the r&@jgC, decreases
with increasing windspeed thereby seriously limiting thexmum wind speed of a
hurricane. But these exchange coefficients have only beseredd up to a wind

speed of 20 m/s, hence extrapolation to extreme cases magroblam here. There
are a few ways out of this. The drag coefficient ge maximum for increasing

wind and/or the heat flu increases with windspeed.

SCECMWF



Air-sea interaction and waves

MOMENTUM FLUX FOR EXTREME WINDS

Before results are discussed | will first give a basic airisegraction model. Ocean
waves, described by the wave spectrki(k;x,t), are governed by the
energy balance equation

ok =S=S,+S;+Ss

and the source functiorsrepresent the physics of wind input, dissipation by wave
breaking and nonlinear four-wave interactions. In my folatian, the roughness
length is given by

a
Z= 20 = .a~001
U 1_T_W
T

and depends on the ratio of wave-induced strgs® total stresg, where

oP K
o _/dwde =S

Tw=

wind
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Hurricane winds are highly variable in space and time, arceflore the sea state is
extremely youngdp/u. < 5). In those circumstances there are relatively few waves
to exert a stress on the airflow and as a consequence the asfsmmooth. In the
course of time more and more waves are generated resultargincrease in
roughness and the drag until the waves get so steep that \weaeiig and nonlinear
Interactions limit and reduce the roughness.
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Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC Surface: Mean sea level pressure
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100°W

Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC 10m **drag coeff with waves
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HEAT FLUXES AND THE SEA STATE

In the rest of my talk | will assume that heat and moisture flax be treated on an
equal footing (and are equal) and we assume the passive apal@ximation, i.e.
these gquantities do not affect the dynamics of the flow to aisognt extent.
Denoting byAT the air-sea temperature difference, one has

0
KU,

AT =

log(z/zr)

wherez; is a thermal roughness angd= —(W'T’). The Dalton numbe€, then
follows from

0 = CqUy 8T

and, on elimination oAAT, ,, one finds

_ L2 K
G =5 log(10/z;)’

whereCy, Is the drag coefficient which increases with,. An important question to
ask is to what exterd; depends on sea state and/or wind speed.
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Theory

Extend the theory c wind-wave generation to include therma stratification .
From previous work it is found that the mean flow is affectedhm/waves through a

diffusion term:

d 0 d 9%
5tY0 = 35K (2)5-Up+Du5Ug

whereK(z) denotes a turbulent eddy viscosity dbg represents the effects of
gravity waves (with wave spectruf(k)) on the mean flow,

i’ | |*
C— Vg

Dw = F<k)7

with w = v/gk, vg = dw/dk andx is the normalized vertical component of the
wave-induced velocity. In the passive scalar approxinmatine evolution of
mean temperature is found to be

0 0 0
STo= 3{ (KD +DW 2T}
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By parametrizing the wave effect the wind and temperatunélprcan be obtained
and one now immediately finds the expressions for the draffjaeat C; and the
Dalton numbec:

K K

2
R {Iog<10/zo> } G019 =5 o107

It is straightforward to evaluate these coefficients fromBF's IFS. Results show,
In agreement with Brugt al. (2005), an increase @ with wind while Cq also
Increases with wind but to a lesser extent. However, result{ is in sharp contrast
with HEXOS which gives a constant for the Dalton number.

Smedmaret al. (2007) (and also Oo#t al. (2000)) had another look at the heat
exchange problem and they also found tBaincreases with wind speed.

Is there now 'conclusive’ evidence that Dalton/Stanton nurer increase with wind?
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IMPACT ON HURRICANE KATRINA

| have performed a number of sensitivity experiments onitame Katrina to test
sensitivity to the formulation of the heat and moisture fllike control experiment is
the operational IFS which uses the following represematicthe thermal roughness

2z =5~ 5=0.4,06.
u

*

When substituted in the expression of the Dalton/Stantonbau,

_ L2 K
“0 =5 log(10/2,)

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

The next viewgraphs show results ofg, simulation with the IFS for surface
pressure and significant wave height and the differencesdeet the experiment
(with seastate dependent thermal roughness) and contrpadt is quite substantial.

SCECMWF



Air-sea interaction and waves

Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC Surface: **Mean sea level pressure

Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC Surface: **Mean sea level pressure

ECMWEF Analysis VT:Monday 29 August 2005 12UTC Surface: **Mean sea level pressure

Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC Surface: **Mean sea level pressure
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Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC Surface: **significant wave height Friday 26 August 2005 00UTC ECMWF Forecast t+84 VT: Monday 29 August 2005 12UTC Surface: **significant wave height
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WAVE BREAKING AND THE MIXED LAYER

Nowadays the role of breaking ocean waves and its contobuti the surface current
and mixing is well-understood (Craig and Banner, 1994;akeet al., 1999). Near
surface dissipation is closely related to the sea statee tihe breaking waves that
dump energy in the ocean column and there is no direct canegmce between
surface wind and breaking, hence there is no direct relditvween energy flux and
local wind.

In the context of ocean waves the energy fiepe and the momentum flur,. into the
ocean are given by

oP
loc = &

ot

K 7] =

= / deod® Sy, Poo = 5

— / dwdd S,

diss

Since the dissipation term scales liéF (w) the integrals are mainly determined by
the high-frequency part of the spectrum. But, because aéttra factork/w, the
momentum flux is, compared to the energy flux, to a larger éxtetermined by the
high frequencies.
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In practice the high frequency part of the spectrum i equilibrium  with the wind

which means the wind input and dissipation balance for these high frequencies.
As a consequence, on average, it is a fair approximationrenpetrize the
momentum flux into the ocean by means of the local stresshisutibes not hold for
the energy flux (as they are to some extent determined by tigetavaves which are
not in equilibrium with the wind).

This is illustrated by two examples: The first one is a singid-goint run which

mimics the passage of a frontal system. Hence, after onefdaganstant wind of 18
m/s, the wind turns by 90and drops to 10 m/s. In the second example we calculated
the fluxes from an actual wave model run for the month of Jan2@03 and

determined the monthly mean.

Here the momentum fluxes are scaled with the local spggs while the energy flux
is scaled bymp,u® wherem = 5.2 which is the mean value from the monthly run.
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ECMWF Monthly mean relative momentum flux (Tau/Ustar**2) for January 2003
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ECMWF Monthly mean relative energy flux (E/5.2Ustar**3) for January 2003
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CONCLUSIONS

e Two-way interaction of winds and waves results in a realigtstribution of the
drag for a hurricane. A maximum in the drag is automaticafiyjerated because
for extremely young sea state there are relatively few wawvegert a drag on the
airflow.

e The ratio of the enthalpy (heat and moisture) to the momentansfer
coefficient plays an important role in the development of aibane. Wave
dynamics affects the heat and moisture transfer and thé&ingsDalton and
Stanton number show a good agreement with present day paizatiens of
observations (e.g. Bra al. (2005)).The wave effect on heat and moisture flux
plays an important role in the evolution of extreme evenis pverall impact on
forecasts (although positive) is fairly small.

e Parametrisation of the energy flux into the ocean is notyde#isible using the
local friction velocity. An estimate based on wave breakdiggipation seems to
be more appropriate.
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