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Abstract. We investigated the effect of surface waves on the turbulence near the air-sea inter-
face and on the structure of the upper ocean. The study is organized as a series of numerical
experiments. We carried out a one-way coupling between a wave model (namely the third gen-
eration wave model WAM) and a second order closure model of the upper ocean (namely the
Mellor and Yamada 2.5 level model). We investigated the effect of a wave dependent surface
stress, wave breaking, and shear due to the wave motion on the structure of the upper ocean.
We concluded that accounting for the dependence of the surface stress on the wave spectrum
increases the depth of the ocean mixed layer. The effect is larger at high wind speed and
for a short duration. Wave breaking is an important source of turbulence in the ocean and
it can explain the large turbulence dissipation that is observed in the uppermost part of the
mixed layer. However, the turbulence generated by wave breaking does not give an effective
contribution to the deepening of the mixed layer because it does not penetrate far from the
sea surface. The inclusion of the source of turbulence associated with the shear of the wave
motion in the second order closure model gives unrealistic results for the depth of the mixed
layer. '

1 Introduction

In this study we address the following questions. Does the energy and momen-
tum transfer from the atmosphere to the ocean depend on surface waves? How
large is the transfer of energy from the waves to the turbulence? Is it possible,
in the framework of the models that are presently available, to represent these
quantities? Are they important according to the model dynamics?

In order to answer we have to consider the interactions among three systems:
the atmospheric boundary layer, the air-sea interface (i.e. the surface wave
motion and the associated amount of energy and momentum), and the upper
ocean (say the surface mixed layer). The three systems exchange energy and
momentum as is sketched in Fig.1. There are fluxes of energy, denoted with ¢,
and of momentum, denoted with 7. Subscripts a,w,o denote respectively the
atmosphere, the wave and the ocean (for instance 7,,, is the flux of momentum
from the atmosphere to the wave, 7., the flux of momentum from the atmosphere
to the ocean and so on). The overall downward fluxes from the atmosphere
are T, = Taw + Tao , Pa = Paw + Pao . The overall fluxes to the ocean are
To = Tao + Two » o = Pao + Pwo - The net flux to the waves, resulting in their
growth is 7y = OM,, /0t = Taw — Two » Pw = OFE, /0t = Paw — Pwo- The purpose
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of this study is to determine the importance of the effect of the waves on Toand

bo-
The waves are described using the WAM model (The WAMDI group, 1987).
The WAM model solves the wave energy transport equation without making
any parameterization of the low frequency part of the wave spectrum:

a DF(t,0,0)
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Here S, represents the input of energy from the wind, Su the nonlinear
interactions, Sqs the dissipation due to the wave breaking.

The characteristics of the model and the expressions of the source function
are described in detail in the original paper. With respect to the initial version
of the model S;; and 53 have been modified by adopting the quasi-linear
theory of the wave generation (Janssen, 1991) according to which a dependence
of the roughness length zp on the wave induced stress is introduced:

g\/l——raw/r. 2)

The model provides a computation of the friction velocity as a function of the
wind speed Ujp and of the wave spectrum F. Consequently the overall flux
of momentum from the atmosphere is computed as 7, = p,u?. Moreover, the
source functions allow the computation of the fluxes to and from the wave. For
instance the energy flux

2o =

1
¢wo - 'é'pwg/'s‘dsdk (3)

corresponds to the energy lost by the wave through breaking.

The TCM (Turbulence Closure Model) computes the velocity, the temper-
ature, the salinity and the TKE (Turbulence Kinetic Energy). The closure
adopted is the so ‘called 2.5 level (Mellor and Yamada, 1982), which retains
the anisotropy of the Reynolds stress only at the lowest order and neglects the
material derivatives and the diffusion terms in the equation for the temperature
and salinity variances (i.e. it assumes a local balance between generation and
dissipation of the variance). This simplification is not applied to the equations
for the TKE ¢ and the mixing length [:

D {q 0 0 (q*
D (3) -5 [lqsqa‘; (3)} =P+ P—¢, (4)
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where P; is the shear production of TKE, P, is the buoyant production and ¢
is the dissipation. The constants B,, E,, E; are determined from neutral flow
data, and the coefficient 5, is a function of the Richardson number. Therefore

the model is capable of describing the diffusion of TKE along the vertical away
from the place where it has been generated.
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2 The effect of the wave on the surface stress

The rate of growth of wave momentum 7, is much smaller than 7,. This con-
clusion can be reached using the WAM model or using observations of wave
development from which an estimate of 7y, can be derived. In fact assuming
a Toba spectrum F(0,0) = atu.gl(8)c~* (a1 is the Toba constant, g is the
constant of gravity, I(#) is the angular distribution, and ¢ is the frequency)
one obtains :

M, = pwg/dﬁl(ﬂ)/daaTu*a“3 = pw-g——Q—— (6)

where 0* = ou./g. The wave momentum M, divided by the characteristic time
required for wave growth T' = u,T\/g , T\ = 10°, gives the net momentum flux
into the wave : 7, — 7o = 7w & M, /T = pyular/(T.o?) , which typically is
few percent of 7,. '

This does not mean that the direct trankfer of momentum from the atmo-
sphere to the wave is small, on the contrary one has, according to our estimate
(Lionello, 1993), 7oy & 7, or a substantial fraction of it, say 0.15 7, < Taw < Ta.
It happens that the waves transfer to the underlying upper ocean almost all the
momentum that they receive from the atmosphere. The present uncertainty on
the magnitude of the overall momentum 7, is much larger than the net flux to
the waves 7. The direct effect of the waves on the momentum balance in the
open ocean is consequently small, and presently it is not important to account
for it using a sophisticated wave model.

To take the waves into account, however, may still be important because
the flux of momentum from the atmosphere to the ocean is modulated by the
waves. The drag coefficient is observed to reach a maximum when the sea is
young and to decrease in its following development (Donelan, 1982). Presently
two explanations of the observed dependence have been proposed: one is based
on the effect of the waves on the surface roughness over the sea (e.g. Donelan,
1982). The second is based on the presence of a large wave stress, associated
with wave induced fluctuations in the air flow (Janssen, 1991). Both approaches
give a qualitative explanation of the observed behaviour of the drag coefficient
in a growing windsea and the basic outcome of this coupling experiment does
not depend on the approach that is chosen. The WAM model adopts the quasi-
linear theory (Janssen, 1991). |

To investigate if the dependence of the surface stress on the wave spectrum
is relevant for the depth of the ocean mixed layer, we compared two numerical
experiments. A coupled experiment in which the upper ocean model is driven
by the variable stress computed by WAM and a reference experiment in which
the stress has a constant valuel, which is in substantial agreement with the bulk
formulas commonly found in the literature. The comparison has been carried
out for Uyp = 10,15,20,25 m/s. The initial stratification was 1C%/10m, there
was no buoyancy flux, and simulations were carried out at 60°/N. The resulting

! The time average of the stress computed by the WAM model has been used
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depth of the mixed layer? is shown in Fig.2.

The effect of the dependence of the drag coefficient is an increment of the
depth of the mixed layer. In fact the initially higher stress produces a faster
deepening of the mixed layer in the coupled experiment. In the following devel-
opment the differences in the stress between coupled and reference run decreases
progressively, with a time scale that is proportional to the time needed for the
wave to growth, i.e. proportional to the wind speed. Consequently at high wind
speed the increment in the stress persists for a long time and the difference
between coupled and reference experiments is relatively large. However, since
the time scale of the wave growth is shorter than the time scale of the mixed
layer deepening, the increment of the mixed layer depth is not large in spite of
an initial large increment of the stress.

3 The role of waves on the energy flux into the upper ocean

Wave breaking is a major source of turbulence in the upper ocean. The amount
of energy lost by the wave through breaking can be derived from the output
of WAM, but also from general considerations. Since the energy E, and the
momentum M, of the wave are related as E, = Cp,M,, where Cpp, is the
phase speed, one has ¢.w = CppTaw. The direct flux of momentum to the
upper ocean from the air is ¢,, & Taottx. Consequently, assuming 7,4 & Tao, as
has been briefly discussed in the previous section, then @ay/da & Cpp/us > 1.
Therefore, if waves and upper ocean receive a comparable amount of momentum
from the air then the waves receive a much larger amount of energy. Very little
of the energy received by the wind is kept by the wave. Orne can estimate the
overall wave energy E = p,, u*,E, /g, F. ~ 10° which, when divided by the time
required for wave growth, gives an estimate of the energy flux ¢, = E.p,u2/T.
of order ¢, = p,ul. Therefore dow = dwo 3> Pao. ,

The energy lost by the waves is not transferred to the mean motion and it con-
sequently generates,turbulence. This is deduced from the following argument. A
wave energy loss Cpp AM,, corresponds to an amount of momentum A M, lost by
the wave field. The whole momentum is acquired by the mean motion, with an
associated energy gain (AM,,)?/2p8V. The energy available to the turbulence
1s consequently AE; = AM,(Cpr — AM,/(p)) = AE, as AM, — 0. There-
fore we conclude that the wave breaking is a major source of TKE (Turbulent
Kinetic Energy) in the vicinity of the air-sea interface and that the modelling
of the wave evolution and the use of (3) is presently the only way to compute
such a source.

Our numerical experiments were designed to find out whether the TKE pro-
duced by wave breaking would be diffused far away from the sea surface, con-
tributing significantly to the turbulence field in the ocean and producing some
deepening of the mixed layer. A flux of TKE corresponding to the energy dissi-
pated by the waves according to the WAM model is imposed at the uppermost
layer of the TCM. The penetration of the turbulence produced by wave breaking

2 The depth of the mixed layer is estimated as the level at which the temperature is 0.2C°
lower than the surface value.
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MOMENTUM ENERGY
Atmosphere: 7, Atmosphere : ¢,
r.u.,] . ¢wl
Wave: 1= 2e = 7, 1, Tao Wave: du= 2% = daw — dao G0
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Ocean: T, \ Ocean: ¢,

Fig. 1. Exchanges of energy and momentum among the atmosphere, the wave and the ocean.

depends on the value of the mixing length L(1) that is imposed at the upper-
most level Z(1) of the TCM. If L(1) < kZ(1), where k is the von Karman
constant, there is little penetration, because the TKE dissipation is very large
in the vicinity of the air-sea interface. On the other hand, a larger value of L(1)
allows the TKE to reach a deeper level before being dissipated. The data in Fig.
3 have been obtained by imposing L({1) = lOuZ\/ch/g, where o, is the Phillips
constant. This means a mixing length proportional to the size of the high fre-
quency waves in the tail of the spectrum, whose phase speed is lower than u,.
With this choice we have L(1) ~ kZ(1)/10. The large TKE dissipation shown
in Fig. 3 in the vicinity of the sea surface is associated with the penetration of
the TKE generated by wave breaking, which disappears at a larger depth, where
the dissipation agrees with the prediction of the wall-layer theory. Fig. 3 shows
results produced at various stages of the development of the windsea, showing
the effect of the variation of the level of the spectral tail and of the flux @uo.
The figure is meant to be compared against some measurements that showed in
the presence of wave breaking a TKE dissipation 10 to 100 times larger than
the prediction of the wall-layer theory (Agrawal et al., 1992). The magnitude of
the dissipation that we computed is comparable with the measurements but the
depth does not agree — it is farther away from the surface in the measurements.
The TKE produced by wave breaking gave no significant contribution to the
deepening of the mixed layer in this numerical experiment.

4 Conclusion

The introduction of a wave dependent surface stress produces a deeper mixed
layer. The increment of the depth is of the order of a metre. The effect is larger
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Fig. 2. The depth of the mixed layer as function of time.

104 vreemy S—

197 L

PR R

L

nfz6

2
#

w2 " i " " s
163 qe2 ! 148 19! 102 199

kzeful,

Fig. 3.  The TKE dissipation (x-axis) as function of the depth (y-axis). Note that depth is
normalized with um/g, where uy . is the friction velocity in the water, and dissipation with
u3,,/kz, where k is the von Karman constant and z the depth.

when the mixed layer begins its formation and it decreases progressively. It
persists longer at high wind speeds, but it is anyway not large because the time
scale of the variation of the surface stress is much shorter than the time scale
of the development of the mixed layer.
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Wave breaking is a major source of TKE in the upper part of the mixed
layer and its presence can explain the large dissipation observed near the air-sea
interface (Agrawal et al., 1992), but it is not relevant for the deepening of the
mixed layer. In fact the large amount of TKE generated by the wave breaking
is dissipated near the sea surface and it does not penetrate to the bottom of the
mixed layer where it could contribute to its deepening.

We also introduced in the term P; of (4) an extra contribution: accountmg
for the shear of the wave motion. The sensitivity of the ocean model to the
introduction of the wave shear is very large and it results in a very deep mixed
layer — a 100% increase has been observed. The impact is too large to be realistic
and we conclude that the modelling set-up is not adequate for a reliable analysis
of this effect.
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