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ABSTRACT

Ocean waves play an important role in processes that gokerfiltxes accross the air-sea interface and in the
upper-ocean mixing. Equations for current and heat areepted that include effects of ocean waves on the
evolution of the properties of the upper ocean circulatind beat budget. The turbulent transport is modelled
by means of the Ievel% Mellor-Yamada schemeMellor and Yamadg1982), which includes an equation for
the production and destruction of Turbulent Kinetic Ene(GKE). The TKE equation in this work includes
production due to wave breaking, production due to wavexded turbulence and/or Langmuir turbulence, effects
of buoyancy and turbulent dissipation.

As a first test, the model is applied to the simulation of thigydaycle in Sea Surface Temperature (SST) at one
location in the Arabian sea for the period of October 1994l @ttober 1995. For this location, the layer where
the turbulent mixing occurs, sometimes called the Turlmeclis only a few metres thick and fairly thin layers are
needed to give a proper representation of the diurnal c¥i¢le.dominant processes that control the diurnal cycle
turn out to be buoyancy production and turbulent produdtipmave breaking, while in the deeper layers of the
ocean the Stokes-Coriolis force plays an important role.

1 Introduction

Apart from the traditional benefits of sea state forecasfing. for shipping, fisheries, offshore opera-
tions and coastal protection) it is now known that knowledfjhe sea state is also important for a more
accurate description of air-sea interaction, e.g. the tse@ affects

e the momentum transfer,
e the heat transfer and

e the ocean surface albedo.

Here, | will briefly study sea state effects on the upper oaaramics and upper ocean mixing. Start-
ing point is the Mellor-Yamada scheme where the turbulefdgoity is determined from théurbulent
kinetic energy equation The turbulent velocity is then used to determine the eddgosities in the
equations for momentum and heat. The turbulent kineticggnequation describes the balance between
the production of turbulent kinetic energy by work agaitsthearin the current and the Stokes drift
(produces wave-induced and Langmuir turbulence), préatuty gravitywave dissipation buoyancy
anddissipation of turbulence Note that momentum transport is also directly affectedHeywaves
through the so-calle8tokes-Coriolisforce.

The mixed layer model has been run for a one year period fremi@ith of October 1994 for a location
in the Arabian Sea where extensive observations of temperarofile, current profile, solar insola-
tion, wind speed, etc. were collected during the Arabiani8ead layer dynamics Experiment (ASE)
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(Baumgartner et a(1997); Weller et al.(2002). Verification of modelled temperature profiles against
these observations shows that dissipating waves and tlkessS@oriolis force play a considerable role
in the upper ocean mixing in that area.

In this short account | discuss briefly the following items:

e Mixed layer model

Monin-Obukhov similarity does not work for the upper oceaming because surface wave dis-
sipation and Langmuir turbulence produce large deviatfoors the usual balance between pro-
duction, buoyancy and dissipation.

Wave breaking, Langmuir circulation and mixed layer

The energy fluxd,; from atmosphere to ocean is controlled by wave breaking. rébelt is an
energy flux of the formb,. = mp,ud wherep, is the air density and., is the friction velocity in
air. In general the parameterdepends on the sea state and is not a constant. In orderstotke
this, a plot of the monthly mean of the parameatedefined as the ratio of the monthly mean of
energy flux normalized with the montly mean @fu® is shown in Fig.1. Both parameters are
obtained from the ECMWF ERA-interim resulBée et al(2011). Itis clear from the Figure that
on average in the Tropics time-parameter is small compared to the extra-Tropics. Inqaet, at
the location in the Arabian Sea the atmosphere-ocean eflasggan become anomalously low,
suggesting that the mixing might be low as well and therefloege is potential for a large diurnal
cycle.

Wave breaking penetrates into the ocean at a scale of theafrtiee significant wave heights.

Also, the shear in the Stokes drift gives an additional petida of turbulent kinetic energy which
penetrates into the ocean at a scale of the order the typmadlength of the surface waves.

ENERGY FLUX TO OCEAN FOR 1995050100
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Figure 1: Monthly mean of energy flux into the ocean, nornealiwith the monthly mean pfu?.
Period is May 1995.
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e Buoyancy effects

Buoyancy effects are essential for modelling diurnal cyclave used the approachibh and Kim
(1999 but adapted the relevant coefficients based on knowledgwaiffication effects from the
atmospheric community.

e Diurnal cycle in SST

Diurnal cycle in SST follows from the balance between absonpf Solar radiation in the ocean
column on the one hand and transport of heat by turbulencén@rmther hand. Since Solar
absorption is fairly well-known, the study of the diurnakttyis a good test of our ideas of mixing
in the upper ocean. Also, using the ASE observations | willssthat sea state effects are relevant
for upper ocean mixing.

A more detailed account of this work will be published sho(flansseti2012), which discusses topics
such as how effects of buoyancy and mixing by dissipatingesand Langmuir turbulence have been
obtained. It also describes some of the mathematical dremgof the results. In this account only a
brief summary of the main conclusions will be given.

2 Mixed Layer Model

Here we briefly describe a multi-layer model of turbulent imixin the upper ocean that includes effects
of surface wave damping, wave-induced turbulence andfitagion in addition to the usual shear pro-
duction and dissipation. A central role in this model is gldyy the Turbulent Kinetic Energy (TKE)
equation, which basically combines all the above physicatgsses to obtain the TKE as function of
depth and time. TKE is then used to determine the eddy viseséh the momentum and heat equations.
Additional effects such as Stokes-Coriolis forcing willineroduced as well.

2.1 TKE equation

If effects of advection are ignored, the TKE equation désxithe rate of change of turbulent kinetic
energye due to processes such as shear production (including tlhae ishiae Stokes drift), damping by
buoyancy, vertical transport of pressure and TKE, and tartiudissipatiore. It reads

de

- WUs » 10 - 0
E_vaZJrva-ﬁ—vhN —aa—z(épéw)—d—z(eéw)—s,

wheree = ¢?/2, with g the turbulent velocityS = dU/dz andN? = —gp, *dp/dz with N the Brunt-
Vaisala frequencyp,, is the water densityy p anddw are the pressure and vertical velocity fluctuations
and the over-bar denotes an average taken over a time satletmoves linear turbulent fluctuations.

Following Grant and Belchef2009 andHuang and Qia¢2010 wave-induced turbulence is modelled
by introducing work against the shear in the Stokes driftrellg; is the magnitude of the Stokes drift
for a general wave spectrum w),

Us= 2/ dw wkF (w)e 2 k= w?/g.
0
In stead of this | will use the approximate expression
Us= US(O)e‘2k5|Z|,

whereUg(0) is the value of the Stokes drift at the surface &g an appropiately chosen wavenumber
scale.
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The dissipation term is taken to be proportional to the cubthe turbulent velocity divided by the
mixing lengthl (2)

q3
:a’

Here,B is dimensionless constant. The mixing lengils chosen as the usual one for neutrally stable
flow, i.e.1(2) = k|z|, with k = 0.4 the von Karman constant.

&

It is customary (see e.gMellor and Yamadg1982) to model the combined effects of the pressure
term and the vertical transport of TKE by means of a diffusierm. However, the pressure term
can also be determined by explicitely modelling the energypdport caused by wave breaking. The
correlation between pressure fluctuation and verticaloigidluctuation at the surface is related to the
total dissipation of the waves (which follows from the inm&tipn of the dissipation sourcefuncti®jiss
over wavenumber space). Hence

1 0 p 5 1/2
a p\N
lw(0) = —dpdw(z=0) = g/o Siiss(K)dk = —m—u; = —m—pal/zwf = —avvf

wherew, is the friction velocity in water. and the main problem is htavmodel the depth depen-
dence ofdpdw. Assume depth scale is controlled by significant wave heitgand thatly(z) decays
exponentially:

lw(z) = +p—1wc5 POW = — WS X I(2), Tw(2) = & 12/%,

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

de 0 ( ae> 0lw(2)

ot~ 0z\"%az) oz oz v

+ VS + VnS+ = — v "B

At the surface there is no direct conversion of mechanicafgnto turbulent energy and therefore the
turbulent energy flux is assumed to vanish. Hence the boyruderditions become

Iq%g—izo for z=0, and g—izo for z=-D.

whereD denotes the depth of the mixed layer model.

2.2 Momentum equation

To simplify the problem, the wind/wave driven water velgégt assumed to be uniform without any pres-
sure gradients in the horizontal directions. Taking intocamt effects from the wave-induced stresses
the momentum equations then reduce to

du 0< du

E = 0—2 VmE> —+ (U =+ UStokeg X f

Here,vp, is the eddy viscosity for momentum which depends on the teribwelocityq = (2¢)¥/2, i.e.,

Vimh = 1(2)A(2)SuH

wherel (z) is the turbulent mixing length, arfl; andSy are dimensionless parameters which may still
depend on stratification.

Note that the Stokes-Coriolis force is obtained from theat&mh stress on a rotating sphere.
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2.3 Heat Equation

The heat equation describes the evolution of the temperatutue to radiative forcing and turbulent
diffusion. Using the depth variablke the temperature evolves according to

T 1 R a aT

Ot puCw 0z t ez
wherevy, is the eddy viscosity for heat, while the solar radiationfitgdR(z) is parametrized following
the work of Soloviev (1982), i.e.
R(z) = ayexp(z/z1) + azexp(z/z2) + agexp(z/z3), z< O,
with

(a1,ap,33) = (0.28,0.27,0.45) and(z, 2, 73) = (0.0139860.35714314.28571).

2.4 Buoyancy

Extreme events in diurnal cycle typically arise for low windBuoyancy effects are then important,
because they reduce mixing giving rise to heating up of thdager of the ocean.

Effects of stratification are modelled using the approaciNoli and Kim(1999. Under very stable
conditions one would expect that turbulence is charaeériz the Brunt-Vaisala frequencit (N2 =
—gpo‘lap/az). This suggests that the mixing length is limited by an addél length scalé, = q/N.
The eddy viscosity can then be estimated by

vV ~gly~ qIRit_l/2

where
Rir = (NI/g)?

is the Richardson number for turbulent eddies katige mixing length.

3 Steady state properties for neutrally stable flow

The properties of the steady state version of the TKE equatare studied extensively. In case turbulent
transport of TKE can be ignored it is possible to obtain arr@ximate solution, which is completely
determined by the local properties of the flow, hence the ndmaelocal’ approximation. Without
presenting any of the details (see for this Janssen (20d2helutral stratification the followingl/3'-
rule is found. Introducing the dimensionless turbulent velo€it= (S\,|/B)l/4 x g/w, the approximate
solution of the TKE equation becomes

~

di, du
w2z =Q~1+ aK]z]d—"Z" + La‘ZK]z]d—ZS,

whereLa = (w, /Us(0))Y/2 is the turbulent Langmuir number akl is the Stokes drift profile. So in
terms of Q3 there is asuperposition principle of physical processes, i.e. contributions due to wave
dissipation and Langmuir turbulence may be added to the glneduction term.

Fig. 2 shows the contributions of wave dissipation and Langmulsuience to the turbulent velocity.
It is clear from this picture that mixing by wave dissipatiomainly occurs very close to the surface, at
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Figure 2: Profile of w= Q® according to the local approximation in the ocean columnrribe
surface. The contributions by wave dissipation (red line) &angmuir turbulence (green line) are
shown as well. Finally, the w-profile according to Monin-@hov similarity, which is basically the
balance between shear production and dissipation, is shemithe blue line.

a depth of the order of the wave heidtig, while Langmuir turbulence has its maximum impact at the
larger depth of 1ks. These scales are widely different because ocean waveseakdywonlinear which
means that their characteristic steeprigbl; is small, of the order of 10%. As a consequence the ratio
of the penetration depths by wave dissipation and Langrathiutence, given, biiHs, is small as well.

Furthermore the solution in the local approximation hetpsiriderstand the sensitivity of upper ocean
transport to variability in the sea state. When determiriregenergy flux from the dissipating waves
it is found that there is high variability in the dimensiosdefluxa in particular near the passage of a
front. Hence, as the turbulent velocity depends, accortlirthe '1/3'-rule, onal/3, its variability and
the variability in the turbulent transport is much reducdthe '1/3'-rule also explains that when only
Langmuir turbulence is taken into account the turbulenoesigy scales with_.a=2/2 in agreement with
the scaling arguments @rant and Belchef2009.

4  Simulation of the diurnal cycle

The mixed layer model was solved using the boundary comditiat at depttd = 20 m current velocity
u(z), v(z) and temperaturd (z) are given. The equations for momentum, heat and turbulewtiki
energy are discretized in such a way that the fluxes are c@tserhile the quantities are advanced in
time using an implicit scheme with a time step of 5 minutese Vértical discretization is obtained using
a logarithmic transformation. Because such a transfoomas so efficient in capturing the relevant
details only 25 layers are required.

The model was driven by observations of fluxes and solaratisol for a period of one year at a location
at 1930’ N, 61°30’ E in the Arabian Sea (The Arabian Sea ExperimentBefumgartner et a{1997);
Weller et al.(2002). The ocean wave parameters were obtained from wave apgeciduced by the
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ERA-Interim reanalysisiee et al(2011)).

Modelled Diurnal SST Amplitude (DSA) is compared with ohstions in Fig.3. A good agreement is
obtained, while errors are bigger when wave effects arereggho

Finally, the ASE has a large volume of high quality obseorai | took the opportunity to validate
the modelled temperature profiles against the hourly obsiens. Results of the depth-dependent bias
and standard deviation of error are shown in Fg.This allowed me to check the impact of the wave
breaking parametrization and the Stokes-Coriolis force.

e Wave breaking parametrization results in a considerablectén of errors near the surface (depth
~ Hg).

e Stokes-Coriolis force gives a positive impact in the deégmyers of the ocean{ 1/k)

e No impact of Langmuir turbulence was found. Although therage turbulent Langmuir number
La~ 0.4 suggesting that mixing by Langmuir turbulence should ooousensitive dependence of
the results for SST on turbulent Langmuir mixing at this gites found. Langmuir turbulence acts
in the deeper layers of the ocean where in particular dutiegdaly time buoyancy effects may
have a stabilizing influence on the turbulent productionthis respect, it should be noted that
mixing by wave dissipation is less affected by stratificateffects as this process occurs much
closer to the surface.

5 Conclusions

My conclusions are the following:

e Wave effects, such as wave breaking and Stokes-Coriolisnfprare important even under low-
wind conditions.

e Wave breaking and buoyancy play a key role in understandiegliurnal cycle in SST and in the
current.
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Figure 3: Left Panel: Timeseries of normalized energy éuRight Panel: Observed and simulated
ocean temperaturAT = T(0.17) — T(3.5) at 15°30’ N, 61°30’ E in the Arabian Sea for 20 days
from the 23rd of April.
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e Simulations of SST are possible with high accuracy as théaiarerror is just above 0.15 K.
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