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Ocean Wave effects on the daily cycle in SST ECMWF

Abstract

Ocean waves represent the interface between the oceaneaattbsphere, and, therefore, a wave model is
needed to compute not only the wave spectrum, but is alséresbfo determine the processes at the air-sea
interface that govern the fluxes across the interface.

Here, starting from earlier results with the Turbulent Kio&nergy Equation, a simple model is developed
that allows for the inclusion of wave dissipation effectfeets of Langmuir turbulence and buoyancy on
the simulation of the daily cycle in SST.

1 Introduction.

The work of Terray et al (1996) and Craig and Banner (1994)higtsighted the prominent role of breaking
waves and its contribution to the surface current. In the fies customary to find considerable deviations from
the usual balance between production and dissipation lofileemt kinetic energy. These deviations are caused
by the energy flux produced by surface wave damping. Whemadxdéurbulent kinetic energy dissipation,

and deptlz are scaled by parameters related to the wave field, an almvgtrsal relation between dimension-
less dissipation and dimensionless depth is found. Hemgegmionless dissipation is given bils/®ay, with

Hs the significant wave height artl,,, the energy flux from wind to waves, while the dimensionlegstiués
given byz/Hs.

The energy flux by surface wave damping is expected to afieatpper-ocean mixing up to a depth of the order
of the significant wave height. Transport to the deeper agéthe ocean is possible because work against the
shear in the Stokes drift generates Langmuir cells whicle lagpenetration depth of the order of the inverse of
a typical wave number of the wave field.

In this paper | would like to develop a multi-layer model oftiulent mixing in the upper ocean that includes
effects of surface wave damping, Langmuir turbulence aradifstation in addition to the usual shear produc-
tion and dissipation. The model is applied to the problenhefavolution of the diurnal cycle in SST, and it is
shown that, even for low wind speed, wave effects play an maporole in determining the amplitude of the
diurnal cycle.

The programme of the paper is as follows. & a brief discussion of the role of ocean waves in air-sea
interaction is given while it is shown how to obtain in a releway energy and momentum flux from the wave
field. §3 gives some of the details of the mixed layer model that ipgsed to describe the mixing processes
in the upper ocean. The model consists of momentum equagiotighe heat equation. In the presence of
turbulence these equations are not closed and the IévMélor—Yamada scheme is adopted to model the
eddy viscosity for heat and momentum. These eddy viscesiie then found to depend on the turbulent
kinetic energy (TKE) and hence the need for a TKE equatioithérpresent paper the TKE equation describes
the rate of change of turbulent kinetic energy due to prasesach as shear production (including shear in the
Stokes drift), damping by buoyancy, vertical transport ifgsure and TKE and dissipation of turbulence. It
presents an ideal context to model effects of wave dissipatind Langmuir turbulence on the mixing properties
of the upper ocean. In contrast to the Graig and Banner mdi@get® of wave dissipation on mixing are taken
into account by following the fairly novel approach of exjitiely modelling the vertical transport of pressure
in terms of the rate of change of the wave spectrum due to wigggdtion (A similar idea in the atmospheric
context was pursued by Janssen (1999)). The effect of Laingombulence, following Grant and Belcher
(2009), is represented by the part in the shear production tieat is connected to Stokes drift. The upper
ocean may experience extremely stable conditions, edlyedising the day under low wind speed conditions;
the modelling of these stable conditions therefore requépecial attention. A model for buoyancy effects was
developed which for weakly stable conditions is based ounltefrom the Kansas field campaign (assuming
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that atmospheric and oceanic turbulence behaves in a sifaglion) while the modelling of extremely stable
conditions was guided by the renormalisation approach kb&anskyet al. (2005).

In §4 some properties of steady state solutions of the TKE emjuatie discussed. In particular, it is shown that
to a good approximation diffusion of turbulent kinetic egyemay be neglected. This approximation is called
the local approximation because the turbulent kinetic energy théy @epends on the local properties of the
turbulent flow. In the local approximation it turns out thiaetTKE equation reduces to an algebraic problem
and its solution indicates that the turbulent velocity (aedce the eddy viscosity) only weakly depends on the
wave energy flux and the contribution by Langmuir turbuleaezording to a 1/3-power law). Nevertheless,
wave effects enhance the eddy viscosities by a factor oflBspecting more closely the solution according to
the local approximation it is found that wave dissipatiofeets the mixing process very close to the surface
at a depth of the order of the significant wave height. Langrubulence is found to affect mixing in the
deeper parts of the upper ocean at a depth of the order of @atypavelength of the ocean wave field. Also
buoyancy effects are discussed in some detail. For wealifisaon, the present model is shown to be in
close agreement with the results of the Kansas field cam§Bigsingeret al., 1971) while for extremely stable
conditions it is found that momentum transport dominates transport, in agreement with Sukorianskyal.
(2005). In addition, the combined effects of waves and booyare studied as well. It is found that under
stable conditions buoyancy effects, which act in particifathe deeper parts of the upper ocean, suppress
the effects of Langmuir turbulence. Finally, the TKE egoatis shown to be in close agreement with the
empirically known dependence of dimensionless turbulessijgation on depth.

In §5 results of numerical simulations with the mixed layer ma@de presented. First, a synthetic example with
constant momentum and heat fluxes is given, which is follolmed simulation of the sea surface temperature
(SST) at a location in the Arabian Sea. The simulated diwrpele in SST is found to be in close agreement
with in-situ observations. The importance of sea statectffeeven for low wind speed cases, is shown as well.
Finally, §6 gives a summary of conclusions.

2 Surface layer mixing and ocean waves.

In order to be able to give a realistic representation of tihéng processes in the surface layer of the ocean,
it should be clear that a reliable estimate of energy and méme fluxes to the ocean column is required.
A first attempt to estimate these fluxes from modelled wavetspand knowledge about the generation and
dissipation of ocean waves was given by Komen (1987). Wel994)) studied energy and momentum fluxes in
the context of a low-resolution coupled ocean-wave atmaspimodel (WAM-ECHAM), and it was concluded
that there is no need to use a wave prediction model to deterthe energy flux. A parametrization of the type
Day = Mpau? (with u, the air friction velocity andn a constant) would suffice. It will be shown here that this
conclusion depends on an approximation used by Weber toastithe energy flux.

As energy and momentum flux depend on the spectral shapeoltit®s of the energy balance equation is
required. It reads

17} 17}

5tF Va5 F = Sin + ol + Stisst Soor @)

whereF = F(w, 0) is the two-dimensional wave spectrum which gives the endiglyibution of the ocean
waves over angular frequeney and propagation directiol. Furthermoreyy is the group velocity and on
the right hand side there are four source terms. The first §pealescribes the generation of ocean waves
by wind and therefore represents the momentum and enenggférafrom air to ocean waves. The third and
fourth term describe the dissipation of waves by processels as white-capping, large scale breaking eddy-
induced damping and bottom friction, while the second tester®tes nonlinear transfer by resonant four-wave
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interactions. The nonlinear transfer conserves totalggrend momentum and is important in shaping the wave
spectrum and in the down-shift towards lower frequencies.

Let us first define the momentum and energy flux. The total wasmemtumP depends on the variance
spectrun¥ (w, 8) and is defined as

2 oo k
P:pwg/ / dwdb —F(w, 0), 2
o Jo w

which agrees with the well-known relation that wave moments simply wave energy divided by the phase
speed of the waves. The momentum fluxes to and from the wadesdtfielgiven by the rate of change in time
of wave momentum, and one may distinguish different monrarftuxes depending on the different physical
processes. For example, making use of the energy balaneti@y() the wave-induced stress is given by

21T oo k
Taw= pwg/ / dewdd <Sn(w,0), 3)
0 0 w

while the dissipation stress is given by

21T oo k
Two = Pud / / dwdd — Syiss(@, ), (4)
0 0 w

Similarly, the energy flux from wind to waves is defined by

21 oo
q)aW:pr/O /Odwdesn(w,e), (5)

and the definition for the energy flux from waves to ocet,, follows immediately from the above one by
replacingSy by Sjiss It is important to note that while the momentum fluxes arenyailetermined by the
high-frequency part of the wave spectrum, the energy flux &larger extent determined by the low-frequency
waves.

In an operational wave model, the prognostic frequencyeaaadimited by practical considerations such as
restrictions on computation time, but also by the constitarathat the high-frequency part of the dissipation
source function is not well-known. In the ECMWEF version oé tW/AM model the prognostic range of the

wave spectrum is given by the condition

wherewneanis a conveniently defined mean angular frequency @plis the Pierson Moskovitch frequency.
In the diagnostic rangap > «, the wave spectrum is given by Phillipey> power law. In the diagnostic
range it is assumed that there is a balance between wind idigstpation and nonlinear transfer. In practice
this means that all energy and momentum going into the higgpency range of the spectrum is dissipated,
and is therefore directly transferred to the ocean column.

As a consequence, the momentum flux to the oceanis given by

21 rox k
Toc = Ta—pwg/o /0 dwd6 Z)(Sln—i-SnI‘FSjiss)a (7)

whereT, is the atmospheric stress, whose magnitude is givery By pau?. Note that the ocean momentum
flux 74¢ Only involves the sum of the three source functions of thegnlealance equation and therefore it only
involves the total rate of change of wave momentum. Any waweeehthat is forced by reliable atmospheric
stresses and that produces wave height results that comphnith, for example, buoy wave height data and
Altimeter wave height data, will produce reliable estinsatéthe ocean momentum flugc.
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Figure 1: Evolution in time of normalized momentum flux anergn flux to the ocean for the case of a passing front after
24 hrs. The momentum flux has been normalized p4tl, while the energy flux has been normalized wighyud, where
m=>5.2.

Ignoring the direct energy flux from air to currents, becatise small (cf. Phillips, 1977), the energy flux to
the ocean,, is given by

2 rox
Do = Q)E,gl\t,—pwg/o /0 dwd6 (Sn+ Sy + Suiss) » (8)

where®'% is the total energy flux transferred from air to ocean wavesis Total energy flux is fairly well-
known, because empirically the wind input to ocean wavegisknown, even in the high-frequency part of the
spectrum (cf. Plant, 1982). Furthermore, there is now aamnss that the high-frequency part of the spectrum
obeys arnw—° power law (Banner, 1990; Birch and Ewing, 1986; Hara and &airdasev, 2003, to mention but
a few references). Hence, fairly reliable estimates of tlergy flux®,. may be provided by means of a wave
model provided the model has a wind input term that agredstivit observations of wave growth and provided
modelled wave heights compare well with observations.

Before results of time series for momentum and energy flwafsimple case are presented, we have to make
one remark on the numerical implementation 4fgnd 6). The energy balance equation is solved by means
of an implicit integration scheme (cf. Komen et al, 1994).bEoconsistent with the numerical treatment of the
energy balance, the momentum and energy flux have to bedrigasesimilar spirit, i.e. including the implicit
factors of the integration scheme.

Let us now illustrate the sea-state dependence of the mameand energy flux for the simple case of the
passage of a front. To that end we take a single grid-poirsiaenf the ECMWF version of the WAM model
and force the waves for the first day with a constant wind spé&8 m/s, which is followed by a drop in wind
speed to 10n/sand a change in wind direction by 90deg. In Figve have plotted time series of atmospheric
stress t,), the momentum flux to the oceam), the total air-wave energy flux®{S) and the energy flux
into the ocean®,;). The momentum fluxes have been normalizedrhywhile the energy fluxes have been
normalized bymp,u®, with m = 5.2 which is a convenient mean value. During the first day we détal the
case of wind-generated gravity waves, hence windsea, argrticular, the difference between atmospheric
stress and the momentum flux to the ocean is small, most ointleeatt best 2%. This is a well-known property
of windsea (JONSWAP, 1973). For windsea, the differencevben total energy fludiS, and the energy flux
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ECMWF Monthly mean relative momentum flux (Tau/Ustar**2) for January 2003
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Figure 2: Monthly mean of momentum flux into the ocean, ndmedlwith the atmospheric stress. Period is January
2003.

into the oceand, is somewhat larger. When the front passeb at24 hrsthere is a sudden drop in wind, hence
in atmospheric stress. However, the waves are still sted@gperience an excessive amount of dissipation in
such a way that wave energy decreases. As a consequendegcaple amounts of momentum and energy are
dumped in the ocean column, much larger than the amounts oulel wxpect from the local wind. Therefore,
in cases of rapidly varying circumstances, the fluxes are sedepend on the sea state. This is in particular
true for the energy flud,c and to a much lesser extent for the momentum figgx

This different behaviour of momentum flux and energy flux issgal by a combination of two factors. By
definition momentum flux is mainly determined by the high freqcy part of the spectrum while we have
assumed that in the unresolved part of the spectrum therdoddamce between wind input and dissipation.
Hence, for windsea there is almost always a balance betwieasspheric momentum flux and the flux into
the ocean. This holds to a lesser extent for the energy fluausecthis flux is partly determined by the low
frequency part of the wave spectrum as well.

The different behaviour of momentum and energy flux is alsmdbin the monthly means on a global scale.
This is illustrated in the Fig2 and3, which are taken from Janssenal. (2004). The typical variation in the
ratio Toc/ T4 is then found to be of the order of 4% while the variation inleemalized energy fluxPoc/mpaus,

is substantially larger. The global average of the valuerféurns out to ben~ 5.2. Note that the map for the
energy flux shows an interesting spatial pattern. In the tegahregion values of the normalized energy flux
are small, suggesting that the mixed layer is thinner thamtrm. In the extra-Tropics the normalized energy
flux is considerably larger, presumably because here thdagger variability in the wind field.

We finally remark that in the work of Weber (1994) the energy fhito the ocean was approximated by the
relation®,. ~ (C) Taw, Where(c) is the mean phase velocity. This generally overestimatesniergy flux by at
least a factor of two and as a consequence fairly high values(m~ 14) are found. In addition, in interesting
cases such as the passage of a front, the energy flux appteginmathis manner will follow the wind. For
example, in the frontal case of Fid.the energy flux to the ocean would decrease dramatically-a24 hrs,
while, in fact, it should hardly change. Therefore, it is Batprising that with this approximation the energy
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ECMWF Monthly mean relative energy flux (E/5.2Ustar**3) for January 2003
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Figure 3: Monthly mean of energy flux into the ocean, nornealiwith npaud where mr~ 5.2. Period is January 2003.

flux ®oc and wind are closely related.

It is concluded that it is not a good idea to estimate the gniuy from the local stress, because significant
memory effects are present in rapidly varying circumstande general, when wave information is available,
it is preferred to directly use knowledge on the evolutiornhaf sea state due to wave dissipation, c.f. B). (
Furthermore, on average 98% of the atmospheric stressigferaed locally to the ocean, while 2% of the wave
momentum is advected away and finally dissipates at the shbi@vever, under extreme circumstances such
as during hurricanes as much as 10% of the wave momentum megvieeted away. Therefore, although on
average differences are small, it seems preferable to thewecean with the momentum flux from waves to
ocean, cf. Eq.7), because the alternative choice would introduce slightlye momentum in the ocean colum,
which in long integrations may give a contribution to climalrift.

3 Mixed layer modelling.

Having found a reliable way of obtaining from the rate of ofgarof the wave spectrum the momentum and
energy flux into the ocean, we now turn our attention to thesequences for the mean flow in the ocean. We
start from the work of Craig and Banner (1994) (and Mellor ¥athada (1982)) who introduced effects of wave
dissipation on turbulent mixing by specifying the energyfai the surface as a surface boundary condition
to the turbulent kinetic energy (TKE) equation. Followinga@t and Belcher (2009), the TKE equation is
extended by introducing the generation of Langmuir cirbofathrough work done against the shear in the
Stokes drift. Furthermore, following Noh and Kim (1999) aBdaset al. (2008), the important effects of
buoyancy are introduced as well. We discuss the consegaidocéhe momentum and heat equation, where
the eddy viscosity is expressed as a product of a mixing feagtl turbulent velocity which follows from the
solution of the turbulent kinetic energy budget.

The model is applied to the problem of the diurnal cycle in sediace temperature (SST), which is quite a
challenge because the SST follows from a balance betweengios of solar radiation in water and turbulent
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transport of heat. Assuming that the amplitude of the diucgele can be measured accurately and since the
absorption profile of solar radiation is well-known, thispépation provides a sensitive test of our ideas of
mixing in the upper ocean. In this Section the model is priesknwhile in§4 the properties of the steady state
version of the momentum, heat and TKE equations are studiba is then followed irg5 by applying the
dynamical model to a synthetic case of constant wind foraimg) heat flux, while, using observed forcings, the
model is also applied to simulate the diurnal cycle in sufasgr temperature for a three month period in the
Arabian Sea.

3.1 Momentum equation.

To simplify the problem, the wind/wave driven water velgdi assumed to be non-rotating and uniform with-
out any pressure gradients in the horizontal directions.cBovenience increasing depth is taken in the positive
z-direction. The momentum equation then reduces to

ou 0t

H 97 T = —(dudw), 9)

wherert is the stress in the water column which is usually paramedrast = —vdu/dz, assuming that the
main component of the water velocity is turbulent. Howeirethe same spirit as done for the problem of wind
wave generation (Janssen, 1999; Jansseh, 2004) it is suggested that in particular in the upper pathef
ocean column wave motion is an important component as wkbrdfore, the fluctuating parts of the velocity
are written as a sum of wave-induced motion, denoted witthagiptw, and turbulent motion, denoted with
a prime’, and it is assumed that there is no correlation between wai®mand turbulence. As a result the
stressr becomes

T = —(3UyOWy) — (UW),

and the turbulent part of the stress is modelled with a mixémgth model while the wave-induced part is
given, i.e. independent of the current. The shape of the svaieced stress is prescribed by a function whose
derivative vanishes at the surfacaence

— (BUnOWy) = % «T@), 1-F(2) = (1-e 7Y,

where zp determines the gradient of the wave-induced stress andnsideyed to be closely related to the
significant wave heighHs. In other words, it is assumed that wave dissipation affattsiost a layer of
thickness of the wave height. Combining everything toge#ira introducing the water friction velocity,
according to

Toc = pWWE (10)
the momentum equation becomes
du 0 du dT (2)
5~ o7 (W) W ()

Here, vy, is the eddy viscosity for momentum and following Craig anchBer (1994) the Ievel—? Mellor-
Yamada scheme is used (Mellor and Yamada, 1982). Hence,dtheascosity for momentum (and heat
denoted by is expressed as

Vimh = 1(2)A(2)SuH 12)

1the reason for the vanishing of the first derivative will belained shortly
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wherel (z) is the turbulent mixing lengthe = g?/2 is the turbulent kinetic energyj(z) is referred to as the
turbulent velocity) andgy andS, are dimensionless parameters which may still depend otifistition. The

turbulent velocityg will be obtained from the TKE equation, while the expresdimrthe mixing length will be

introduced during the discussion of buoyancy effects.

Eg. (11) is the basic evolution equation for the ocean current. dleoto better understand the role of the wave-
induced stress profile it is of interest to study the case @fha-tndependent current. Then, the momentum

equation becomes
d ( du> _Wsz(z) _o

dz\ "4z dz

Integrating once with respect to depth and realizing thatrttomentum flux to the water column is suplied
entirely by surface wave dissipation one finds

du -
Vi, = -wW2(1-T(2).
and this equation can be immediately integratedufaiith the result

u= —Wf/szzl—f(z).

V

(13)

The advantage of the introduction of the wave-induced mragihow immediately evident by closer inspection
of the relation {3). In the usual approach the functidnis absent and if one would choose an eddy viscosity
which is a linear function of depth or height a logarithmiaggilarity would occur upon evaluation of the
integral. This singularity can only be avoided by the introiibn of a ‘'mysterious’ roughness length In

the present case such an 'ad-hoc’ measure is not needed. tiNomtegrand has no singularity at the origin
because the function—l‘f(z) vanishes sulfficiently rapidly near the surface thereforeebing the singularity
caused by the eddy-viscosityin the denominator. Therefore, in the following the eddycusty is assumed

to be given by Eq.X2), while the mixing length scalgz) is assumed to vanish far— 0.

Remark: One may apply a similar reasoning to the problem of air flowr evied-generated gravity waves. The wave-
induced stress is then determined by the wind-input sountetion, and the wind profile follows from

U,
Vmg, = U (1-T(2).

The eddy-viscosityn, is again given by Eq.1Q2), i.e. vin = 1(2)q(2)Su. The turbulent velocity(z) is obtained from the
kinetic energy equation, and for simplicity | assume thé tlonsists of a balance between production and dissipation
This implies

where the dissipatioa = g®/Bl. Making use of the expression for the eddy viscosity in thergybudget, the turbulent
velocity is readily found and, as a result the eddy viscds#gomes

du

vm=1%(2) a0

where the relationli%l/“ﬁ,,/4 = 1is used. Substitution of the eddy viscosity in the momenrggomtion finally gives for the
wind profile

Z R
U(z) = u*./o é (1—T(z))1/2,
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for the boundary condition that the wind velocity vanishetha surface. Now, taking as mixing lendttz) = kz it is
immediately evident from the above expression that the wigldcity only remains finite provided 1 T(z) ~ Z* for
vanishing height. Therefore, choosing for the stress profile

(1-T@)*=1-e?,

the expression for the wind profilé becomes
B z2dz —2/2
U(z) _u*/K/0 - (1—e )
The integral may be expressed in terms of the exponentegialtE; (z) (see Abramowitz and Stegun, 1964), hence,
U
U(2) = - [109(z/20) + v+ Ea(z/20)]

wherey = 0.57721 is Euler’s constant. Expressionsig(z) for small and large z are known. The resulting form of the
wind profile for smallz/zy becomes

while for largez/z, the wind profile becomes
Us _
U(2) ~ —~log(z/yo), Yo = & "2.

Remarkably, as™¥ ~ 0.561, the outer flow experiences a smoother flow than the inowr fl

In summary, the roughness length may be explained in termgddient length related to the wave-induced stress profile

T(2). However, in order to obtain a finite surface velocity thererastrictions to the behaviour of the wave stress profile
near the surface, 4 T(z) ~ 2!

3.2 Heat equation.

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

oT 1R 0 0T
ot puCw 0z 0z "0z’

wherevy, is the eddy viscosity for heat, given by E42}, while the solar radiation profilR(z) is parametrized
following the work of Soloviev (1982), i.e.

(14)

R(2) = asexp(—z/z1) + apexp(—z/z,) + agexp(—z/z3) (15)
with
(a1,ap,83) = (0.28,0.27,0.45)
while
(21,25,73) = (0.0139860.35714314.28571).

The decay length scalg, corresponding to the absorption of light in the near UV irig seen to be quite
small, of the order of 1 cm. Therefore, in order to captureabgorption of light in the near UV range high
resolution inz near the ocean surface is required.

The 'turbulent’ heat transport could have been modelledsimélar fashion as done for the momentum equation
by adding a explicit contribution due to the presence of gngwvater waves. So far this has not been done yet.

Technical Memorandum No. 634 9
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3.3 Kinetic energy equation.

The equation for the kinetic energy of the turbulent velpdliictuations is obtained from the Navier-Stokes
equations. If effects of advection are ignored, the TKE &éqguoadescribes the rate of change of turbulent
kinetic energye due to processes such as shear production (including the ishthe Stokes drift), damping by
buoyancy, vertical transport of pressure and TKE, and tartiudissipatiore. It reads

de Vs 5 10 —— 0 ——
ﬁ_vaZJrvaW vaN +pwaz(5p5W)+0z(65W) g, (16)

wheree = ¢?/2, with g the turbulent velocityS= dU /dz andN? = gp, 1dp/dz with N the Brunt-Vaisala
frequency,py is the water density)p and dw are the pressure and vertical velocity fluctuations and tiee-o
bar denotes an average taken over a time scale that remogestiurbulent fluctuations

The turbulent production by Langmuir circulation is moddllfollowing Grant and Belcher (2009) by the
second term on the right-hand side of Eq6)(which represents works against the shear in the Stokes drif
HereUs is the magnitude of the Stokes drift for a general wave spetk(w),

Us= g/ dw w’F (w)e ¥ k= w?/g.
0

Although in principle the depth dependence of the Stokdsidrknown it still is a fairly elaborate expression
through the above integral. In the final result we will usedpproximate expression

Us= Us(O)e_ZkSZ,
whereUg(0) is the value of the Stokes drift at the surface &g an appropiately chosen wavenumber scale.

The dissipation term is taken to be proportional to the cubthe turbulent velocity divided by the mixing
length

&= DI’ (17)
Here,B is another dimensionless constant.

It is customary (see e.g. Mellor and Yamada, 1982) to moaettimbined effects of the pressure term and the
vertical transport of TKE by means of a diffusion term. Thus,

10 —— 0 —/— 17} Jde
aa—z(épéw) + 0—Z(e5W) =33 (Iqsqd—z>

whereS; is a constant. As a result the TKE equation becomes
de 0 de dUs > /2
ot oz ('qs‘ az> UnS’ W N zﬁBI(z) ’

and this equation has to be supplemented by boundary comslitiFollowing Craig and Banner (1994) it is
often assumed that the energy flux at the surface is suppfiadite dissipation. Hence the boundary condition
at the surface becomes

—|QS:1§—§=F0 for  z=0,

while at infinite depth the gradient in TKE is assumed to anis

de

0—2:0 for Z— o0,
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The energy fluxp,Fp is related to the energy flux into the ocean by
pwFo = Poc (18)

where®oc is the energy flux by breaking and/or dissipating waves ghweieq. @). In the absence of the
relevant information on the sea state, the energy flux is\giteametrized a®oc = mp,us. Hence writing,

FO = aVVf, (19)

one then findsx = m(pw/pa)l/z. With min the range of 2- 10, a has typical values of the order 50250.

Using a wave prediction systemanda can be determined explicitely.

However, the pressure term can also be determined by dwrbftichodelling the energy transport caused by
wave dissipation. Janssen (1999) demonstrated how theupeeterm may affect flow in the atmospheric
boundary layer by explicitely using knowledge on the growothvaves by wind. The same idea will be used
here (cf. Jansseat al. (2004)) but now applied to wave dissipation in the oceanroolu The correlation
between pressure fluctuation and vertical velocity fluabumeat the surface is

lw(0) = +pW5p5W g/ Suiss(k (20)

and the main problem is how to model the depth dependenddiv. One could perhaps argue that the
depth dependence may be modelled in a similar way as the deptimdence of the Stokes drift (i.e. assume
potential flow with the usual eXp-2kz) factor inside the integral), but | would expect that the medtion of
wave dissipation is in a layer of thickness of the wave helitthtHowever, it is emphasized that there are still a
number of open questions regarding the nature of surface diagipation. The suggested causes of the wave
dissipation range from large scale wave breaking to miededsoreaking or even by ocean eddies generated by
unsteady large scale waves. Each different process wi# hadifferent penetration depth and for simplicity

it is assumed here that these lengthscales can all be lurogethér to one wave height scale. Therefore the
following depth dependence fbfz) is suggested:

1-— A A
lw(2) = +aép5W = 1(0) X Iy, [y=e7% (21)
where the depth scalg ~ Hs will play the role of a roughness length. The surface valukg, ofiay be obtained
from Eq. (L9), realizing that by definition,, is negative, hence
lw(0) = —aw? (22)
Using Eq. 21) in (16) the TKE equation becomes

de 0 ge\ | () , 0Us N2 22 a0
E‘?z('qs*a_z>+ 57 VS Wiy — Nt groe

At the surface there is no direct conversion of mechanlcatg;nto turbulent energy and therefore the flux of
turbulent energy is assumed to vanish. Hence the boundaditmms become

(23)

de
Iqsw—Z =0 for z=0, (24)
g;" 0 for zoo (25)
The values used in the empirical constants are from the KMgdmada model. They are
(Sv,&;,B) = (0.39,0.2,16.6) (26)

Note that in order to agree with the turbulence results i ¢thsre is a balance between production and dissi-
pation of kinetic energy the paramet&g andB satisfy the relatiorBY/ 453,\,,/ |
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3.3.1 Buoyancy and the mixing lengtiz)l

The description of the TKE equation is concluded by meansdid@ussion of buoyancy effects and the choice
of the mixing length. In the upper ocean effects of stratiftcaare important. In this paper the present mixed
layer model will be applied to the prediction of the diurngtie in SST. Extreme events typically arise for low
winds. At sunrise the upper ocean is usually neutrally gtabratified and the temperature profile is almost
uniform. When the sun starts shining the top layer of the wggzs heated up resulting in stable conditions
which reduce the heat transport to the layers below. As aecpreice a considerable amount of heat is retained
in the top layer which may have a thickness of a few decimeatehg In the course of the day more and more
heat is added to this top layer with the consequence thaiatler becomes more and more stable, reducing
heat transport to the layers below even more. In the extrémencstances of low winds of 1 m/s the Obukhov
length may go down to a few centimetres, which is much smdiken what is encountered in the atmospheric
case. An adequate modelling of these extremely stable tasdsarly of the utmost importance, but little
empirical evidence is available for these extreme circantss. Notable exceptions are the works of Cheng
and Brutsaert (2005) and of Grachewal. (2007).

In the presence of stable stratification it may be arguedithayancy gives rise to a reduction of momentum
and heat transport, because when the Richardson numbed was$ 14 then fluid motion will be damped.
Following Csanady (1964), Deardorff (1980), Brittgral. (1983) and Wyngaard (1985), this means that there
is an additional parameter which may determine the trangpoperties of the upper ocean, namely the Brunt-
Vaisala frequencyN. Under very stable conditions one would expect that moshefturbulent’ energy is
concentrated ned which suggests that the mixing length is limited by an addai length scalé, = g/N.
The eddy viscosity can then be estimated by

V ~ gy ~ qIRi; /2 (27)
where
Ri; = (N1/g)? (28)

is the Richardson number for turbulent eddies and the mibengthl is chosen as the usual one for neutrally
stable flow, i.e.

l(z) =Kz (29)

with k = 0.4 the von Karman constant. On the basis of EZ7) fvhich is valid at largeRi;, Noh and Kim
(1999¥ suggested that the dimensionless param&gks can be represented by

Sun/S = fun (Ri); fun = avn (1+bwnRi) Y2+ cwn (30)

with ay 1, bux andcy y empirical constants. In fact, Noh and Kim (1999) have chas&p values oty 1,

but a number of studies have suggested that at &ashould have a finite value @f, in order to represent
effects of internal waves on momentum transport (PacanamskPhilander, 1981; Strang and Fernando, 2001,
Sukorianskyet al. 2005). Finitecy has important consequences for the turbulent transpopiepties: while
for zerocy there is a critical value of the gradient Richardson numlibeve which there is no transport, in
case of finite values dafy a critical Richardson number does not exist in agreemeittit thii notion that also
internal waves may give rise to momentum transport. Funibeg, also the diffusion of turbulent kinetic energy

2 Baaset al. (2008) followed a similar idea but rather than modifying pazameter§y 4 they modified the mixing length directly
by assumind = I (kz|p). But by inspection of12) it is realized that this amounts to the same thing.
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is expected to be affected by effects of stratification assthe of the eddies is limited under strongly stable
circumstances. And the same applies to the coeffi@antthe dissipation. As a consequence

S/S0 = B/Bo = fm(Ri)

thus under stable conditions the TKE transport enjoys thees@duction as the momentum transport. The
coefficientsSy, S andBy assume the values as given in EZE)(

Finally, the case of unstable stratificatidRi(< 0) needs to be modelled properly as well. It is assumed that
also in this case the relevant parameters depend on thdemttRichardson numbeRi; but the functional
dependence is different. In this paper the following formhssen forfy v if Ri < O:

du 1Rk

fuh = (B + O ) (1 — AT
MH = (@uH +CmH)( 1 duriRi

wheredy 1 = —20 andfy 4 is continuous aRk = 0 while for Ri — —oo the dimensionless paramet&j 4

is twice as large as its value at the origin. Although not sih@wxplicitely here, this choice results in good

agreement with the parametrizations of dimensionless $heetion and virtual potential temperature gradient
obtained from the Kansas field campaign (Busirgfeal., 1971). However, the experience from simulations of
the diurnal cycle suggests that the evolution of sea sutiEroperature and surface current is fairly insensitive
to details of how transport in unstable circumstances ieesmted.

4 Some properties of the TKE equation.

In §3 the mixed layer model has been described and it is straigbdfd to solve these equations numerically
(see e.g. Kondet al, 1979, Mellor and Yamada, 1982, and Noh and Kim, 1999). Hsweje interesting
properties of the TKE equation will be discussed, in palticuegarding effects of ocean waves on turbulent
transport and effects of buoyancy. The discussion will Istricted to the steady state case.

Consider the steady state version of the TKE equation amdrelte the shedB and the buoyancy frequendy
using the equations for momentudi) and heat14). From (L1) one obtains for the shear

VmS= W (1-T)

Similarly, integrating {4) once with respect to depthand prescibing the heat fl, at the surface one finds

y oT _ Qn+R(0)—R(2
"oz PwCp
In order to eliminate the buoyancy frequendy= gp’/p it is assumed that the water density is a function

of temperature only, henge = p(T) and therefore the vertical gradient in density can be cdede the
temperature gradient through the thermal expansion cizeffia,,, i.e.

19p 4T

09z Moz

Next, one introduces the dimensionless turbulent veldijty

B\ 14
g=w, <§> Q and  w=@Q5 (31)
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Furthermore, introduce a new length scale

dx= dz = x:/ d

z

NEE /158
where it is noted that the range of the new variabls from — to o because the turbulent mixing length
|(z) = kzvanishes at the surface. The TKE equati28) then assumes the simple form

(32)

d?w

G2 W+ A1) Wy = Sx), (33)
where the source function reads
iy, 24 2 dUs
S(X) = o~ - +ula? (1-T) - (34)

with ®o = pa, g = /3/SpBo andLa = (w,/Us(0))Y/2 is the turbulent Langmuir number. Here, the left-hand

side of the dimensionless form of the TKE equation contdiesprocesses which are usually encountered in
the atmospheric surface layer, namely diffusion, dis@paturbulence production by shear and buoyancy. The
stability parametel is defined ag = z/L whereL is the Obukhov length scale

pw?

L= kgvpdp/dz (35)

which is the height where shear production and buoyancenbalaMaking use of the temperature profile and
the relation between density gradient and temperaturaegriadhe Obukhov length becomes

L — PwCpW>
Kgaw (Qn+R(0) —R(2))

and, because of the local definition of the Obukhov lengttiiatave forcing is included in a natural way in the
expression foi (cf. Largeet al, 1994). The right-hand side 088) gives the effects of ocean waves on the
mixing in the upper ocean: the first term represents effdatgwe dissipation which affect mixing close to the
ocean surface, while the second term (which depends onith@ent Langmuir number) represents the effect
of Langmuir circulation which transports heat and momentaitine deeper parts of the ocean.

(36)

The differential equation fow, Eq. 33), has of course to be supplemented by boundary conditiohsy @re
given in Egns. 24)-(25). In terms of the unknowmw they become

((jj—v)l/—>0forx—>—°°;w—>1f0fx—>°°, @37)

4.1 The Local Approximation.

It is, as far as | know, not possible to obtain for the geneaakecthe exact solution of the nonlinear boundary
value problem33), (37). Therefore, an approximate solution is obtained by shgwhat in the present context
effects of diffusion can be ignored and the search for thautent velocity reduces then to solving an algebraic
equation. Note that this approach is not feasible in theirmlgGraig-Banner problem because diffusion is
essential in order to transport the turbulent kinetic epdingough the surface layer. However, here a different
route is followed as the pressure vertical velocity cotiefaterm in the TKE equation has been explicitely
modelled in terms of the energy flux and the profile funcfion

14 Technical Memorandum No. 634



Ocean Wave effects on the daily cycle in SST ECMWF

Let us now study the solution of the boundary value probl&3),((37). It should be noted that3g) is a
nonlinear differential equation which only in cases whefest integral can be found may be solved exactly.
An example is given in Jansse al. (2004) who solved the Craig-Banner problem exactly. Howewben
effects of buoyancy are present or when Langmuir turbulamckwave dissipation (in the form modelled here)
is important it is not possible to find a first integral. Therefan alternative approach will be followed which
was suggested by @yvind Saetra. In fact, this approach wasfallowed by Craig (1996) although it is not
mentioned explicitely in his paper. Inspecting the différ@ equation fow it is realized that the nonlinearity
only comes from thav—1/3 term and therefore the nonlinearity is fairly weak. It isréfere suggested to
replace thav—2/3 term by its equilibrium value for large. Far away from the sea surface the diffusion term
vanishes while also the wave dissipation and Langmuir [itimn termS(x) becomes small. However, it is not
known how the buoyancy terms behaves for latge in the present discussion effects of buoyancy are ignored
The equilibrium value fomw then follows from the balance of shear production and di&ip (which is the
‘typical’ situation in the atmospheric surface layer), bew = (1— 'I°)3/2. Therefore, the nonlinear differential
equation fow becomes approximately

e
dx2

It is straightforward to solve the linear boundary val3&){(38) by means of the Green function technique.
The solution becomes

—w=—(1-T(x)¥2 45K (38)

w= [~ Gxx0) [~(1-F ()2 + S00)]. (39)
where the Green functioB(x, Xo) is given by

—1E%0, X < X0,
G(X,%Xo) = . (40)
—5€97% x> Xo.

The current profile can easily be obtained by rewriting Bd) {n terms of an integration over thevariable.
The result is

X dx -
u@jw. = -1 [ 5 (-1). (41)
h

whereré/2 = (SpBo/3)Y/? and wherex = x, corresponds to the depthwhere the current profile vanishes. In
this SectiorH = 5Hs is chosen.

The solution 89-41) is readily evaluated on the computer. In order to do thisdéheay length scalg, of the
wave-induced stress needs to be specified, i.e.

Zo = 0.5Hs, (42)

and Hs is the significant wave heightHs = 4mc1,/2, with mp the zeroth moment of the wave spectrum. The
windspeed is 2.5 m/s, the turbulent Langmuir number is 1#ttha dimensionless energy fluxis equal to

100, which is a typical value in the Tropics (see Ry. This low wind speed example has been chosen because
under these circumstances a diurnal cycle in the sea suefageerature and in the surface drift may be present.
In this example it is assumed that there is only windsea ptese the significant wave height follows from
Hs = BUZ/g, with B = 0.22. The Stokes drift decay length scale then follows flam= g/UZ,. ForUjo=

2.5 m/s the significant wave height is only 14 cm so that theghmess’ length is about 7 cm. The air friction
velocity u, is 8 cm while the water friction velocitw, is about 0.3 cm. Finally, the Stokes wavenumksgis
about 1.6 rad/m.
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Figure 4: Profile of w= Q3 and current profile in the ocean column near the surface. Ti@aximate solution4?3),
based on the slowly varying wave dissipation source funaitd the gradient in the Stokes drift, are shown as well.

Results forw and currenu(z) /w,. as function of dimensionless deptfHs are displayed in Fig4. Note that
there are important differences between this solution heddsults of Graig and Banner (1994). While in their
approactw obtains its maximum value at the surface 0, this is evidently not the case in the present approach
as the maximum is now at about a depth of the order of the signifiwave height (which makes by the way
perfect sense).

The solution 89) although elegant is still awkward to deal with in practiealplications because an integral
needs to be evaluated. However, the Green’s funcd@pléoks like ad-function, therefore assuming that the
bracket term in39) varies slowly compared to the Green’s function one findsafhygroximate solution

wa (1-T(x)¥2—9(x), (43)

and the approximate solution far(z) andu(z) /w, is shown in Fig4 as well. The agreement between approxi-
mate and exact solution seems fair. Note that the approgiswtition, which from now on will be referred to as
thelocal approximationis based on the assumption that the production and digsip@rms are slowly vary-
ing with respect to the diffusion. In fact48) follows immediately from the neglect of the turbulent difon
term in the kinetic energy budge?3).

In terms of the depth variablethe solution 43) can be written explicitely as

. di, . dUs
wra (1-T)¥2—akzfy=2 — La 2kzfy(1-T)=— 44
(1-T) Mg, M(1=T)— (44)
and it is now straightforward to estimate the respectivetrdmitions of shear production, wave dissipation
and Langmuir turbulence to the dimensionless turbuleraoigl Q = w/3. This will be done by taking the
maximum of the individual terms. The maximum of the sheadpotion term is 1, while the maximum of the
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wave dissipation contribution ske ! ~ 15 atz= 7, and the maximum contribution by Langmuir turbulence is
La?ke !~ 2 (atz= 1/2ks). Based on these estimates it seems that near the surfaceseelevant process
for mixing is wave dissipation because it is an order of magla bigger than the other two terms, however the
turbulent velocity is only enhanced by a factor 2.5 becaheestim of the contributions is raised to the power
1/3. Nevertheless, Langmuir turbulence should be relezantell as this process penetrates into the deeper
layers of the ocean. This is illustrated in Fig.for the special case of low wind of this For comparison

001 T 1T T T T T T 1T T T T T T L
0.1F E
) - .
E 1 iy —
N
- — Total
c — shear + breaking
10F~ - shear + Langmuir
L = Monin-Obukhov similarity
E 1 11 1 I 1 1 1 1 1 | - I 1 1 1 1 1 11 1 g
1
00 1 10 100
w(z)

Figure 5: Profile of w= Q2 according to the local approximation in the ocean columnrriba surface. The contributions

by wave dissipation (red line) and Langmuir turbulence égréine) are shown as well. Finally, the w-profile according
to Monin-Obukhov similarity, which is basically the balangetween shear production and dissipation, is shown as the
blue line.

purposes | have shown theprofile in case of Monin-Obukhov similarity, which consigtf a balance between
shear production and dissipation, and | have shown the ingbaevitching off Langmuir turbulence and wave
dissipation. The Figure shows that indeed the maximum oy wave dissipation is close to the sea surface at
a depthz = 7y while the maximum by Langmuir turbulence is at larger degth/@ks. These scales are widely
different because ocean waves are weakly nonlinear whicdmsthat their 'typical’ steepnesgHs << 1.

As a consequence the ratio of the penetration depths by wasgation and Langmuir turbulence, given by
2kszo = ksHs, is small as well.

Therefore it is evident that there are two regimes. The finstie close to the surface and is dominated by wave
dissipation. Around 4 times the roughness length a tramstth a different regime is to be noted, namely one
dominated by the production of Langmuir turbulence. Heitée seen that there are two transport mechanisms
operating in the surface layer of the ocean. Up to a few waightewave dissipation is dominant in the
diffusion of momentum and heat and the transport of thesatiigs is taken over by Langmuir turbulence in
the deeper part of the surface layer. The enhanced trarisparve processes gives rise to much flatter profiles
near the surface. This may be inferred from Fagvhere current profiles from the Monin-Obukhov similarity
model are compared with current profiles when wave dissipaind Langmuir turbulence play a role. The
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Figure 6: Current profile near the surface. The impact of wdissipation and Langmuir turbulence is shown as well.
The Monin-Obukhov similarity gives the usual logarithmiafie.

surface current reduces from abbitv, to 2.5w,, which is a considerable reduction. As a consequence, it
is expected that these two processes will play an importdatin the determination of the amplitude of the
diurnal cycle. Finally, itis also concluded that a mixeddagnodel which has only a representation of Langmuir
turbulence is not sufficient as it will overestimate the atode of the diurnal cycle. If one is interested in
modelling the diurnal cycle then probably only the first fewtnes of the upper ocean need to be considered. In
that event wave dissipation is seen to be the dominant doe&eat transport, however there is no reason to
disregard effects of Langmuir turbulence from the outsét iasvery straightforward to take both into account.
In addition, during the duirnal cycle there will also be episs when the flow is neutrally stable or unstable.
Langmuir turbulence will then play a pronounced role.

This Section is concluded with the following comment. Sotf&o things have been learned. First, if one
describes the effect of wave dissipation through the caticel term of pressure and vertical velocity it seems
a valid assumption to neglect the effects of the diffusiotudbulent kinetic energy. Second, it seems possible
to combine in a simple way several physical processes tfedtahe mixing in the upper-ocean. From the
previous discussion it appears that if one has, apart fromarsproductionSs, several processdd, P, P, ...
that contribute to turbulent mixing then the turbulent witpq(z) of the combination of all those processes is,
following Eq. @3), given by

q= {531:/4+P1+P2+P3+"'}1/3'

The reason that processes can be added via an '1/3'- rulec@ibe dissipation is proportional to the third
power ofg, while the shear production term has been linearized bycamw/2 by its equilibrium value and

3 Using the approximate solution given in the Remark on pagentOmay estimate the surface current in case of Monin-Obukho
similarity. One findsu(0) /w.. = log(H /yp)/k = 7.23, withH = 5Hg. Using a higher resolution version of my software a perfeatan
with the approximate result is found.
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the other processes are assumed to be independent of théehtrizelocityq. Because of the '1/3’- rule it
makes sense, as done in the present work, to make plotsimyaiv= Q* as forw different processes may be
added.

The '1/3'- rule also gives rise to consistent scaling bebtawvin case of Monin Obukhov similarity. This is the
case that there is no wave dissipation and no generationngfrhair turbulence. In that event,from Eq. @3)
becomesv = (1— T)%? and the current profile becomes (cf E41)

X dx ~\1/2
= [ 1y

therefore the current scales with the square root-efflwhich agrees with the scaling behaviour mentioned in
the Remark on page 10. Nevertheless, it should be pointethauthe '1/3’- rule is not always appropriate. In
particular, the buoyancy term has so far not been considwrreithis effect is expected to play an important role
far away from the surface, thus making it difficult to give atimate of the equilibrium value of In addition,

the buoyancy term is a fairly sensitive functiongp@ind therefore it is not easy to linearize it.

In the remainder of this Section | will therefore refrainrfrdinearizing the shear production term, but | will
disregard the effect of diffusion of turbulent kinetic egyerTherefore, the TKE equation becomes, neglecting
diffusion in (23),

de @ | o Wzaus NZ— 22 5

ot~ oz Bi(2)"

(45)

and in terms of the dimensionless variables introducedis$kction one has, with dimensionless time-

Saw.t/1(2),

L' a@q-p). (46)

10
2017 77 Q

where

a(Q) =—{fw—Sx), B=(1-T)%

anda still depends o through the buoyancy term{ fy(Ri). For completeness the source function, which
represents effects of wave dissipation and Langmuir terind, is repeated from E4):

dly 5 dUs
In the local approximation the TKE equation has now been Kfieg considerably, and the search for its
equilibrium solution has been reduced to the solution of lamoat quartic problem. For example, for the
neutrally stable case the equilibrium solution to E46)(follows from the real, positive root of the quartic
equationQ* — aQ — B = 0 and it can readily be shown that the '1/3"-rule is a good agipnation to this root.
In the next section4p) is used in a discussion on stratification effects.

4.2 Effects of stratification.

First, effects of stratification in the atmospheric conteit be studied and the findings will be applied to
the mixed layer of the upper ocean. In the atmosphere cloeeteurface there is a balance between shear
production, buoyancy and dissipation, as forcing is uguatisent. This will be called the case of Monin-
Obukhov similarity.
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4.2.1 Monin-Obukhov similarity.

In the atmosphere, stability effects are usually studie@iims of the dimensionless shear functignand the
dimensionless virtual potential temperature gradign{These dimensionless functions are defined as

@
0z

KZ

Kz 208,
x

7%:@027

(47)

whereu, is the air friction velocity and, = —TB\;/U* is a turbulent temperature scale. The dimensionless
shear function measures deviations from neutral circumstaas for the logarithmic wind profitg, = 1, and
similarly @, measures deviations from the logarithmic virtual tempgeaprofile. Using the local scaling theory
of Nieuwstadt (1984) it can be argued that the profile fumdiare only a function of the stability parameter
{ =z/L, whereL is the local Obukhov length defined as

U6,

L=~ o (48)

Here®b, is the virtual potential temperature afhgd = dwd 6, is the virtual potential temperature flux. The shape
of the ¢ functions is usually determined from observations acquihering field campaigns, but high measure-
ment accuracy is required because the fluxes become wealgdirongly stable conditions. Alternatively, a
realistic theoretical model of turbulent flows with stabiesfication has been developed by Sukoriansksl.
(2005) providing additional information on how to modektification effects.

The Kansas field campaign (Busingetr al, 1971} was one of the first experiments to propose realistic
parametrizations for the functions. For stable conditions it was found thgf and ¢, varies essentially
linearly with { over the observed stability range between 0 and 1. A fit gives

Gn=1+47L, 4, =0.74+4.7, for 0<{ < 1 (49)
On the other hand, for unstable conditions a good fit was faard
= (1—-150)"Y4 —2<7<0. (50)

A similarly looking fit was found forg,. However, in the upper ocean strongly stable conditionsiioadgth

{ of the order 10 or even larger. These conditions are much exireme than typically encountered for the
atmospheric surface layer except perhaps for air flow ower therefore, relatively little is known in these
extreme circumstances, and in fact conflicting conclusadut properties of strongly stable turbulence have
been reached in the past. The problem is best illustrateleblgehaviour of the Prandtl numker defined as

v
pr—Ym_ %

Vh o @
as function of the gradient Richardson numBegiven by
N2
Ri=—.
T2
A vast number of studies (see e.g. Koretal,, (1978); Kim and Mahrt (1992), Strang and Fernando (2001),

Sukorianskyet al. (2005), Zilitinkevichet al. (2007) and many others) suggest that for strongly stable flow
hence for a Richardson number larger than the critical vafug4, the Prandtl number is larger than 1, while

4Note that in order thain({ = 0) = 1 the authors had to choose a von Karman constant of 0.38hwloes not agree with the
accepted value of 0.4.
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for smallRi (the neutral limit) the Prandtl number is smaller than 1 $asident from Eq.49)). In other words,
for strongly stable flow, momentum is mixed more efficientigrt heat. This is thought to be an indication of
internal gravity wave activity which can produce transfemmmentum but only little heat transfer (as long as
the waves do not break).

However, in sharp contrast to these findings, Cheng and &it§2005) and Gracheat al. (2007) conclude
from the SHEBA observations, which were obtained for sthpstable flow over ice, that heat transport is more
efficient than momentum transport herige< 1. Gracheet al. (2007b) have analyzed their findings in some
detail, but no physical explanation has been offered. Tlo@ytut that there is a spurious correlation between
Pr = ¢/@n = Ri/Ris and measures of stability such as the local Richardson nuRibe ¢ @ /@, the flux
Richardson numbeRis = { /@y and the stability parametér= z/L becausdr and these stability parameters
share parameters such as vertical gradients in mean wied spel potential temperature and the corresponding
fluxes. But the argument of spurious correlation is not yeadinvincing, as theoretical developments such as
given by Sukorianskyet al. (2005), who applied renormalization techniques to find tihgh&dson number
dependence of eddy viscosiy, and eddy diffusitivityv,,, show thatPr > 1 for large Ri. Also direct numerical
simulation results by Shiat al. (2000) and the observations of Strang and Fernando (200diyrocthis.

Furthermore, both Cheng and Brutsaert (2005) and Graghak (2007) find a levelling-off of the similarity
functions@, and ¢, as a function of the stability parametémwhich is so large that it conflicts with the steady
state TKE equation. In order to see this, apply now the TKEagqo @6) to the atmospheric problem where
forcing is absent. In the steady state one then finds

Q*+{fuQ-1=0. (51)
The similarity functions can be written in terms of the preasdgimensionless variables and the result is

1 1
M

ExpressingQ in terms of@,, and substituting the result int&1) gives

@ —lg -ty =0 (53)

For neutrally stable conditions, Eg3) reduces to the well-known KEYPS formui, — { ¢ — 1 = 0 (Panof-
sky, 1963). This is usually regarded as an equation for thedsionless shear function. It is advantageous,
however, to turn things around, i.e. to regab@)(as an equation fofyy becausen,, is known from the observa-
tions. Rearrangings@) one finds forfy,

e (54)

fu = @ (@n— Q)]
From (54) it immediately evident that there is only a real solution fg when@, > . If the TKE equation
(53) holds then the conditiom, > ¢ has important implications for parametrizations of the elisionless
shear function. For example, the Graclatval. (2007) parametrization fo@, becomes according t&b4)
unrealistic because it will cross the ling, = { for { ~ 17, which is well inside the stability range that the
dimensionless shear has been observed. This result calpealswlerstood in physical terms. The present TKE
eqguation expresses a balance between shear productiggnaycand dissipation. Now dissipation is always
positive therefore buoyancy can never exceed productiom terms of the present dimensionless variables,
@n > {. Clearly, in the context of the present TKE formulation itigt possible to model a levelling off of
the dimensionless shear function as found in the SHEBA d&ttéys Grachewet al. (2007a) and by Cheng
and Brutsaert (2005). A possible resolution of the conflatineen the SHEBA data set (strongly stable flow
over ice) and the standard TKE equation, which is based otaadmbetween shear production, buoyancy and
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Figure 7: Eddy viscosity, and heat diffusivityy, as function of the local Richardson number Ri. In the righh@ehe
Prandtl number Pr is shown as function of Ri.

dissipation, might be that during SHEBA there was an adaktigource for the production of turbulent kinetic
energy. Thus, the SHEBA results cannot be used as a guidetitiee present modelling work.

In order to be specific a choice has to be made for the coefficieithe parametrizatior80) of fyy andfy. This
choice will be based on the one hand on the Kansas field restiits weakly stable limit, while for the strongly
stable limit guidance from the renormalization work of Su#nsky et al. (2005) is taken. In particular, the
following choice forfy and fy is made:

fv = aw (14 buRk) 2 +cw, fy = an(1+byRi) Y2 (55)

whereay, = 0.8, by = 100,¢cy = 0.2, a4 = 1.4 andby = 80. From B5) it is seen thaffy vanishes for larg®i
while fyy asymptotes to a finite value of; = 0.2. For small turbulent Richardson numbédgsis larger than
fm, hence, wittPr = @,/ @n = fu/ fu, itis found thatPr ~ 0.71 < 1 for Riy — 0 in agreement with results from
the Kansas field campaign. In order to determine some of tefficients an approximate solution was used. In
fact, an approximate solution for the dimensionless taielocityQ may be found for small values of the
stability parametef. One findsRi~ {/ay and the eventual result for the dimensionless shear funigio

B ~ 1+%Z [1+2(1—owm)bvSS/an] -

but this approximation is only valid for a relatively smadinge of the stability parametef,< 0.1. The choice

of coefficients given below Eq56) together withS = .39 gives a value of the slope of 4.6 which is close to
the value reported by the Kansas field campaign given in B9). (n addition, anticipating results discussed
below the right panel of Fig7 shows that up to a gradient Richardson number of 0.1 the Braunchber is a
constant so that in agreement with the Kansas gates the same slope a@g for small .

On the other hand, for large turbulent Richardson numBeér; 0.2, the Prandtl number is larger than 1,
indicating that in this domain momentum transfer is moreciffit than heat transport, in agreement with
Sukorianskyet al. (2005) and the observations of Strang and Fernando (200byder to show explicitely the
effect of buoyancy on the transport properties, the eddyogisy v, and heat diffusivityy, are normalized with
the eddy viscosity = ku,zfor neutrally stable flow. In terms of the present dimenssalvariables one finds
vm/V = fuQ while vy /v = f,Q, hence the normalized viscosities are simply the inversg,aind @,. Using
(55) in (51) and solving forQ by iteration the resulting transport coefficients as fumttof the Richardson
numberRi = { @/, are shown in the left panel of Fig/, while the Prandtl numbePr as function ofRi is
shown in the right panel. Comparing this Figure with Figsnél 8 of Sukorianskt al. (2005) it is seen that
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there is good qualitative agreement with the results usiamgpmmalisation techniques to obtain the transport
coefficients. In particular, as already pointed out, a findkie ofcy in (55) does not give rise to a critical
value of the gradient Richardson number as a figiteepresents additional diffusion by e.g. internal gravity
waves and/or intermittency. At the same time, the consampuisthat for large Richardson number momentum
transport dominates heat transport.

4 T T T T T — T T 4 T — T T T
= Monin-Obukhov: momentum 35 = Monin-Obukhov: momenturp
351 —_ == Monin-Obukhov: heat 7 B .~ == Monin-Obukhov: heat 7
L - EN « = With Waves: momentum 4 L . . = = With Waves: momentum
al o . . = With Waves: heat B 3l R N + = With Waves: heat |
. / .
\‘ i [ . \
I 7 . i
’ N -~ .-y . \
4% 2 e N, \ —
= L \ -
4 A\
- 1.5~ \ - —
4 \
I \. ]
3\
1 \.
- o5+ N —
| L
1 1 8.01 0.1 1 1
4

Figure 8: Eddy viscosityy, and heat diffusivityy, as function of the local Richardson number Ri, showing tFeref of
wave dissipation and Langmuir turbulence. In the right gaghe same parameters are shown as function of the stability
parameter.

4.2.2 Wave effects and buoyancy.

In this section the combined effects of wave dissipatiomdrauir turbulence and buoyancy on the properties
of turbulence in the mixed layer are studied. It is assumedl ithe parametrization of stratification for the
atmosphere (cf Eq56)) also holds for the oceanic case. The set of equations tolbedsconsists of the steady
state version of46) together with 28), (30), and @6). This set of equations does not have an exact solution
because owing to effects of stabilityin (46) depends strongly on the dimensionless turbulent vel&gityhe

set of equations was therefore solved by means of an itarstioeeme using starting valu@s=1, fy = fy = 1.
Because the stability effects are modelled in terms of ttiitant Richardson numb&i = N1(z) /q, the Brunt-
Vaisala frequency needs to be expressed in tern@. ditroducingN, = 1(zZ)N/w, one findsN? = ¢/ f4 Q.

In Fig. 8 effects of wave dissipation and Langmuir turbulence ongjpant coefficients for momentum and
heat is shown. In the left panel these coefficients are plassfunction of the gradient Richardson numBér
while in the right panel they are shown as function of theifitalparameter{. Of course, waves gives rise
to enhanced transport, but, remarkably, in the presendgisoftditional forcing the transport coefficients are
not a single-valued function d®i. However, in terms of the turbulent Richardson numiRgror the stability
parameted (as shown in the right panel of Fi§) the transport coefficients are unique functions.

In Fig. 9 effects of stratification on the profile fav = Q> as function of dimensionless degfHs are shown.
For this plot the parameters from the exampl&4til are used and, in addition, the heat f@xwas 100 W/m
while the water temperatufe was 303 K. In order to vary the Obukhov length sdales determined by Eq.
(36), wind speed values of 2.5, 1.25 and 1 m/s were used reselgctilt is instructive to compare results
for w(z) with the case of no stratification. It is then immediatelyrséfgat, as expected, buoyancy has the
biggest impact on the turbulent velocifyin the deeper layers of the ocean (note that 0.76 corresponds to
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Figure 9: Dependence of(&)-profile on effects of buoyancy.

L ~ 5Hg). This means that according to this model the impact of Lanigtarbulence on upper ocean mixing
is considerably reduced in stable circumstances. For thadieular examples the maximumiv) caused by
wave dissipation, is hardly affected by stability effe@sirpringly perhaps, this is a fairly general result. Only
when the heat flux was increased by a factor of 10 an appreciatliction of the impact of wave dissipation
on the mixing was found (not shown). This apparent robustoéshe wave dissipation impact on mixing can
be understood by once more noting that the maximum(af occurs atz = z,, where according to the present
model the roughness length scales with the square of thmfrigelocity. A significant impact of buoyancy on
the maximum is expected whén< z,. Using the definitions fot. andzg one findsJy < 3 x 10~4Qy, which,
even with a large value @, of 1000 W/n?, is still a small wind speed.

Finally, in Fig. 10 the impact of stability on the equilibrium current is showhhe increase of the surface
current for increasing stability is mainly caused by theurtitbn of the effects of Langmuir turbulence. The
Figure illustrates that also in the surface current a diucyale is to be expected. As a general remark it
is noted that under unsteady circumstances the impact @ftefbf stability, wave dissipation and Langmuir
circulation is somewhat reduced, while the temperaturecamnebnt profile may occasionally be convex rather
then concave as in the steady state case. This will be shawvar@detail in the next Section during a discussion
of the simulation of the diurnal cycle in SST.

4.2.3 A qualitative validation.

The present experimental knowledge of turbulence in thamserface layer is summarized by the works of
Terrayet al. (1996), Drennaret al. (1996) and Anis and Moun (1995). Here, dimensionless disisip,
defined ag, = eHs/Fy with Fy the energy flux into the ocean, is found to be a function of disienless depth
(z+2)/Hs. In the case of Monin-Obukhov similarity one would expeeittttine 'Law of the Wall’ holds which
states that dissipation scales witht as the turbulent velocity is constant. However, accordingtservations

of turbulence near the surface dissipation depends in a sem&tive manner on depth. Based on work Terray
et al. (1999) and of Burchard (2001), who summarised the obsenatknowledge, one finds near the surface
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Figure 10: Dependence of near-surface current profile oact$ of buoyancy.

the fit
£ =0.782"2"8 7= (z42)/Hs.

which is valid fore, > 0.01. These observations are quite useful to determine anrienggparameter in the
mixed layer scheme, namely the roughness leagthbr the corresponding gradient length scale of the wave
dissipation source function. Burkhard finds an optimal fiwever using a somewhat different turbulence
model) whenzy = 0.5Hs. This finding has been confirmed here. In order to illustrasg the present model
indeed gives the correct scaling behaviour, Fid. shows dimensionless dissipation versas- zy)/Hs for

the strongly stable case and for neutral stability and coegpthe model results with the above power law.
The agreement between the neutrally stable case and thetlii¢ tdata seems fair. Also note that according
to the present mixed-layer model there is a transition fraemendissipation driven turbulence to shear driven
turbulence, giving the 'Law of the Wall’ in the deeper layefshe ocean, while in the transition layer turbulence
is controlled by production of Langmuir circulation.

5 Numerical simulation of the diurnal cycle in SST and surfa@ current.

In this section the mixed layer model describedsis applied to a simulation of the diurnal cycle in sea
surface temperature (SST) and the surface current. Thearglequations arel(), (12), (14), (15) and @3).
The boundary condition for the momentum equation is vangshiirbulent stress at the surface, while for the
temperature equation the turbulent heat flux at the surkagivén byQn/(pwCp). The turbulent kinetic energy
flux at the surface vanishes as well. At depth D, where in the present applicati@his of the order of 3 m,
current velocityu(z) and temperatur@ (z) are assumed to be given.

The equations for momentum, heat and turbulent kineticggnare discretized in the vertical in such a way
that the fluxes are conserved, while the relevant quantsitiesadvanced in time using an explicit scheme. The
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Figure 11: Dimensionless dissipatien = eHs/Fp versus(z+ zp) /Hs

time step was chosen to be 2 seconds and in order to garaab#@ysh limitation on the size of the diffusion
coefficients was imposed. With labelling a particular layer an the total number of layers, the vertical
discretization is obtained using a logarithmic transfdioraof the type

z(n) :zs<ef(”>—1), n<N,

whereé (n) = nA is discretized in a uniform manner afd= log(D/z+ 1) /N. Typically, z is of the order of

a few centimetres thus giving high resolution near the setfavhich is needed to resolve the solar absorption
profile (15) appropriately, while away from the surface resolutionrddgs. For the simple example of constant
wind and sea state discussed belnyvis chosen to be one-third of the roughness lermggths it can be easily
shown that the mixing scales wittYz,. In that case dept® becomes a multiple of the roughness length,
D ~ 110%. However, in the general case of varying winds the transétion for z(n) would become time-
dependent. Although it is straight-forward to deal with mdidependent coordinate transformation, it was
decided to choose for the general case a congtamith z; = 0.025 m. Then the depth is a constant as well,

D = 3.5 m as observations of temperature at that depth are awailkball applications the number of laye¥s

is equal to 8.

Finally, when integrating the TKE equation forward in timenmerical errors may introduce small negative
turbulent kinetic energy so that determination of the tigbtvelocity would fail because of taking the square
root of the energy. For security reasons, therefore, a miningalue of turbulent kinetic energy is introduced
being a small fraction of the equilibrium turbulent kinegicergy,emin = 0.000w? /2.

5.1 Synthetic example.

As a first test a five day simulation was performed with cortsflares of momentunt and heat fluxQ while
the solar radiation followed a daily cycle accordingRe- Rymaxsin(wt), 0] wherew = 271/(24 x 3600. The
intention is to generate a steady daily oscillation in SSthauit drift in the temperature and to study effects
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Figure 12: The left panel shows for pure windsea time serfé®3Y for a constant wind speed of 2.5 m/s and a heat flux
of -150 W/, while the daily average solar insolation is 350 WInThe impact of disregarding ocean wave effects is
shown as well. The right panel shows the surface current abred with the air friction velocity.

of ocean waves on shape and amplitude of the daily cycle. dardo achieve a steady oscillation values of
daily average insolation, heat and momentum flux have to beerhappropriately. The momentum fluxvas
chosen equal to 0.0069%s?, which, with a drag coefficient of.11 x 10~3, corresponds to a wind speed of
2.5 m/s, while the heatflux was given the value - 150 Wiypical for the Arabian sea in May. Hence, in the
absence of radiative forcing the ocean would cool down. Tms@ntR, in the formula for the solar insolation
was given the value 350 17 so that the daily average irradiation is 350 W/amd the maximum irradiation is
1099 W/nt. All other parameters such as the turbulent Langmuir nupitberStokes drift decay length scale
and the water friction velocity were chosen a§4nl. Note that for these particular cases the decay length sc
7y of the wave-induced stress and energy flux is assumed to be biwvone-half the wind sea wave height.

In Fig. 12time series of SST are shown over the five day period and arpa@d with a simulation without
wave effects. Note that in the simulations without wave @fehe wave dissipation term and the Langmuir
term are switched off in the TKE equatio2d), while also the wave-induced stress in the momentum amuati
(12) is switched off. The boundary condition for momentum fluxte surface is then, of course, replaced
by the usual one, namely= —w?. Surprisingly, even for a low wind speed case of 2.5 m/s, taa sffects
on the simulation of the diurnal cycle in SST are clearlyhblisi As expected, wave dissipation and Langmuir
turbulence give rise to an enhanced mixing and thereforéuwctmn in the diurnal cycle amplitude compared
to the case without wave effects. From the right panel of Hig.a similar conclusion also follows for the
diurnal cycle in the surface current. The correspondingléinae is fairly substantial. Furthermore, note that
while the time series for SST shows no drift in temperaturswface current in the simulation with waves,
a drift is clearly visible in the simulation without wavesreBumably, in the simulation with waves there is a
more efficient transport towards the deeper layers of tharoce

In Fig. 13 profiles for turbulent velocityQ(z), temperaturdl (z) and velocityu(z) are shown. Four hours into
the simulation the ocean is warming up producing a stablerlag is evident from the fact that the turbulent
velocity is less than 1 in the deeper parts of the ocean. Teatye and velocity profile are not in equilibrium
because they have an S-shape. Eight hours later, at sumsaipper part of the ocean is already turning
unstable because the ocean is cooling off as the heatflugn diy Q = —150 W/n? is directed from ocean
to atmosphere. Therefore, in the upper part of the ocearethpdrature profile is well-mixed and is slightly
lower at the surface than afHs ~ 6 where the maximum temperature is found. The shape of tHacsur
current is now concave and it looks similar to the equilibriprofiles shown in Figl0. Finally, at sunrise, 24
hours into the simulation the temperature in the whole colisralmost uniform and equal to its value at the
bottom of the domain. The reason is that during the night thele&vocean column becomes unstable giving
an efficient transfer of heat towards the atmosphere andréavthe deeper parts of the ocean. The efficient
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Figure 13: Profile of turbulent velocity, temperature andremt after 4 (left), 12 (middle) and 24 (right) hours frometh
start of the simulation.

transfer is reflected by the observation that now the turthilelocity is everywhere larger than 1. Furthermore,
the current is now the smallest because during the nightadsnentum has been transferred efficiently towards
the deep ocean.

In order to give an impression of the overall behaviour offihesent mixed layer model a one-day simulation
was performed for different wind speed and solar insolatifime results are summarized in Fitd. The plot
shows that the amplitude in the diurnal cycle is a sensitiveetion of wind speed and the magnitude of the
solar insolation. For comparison also shown is the wind dpkpendence of the amplitude in diurnal cycle
of SST when wave effects are switched off. In relative ternis found that for low wind speed switching off
the wave effects increases the diurnal amplitude by abdut ®@ile for larger wind speedJig > 5 m/s) the
increase is about 50%.

5.2 Simulation of buoy observations.

Next, a simulation with the mixed layer scheme is performed aalidated against buoy observations of the
Arabian Sea Mixed Layer Dynamics Experiment at3® N, 61°30’ E during a 3-month period from March
to May 1995 (Baumgartnest al, 1997; Welleret al,, 2002). The diurnal cycle of SST in the Arabian Sea
can be quite profound. The mixed-layer model is driven byrlyogurface fluxes computed with the COARE
flux algorithm (Fairallet al., 1996) using Improved Meteorology (IMET) buoy observasiorTemperature
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Figure 14: Diurnal amplitude in SST as function of wind spéaddifferent solar insolation and heat flux as indicated
in the legend. The sea state is pure windsea. For the mo&regtrase of insolation also the result in absence of wave
effects is shown.In relative terms the difference is larg@darge wind speed.

observations and flux data were downloaded from the Woods Bokanographic Institution web page. For
verification purposes observed temperature at a depth @frd.dre compared with the model counterpart. As
a boundary condition the observed temperature at a dept of 8 prescribed, while the current at that depth
is assumed to vanish. Sea state parameters such as signifman heightHs, its wind sea partHsys, the
mean wavenumbeis and the components of the Stokes drift are obtained fromiaadtwave spectra from
the ERA-Interim (wave) analysis (Simmoms al, 2007). The 6-hourly wave parameters are interpolated in
time and supplied to the mixed-layer scheme. However, asieegal in§2, it is not straightforward to obtain
the energy flux parameter from archived spectra because the implicit factors of thegiration scheme with
which the energy balance equatidt) (s solved need to be known. For this reason a parametnisafiderray

et al. (1996) is used. Itis given by

o = 155 exp[—(0.04x)"] ,

wherex = cp/u, is the wave age which characterizes the stage of developohéimt sea state. It is straight-
forward to obtain the wave age from archived spectra.

A number of experiments were performed with the present dalager scheme. The first set of experiments
were done to decide what is, in the context of the present mitaemost appropriate penetration depth and/or
roughness length, that represents the transfer of ocean wave motion to oceaménce. A number of choices
were tried, namely

1. relatez; to the inverse of a typical wavenumber such as the mean waueanks. This is the depth scale
one would expect when the conversion from wave motion totedoulence is described by potential
theory.
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2. relatezy to the wave height of the wind waves. This expresses the memnlicharacter of the wave
dissipation process.

3. relatezy to the significant wave height including swell. This refletttat the dissipating ocean waves are
transported in the vertical by the longer waves.

The statistics from the comparison with the temperatur@misions are shown in Tableand it is clear that
the third option performs best as the bias is very small whilgarticular the standard deviation of error in SST
is only 0.12 K. Therefore, from now on the decay length scalebe given byz; = 0.5Hs whereHs is the
significant wave height which represents both windsea amdl.skor this case a 20 day section of the timeseries
for AT =T(0.17) — T(3.5) is shown in Fig.15while in Fig. 16 the modelled Diurnal SST Amplitude (DSA)
is compared with the observed one. The mixed-layer modehsée perform remarkably well, and it is noted
that the standard deviation of the difference between gbdeand modelled DSA is larger by about a factor of
/2 since DSA is the difference between the daily maximum amdmim in SST.

Some additional experiments were performedi4ri it was argued that the diffusion term in the TKE equation
may probably be neglected. In order to verify this the milager model was run without diffusion in the TKE
equation and the verification statistics were found to bepatridentical to the case with diffusion (not shown)
therefore confirming that neglect of diffusion in the TKE atjan is a valid assumption. Furthermore, it is
of interest to study the importance of Langmuir turbulentcehie simulation of SST. Therefore, Langmuir
turbulence was switched off and the resulting verificatitatistics are shown in Table as well. It is seen
that Langmuir turbulence has a relatively small impact angimulation of the diurnal cycle for the present
case. This can be understood by noting that for this paaicetample the average wavenumber over the three
month period was found to be ks >= 0.066 so that the maximum contribution by Langmuir turbulersce
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Figure 15: Observed and simulated ocean temperaidre= 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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Figure 16: Comparison of simulated and observed diurnal kitogle at 1530’ N, 61°30’ E in the Arabian Sea for the
3-month period starting from 1rst of March 1995.

atz=1/(2ks) ~ 7.5 m which is outside the domain that was modelled (recall tthboundary condition for
temperature was provided at a depth of 3.5 m). A factor thatnmach more impact on the simulation results
is how stratification effects are modelled. In order to iltate the sensitivity to the shape of the stratification
function fy an experiment was performed whegg in Eq. (65) is set to zero. In that event there is a critical
Richardson number and, just like heat, momentum transpoiskies for large gradient Richardson number. As
can be seen from Tablethis change has a significant impact on the verificationsstesi, with a large increase
in bias, standard deviation of error and normalized valitgbi

The final set of experiments explores the possible impactaves on the simulation of the diurnal cycle. To
that end, wave effects were switched off in the TKE equatidrieralso the wave-induced stress term in the
momentum equation was switched off. In this simulation,chiis supposed to ignore wave effects, it makes no
sense to relate the roughness length to the sea state. dieerafier some trial and error optimizing statistics,
the roughness length was given the valge= 1.5 m which is close to a suggestion by Graig and Banner
(1994). Itis seen that also wave effects (and to be definiialynaave dissipation) have a considerable impact
on the SST simulation as the standard deviation errorsaserby about 40-50 %. Additional evidence of the
sensitivity of the diurnal cycle to the sea state may be faorithe last two experiments. In the first one the
average value of energy flux parameteover the three month period is used in the wave dissipation ¢

the TKE equation. From Tableit is seen that this experiment gives almost the same $tatiss the default
experiment (indicated by the boldface numbers). Howe¥emeé would take in stead the global average of
a, equal to 148, then the standard deviation of error in the xSgeen to increase by 40% while variability
is reduced by 25%. Hence, for an accurate simulation of thedi cycle an accurate representation of wave
dissipation in space (and probably also in time) seems tonipeitant. Returning to Fig3, which shows a
measure of the normalized energy flux, it is seen that reggrdiave dissipation the Arabian Sea is a very
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Table 1: Summary of Statistics of a number of experimentee, XSA is the Diurnal SST Amplitude, SD is the standard
deviation and VAR is the variability normalised with the @bh®d variability. The number of hourly SST observations is
2040, while the number of daily cycles is 85.

Exp Bias DSA SDDSA SSTBias SDSST VAR
7o =0.5Hsys +0.241 0.25 +0.078 0.19 1.32
20 =1/2ks +0.153 0.20 +0.046 0.16 1.16
Zp = 0.5Hg +0.022 0.18 +0.009 0.12 1.00
No Langmuir +0.029 0.18 +0.011 0.12 1.00
cw=0 +0.328 0.34 +0.110 0.24 1.41
No Waves +0.053 0.25 -0.104 0.19 1.07
(a) =34 +0.025 0.20 +0.008 0.13 1.01
(a) =148 -0.172 0.26 -0.048 0.14 0.76

interesting area. In the western part high values of nomedlivave dissipation are found, related to an active
Somali jet generating steep waves, while in the easterroptre Arabian Sea the sea state is much more gentle
giving low values ofor. The buoy used in the present simulation exercize was joatéd at the border of high
and low values of normalized dissipation. Note that the Siojetas intrinsically linked to the the onset of the
Asian monsoon as it supplies the necessary moisture.

6 Conclusions.

The main purpose of this paper was to investigate the roleavewdissipation (e.g. wave breaking) and Lang-
muir turbulence on the mixing of the upper ocean. As an istarg first application the impact of ocean waves
dynamics on the simulation of the diurnal cycle in SST wadistll The wave effects were studied in the con-
text of the Mellor-Yamada (1982) scheme where the TKE eqnatias extended to allow for effects of wave
dissipation and following Grant and Belcher (2009) effefté angmuir turbulence. Following Janssenal.
(2004) effects of wave dissipation on turbulence productiothe ocean column were incorporated by mod-
elling the wave-induced energy flpdw while wave dissipation also affects the ocean momentunugiro
the wave-induced stress. Particular attention was paidddetting of stratification effects on the turbulent
exchange coefficients for momentum, heat and turbulentikieeergy, since, apart from solar insolation, the
main reason for the existence of the diurnal cycle is theatalu of the turbulent transport by buoyancy effects.
For low winds and strong solar forcing stratification in tlian can become quite extreme, but unfortunately
observations under these extreme circumstances are raeeefdre, at least in the atmospheric context, there
is no consensus on how the turbulent exchange coefficiehe/bén strongly stable conditions. First, it may
be argued that turbulent motion is damped when the gradiehtaRison number exceeds a critical value, say
of the order of 1/4. A prominent example of this approach ésNtellor-Yamada scheme (1982). Many others
argue, on the other hand, that beyond the critical Richardsmnber there is still transport possible related to
internal gravity waves and intermittency. Presently, tweations may then be distinguished. One approach,
which is based on observations, direct numerical simuiataind group normalization methods argues that due
to internal wave activity and intermittency momentum tfansvill be more efficient than heat transport, while,
on the other hand, from the SHEBA data there is compellingenge that the opposite is true. A choice has
therefore to be made, and in the main text arguments havedresented why | have chosen for the option of
a more efficient momentum transport for the strongly stabtgec At the same time, for the weakly stable case
the proposed model for stratification agrees with the Kafisltsexperiment.
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Properties of the resulting model for mixing in the upperascbave been studied extensively. Under neutral
circumstances it can be shown that the turbulent velocity Iogsobtained from a '1/3-rule (see Edi4). This
rule is important in understanding the sensitivity of uppeean transport to variability in the sea state. When
determining the energy flux from dissipating waves it is ftimat there is high variability in the dimensionless
flux a in particular near the passage of a front (see Hig. As the turbulent velocity depends, according to
the '1/3'-rule only ona'/3, its variability, and the variability in the turbulent trsport, is much reduced. The
'1/3'-rule also explains that when only Langmuir turbuleris taking into account the turbulent velocity scales
with La—2%/3 in agreement with the scaling arguments of Grant and Bel@@99).

Results from a simulation with the present mixed layer madé¢he diurnal cycle in SST over a three month

period for a location in the Arabian Sea are compared withitin-observations and judged by statistical pa-
rameters such as bias, standard deviation and simulat&dbiigy there is an excellent agreement. It has also
been shown that, as expected, results depend in a sensdiveemon the way stratification is modelled. For
example, neglect of the contribution to turbulent transpgrintermittency and internal gravity waves gives a
large increase in error. In a similar spirit, it can be shokat ivave effects play an important role in the mixing
in the upper ocean. No sensitivity to Langmuir turbulence ¥eaund in the simulation results for the diurnal

cycle, presumably because on average the maximum of thenuangroduction term was at a larger depth

than the depth where the boundary condition for ocean testyrerwas given.

Nevertheless, the model still needs to be validated moeneitely against satellite observations from geosta-
tionary satellites and polar orbiters. This work is left foe future.
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