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The presence of the free surface makes the ocean mixed layer fundamentally
different from the atmospheric boundary layer.

Astrong TKE generation byave breakingat the surface
ALangmuir circulation by the interaction of surface waves and wind stress

Ageneration ofnertial oscillation after the onset of wind stress
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Figure 8 Dissipation in “wall-layer” coordinates
exz/ul, vs zg/ul, measured and collated by
Agrawal et al (1992). Included are both lake and ocean
data; the vertical line represents the dissipation level
in a conventional boundary layer over a rigid surface.
[Reprinted with permission from Nature. Copyright
(1992) Macmillan Magazines Limited.)

Melville, ARFM (1996)



windrows (convergences
where seaweed, debris and
foam accumulate)

divergence

sea-surface

Langmuir circulation observed in the ocean
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Figure 9.1 Inertial currents in the North Pacific in October 1987 (days 275-300) measured
by holey-sock drifting buoys drogued at a depth of 15 meters. Positions were observed 10-12
times per day by the Argos system on NOAA polar-orbiting weather satellites and interpolated
to positions every three hours. The largest currents were generated by a storm on day
277. Note these are not individual eddies. The entire surface is rotating. A drogue placed
anywhere in the region would have the same circular motion. After van Meurs (1995).

generation of inertial oscillation



LES of Ocean Mixed Layer

- Parallel Large Eddy Simulation Model (PALM)

- Inclusion of the effects dfangmuir circulation andwave breaking
(Noh et al. JPO2004)
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U Boundary condition at the surface and bottom
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3D View of the Ocean Mixed Layer
with LC and Particle Settling



z=25m z=10m z=25m
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SBH_homo; w {H= 1.0, =0.8, u. =0.01, @, =0

Distribution of Vertical Velocity at Horizontal Crosssection
(Noh et al.JPO2004)



Formation of a diurnal thermocline in the
ocean mixed layer simulated by LES
(Noh et al JPO2009)
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@ Brainerd and Gregg [1993]
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crosssection in the initial stage of
thermocline formation
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Evolution of vertical profiles
of BandU(t< &, t=1h)

1-D model result
(Noh,JPO 1996)
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FiG. 4: The TKE budget when ug = 0.01 ms™ and @ = 107" m* s (¢
= 10*s); F is the TKE flux, P, is the production of TKE by velocity shear,
P, is the decay of TKE by buoyancy flux, and ¢ is the dissipation. The storage
term dE/dt is loo small to appear at all depths compared to other terms.

( Noh,JPO 1996 )



Effects of Langmuir circulation and

wave breaking

on [LC] off
0 L L L L L
on | / /
10 -
on 320 -
y N
30
E 40 ' I ' I ' I ' ' I ' I ' 1 ' L]
WB . 0 5 10 15 20 0 5 10 15 20 :
: B (10 m/s?) B (10 m/s?)
: [WB]
0 L 1 L 1 L 1 L L 1 L | L | L
A 4 : ] I /
10 -
n N
30 4
40 T T T
0 5 10 15 20 0 5 10 15
B (10 m/s?)



Conclusion

@ The formation of a diurnal thermocline was reproduced successfully, in agreement with observation and mix
layer model results.

@ TKE flux dominates TKE productions within the mixed layer, while turbulence maintained by shear
production at the thermocline causes restratification in the remnant layer.

@ TKE flux plays a critical role in thermocline formation

@ initial stage of diurnal thermocline formation
@ development of? lags behind\?

A the rapid increases &f, Ri, K., andK, at the thermocline to abnormally large values at t -h0.5

@ after the formation of thermocline

@ constant values are approached Wtk 0.35 andRf~ 0.4.

@ Evolutions of horizontal and vertical TKE and mixing and dissipation length scales were also investigated.



Examination of the mixed layer deepening
during convection using LES
(Noh et al JPO2010)



Parameterization for convective deepening

@ NK model [ Niiler and Kraus, 1977 ]
- bw, =- nQ, +2mu’h+mw,(U?/h  (17=0.21, m,=0.39, m;=0.48)
* -W\/h:WeDB, We:uh/ut

@ PWP model [ Price etal., 1986 ]

i Z[Bo- BN L 1B/

b \Uo' U(h)\z : g_(uU/pZ)z = const. at the MLD

@ KPP model [Large etal., 1994 ]

[B, - B(h)lh

- . = const. at the MLD
‘Uo' U(h)‘ "'Vt2

b

* Qo = surface buoyancy flux,u.? = wind stressy; = convective velocity scale



- bw, =-nQ, +2mu’h +mw,(E/h  (NK model)

-bw, =-n*wi/h, w’=Q A -~ Uf
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u The effects of wind forcing,im the NK model is overestimated in the high latitude!



the depth of maximum shear
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@ Rig, Ri,, and Riy* (z =h) for u*=0.02'm/s
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u The critical R§ and Rp are overestimated in the PWP model!
The critibal Rj" in the KPP model is OK!



overestimation

underestimation

Seasonal variation of MLD simulated by NK and PWP model
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Conclusion

1 In the extratropical ocean,

- the contribution from wind stress disappears after the inertial peri

- the bulk and gradient Richardson number at the MLD increases
rapidly with time.

u NK model and PWP models cannot be applied.

1 In the tropical ocean,
- the contribution from wind stress continues to increase until It ree
a critical value.



Influence of Langmuir circulation on the
deepening of the wind - mixed layer
(Noh et al JPO,resubmitted)



Influence of LC on Vertical Mixing

A 1t has been confirmed that LC
within the mixed layer.

A The role in the mixed | ayer de

*Lietal. (1995), Sullivan et al. (2007), Grant and Belcher (2009),
Kukulka et al. (2009)
- enhanced mixed layer deepening
*Weller & Price (1988), Thorpe et al. (2003)
- no evidence of the contribution by LC
* Skyllingstad et al. (2000)
- The effects of LC are mostly confined to the initial stage of
mixed layer growth.



Experiments

Au. = 0.02 m/s

Aho =5m

Af = 104s?

-LC:a(m)=0 (0),0.51),1(L2)

-Stratification: N (s?) = 10°(N1), 5 x 10° (N2), 2 x 10* (N3)
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The contribution of LC to
the mixed layer deepening
IS important, only if
stratification is weak and
MLD is shallow!

d<bw>/<bw
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Fig. 1 Time series of MLDHf) (upper), the buoyancy flux at the MLD () (middle), and (lower). Here =, and is
the buoyancy flux in the absence of LC (). (blue: LO (L&)=green: L1 (La = 0.64), red: L2 (La = 0.32), black:
theoretical prediction by Pollard et al. (1973)): (a) N1 ( =51€2), (b) N3 (=2 104 s2).



Dimensional Analysis

w, = f(h,DB,u.,U_,/, f)

w, _&hDB hDB h h @ v =)
u ?uf’vf’/’u*/fg Y

hDB/v? = (hDB/u?)(u, /v, )?

1) If h/eandh/(u-/f) remain invariant,

i) If w,/u, =f (hDB/u?)[1+ f,(hDB/V’)]

Dow(h) _ f,a0Bg ¢ Dbw(h)=Dw,DB
bW(h)o C Vi =
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d_C induces a significant enhancement of the ML deepening,
only if stratification is weak and MLD is shallow.



Noh Mixed Layer Model
( Noh et al. JGR1999,JP02002,GRL 2004, 2005)
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Evolution of the OML from the observation (PATCHEX) (left) and simulation (right): (a)
surface forcing, (b) dissipation rateqs¥) and (c) temperatur€Qq)



SST anomaly

{a) annual mean simulation-cbservation

simulation-observation

(a) annual mean
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Basic Concept of the Noh Model

A L TKE flux at the surface:;

KUE/ iz = AU’ with A = 100
A length scal e:;

i1 .1 with 2= 1 m

|, k(z+z) h

*Mellor & Yamada (1982): A ® m, 3 = 0 m- neglect wave breaking

A effects of stratification:

1/1, =(@1+aRt)"?
Y K~ql
Rt =(NI,/q)?

*Mellor & Yamada (1982), Pacanowski & Philander (1981),
Canuto et al. (2001), Kantha and Clayson (1994).

/1, = f(Ri) Ri=(N/S)*
- TKE production is dominated by shear productign- P - e=0 ).
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Ri cannot be a parameter in the presence of LC
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Conclusion

A LC induces a significant enhanceme
if stratification is weak and MLD is shallow.

A Stronger vertical mi xing within th
much larget.
A Vertical mi Xi ng must be parameteri:

presence of LC.

A Vertical mi xXing in the presence of

/1, =gl+a GrRt) > (a ~ 50,9~ 10)



Prediction of Diurnal Variability of SST

Using the Numerical Weather Prediction
- Ocean Mixed Layer Coupled Model
and Comparison with Satellite Data

(Noh et al,in preparation)



NWP i1 OML coupled model

SST

Total heat flux : Qo = Qsw+ Qv - Qse- Qa- ST
Surface wind stress: ¢
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_ OML model WRF model

East Asian region
[100- 1508E, 111 614N]

Horizontal grid 50km

Domain

Vertical grid 100 | ayers ( e&ez3lhkyers m)

NCEP Final Analysis
I.C, B.C (16resolution, every 6 hours),
Climatological temperature profile.



2008 Daily mean SST difference
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