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Basic Recognitions on Ocean Numerical Modeling:

Ocean motions are described by the governing equation
set of the ocean dynamic system (with four subsystems).

Only the mixing terms are uncertain in the ocean motion
equations and the flux ones in the boundary conditions.

Parameter tuning is the opposite of the dynamic (analytic)
estimate of ocean mixing and boundary flux.

Over-parameterization leads to misuse and confidence
lose in ocean numerical modeling.



In 90s of last century we presented a sea wave-induced
mixing coefficient based on the Prandtl mixing length theory
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The coefficient is completely determined
without any tunable parameter.
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Characteristics of the mixing coefficient:

1. The coefficient has exponential distribution vertically and two

maximums in north and south high latitudes;
2

2. The effective value of the coefficient 0.1% can reach depth more

than 300 m in the two high latitudes and the surface value is about

1000 times larger than that.



Combining with
the third generation wave model (MASNUM...)
and substituting the mixing coefficient calculated into
the ocean circulation model (such as POM...)
and the climate model (such as NCAR-CCSM3...)
we get the model system used and called as
the coupled ocean circulation model
and the coupled climate model

without any additional tunable coefficient

These models have successful applications to the simulation

in regional seas, global ocean and global climate.

All the applications are positive.



I) Simulation in Regional Seas
using the coupled ocean circulation model

1. The simulation in the offshore area of Malaysia

The model domain is

39S - 15%N, 99°E -116°E,
Horizontal resolution
1/18°X1/18° (6Km)

51 vertical sigma layers

100 105 110 115



1) The comparison of the modeled SST to the observed one
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2) The comparison of the modeled SSH to the observed one
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cm).

Modeled (left) and observed (right) SSH in winter (DJF) (units: cm).



3) The comparison of the modeled temperature section
to the observed one
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of the modeled temperature profiles
to the observed ones

4) The comparison
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4) The comparison of the modeled temperature profile

to the observed one
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2. The simulation in the yellow sea

« The model domain is
22°N — 41°N, 117°E - 132°E,
 Horizontal resolution
1/189X1/18° (6Km)
o 25 vertical sigma layers

{ The cold water mass
of the Yellow sea )
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II) Simulation in Global Ocean
using the coupled ocean circulation model
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1. The comparison of the modeled temperature to the
Levitus Data along the sections of 35°N and 35°S

Pacific Atlantic

Modeled by
POM + Wave
Model

Modeled by
POM only

Levitus Data

Indian Pacific Atlantic

in August (summer)

in February (winter)

Thick and uniform upper layer and strong transition are modeled.



2. The improvement shown with correlation coefficient
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The correlation coefficient of the modeled temperature
to the Levitus Data is raised
from 0.58 to 0.76 for POM
from 0.62 to 0.79 for ROMS in upper 100m layer.



3. The comparison of the SST modeled
to the COADS climatology
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Deviation of the SST modeled by POM with sea wave-induced
mixing from the COADS climatology



4. The comparison of the depth of mixing layer modeled

Levitus Data

POM Model only

POM + Wave Model
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lll) Simulation in Global Climate
using the coupled climate model

Modeling in recent
1000 years
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1. The improvement in the tropical bias
indicated by the 27°C isotherm

too forward cold tongue
in the East Pacific

opposite SST slope
in the Atlantic

NCAR-CCSM3
Model only

Observation

NCAR-CCSM3 +
Sea Wave Model
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. The improvement in the SST time evolution
in the equator area of the Eastern Pacific
(averaged in 110°-90°W, 59S-5°N area)
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Black : with two peaks a year
modeled by NCAR-CCSM3 Model

Red: with one peak a year
modeled by NCAR-CCSM3 Model
with sea wave mixing



2. The improvement in the time scale
of inter-annual variation

(averaged in 1100-900W, 50S-50N area)
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3. The improvement in the meridional wind speed
along the equator

The modeled by
FGCM
+ Sea Wave Model

=L \@ 7

The data analysis
by T.J. Zhou, 2002
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The modeled by
FGCM model

Q)




4. The improvement in the moisture transport
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5. The improvement in the precipitation
in Asia-Australia Monsoon area
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Xie-Arkin data Modeled by FGCM
(1979-2003) model only

+ Sea Wave model Zonal averaged




Although we got good simulation results, we still

need to answer the questions that
what the ocean mixing is,

How to estimate analytically
the mixing induced by sea waves.



Contents

|. Ocean dynamic system
and its governing equation set

Il. The analytic estimate
of the sea (internal) wave-generated
turbulence mixing

lll. The analytic estimate
of the sea wave (and internal one) mixing

IV. The analytic estimate
of the ocean eddy mixing



|. Ocean dynamic system
and its governing equation set



In fact, Wunsch presented the conception of ocean dynamic
system for ocean mixing study in 2004, which includes four sub-
systems of sea waves + turbulence, internal waves, meso-scale
eddies and general ocean circulation.

LUNI_SOLAR WINDS HEATING EVAP. GEO- Pa
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WAVES 14EJ CIRCULATION EDDIES 13EJ
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vV 26TW v 0.1TW

Wunsch C. and R. Ferrari, 2004: Vertical mixing, energy, and the general
circulation of the oceans, Annu. Rev. Fluid Mech., 36:281-314.



1. The quasi-dispersion relation
and the ocean dynamic system

Quasi-dispersion relation

Log ( T (sec) )

Ocean Dynamic System
All-scale Ocean Motions

Log (L (m))
S S G G N A

convection
Ocean turbulence

The quasi-dispersion relation shows the distribution of time- and

space-scales of the ocean motions.



2. The four sub-system of the ocean dynamic system

According to the quasi-dispersion relation the ocean dynamic

system can be divided in to four sub-systems.

Log (T (sec))

Micro-scale waves
Micro-scale convection
Ocean turbulence

J Ocean wave & circulation

subsystem
— Large-scale motions
. Ocean eddy
Log (L (m)) subsystem
L Meso-scale motions

Ocean turbulence
subsystem
Sub-small scale motions

Sea e & internal wave
subsystem
Small & sub-meso-scale motions




3. The partition is consistent
with the Wunsch ‘s consideration
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Wunsch C. and R. Ferrari, 2004: Vertical mixing, energy, and the general
circulation of the oceans, Annu. Rev. Fluid Mech., 36:281-314.



In order to get the governing equation set for
the ocean dynamic system we define a three-fold
Reynolds average treatment:

(xX)s The first fold Reynolds average

on the motion set of ocean turbulence
(X)ss The second fold Reynolds average

on the motion set of sea and internal waves
(X)w The third fold Reynolds average

on the motion set of ocean eddies



I) The governing equations

of the ocean perturbation motions



1. The governing equations of ocean turbulence
1) The motion equations
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2) The boundary conditions . . . . . . .



2. The governing equations of sea & internal waves

1) The motion equations
V-uy, =0
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3. The governing equations of ocean eddies

1) The motion equations
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Il) The governing equations of the ocean motion

with scale larger than some one



1. The governing equations of the ocean motion
with scale larger than sub-small one

1) The motion equations

V-U=0



2. The governing equations of the ocean motion
with scale larger than small & sub-meso one

1) The motion equations

V.U=0
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2) The boundary conditions
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3. The governing equations of the large scale motion

1) The motion equations

V-U=0
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2) The boundary conditions . . . . . . .
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the large scale ocean mixing is defined by
the residues of fluxes produced by molecule,

turbulence, sea & internal waves and eddies
based on the motion equations derived.



Il. The analytic estimate of
the sea wave-generated turbulence mixing
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I) The 2%-|eve| second order moment closure model
of ocean turbulence

Second order moment closure model is the basic
treatment for turbulence mixing, which includes

1. The 2-level expressions of second order moments

<uiuj>=—E[(uiuk>%+<ujuk>g—g]—qw (< uiuj>—%§ij (2k)j—(C2Vp)§(Pij —%@jpkkj

k

TE )

T X,

(09=4{u5 T 00 5 o)

& X, X,

<92>=25{—<uk0>§—j+<9(}’>} <52>:25{_<uks>§_x§}

k



2. The 3evel governing equations of
the characteristic quantities -, of turbulence

1) The motion equations
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2) The boundary conditions on sea surface
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Yuan, Y.L., L. Han, et al., 2009: The statistical theory of breaking entrain-
ment depth and surface whitecap coverage of real sea waves,
J. Phys. Ocean. vol.35, 143-161




Turbulence in upper ocean

=~ sea wave - generated turbulence

Il) The balanced solution of ocean turbulence

Balanced solution is the basic description of ocean
turbulence due to its scales are small

1. The definition of balanced solution
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2. The determination of the balanced solution

In fact, the balanced solution allows a relation

Oa||7i,|

= Cy exp{yKx,}

so that we have a set of solutions
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The solution of ; -0 was identified by Huang's data analysis.

Huang, C. J. and F. L. Qiao, 2010: Wave-turbulence interaction and its
induced mixing in the upper ocean, J. Geophys. Res., Vol.115, C04026



3. The comparison of the balanced theoretic solution
to the field observation

1) The vertical distribution of theoretic kinetic energy k ( y=3)
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2) The vertical distribution of theoretic dissipation rate ¢
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4. The theoretic mixing coefficient
based on the balanced solution

— C
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1) The vertical distribution of the theoretic mixing coefficient
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2) The comparison of the theoretic mixing coefficient (8., )

Theory

to the Prandtl's one (8,,)

Prandtl

In the range of small (azw) value

By )
( swtv Theory ~ 1
(EWV )Prandtl
CASES 9, 10, 11, 12

In the range of large (aza)) value

[ ( éSWTV )Theory

<< 1
( EWV )Prandtl
CASES 1,2,3,4,5,6,7




The mixing produced by sea wave-generated turbulence
looks like large in a small range of 22»~0,

more observations and experiments are needed for
understanding the turbulence mixing in whole range of 22

and the mixing produced by sea waves themselves should
be studied deeply.



lll. The analytic estimate
of sea (and internal) wave mixing

N o (T-V)0+20x0 =——Vp-gLk+v,AT
ot Po Po

+8ixj[—<<<u§5iu§sj >SS >SM >MM }—Faixj[—«uém iuéM]>SM >MM J*'aix[_@w Unaw >MM ]

j

The original definition of the mixing
produced by waves themselves




In order to calculate the mixing produced by waves
in second order accuracy, we need to develop a wave
theory without the ir-rotational assumption.

Yuan, Y.L., L. Han, et al., 2011: The unified linear theory of wavelike pertur-
bations under general ocean conditions, Dyn. Atm. & Ocean., Vol.51,
55-74




I) A unified theory of wavelike perturbations in general
ocean conditions

1. The governing equations of the motions

1) Motion equations 2) Boundary conditions
ou, oOu, Ou, ~
o Ot O O g (2] —[2)ug[2] nea
. 0X, 0X, axsa P ), o P Po ) s1
Uy p
A _F A, =——17 — oh
ot R a&(ﬂo] (u3)x3=o_E+Asz =0
ou, U, au, o(p .
24| F Ay, =——oH! —
ot J{ ’ dX, jul+ 0%, s ¥ Qm dX, (poj (Ug),_y + Zl)_(l (W), , +Ag =0
1

ou 0
ot 03\ Po Po

ﬁ(ﬂ]+i[£jul +i(£]u3 +AD :0
ot\ py ) 0%\ Py 0% \ Py

Dynamic balance of gravity in general ocean conditions



2. The analytic solution of the linear theory

1) The expression of the wave motion

Uswy = JJUSW#SWl(Xs)eXp{i(kaxa _a)t)}dkldkz Uswo = Hﬂswﬂswz(x3)e)(p{i(kaxa _a)t)}dk1dk2
k k
Usws = ”Usw ,uswa(xs)exp{i(kaxa - a)t)}dkldkz [pﬂJ = J]ﬂsw¢sw (X3)3Xp{i(kaxa - a)t)}dkldkz
K 0 K
(2 ool o0, = 0, -0
0 k k
in which
1{M2(k1 J ® adz(kz j [kl j F o U,
T ol 02 - Tz -1, -l ___2_|4
2] Q° LK Q° 0x; \ Kk K @ Q° 0X,
) [1F a, Mz[kl j o aoz[kz J sh{ 2z (%) = 222 (-H))
L N 4L e K
- _ 207 ax, | 2 \k 1) Q% ax \k )| = sh{zs (-H)}
Mgy = _—O/eXp{U(sl (Xs)} - O_y
I ) 1 ( k
( 4 +—2[a)2—(N2) }(_Hlj
Q k
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2) The relations of complex frequency to wave-number

(1) The relations of the complex frequency to the wave-number
on the sea surface

{[wg ~(N Z)O}wj F (F n aagf M |40}%
8 S OREE R LR RE I = ey

(2) The vertical invariance of the complex frequency

ow

—=0
0X,

(3) The expression of the vertical wave-number

1 k .~ aU,(k T 1 k _aU, (k
k31:—ﬂ[M Z(ﬁllj_lwa—x;(flaﬂk ;(sl(xs):—! ZQZ{M z(ﬁll)—la}a 2(?2I3dex3

X3

Ky, ={é[(o2 ~(N 2)} |4}% k Zsz(xg)zxf{é[af (N 2)} |4}}/2 kdx,



Il) The derivation of the vertical wave mixing coefficients

1. The wave transport fluxes of density and velocity
in second order accuracy

1) The expression of sea wave motions
by the real part of the solution

Ugw; = Re(uSWi):%£I |:778WIUSWi (Xs)eXp{i(kaXa —a)t)} + Mgy How i (Xs)eXp{_i(kaxa _a)*t)ﬂ(dkldkz)a

(%} = Re['%vj’j - %{yj[nswﬂsw (% )exp{i(k,x, — t)} + 75 By (% )exp{ =i (K, x, - a)*t)ﬂ(dkldkz)y



2) The expression of the transport fluxes
of density and velocity by sea waves

_<[p£w}u§w>sw W !j E(k, k)Re{%E i ::W (Ez)#(dkldkz)a

. ,USW1( )ﬂ;W1(X3) _:uSW1(X3)/u;W2(X3) _ﬂSW1(X3)ﬂ;W3(X3)
_<u§WiusRWj> EN _” E(k.k )Re /Uswz( )/U;w1(X3) _ﬂswz(xs)ﬂ;wz(xs) _/Uswz(xs),u;w3(xs) (dkdk )
“ _,Usws(x3),u;w1<xs) _ﬂsws(xz)ﬂ;wz(x3) _,Usw3(X3),U;w3(x3)

in the derivation of the formulas, the statistical relations of
homogeneous motion were used

<773W (k11k2;t)77$w (k1/1ké;t)> = §(kl _kl/)é‘(kz - ké)Asw (kl’kz;t)Asw (kl’kZ;t)



3) The expression of vertical transport flux of density
in second order accuracy

R
1 — .
_<(psw ]usw3> ) ENGSW HE(kl’kz)Re{_ﬂsw (XS)/”SWS(X3)}dk1dk2
sw ke

0
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4) The expression of vertical transport flux of velocity
in second order accuracy

1 ~ 1 *
_<USRW1USRW3>SW zENGSW ” Eqw (kl’kZ)Re{_/’lSWI(X3):uSW3(X3)}dkldkz
K,
1 N *
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2. The wave transport fluxes of density and velocity
in first order accuracy

1) The expression of the vertical transport flux of density
in first order accuracy

R ~ ~
([P yr N A IIR R (ﬁjR £(k k) KO ) g L0 (B g 0
<( o jusw3>sw {4 GSW Dk;[ K e{a)} ( 11 2) |Sh{—kH}|2 10K, %, \ o, SWWVD x| o,

in which
Nosw =exp{ 2] o | the times of wave growth
R, E{_a[ﬁ]/a(/sﬂ the Richardson number of density
X\ Py )/ 9%\ P

sh{2k(x,+H)}
sh{k(~H))[

the vertical mixing coefficient for density

A 1 - -
Bao = NesuRo I(?JRe{w}E(kl,kz) dk,dk,



2) The expression of the vertical transport flux of velocity
in first order accuracy

R R
_<USW1USW3>SW ~0

1_ . sh{2k(x, +H oU - oU
_<u§w2Ust3>SW zZNGSWRU I(?jRe{a)} Esw(klikz) ‘Si]{k((—gH )}‘2)}dk1dk2(a)(:] :BSWWVUE 2}

in which
. oU, /eu, : _
Ry =(— ox /ax] the Richardson number of velocity

- 15 a5 \Refw sh{2k(x, +H)}
BSWWVU _4NGSWRU_|[;"(ij { }ESW(kl’kZ) ‘Sh{k(_H)}‘z kldk2

the vertical mixing coefficient for velocity
(momentum)



3. The comparison of the theoretic mixing coefficients
to the Prandtl’s one

1) Comparison in the expression form

ool ) el ot L

/ } H( ) Eqy (K ky) Lf{kk(()j;‘z)}dkldkz

Z|

A 1
( Bswwvo )Theory - 4

(BSWWVU )Theory - % I\_IGSW |:

%
b o et isitlon

(k)

They have same dimension and similar expression with sea

wave spectrum.
The former two show the expressions of density and velocity

respectively.



2) Comparison of the theoretic surface value to the Prandtl’s one

Nesw Roa’@exp{2Kx,}

= 1
( BSWWVD )Theory = Z

X3 =0

(BWV )Prandtl - 4(aK)a2weXp{3Kx3}

Due to N, =0(10°010°) , R,, =0(10°010°)
and  16(aK)=0(10°)
= 10'1 s .......................................................
so in all the range of (a’) we have T lacases GAMA=3
) ol ecases
(BSWWV )Theory _ NGSW RD =~ ? .Casi.e1 |
(BWV )Prandtl 16(a|() o0 e .. @Case -1 SO —
: ®Case 2
.Casé 4 8Case3 gCase7
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IV. Conclusion

1. The ocean mixing is the residues of fluxes which
are divided into three parts corresponding to
turbulence-, wave- and eddy-perturbations.

Ocean mixing |-(((hus), ), ) ~(bth)y ) (Ut |

It is not only produced by turbulence in narrow sense
or in ambiguous sense

It is produced by three kinds of perturbation motions
respectively.



2. The analytic estimates of sea wave-generated
turbulence mixing and sea wave mixing have been
made and are consistent with the Prandtl’s one.

Ocean mixing || (((kus) ), ) ~(ebtb) ) | (Gt |

Sea-wave-generated turbulence mixing

1, 2

(Brv)

C
=K exp{rKx,}

pr— 2 —
Theory e T

Sea-wave mixing

(B = (R ) Rt B k)




So the theoretic wave-induced mixing includes two parts:
the wave - generated turbulence mixing
and the wave mixing,

and the mixing coefficient of the theoretic sea wave-
induced mixing is consistent with the Prandtl’s one
quantitatively and qualitatively.

( SWinduced Jreqrt SWIV' JTheory SWWY Jheory

By induced = (Bgyr ) + (L5> ) ~ (Bgyy )
( SWinduced J1heort SWTV' JTheory SWWV Theory SWV Jprandtl



Comparison of the theoretical results of sea wave-induced mixing

to that derived from the Prandtl mixing length theory

. sh{2k(x3+H)}
Bsw Nosw wrE 7 dk,dk,
( )Theory 4( ).[ ‘ h{k (—H )}‘
éSWU :E 1+ IqGSWIQU a)R ESW (kl’kZ)Sh {Zk(XS ’ Hz)}dklde
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[sh{kH }|

bz
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3. We still have works to do about the analytic estimate,
specially, of the internal wave mixing and the ocean
eddy one.

going to work on the mixing produced by
ocean eddies themselves

Ocean mixing |- (ko)) ) | ~(bth)y ) (Ut |

going to work on the mixings produced by
internal wave-generated turbulence
and internal waves themselves




Thanks !!



