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Global Overturning Circulation
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Numerically reproduced thermohaline circulation Tsujino et al., (2000)
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[ Kv =1 cm?s? is necessary at the lower thermocline depth ]




Numerically reproduced thermohaline circulation Tsujino et al., (2000)
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[ Kv =1 cm?s? is necessary at the lower thermocline depth ]




[ ocations of Previous Microstructure Measurements
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Vertical Distribution of K , in the Ocean Interior
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#EETIL: Princeton Ocean Model
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Numerical simulation of generation and propagation
of internal tides in the western Pacific

(isopycnal displacement at a depth of 1000 m)
TIME(hour)= 0.00
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Numerical simulation of generation and propagation of
diurnal internal tides in the North-Western Pacific

(isopycnal displacements at a depth of 1000 m)
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B9 TR ILEF—D2BRINFZ (Niwa and Hibiya, 2011)
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Y Budget of Tidal Energy [Munk and Wunsh,1998]
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:Maintenance of Thermohaline Circulation
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¢ Slab Model of Mixed Layer (Pollard & Millard, 1970)
BRAERICL > ThiESN3EEESBADEBEES2HET 3.
Tx

du _ 4, -
dtfva

H: BEBOZFEZ - - - 50m&{RE
r: RERGRE - - - 1/4days&RE
—BEEEThEZh/-1BMHIREID T XI)L¥ -1,

NEBRE L TREETICEELAY, LMK RLICE-T
BRI BNRENT A4 X LIRY

—ru (1), %+ﬁz-=b%—rv (2)



Model

The damped slab model:

du Tr
— —fo=——ru
dt Hp
dv Ty
= Y = ——==1ry
dt+f Hp

w, v. the horizontal current velocity

Tz, Ty: the wind stress |

H: the thickness of surface mixed layer
r: the empirical damping constant

(1)
(2)



In terms of the complex gquantities:

dZ T

—C'i?‘l‘wz——l_} (3)
Z = u-+ 1

T = (Tm""i'ry)/ﬁ

w = r+1if



The inertial oscillation component Z;:
(Subtracting the Ekman transport Zp = T'/wH from (3))

dZ; 1d(T/H)
a3 A ——
o TYAE T a
The energy equation:
a|iz|’ Zp dr*
27 = p1Z;2 - Re | 2L
dt w*H dt

Energy Flux

(4)

(5)
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The global distribution of the wind-induced
inertial energy input for each season
(r~1 = 4days, H = 50m).

Watanabe and Hibiva(2002)



The time variation of the inertial energy flux
in each hemisphere (r—1 = 4days, H = 50m)
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The relation between the damping time r—1
and the annual mean global energy flux
(H = 50m).
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Watanabe and Hibiya(2002)



The global distribution of the wind-induced
inertial energy input for each season
(r—1 = 4days).

H is the depth where the temperature
becomes lower by 0.5°C than that at the
surface
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Watanabe and Hibiya(2002)



The time variation of the inertial energy flux
in each hemisphere.
H is the depth where the temperature
becomes lower by 0.5°C than that at the
surface
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Numerical simulation of near-inertial waves generated
by traveling mid-latitude storms in the North Pacific
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Furuichi et al.(2008)



Global distribution of wind-induced internal wave
energy
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Furuichi et al.(2008)



Vertical structures of HKE for each mode, E
(integrated over each vertical range, area- and annually- averaged)

horiontal kinetic energy

North Pacific Box: 140E-120"

2

4 5 higher

surface -~
150 mi

1000 m

pastomh

__/

Definition

oyl $e) (3}

higher mode components are mostly limited to upper 150 m,
Implying most of the higher modes energy is dissipated locally

Furuichi et al.(2008)



Global Energy Budgets

Energy Input (T’'u’)/ Horizontal Energy Fluxes (p'v’)/ Vertical Energy Fluxes (p'w’)

TU’
p'w’
surface /
150 m '/ \“/
1000 m' pv o
bottom| . V. /

We examine energy dissipation rate in
each location in the world’'s oceans.

Furuichi et al.(2008)



Global Energy Budgets

22.4 GW [86%)]

Box: 60W-10W/30N-60N North Pacific Box: 140E-120W/30N-60N
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_ Southern Ocean Box: 50W-80W/60S8-30S8
Blue ) Wind energy Input

Red ) Dissipation rates within upper 150 m.
Orange ) Dissipation rates below 150 m depth
[ Green) Dissipation rates below 1000 m depth |

Furuichi et al.(2008)

Pink ) Total Equatorward Energy Fluxes across the box’s boundary



Global Energy Budgets

Nort}

22.4 GW [86%)]

Box: 60W-10W/30N-60N North Pacific Box: 140E-120W/30N-60N
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Blue ) Wind energy Input

Red ) Dissipation rates within upper 150 m.
Orange ) Dissipation rates below 150 m depth
[ Green) Dissipation rates below 1000 m depth |

Furuichi et al.(2008)

Pink ) Total Equatorward Energy Fluxes across the box’s boundary

w large part of energy input resides in high vertical modes.




Global Energy Budgets

ic Box; 60W-10W/30N-60N North Pacific Box: 140E-120W/30N-60N
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_ Southern Ocean Box: 50W-80W/60S8-30S8
Blue ) Wind energy Input

Red ) Dissipation rates within upper 150 m. Furuichi et aI.(2008)
Orange ) Dissipation rates below 150 m depth

[ Green) Dissipation rates below 1000 m depth |

Pink ) Total Equatorward Energy Fluxes across the box’s boundary

w large part of energy input resides in high vertical modes.

w 70-80 % of energy input is dissipated within the upper 150m.




The Role of Tides and Winds in Mixing
the Deep Ocean
- iImplication of the present study -

2.1 TW
(1TW=1012W)

Munk (1966) Munk and Wunsch (1998)
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The Role of Tides and Winds in Mixing
the Deep Ocean
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The Role of Tides and Winds in Mixing
the Deep Ocean
- iImplication of the present study -

Munk (1966) Munk and Wunsch (1998)
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The Role of Tides and Winds in Mixing
the Deep Ocean
- iImplication of the present study -

Munk (1966) Munk and Wunsch (1998)
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The Role of Tides and Winds in Mixing
the Deep Ocean
- iImplication of the present study -

Other energy sources?
e.g. Mixing hotspots on the
abyssal rough bottom

W| nds
Munk (1966) Munk and Wunsch (1998)
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Dispersion relation for internal gravity waves

Basic equations o Po
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Dispersion relation for internal gravity waves

Basic equations o Po

—+w—m=0

ot 07

V-u=0
Single 9> Iw 5> R
equation (&Jrf ) z( aZ)+/00(&t2+N vV, w=0
for w
Assumin - .
free Wav‘Z W= Re[W exp i(kx+ mz— a)t)]
solutions...




Dispersion relation for internal gravity waves
2 212 2.2 2 2
w* = (N* i + *m*)/(k* + m?)
: buoyancy frequency

_ A72 2 2 . 2
B N cO5 9+ f SR 9 : in_ertiql frequency |
f S W SN : direction of phase propagation

: wave frequency
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Dispersion relation for internal gravity waves

w* = (N* i + *m*)/(k* + m?)

) ) ) 9 o : wave frequency
— ; N : buoyancy frequency
_N COS 9+ f SIn 9 f : inertial frequency
@ : direction of phase propagation
f S W S N P propag
m
Vertical Wavenumber
wave-

number

w~N
Horizontal
g wavenumber




Energy spectrum in the ocean

Universal energy spectrum in the ocean

Empirical formula

E(w,j)=b"N,NE,B(w)H )

B(a))zg /

V4 a)(a)2 _f2)1/2
()’

2+ F)

Munk (1981)

H(j)=

Garrett and Munk (1975)

79
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oLy FAVYDEHRATRARY ML (Garrett 1981)
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Shear spectrum [sZcpm™]
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Distribution of Internal Tide Energy in the North Pacific
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Vertically 2-D (0/0y=0 ) Equations on f-plane

Du_r,_ 1 op Ou I'u

_D?: ﬁoa—x*—l-AHg;f—!-Av"é? (1)
2 2
Dv _ 9v . 4 9V
D[———fu-I-AHaxz-l-AvaZz (2)
Dw _ 1 op P +AH62W Aé’zw 3
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PARAMETERS
I  ALEUT

L =155 km, H=1.3 km

Ax=189m, Az-= 1.27 m (8192x1024)
At = 4 sec

2rr /f = 1591 hrs, 27n/N =20 mins

Ag = Kg =1 cm2/s , Ay = Ky = 0.1 cm2/s
I HAWAI

L =1105km, H=1.3 km

Ax=13.9m, Az =1.27m (8192x1024)
At = 4 sec

27w/ f 25.82 hrs, 27w/ N = 20 mins

Ag = Ky =1 cm2/s, Ay = Ky = 0.1 cm2/s



Model Ocean - -
(8192 X 1024) _—

e Az=1.25m



Schematic Diagram Outlining the Numerical Experiments
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Hibiya et al. (2002)



Time Variations of the Vertical Wavenumber Froude Spectrum (Aleutian)
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Observed Shear Spectra in the QOcean
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Time Variations of the Vertical Wavenumber Froude Spectrum (Aleutian)
“Spike Experiment”
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Time Variations of the Two-Dimensional Wavenumber Energy Spectrum (Aleutian)
“Spike Experiment”
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Time Variations of the Vertical Wavenumber Froude Spectrum (Hawaii)
“Spike Experiment”
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Time Variations of the Two-Dimensional Wavenumber Energy Spectrum (Hawaii)
“Spike Experiment”

-

= 10Ti L W=2f _

510“ - - E E

4 p -

: B i

§ 1ot a0 $

£ | ;. B

r 1 L i °

Al 2 :
o-s 10— 10-3 102 10-8 10~ 103 102 10-¢ 10 103 10-2
Horizontal Wavenumber(cpm) Horizontal Wavenumber(cpm) Horizontal Wavenumber(cpm)

Energy Spike "¢ — 16T w=2f . t=18Ti =2f. t=20Ti =

§ - 3 ‘E- s, 8 : £ g' o g

{ i i

€ € c

s s tadi

. 4 v

° o °

2 - 2 107 .

Ld ; 4 ! ;

> 10 10~ 10 102 10~ 10-+ 10-3 10~ 10~ 10-4 10-3 10-2
Horizontal Wavenumber(cpm) Horizontal Wavenumber (cpm) Horizontal Waevenumber(cpm)

E spixg (k;m)

E No SPIKE (k,M) 100 100.“ ‘ 100.18 100.2 100.28 100.3
Hibiya et al. (2002)



sTERIBA 5 10EEREROF - RBICHE T HKEFES T

‘T //._:*i‘“m ‘ \ _.‘_ . ' : . Y, ‘ D> ey “---_‘ , = _.:._
305 32(

[km] [km]
71—y il AR
Hibiya et al. (2002)



LR

12 hrs




LR

12 hrs




e
=ht

)1

S

12 hrs




Bispectrum Analysis

Nonlinear terms of Fourier-transformed equations
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represent how the 1., mode M, internal tide ( k;; )
gains or loses energy through the interactions

with other two wave components ( k’ and k™)
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Bispectra at mid latitude (28°N)

( Red circles indicate the locations where
resonant conditions are satisfied for IT)
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Parametric Subharmonic Instability
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_Beats composed of waves propagating in opposite directions
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_Beats composed of waves propagating in opposite directions
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Visual explanation of resonant triad interaction
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Phase relation between tide and near-inertial waves
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Flow acceleration caused by background current
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Velocity field of numerical experiment
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Velocity field of numerical experiment
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Velocity field of numerical experiment
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Velocity field of numerical experiment

Phase relation between tide and near-inertial waves
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Parametric Subharmonic Instability (P.S.1.)
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Parametric Subharmonic Instability (P.S.1.)
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Internal Wave Energy in the Deep Ocean
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Vertical structure of the meridional component
of horizontal velocity
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Propagation of Mode 1 near-inertial internal waves
from the midlatitudes (30°N-45°N)
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Vertical structure of the meridional component
of horizontal velocity
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Propagation and Dissipation for Each Scale IW
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The result that

large part of energy resides in high vertical modes
IS consistent with



Propagation and Dissipation for Each Scale IW
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Propagation and Dissipation for Each Scale IW
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Propagation and Dissipation for Each Scale IW
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Propagation and Dissipation for Each Scale IW
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Horizontal Kinetic Energy(g cm®2s?)
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Horizontal Kinetic Energy(g cm®s?)
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Kv can be estimated based on the Gregg’s empirical
formula (1989),

{Kv = 0.05 x (Fryo°/ Frgmo)®> (cm?s ) J

where

{ Fr,> = S,,%/ N?

is the Froude number of vertical 10 m scales with

4 A
S,0: 10m vertical shear of horizontal velocity < XCP

N: Local buoyancy frequency «— XCTD
o J

and Frgy., is the corresponding constant value for
the GM internal wave field.
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XCP (eXpendable Current Profiler)



XCP (eXpensive Current Profiler !?)



Gregg’s empirical formula [1989]
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Internal tide energy (J m?)
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Based on the results of XCP surveys in the North Pacific,
we can propose here an empirical formula to predict the
global ditribution of diapycnal diffusivity K,, (cm?s?) in the

thermocline.
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Empirical formula for diapycnal diffusivity K, (cm?s'!) in
the thermocline at each longitude (0) and latitude (¢)

Ky (0,0)=(F(0,0)+02)x(p/20) for 0= <20

Ky(0,6)=F(0,6)+0.2 for 20°<¢ < 30°
Ky(0,6)=F(0,0)x((35-¢)/5)+02 for30< ¢ <35
K, (0,6)=02 for 35°< ¢

where

F(0,6)=0.67xlog,,(E(6,$6)/01) for0.1Jm3<E(0,¢)

F(0,9)=0. for E(0,¢)<0.1 Jm>
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o2 Energy level of local internal wavefield; E
& o< N E Local buoyancy frequency; N
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& o< N E Local buoyancy frequency; N
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Estimates of Dissipation rates €

o2 Energy level of local internal wavefield; E
& o< N E Local buoyancy frequency; N

¢E is scaled by Eg),

Gregg(1989) (G89)
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Estimates of Dissipation rates €

o2 Energy level of local internal wavefield; E
& o< N E Local buoyancy frequency; N

¢E is scaled by Eg),

Gregg(1989) (G89)

' 2]
Fine-scale O (10m) Ky 2
Vertical Shear ~ m?(KE) g0 = 1.0 X 107 < 05510 >2 44
Vertical Shear (GM) ~ m?(KE)gy, <SGM10 > j\/g

Wijesekera et al.(1993) (W93)

Fine-scale O (10m) <ﬂ >7 AN
Vertical Strain ~m?(PE) £y =71.0 X 10710 \oBs10 ]
Vertical Strain (GM) ~m?(PE)gy, </10M10 > /Vé

However, the ratio of KE(PE) to total E is not always constant.
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Uncertainty of existing parameterizations

St. Laurent et al. (2002)’'s parameterization
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Energy dissipation rates after 20 tidal cycles
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Internal waves generated by tide—topography interaction [Mohri et al. 2010]
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Internal waves generated by tide—topography interaction [Mohri et al. 2010]
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Internal waves generated by tide-topography interaction

Vertical velocity w [m/s]
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Internal waves generated by tide-topography interaction
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Numerical Model

Two dimensional x-z plane (9 / 3 y=0)

Domain | Length 20 km X Depth 4 km
Resolution | ox = 195 m, dz =5m
Time Step | ot =20s

Latitude | 30N

Stratification | 40 min.

Eddy Viscosity | A,=1.0x103m%/s
| A, =1.0%x10"%m2/s
Eddy Diffusivity | A, =1.0Xx 1073 m2/s

| K,=1.0x10* m2/s

Bottom Topography | sine curve with amplitude

h=25m

Initial Condition (Exp.2) | GM79 [Munk,1981]

like background internal wave field

Rigid lid, Boussinesq, ~plane approximation

Periodic boundary condition

Z [km]

Snapshot of Vertlcal Ve1001ty w'of GM79 model
|—17|< (2014)
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Experiments



Energy Dissipation Rate at the Ocean Bottom: &
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Energy Dissipation Rate at the Ocean Bottom: &
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Energy Dissipation Rate at the Ocean Bottom: &,
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Energy Dissipation Rate at the Ocean Bottom: &
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Vertical Decay Scale of Energy Dissipation Rate : ¢
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Vertical Decay Scale of Energy Dissipation Rate : ¢
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Vertical Decay Scale of Energy Dissipation Rate : ¢
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Vertical Decay Scale of Energy Dissipation Rate : {
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Vertical Decay Scale of Energy Dissipation Rate : {

Linear Internal Waves Quasi-Steady Lee Waves
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Summary of the Calculated Results
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Conclusions

As the tidal interaction with bottom topography becomes strong, generated internal

waves are more like quasi—steady lee waves.

Under weak tidal advection effect, structure of bottom—intensified mixing hotspot is
controlled by ocean bottom roughness, but under strong tidal advection effect,
structure of bottom intensified mixing hotspot is controlled by the amplitude of
tidal flow. In both cases, trade—off relationship is found between energy dissipation

rate near ocean bottom and its vertical extent.

Under strong tidal advection effect, the vertical extent of mixing hotspot increases
in proportion to tidal amplitude squared, which is explained by the vertical group

velocity C,, o< kUy? and interaction time T oc k™.
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