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Fig. 1.

Schematic of the shear spectrum in the deep ocean. The energy is supplied by the semidiurnal

internal tide and atmospheric disturbances at large-scales and transferred across the deep ocean internal
wave spectrum down to dissipation scales by nonlinear interaction among internal waves.
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white area, the ratio is less than unity. The red circle in the upper leftmost figure at t= 10T;('T; is the local
inertial period) shows the spectral location at which the energy spike of the first vertical mode My internal

tide is injected (Hibiya et al., 2002).
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Fig. 3. As in Fig. 2, but for the two-dimensional wavenumber spectrum at 28°N. We can see that energy
is transferred across the internal wave spectrum down to high-vertical wavenumber, near-inertial portion

(Hibiya et al., 2002).
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Fig. 4. Contours of the horizontal current velocity at intervals of 1 cm s™! in the numerically reproduced quasi-
stationary internal wave field at 49°N (left) and 28°N (right). At 28°N, horizontally elongated structures of
strong vertical shear with a vertical scale of a few tens of meters are found to develop in association with
the energy transfer under the parametric subharmonic instability mechanism. These pancake-like structures
are thought to play an important role as critical layers in diapycnal mixing processes (Hibiya et al., 1999).
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Fig. 5. The interaction of background internal
waves with high-vertical wavenumber, near-
inertial current shear. Under strong near-inertial
current shear, background small-scale internal
waves are efficiently Doppler shifted so that their
vertical wavenumbers rapidly increase causing en-
hanced mixing.
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Fig. 6. The conditions for resonant interactions

among internal waves are ki + ky = ks and
wl(ki) + wg(k;) = U.)3(k—;:}) where w(E) is the fre-
quency for wavenumber as given by dispersion re-
lation. One of the representative resonant wave
interactions termed parametric subharmonic insta-
bility transfers energy from low-wavenumber en-
ergetic waves to high-wavenumber waves of half
frequency, and so tends to produce near-inertial
waves with high vertical wavenumber.
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Fig. 7. The locations of XCP surveys superposed on numerically-predicted distribution of the depth-averaged

energy density of the semidiurnal internal tide.
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Fig. 8. Estimated value of diapycnal diffusivity averaged over a depth range of 900—1,500 m at each location of
field observation. Colors denote model-predicted energy of the semidiurnal internal tide vertically integrated

at each location of field observation (Hibiya et al.
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Fig. 9. Numerically-predicted local energy density of the semidiurnal internal tide E versus the estimated
value of diapycnal diffusivity Kv averaged over a depth range of 900-1,500 m at (a) latitudes over 35° and

(b) latitudes between 20° and 30°. Empirical relationship summarized as equations (4) is superimposed
(solid line) (Hibiya et al., 2006).
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Fig. 10. Numerically-predicted distribution of the depth-averaged energy density of the semidiurnal internal
tide E(8, ¢) at each longitude and latitude (Hibiya et al., 2006).
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Fig. 11. Global distribution of the diapycnal diffusivity calculated by incorporating the numerically-predicted
F(8, $) at each longitude and latitude into the empirical relationship (4) (Hibiya et al., 2006).
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RENLE 2 BT 5728, TOPEX/Poseidon IC
& BYFMEEIN 7— 2 (Matsumoto et al., 2000) Z[E{k
TREDLHEERED B T L TRD E(0,¢) BRT
(Niwa and Hibiya, 2001a, b), T OfFE#HZ (4) R
ATBZLicE->THELN: [HEERBNICET 56
EILBRED Y — ) <y S (Fig. 1) 1d TELR
R b AR M AHEE 30° K0 FRERIDBEE L ER
RO T LT VAR DHEICERINT
W% (Nagasawa et al., 2002; Hibiya and Nagasawa,
2004),

Fig. 12. Photograph of the first domestic mi-
crostructure profiler, TurboMAP-D1.

H
'
i
1
1

L0007 Ks-D296
” i

Fig. 13. Depth profile of microstructure velocity
shear measured by TurboMAP-D1 (left) and dis-
sipation spectrum and its corresponding universal
Nasmyth spectrum for the depth regions of the
shear signal shown in the left (right). The dissipa-
tion rates are computed from the integrals of the
measured spectrum (Yokota et al., 2005).

5. TurboMAP-D T & 2 SAELERED
00—y TOREE

A UTe XCP Bz RO RFEICEBL T
i, #AlcH 37 Ly VBT (BR)(BRIFET Ly 7 ()
BRI L T W e D EYIOEBHA< A 70 A b
T F % — 177 A F— TurboMAP-D1 73 2003 £
D4 AR U (2B 83 m, ZEHES 76 kg, K
HEE -2 ke; Fig. 12). T ORlEE, REFE (HE
ATREA B AUKYEIEHY 2,000 m) D SIBEICAL - TH
0.5 m st THELELENS, ZOEERICEO )12
T—7O—7TCHEA T~V 1mUF (171 &
T—ib) OREY T —2AET 2 EHE LAO< A Y
OA NI OFv— ST 7A45—TH%, BEMIT,
TurboMAP-D1 &8 E DT ¢ VF T A —IBNT
BTEE, REEETT VT TAYv— oY 0
CEeTHHE THRRE EXR ., BohkF—&Ici,
27— Tu—T70ELICHBERE T L—LOFEIC
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Fig. 14. Photograph of the domestic microstruc-
ture profiler, TurboMAP-D2. TurboMAP-D2isan
un-tethered profiler which samples microstructure

velocity shear as well as temperature and pressure
at a rate of 256 Hz while descending at ~0.5 m
s7!. At a pre-selected depth, the TurboMAP-D2
releases a ballast weight so that it becomes buoy-
ant and rises up to the surface.

KB/ AR, BHFTORBROMABERNSHICED
HF T H—DFWHRIRICLES /A XHBEE->TL
ESREDMELEH TN, ThbD /) A A zKE
LlERA78 Ar—NLDy7— A7 MU, M
I HIRFE 1% Nasmyth AX7 + L (Nasmyth, 1970;
Oakey, 1982) LEELIL THD, ZTOEWEREZHET
% EHTE (Fig. 13)(Yokota et al. | 2005). 527k
W5, TO TurboMAP-D1 &, {ERBIGAYS 2 fiiiEHE,
FENERER ORI BWTE LRk E
oL, ENRREE A>T LE T, TOREEENL
T, AL T Ly 7&ET () BEOEERE~ A 71 A
cS T — T 7 A T—DH 2 51 TurboMAP-
D2 (£ 3.5 m, ZEHEE 73 kg, /KHEE —1 kg;
Fig. 14) ZHHEE TR E Uz, 9%bb, @&
TurboMAP-D23#0.5 m s ! THHE FLADS, #
DTFEHC D (I 2o 7 — Ta—TT3A 70 Ar—
IVOFES T —2RIE L, REKE (RIERRRARAK
HEH1 2,000 m) TEZYIDEET C LIC K DIBEE TF

BUTL %0 /A ZXZEREE T8, TurboMAP-D2
IR H—RESZ LU -T=0T, gLt dic
RES FED C—a Y HMEENT % % TRISSOME % FE
TERVEWS MERIESH 57208, TurboMAP-D1 i
HROENTENHET L—LOEEIC LB /A X874, JE
WICRRT—R2EWET AT LN TER, B3, +
I, TO TurboMAP-D2 Z{EH LT, JLRKFEHEDRE
R R IC B S ELEREOERER 21TV, Fig. 11
D=\ < TOHMEZFNT: (Nagasawa et
al., 2007; Hibiya et al., 2007). Ef&ficiE, Bohiz
A8 A7 —)VOFEET— X O/NXE 10 m EiC
BV 7 —ARYT Ml (k) Z5tHE L, T4 Nasmyth
OHFFART M)V T 4w 2T LT, BLEOEN
A —NEEZ 5 edu Tk, ZRDBLLE
I, BREWE Kk =1 cpm 0D k, £TD o(k) DFER
& 5

ks

Ky = (3/2)v / o(R)AK/N?  (msY) (5)

k1
DEAGRRZ AWV TERELBGREZ RO T (v I3EER
),

JEHBEREEKERR T L & AL OILEERE (2005
78 H, 20064 6-7 B) & RERHE (2004 511 A,
2005 11 H, 2006 11 A) Tk, WIhEREO K
ERNEERYEORERTH Y NS, Fr—NL <y
7R CEEESERRENS 100 s AR -k B
PONEE S & CNT A AR, 0.1 X 1074
m? s DA —R—LKATY a— v vigEihEEdP
DB 21T > 72 (Fig. 15). BURSRO—F%Z Fig. 16
WCRT s NI ABESHE NERERIc BT, #h
EIEGRED 1074 m? s L ICELTVAC EHDh o
Teo R, HENEREEBETIE, 1,000 m DIEECBN
THEELIREE 10.0 X 1074 m? s~ DA —H—Ic
M TV, —H, 7VUa—vv iEick) 2 8hE
PEURELE, 2KBchZ>T01 X104 m? s~ D
F—H—rixh, 02X 107 m? s~ ZEZ BEIZE
AEBBNED- T, EBiC, REBEAE NEER
DEFEYE (2006 451 H, 2007 & 1-2 A) Tk XCP #
BIDAATEE & A AR 200 DUFZ& HLICELRRE OE
BERIZTTV (Fig. 15), {EREBICHBOWTIIEEIAEL
HREDELSWPLTLES T L2 LT (Fig. 17).
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. Aleutian Ridge

108 4
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100°E  120E  140°E  160°E  180° 160°W 140°W

Fig. 15. The locations of microstructure measurements using TurboMAP-D2. Most of the observations in
the North Pacific were carried out during the cruise of T/V Oshoro-Maru of Hokkaido University, whereas
the observations in the South Pacific were carried out during the cruise of T/V Umitaka-Maru of Tokyo
University of Marine Science and Technology (Hibiya et al., 2007).
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Fig. 16. Depth profiles of diapycnal diffusivity measured by TurboMAP-D2 near (a) the Aleutian Ridge, (b)
the Hawaiian Ridge, and (c) the Izu-Ogasawara Ridge.

DEEEDBE, Fig 1TIORTEMERBEROBRE &, BEKFEEZ D EEMAHIED T LKL
EN, TNV < TR LBLNZIMERERE TEY, TOEYEERIITSC ENTER (Hibiya et
(Fig. 9 B&X U Fig. 11) B 2EMICRP0BAGHEEL S al., 2007),
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Fig. 17. Microstructure-inferred diapycnal diffusivities at each latitudinal band plotted against the numer-
ically predicted, locally available energy density of the semidiurnal internal tide. Error bars denote 90%
confidence intervals calculated by applying the bootstrap method to the estimates in the 10 m segments
from the depth range of ~1,000 m to ~1,600 m. Note that error bars are not shown when they are smaller
than the symbols (Hibiya et al., 2007).

80W 4OW 0 4E 60 10W 1Z0W BOW SOW oW

Fig. 18. Global distribution of the horizontal kinetic energy (yellow to red shading) and that of the horizontal
energy flux (arrows), both integrated from 150 m depth to the bottom. The equatorial region within + 3°
is excluded from the calculation. Energy fluxes with magnitudes < 0.2 kW m™" are not shown (Furuichi et
al., 2008).

6. KEEILICKYBRINSIHMEILRILEE &b 5N T &/ (Munk and Wunsch, 1998; Watanabe
and Hibiya, 2002; Watanabe et al., 2005), #ic, #&
B 20° KD EEEAITIE, 8 40°-50° DA h—L b
Zw I BEREL T E BRIV — parametric
subharmonic instability O R 8 U T WERE L

TEROMFIC K NE, B AERE ST 280E
HLECERRICNE L TRV — 2.1 TW ORPEHERYIC
XoT, BOKWPEDHPAKEIICK > THBENS LR
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WERZEO BT T ENPBENSD (Hibiya ef al.,
1999; Nagasawa ef al., 2000), SEEICWE, Fig. 171
ARons Lok, BREH TOILREZENN L RIE
b N HRESRGREIEIER NSV, 2hE—H%hE
DESIHERTNE XD THAIH?
TDXSHEMEMRFET 528, Furuichi et
al.(2008) 13, 3 RITOEMEE TN ZNT, HEMNK
KREBHIC K BT V-, =%, X5k,
FORCEBEAEFMICHER, BUEREE, Princeton
Ocean Model (Mellor, 2003) Zf#H LTI\, #EE
REORBER, ZhFN 0.15° &£ 0.125°, SHERE
BiET1EE Uk, BE - EBICEL T, FilEz
Levitus OKRENSTHRET B L LRI, BUEETEDRM,
MBEIC U B E% I A FEREENERN S 8, A
JEFIRITDOWTIE, JRA25 7— R D 6 IEHED BRI
5 EISHEELD 90 7EDOFT— 2ty M EERL, €
FIVNIRRERERI L C 521z, 12, TEFVNOKTRE
P BEBBREUC DV T Smagorinsky A F— L%, #
ERSME « THEUREIC DWW TIEER BRR Mellor-Yamada A
F—LZRAWE, UEOREDE LT, 1990 £ 12 A
H5 1991 £ 11 A £ T 1 EMAOBIETEEIT > T2,
Fig. 18 1C, MWHEEBOTIEMIREIND T 2L
HBE(ho— b—2) &, BELMLBEX THEI SN
EHEHROKFLINF— TIv 7R (KH) OFEF
BfER R, —fRIC, 30°-50° DEEH THRVIEENR
bh, COWEEGREL TORGREILICK > TRE
WLV F—DRAICEE N TWB T b 5,
iz, KFIRIVF— TIw T ZADTHH 5, s
NIRRT IV F—DMEEE S NGB L TS5k
FERTENS, BEEBOEE, EABANDITEEL
FIVF—, XD, KPELRIF— TIv I ARER
FNFNOBERME L T 2 2 & TRMERROEENE
EHR L%, BB BRI nE R
WF—z7a—NVicEr LIz T, F04TW &
REE LN,
REEESATERERE LT, Fig 191, & &
REE T ORIV F— L DEFEERRT . BT
Lo, BIEHEEL» SR E N2 3 VF—DKRES
43 (70-80%) BEEDHTH 150 m TIHRMENTLE
518, FEOILRILEGREANMEE NS 3L F—

BNELLFRRENTOVAREFIHRETES, BISH
B SRR E N TRV F—DORE D DECRDEE
EZIRTVERE— R\DEENZ T LBFOEE
ELTEZBND,

COFERRICLNL, BISHEBEL b n—)
BRI RC R E NS L —BIREOE Y
0.1 TW 2E (0.4 TW X 25%) L REE 6N E, Th
& Munk and Wunsch (1998) LUK RBEE 5N T &/
1.2 TW IR 1 A — A =8/ ERETH S, BT
ROV F—HEREAFI LTS, Fu—rUlkR
BELRILEBA D2 T3 L F— R 1.0 TW BEIC
BELNC Lici b,

7. BHYIL — FBELRDL SEEBELRN

PLERARTE &S, BENERBOEEZEEN
BT BEFRY b ARy FEAEILTE, KETFE
T3, BWEEAEROMRICREEENS 107
m? s~ OIEFLFIBIC I RIE R0, TheRET 2
EDLUT, HERRTOERTRET 2 NEE K
DK 2 HMHDOELF T % ILF—JE (Wunsch and Ferrari,
2004) X, FARFTD Ekman upwelling ICEER T 2%
JEYETEATEIR 5%l (Hasumi and Suginohara, 1999;
Webb and Suginohara, 2001) 7 #HEELFILEE (E 7]
OBBOEENEZONDD, HiEcB 5 BEE
DML HEE RFICEPSEFES (Fig. 20) %
OB NEBREO—DL LTRIFHT N TES, BE
BRENICBTBERRy M ARy ML, LR
T & N SaE IR D NERIY IR 3OV F— DF
JERIET ¥ parametric subharmonic instability ICFES
HAT—F BYVRESTERENLEDTHBDIC
MU, BESRFEAEIL, WEOHEMEOM LMD
E— LD TH XN 5 HERey &8 o W ERERS I
FNF=, BERONTEIRE ERIFRETHTE T
L& > TR ENS (Iwamae et al., 2009; Twamae
and Hibiya, 2009). EEfThh/=HIERBOKERIC X
UL, BRI > THERBIRBOERE 5RO RE
BEZDE, THHEEREICIHELREZERN L E
1% (Endoh and Hibiya, 2006, 2007). %ic, 1A
HTU, MARENLILE U TERAMEERDER L
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North Atlantic: 60W-10W/30N-60N North Pacific: 140E-120W/30N-60N

W13.9 ew( 7.7 ew\(11.2 6w
b) [83%] ) 0%]_\d) [ 4%1 Je) [ 7%]
Southern Ocean: S0W-80W/60S-308

Fig. 19. Schematic diagram showing the annual mean energy. Labels are as follows: a), annual mean wind

energy input to each area; b), annual mean energy dissipation rate within the surface 150 m in each area
together with its ratio to the local wind energy input; ¢), annual mean energy dissipation rate from 150 m
depth to the bottom in each area together with its ratio to the local wind energy input; d), annual mean
energy dissipation rate from 1,000 m depth to the bottom in each area together with its ratio to the local
wind energy input; e), annual mean equatorward energy flux integrated over the equatorward cross section
of each area together with its ratio to the local wind energy input (Furuichi et al., 2008).
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Fig. 20. Schematic of enhanced abyssal mixing spreading upward from the ocean bottom topography.

1=1%, HEZHUREAENRES TV return flow BV BT, FHNLIRORMEILFIROMBE L 7OHE S
ENTOWAHABEEDSER SN TED (Lumpkin and  HOMRAELERAIRTH S,
Speer, 2007), #HEEE[IICII 5 NELTRIERO & e, EEFOMEETIE, COBBEICE I HE
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Fig. 21. Photograph of the VMP-5500. The VMP-
5500 is a full ocean-depth, un-tethered microstruc-

ture profiling system for deployment down to a
depth ~5,500 m.

25-55N 144-56E

Depth [m]

4500

5000 |——
1% 10° 10" 10° 107
Kv [m2 s1]

Fig. 22. Depth profile of diapycnal diffusivity mea-
sured by VMP-5500 near the Izu-Ogasawara
Ridge.

TLIRHLANDIRE & TORENHOMPAZEHBLT, b
F 2D Rockland Scientific International Inc. Z38/E L
T EEYE N - MBS VR RA S O Fr— T
7745 —VMP-5500 (2E 3 m, ZHEE 154 ke,

IKFEE —5.4 kg, RIERTRELTRARE LK 5,500 m;
Fig. 21) Z#FHTICBAL, JEARTHECHBT 28R Y b
ARy b A FME 5,000 m DB RAHEE FET
OINERRGEREOBRIZITS & LB (Fig. 22), Zh
DYBEHE D SRR T, BEMEO®RE, B0
&, RBOBEREDHEINTA—ZLEDXSICHE
LTWBDOEFENTVS, TOBEEILIREEDR
RINAETHRASEONNE, BSREOEEEICHE S
A—ZDEREHFAT T & THE 1,500 m b5 IBE
HIEE L& CORBEHECEEDOEELATRELZD, T
TICHHS T ENTZEE 1,500 m ETOMER (Fig. 11)
bW b b THELBIRED 3 RTiE 71—
Ry TERERTBCENTES, THLTHELNE
B, EEREEETVICELBENTELERRD
P ERZBEL, BRATRY SHEELERBEE
RIERBOMELIC A TEREEMEZ L7256 LTS
CETHA9,

G, A—18— AV ¥ a—R—DERNEFEIC K-
T, fEREEBZLGNE Uih o &S BEREEORE
ENTREE Lo b DO, HERREHEZICDE
TB39T U R A=) O ST A—RITRIRE
UCEHBHRDF a—= 0 72 FHNE LTHATH
TV, AENTHRWYHISTI A -2 E2F>THEDN
EVERE R, KRN, FORSOE%ICH BT
OEBRYFBERZHRAAL TRV LW S BERIEE
WELTULES, KETHRRNTERL S, HEHH
FEE L IPRMOYEITA—2 T AL AD DD
b5, MmN OBRRMNAHENSHONMC LSS
DREREY /o— NV ETETFIVICEIE S¥3 T Lick
D, BERER VTR, KRREHTHOMEDT
L—27 ZN—%E->TWL T &, ZhTFEEDOHZE
TN—THEELTOEERIA-IVTH %,

B R

TORVE, REHDHABEYREZHEC LI
B0, FHCRZNREEEHBLET, HEHSE
LIEHBEEZEDS A, BRU, BHEEREDERIC,
BROEHEHBLUET, SBRELWNEND, MEHENIEE
DRERBDOIDESZHFTTCHHLTBD N ERWE
TOT, MEXALLBEVEL LTS,
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Theoretical and Observational Studies of the Global
Distribution of Diapycnal Diffusivity in the Deep Ocean

Toshiyuki Hibiya

Abstract

Global mapping of diapycnal diffusivity in the deep ocean is essential to improve the
ability of global ocean circulation models to predict future climate change. This article
summarizes the theoretical and observational work on the global mapping of diapycnal dif-
fusivity of the author’s research group during the past 10 years.

First, we have carried out numerical experiments to see how the energy supplied from the
semidiurnal internal tide and atmospheric disturbances cascades through the deep ocean
internal wave spectrum down to dissipation scales. We showed that this energy trans-
fer process is dominated by the latitude-dependent, internal wave-wave interaction termed
parametric subharmonic instability. This implies that enhanced fine-scale near-inertial cur-
rent shear causing strong diapycnal diffusivity should not be found at latitudes farther than
about 30° from the equator. This theoretical prediction has been validated through de-
tailed expendable current profiler (XCP) surveys carried out throughout the world’s oceans.
Furthermore, based on the results of the XCP surveys, an empirical relationship has been
found between the diapycnal diffusivity inferred using fine-scale parameterization and the
local energy density of the semidiurnal internal tide; by incorporating the numerically pre-
dicted energy density of the semidiurnal internal tide at each longitude and latitude into
the resulting empirical formula, we have obtained a global map which shows that diapycnal
diffusivity is significantly enhanced around prominent topographic features in the latitude
range from 20° to 30° (mixing hotspots). Finally, the validity of the resulting global map
of diapycnal diffusivity has been confirmed through direct turbulence measurements carried

out at key locations in the North Pacific.

Key Words : Diapycnal diffusivity, mixing hotspot, internal wave-wave interaction,
parametric subharmonic instability, near-inertial shear, internal tide,

expendable current profiler, microstructure profiler
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