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(Niwa and Hibiya, 2014) < BE#E#HRE SO E AR
(Nagasaka et al., 1999) @ & 95 %505 m BB R4 £
WOV THBEEED TEBLBEDH B, Zhld, WK
D3 AR 72 IR I B LM 5 & & CELI A F 4 (Polz-
inefal,1997) $22 &, By v =BT 72 KD
UOo K hikh MEEWELG, 25 SR L Z O HiE
T 2BECHEIE Y H LT B (Smyth et al, 2001) & v o
ko, KO REABHRLIGSEZECERLTLS
PHTH 5,

Ao & 5ic, HBEFTIRE D RERHER (B2 IEH
HHPTES *—) 25 & /NS ARBR (ELK) ~& o2
VX —ER LT\ 578 (Henyey et al., 1986), HBVER
EROMMEY S 21—y a v TRIBAFHROMBRL LT
DK, Iy, BEOMENIAERE DR T Z DR
DREEIND Z EDNS v, 2L TZ ORI IZHFERIER
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OREEICHFSG L, DL TIIRMBEEBICEL XX L
M5 T w3 (fH 2 1F, Bryan, 1987 Munk and
Wunsch, 1998), Z D7 o, EBILBUREM S Z Dk
HIZH W 2R EGRR e 0&RW 2wy BV 79k 5
nTws, 7, GitESE R 2898 E2/H>2 L
Do, WETIEITEE LEOWEKEREAL, MRELT
FKEE LR EOWEETED» L LEAN LR T 2R %2
 (Crawford and Dewey, 1989) 7 &, #Eific BV E
B zH-Twd, L LD SRS N 7 iR
THEIR (&) OEEENZ2BRAMWICT) T LIFHL Y, 2
DIz®, FHRPZEDOZF VX —JETH Bk 5KD
0oL DiRh DKREIPHERILIC L 25000 A% v
T SNE IR R B O R 28l TS A0 U —2 3
v DBIEERNIZHED 5N T E 72 (#1213 Over turning:
Thorpe 1977; Dillon 1982; Internal wave: Garret and
Munk 1975; Gregg 1989; Kunze et al., 2006; Polzin et al.,
1995 % &),
NRIAZVE=varvEHubichlosTid, Rido
&9 REIRD T F VX —JR L 2 B R - - NGB DI -
WBHIGH 72 ELBIC O 2B REHET 5723 Th <,
Lt H B 2RI 289 A =2 ic oW THEL TE L
DEND B, € oid, HEEBNTHSNTH S8
TA=ZENRT ATV = aryTHuLNTWE NS
A= HoOBGZEMEL T aIThIE, vk s x4
V= a VA2 OB B W CGEEID £ S 2 hv kT T
EROHhLTHD, ROBHAHMRL TORIThIE
Mol BITET>CLE W, IR 5B Nh b
3, LELAassiliftiicownclET 3,85 2 — 2 35k
WL Wi, H—ICHEEL OS5 OBIRTH 2,
LRI I D W THL D o 7= BRI o W 9E 5 1
FOEL CHESINTY 5D (121, Burchard, 2002;
Thorpe, 2005; Gregg, 2021), X ciRSh7zd D
FRtam R Ve 5% (2013) BETH 5, Hig,
BAGELREN 7 — 2 20 S BT 2V ¥ —BORE 25 RS
5 BARR 720505, MM SRE IR B R B HEE T 2 FIH
KOWTHEH LD DIFERTCHL L VRS, ZITA
TRELTlE, ARANELENT — & & o 72 sl = o oL ¥ —
BORSRHEE L SnTERIEBREHE E 1B 285 2 =41
DWTHHZITS 2T, SROELAIFRICET L
FHME Lz, MBOETIE, 9 2ROV

T AT L LD ZDI AT —NT v 20 5EH
SN, & DEFEHEICED 2 IFENAr — V2 FET 5,
SETR2ETCHN LA —V2HWTHELILEDT
E 5 e DEFHEFRICEL CEIET L EbIC, ik
DEART =RV ETRD N DHERITTEDED
HREVICOWTEIZIT O, ¢ DEEHEICIEERD
BHBESRSNETH D, DT LFELHEZ AV RED
REOWTICR>TWBI D5, 4 ETIFERO T 51
X —IRTdH MR % Bk L 2 A 7 — e ow» T
CakEdic, AT —LEZHOEBERE 0S5 2%
Vb —ay) Z oW TEEdT %,

2. BElmEld

2.1. Reynolds Number

L IEE T H b, FHBID D% % R o 7
RBAERROIETHD, KETIIETHIELZ T TR
LRIV 5N TW B OHELN OFEE Reynolds Num-
ber Re lIZ DWW THIEAFED 2 LIZT %,

Re 1LEEIFERICB VT, Lo+ VX —JHTH S
HiE LBl RIS 2R o) 5 B S h 5 K
T TH B, BARIICIE, HoEER T —)L Ulm/s),
Ex27 =0 Lim), BRERSvImY/s) £viEsC
LTED,

2

u o (inertial force) U
Ox L (inertial force)

‘u . U i
Ung; (viscous force) NUF (viscous force)
UZ
L UL
A )
Uz

Reynolds (1893) & EAWH I A > 7 2T HEERIC KL b,
MNDORED Relc ko TRlibIh b L2 RWEL, &
Wiic BT, Re>2x 10° ¢/ (Laminar flow) 5
fiL (Turbulent flow) ~E BT 25 2 2L Tw
5, 7272 L, BEHIIEMEI XD DIEFICRE VG S
(Re >>1) RIFELIRIREIC 22 b 0D, ERIC L ORE
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B2 3HEREBICE-TER S, FRBHEICBVT
&, SRR — VD Re %FHIIT 22 LIFHL Vo, FE
BRix 23 i, 32 i TIBR B X S IC AT — VMR ITLHE
AuTHBEbsNTWwD,

22. ALRIZNF-HREARVCKEBELER

BRI O TA A — V2 RS 212 - D EIR & 72
D%, TEHEIREZRKE LGl %V ¥ — (Turbulent
kinetic energy; bAKE TKE) 772t & Sl & 2 KIS
D & F 77 B 3 (Temperature variance conservation
equation) TH 2, £TEHEHEIROKED T, TKE 5
BARRX (2) okochzeons (HEAOHEICOW
Ti%, Nakano and Yoshida (2019) 2&E SN 7zv),

_——=dU__pw 15 (a)
uwaz—gp +2v 9z

S P=Jpte (2)

2T, U, Wiy, z AROEEHERE ", vw ZERT %
NE¥—759 52, U O gz p znicamic sy
0z = 0z
5 x HAO®EE, EEEEONELIRTH L, pB LU
WBEE L 2 0BE), g lZESNEE, v IZBEREIERE (~
10°m?%/s, fliic oW Tl Gregg (2021) @ 40 R—Y %%
W), oW BELRIC L 2HBET S v 2 ATH D, £z, ¢
LR ROV ¥ —HORE (RERORE L D) LN,
KifEic & o CELIR O EE 2 I Z{b T 2 2 TH %,

() @PFEERLTED, ZBSAE LHETH 5,

CCCREMES o, — MR REEAYRSICE
T, BLitic &k aimE#%E £ 2 5 (Fig. laB X 1b), %
AOFEFES T 7L ¥ —EFIH (P) B3 REEIR D
ET, WofAfcizuy >0 w<0, Flcidu <0, w
>0 L7450, fLHRIC & 3 Reynolds & u'w 23 L
b, EOfER LD ED DB, £, FHAE—HD
#7927 2 (Jp) 1%, GLIGRIEENIC X > T, X
DERVIKDS FEE S 7z b (p'<0, w<0), FFXD
Tk LHEEIND (0 >0, w>0) Z L EKBL
TIEE %, EEZHOMMIC & 2 2 5L ¥ —#kKIg

LH2YHEXICNL 202X 2 0E#Hz X T (X=X+X"),

(e) BIETHBDT, ZOHBIEATKZ 2L X -0k
AABER D, ZTNENRAER - BARE S0 0>
AE¥—THb, Bz (Wke=m?/s>), 5o,
WS v — It d % Reynolds JE o2 IC & b RICHELR
EEIT 2L X =2 FEAZN, Z0—E2EE2SES, R
ORET 2 VX —2HMNT 5 (RAT %) 2oicfiibh,
BEOIFMBIC I DB R D BORIND Z L2 ERT 5,
RITKBLEREEE Z, KEFEST N T 2K
BT 2E2 5L, FHEILROKEDT, LTk
Iichzond,

—_T’w’%z%XT (3)
AT g e

F7E L, xT:6kT(a—T) 5%, cov, W pwa
0z 0z

B AGESNEAN, TW I IXERIC X 2807 9 v 7 X,
X733 FIBOC & 2 KRB EIBORE, kr 3B IR
B (~10"m?/s, fE 1> T i Gregg (2021) @ 40
R=—VEBM) TH B, BF (CYs) Thb, X (2)
DFE LRI, L8 RKIRREARESICE W TELTIC
kX pmEHE#E 2 2 & (Fig. Ic), WoAHI<TIx T >0,
w <0, ERTIET' <0, w>0L:42DT, fKIcL2
BTy 7 A-TWH»PIEL R th 6, LRI
k2 Eo#oExERL, KX (1) TOEMRT 2L ¥ —4E
BRI T 5, 2 LCHIIE, BLifick->TaERESh
TeBD D D FIEIC K D SN D T ER2EIRL T
Vw5,

2.3. Kolmogorov microscales

REHRIMEHOEAARTH 573, ZoHhTRH/N
Sz EEE O R X - IR - #E A 7 — )L 2% Kolmogorov
microscales TH %, DAY —Lix Kolmogorov D& —
3 (Kolmogorov, 1941) ic o B H En 3, TOR
JERA T

o REHR AT — OS] (KIEE) (ZME 08 L2 =T

720,

s NEVRT =V OES) (B BREBAT—1LD
HEN O EZ T IR v,

cZLT, ZDEI BN RT — )V OEH) DR,
Zefl] R R — )V IF T 2L X —BOREK ¢ L @kL M
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(a) Velocity (b) Density (¢) Temperature
z z z
4 3 A
> P > 7
p'<0,w<0 T'>0,w'<0
= W >0 =Tw<0
Lifted Lifted H ﬂ Lifted Lifted H ﬂ Lifted
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>0 p'>0,w>0 PR T'<0,w' >0 L
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oz oz
Fig. 1. Schematic illustrations of turbulent eddies in the presence of (a) uniform vertical velocity shear, (b) sta-

ble density gradient, and (c) stable temperature gradient. The white arrows indicate the movement directions

of properties.

BREVICE>THES,
D=DOTHb, Thbidanaen 7o
(Kolmogorov’s Universal Equilibrium Theory) & M:-iE4
%, Ex% Llm), BlE Ts) L42L, e [T
v (LT oXTe%H>DT, RITHNETTICES DA
r—ib Lg(m) &
LK=£7%-1}%=<U—3>% (4)
E 7 %, T @ Lg% Kolmogorov length scale (#1 z2 i3
Tennekes and Lumley, 1972 2 &) & M-O¥, ¥ %
Eoleb DIk

k](_zi

=L (5)

Kolmogorov wave number & "X %, %D XTI
(radian/m % U { ¥ rad/m) <ib&n s, 2-<2

VEEHICHLTTE Y b BEAI, Li (eycle/m
K

b LIk epm]) TR 2846035 5720, SLIIENTIC
BOUTRIDOREDEVICHEET 20ENH 5,

% 7z, Kolmogorov microscale T® Reynolds number
FEEHTHT S L3 L WS oo, Kolmogorov mi-
croscale D 2 7 — )L (Kolmogorov time scale) tx (s)
&, HE 2 —)L (Kolmogorov velocity scale) vg(m/s)

— v L LK 1
BKTERRATIZ & D, Tkz(—)Z,vK=—: (e0)T & 7%
& TK
DT, BEAT—ILEHWEZ LT,
v\ L 1
vkLg (?>4(£U)I
Re=— == ” =1 (6)

LB ENTE S, HIb, Kolmogorov microscale T
WEREEDS T ic T8 b, KBTI 5
TeOICRIAT—VEFELTANT VAL TR LE
EZE T % (#1213 Tennekes and Lumley, 1972 &),
ZD7®, Lg dflhiBoi/h 2 r —u (R %25
2%, BlB, K&z A7 — (38D Ozmidov length
scale, EI#0) OEENIC X D FEASNTRLX =25, K
VD 88 % 320 p WIB M /NEI (Inertial subrange) %
BT, KEIC X DV BORS N B RANA T — L O (KK
oW ~LBBT LA —VEEKRLTWS (Fig 2;
7eZL, MORAT—VIFERLTORLTHS), oM
INEIIE T 2V X —DEASN DO AT — )L L HR S
NBAT—NVDOENPKEL LD EHEEN (X (1) DRe
#>0(10°) L Haickasa), BkitkEEcs,
FNF—ZRZ PVide LB kOARICE D, 2T Te:
[L2T°], ko [L'] 0w TRIGHHTE Fv T, HAE
EDOMMERB -0 DT VF—E: [L°T?] o%kn
21E5 L,
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2 5
E=ac3k 3 (7)

Ll b, THRICK D EENMIBRICELTZ AL F —Z R
7 bV, TRVF—EGRE e 0 2/3F, WM RITHEB Kk
D—=5/3FICHAHIT B EbH B (2% Kolmogor-
ov’s —5/3 power law & "5 ; Fig. 2),

2.4. Ozmidov length scale

LOE BB CimE BN X b KIS BT ICE BT 5
A=V TH 5%, Fig. 2 ERERHANCRT LI, ZD
AT = NVTRICZANVF=DPEAINE EEZ OGN D,

E&27—1V% Lo(m) £952E, e: [L*T3] Lighig
BN [T'] »oRICHEIT LD,
1 3 1
o=t i=(5)? ®)

Ekodobb, D Lo % Ozmidov length scale & ME&
(Ozmidov, 1965),

Ozmidov length scale BT EF I3 T v AT %
27 —=NTH 5 (FlZ1F Mater et al.,, 2015 = ZH), Hl
5, AT H (EFH) oREwAES EAIC (FAI)
gzt &, Hnh (Fh) Lofhd eIt 2
BEI DR E 2, TTEMENICE O EEOEIL p BFRAEL

r(cze, L uwgorEEEREIR) £ 5,

Boussinesq iTID T, ZROMUNEE B L 72 5 EE AR A

930 (-0

o', Op 9p’
Ao W, ~08 ot 0z ot

ac "V oz ot
o, ﬂ”
0t<p_%laz
—0Lr¥5, CRICKDENR

LRI, =0k bp’+la—p:constant

0z

P g op
=—]—= =|N?
p 9 p 0z
p’g (buoyancy) ~pN?l (9)
LRI B,
X, BHEHIESTELROKE DT, BiRHE
du

quNp I 2:3—%)0 ZZT Taylor (1935) Lijﬁ%ﬁ

B2 —)L (Btm 27—, Fig. 2 TEDY — 27 D

Low wave number Inertial subrange  High wave number
Energy input Dissipate

©

Cascade
Kolmogorov

" length scale

Large scale

2/37.-5/3
ek

Energy spectrum
of velocity variance

|

W b
kF ave number kK

Fig. 2. Schematic illustrations of eddy cascade from
large scale (low wavenumber) to small scale (high
wave number) (Upper), and of kinetic energy spec-
trum (Lower). Turbulent energy is forced at a low
wavenumber kr (the Ozmidov wave number) and
cascades at a high waver number kg (the Kolgo-
morov wave number) through the inertial sub-
range. Note that in this subrange the energy spec-
trum is proportional to £73 k 3

27— V) OEFCHE VT, HirERH 72 b o). %
NE—E~ut L, EMNEEE R CNMUER T — LA
DHALRERT Y 72 b D T 2 zbﬂ?—@ﬁ@%ﬂé\%%a T3

3
&,1*»¥—@ﬁu~uki:i%&taca%ﬁbf

I
3
wéoCQLXW¥—ﬁs~J%®%éTﬁﬁ§né®

TIEME

—

2 2\ 1
u~ ()3 .'.p”sz(ST)B (10)

Eht, X (9) oFHERX (10) DEMETENNT VR
THEDTLIZOWTEIG % &
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1

I=L0=&%>7 (11)

@ & 512, Ozmidov length scale #%5%, ZdD27 —)b
KM LR 52 5, BIs, @S @ELho
BHEIS) ICE D RICZ ANV F —DBIEAINBERKRA T —

I/(HE'i/J\‘iEZ%?ﬁZkF— (rad/m)) OfEES> 2Ltk 3

(Fig. 2),
2.5. Batchelor length scale

KIERIEZE % Z, FLFOESIC L D 75 S KiRE
OSBRI IRNES AT —LTH
%, BV FIREURE R kr(m¥/s), BREIZAr — L% T
(s), E&xzx# 7 — % Lplm) & LCARESHHEER

aT’ °T’
o kg &0
ek 1 —(k )L
T TL—BZ =\KTT)2 (12)
CTCHE X7 — vk L T Kolmogorov time scale

(TK L>2)’Eﬁﬁblék

kT(£>1
(et}

@ X 5 12 Batchelor length scale Lg(m) & Batchelor

wave number kg(cpm] #7152 (Batchelor, 1959),
CCETOERT — VI NENLEBR» 687z d

DTH5, X (4), (13) 256, Lyt LDl L,

Lp=

l\«\
o
|
—
=4
=~
3
[
~—
=

Ly _[v _ . _
“;;"— Ky —»Jiﬁi .Lg = JTﬁLB (14)

5%, &b —MIic Lg>Lg (kg>kg) TH o, Ki
R EDAN T —EERIGEEETE L OB AT -
FTEBEL, BT 5, ZHIIKEOS TR OME =
kBbDRELEZDLIELNTED, —H, Lo ZHIEDT
Whrdh LAFmOELTIREEORIC KE iz L 52 L

F 3 e N=10%s

3L 1l = 10°%/s
10 E A 10%s
v 10!/s

LENGTH(m)
=3z =
h

K

St T R BT B R AT AT BT
1021010 10? 10 107 10° 10°
€ (W/kg)

—
[~ T ]
Y

Fig. 3. Length scales with the variation of dissipation
rate € and buoyancy frequency N. The black hnes

N3 ) 2 the
red line represnts the Kolgomorov length scale

LK(:

elor length scale LB=(

represent the Ozmidov length scale Lo= (

) 4, and the blue line represents the Batch-

vks? \ L
sT ) 4. Here, the molecular

diffusivity of heat and kinematic viscosity are tak-
en to be kr=10" m%/sec and v=10"°m®/sec, re-
spectively.

(2 (11)), B X Lg FELIRDHRL 725 L /NS 2B C
EDS, —MIT Lo> Ly TH B, FFOWELTIRE D KR IX
L0<L1(2:725f% DWH DD, L BELNIE DI AR 7 —
WERTIEDPL IO XD BREBIIHENTIIEH EE
ZbhTw3 (Fig 3),

3. BLRI RN -—HRROEEHETE

3.1 BAIT— 20O R

GLMICIE I ESE R AT —VHIEET D, 20N
bAER IS (R TKE iR (L 2) THwosn 3

EEhHE o A % CTD ® XCTD & \» o 7= —ii

72 BB ER 2 A CHEEBRNZ2 T2 0 1dWECH 2,
ZDOERBEIREGE T e 7 74 I — i 2 T 57
BT IREWEESI2Hz DY v —Fa— 7% v CE
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HIU 72 E oMl 22 U T OFIETERT 2 LT
79,
FLRMHESSE 7 e 7 7 4 5 — CEBIHIF — 2 131EH)

SHREE 00 B2 AL, %“t LLCEbEND, 207 (15)
TRT T — 7 —OEEEELTRGEE (Taylor, 1938) 2w 3%
2 b CEBEEOMEZEL %l;' AT BB B
u ou’
ar w a7 (15)

2T, WALEMMESE e 7 74 59— FEET
Hb, 7—7— ORI E A 2B WIE—ETH
NN H B Lo, SRMMEE 07 74 7 —D
BETEED —E & Lxidhids 54w (Oakey (1982)
% 05-06m/s BEZRHELE), ko, BLIMMIIEE 7 o
7749 —2HVLEAEICIE, WES TSR
ko TFENZFAEST 208D 5, £, BROGH
B DA D BEENC 22 EIc &k > T — TV hSiE -
TLEH LT ENEDNH B,

%guzﬂomﬁ@rauﬁ4ypv%f

SLEMNE AR R (v v —2<27 F)E (K)(sY/
cpm) AL Z DS EZE W T 2L ¥ — kR
R D,

Boni

szgiilfQMk (16)
L LBPo o7 =213 1 BloEHl»5RDI2H DT
D570, SMEMORERT —VBIEF IS L
2EET N, ABRECEEPEL 5, 2 TEANK
1350-100m, 100-150m & o7z & 5 i —ZE k@ T
bootstrap ¥ #HH L Z DRI D e LT 75—, #H
oy —7o—7PEHIN T 25610132 0%M
VR e LT B LS,

7, EoXBERRNEEOEA 7 — (1 cpm 1T
ET DRI 26 RAREBOMEA 7 — v (Kolm-
ogorov length scale) £ ¢ T®» % (Fig. 2), T DF,
3@ EIR% 5 2 5 Kolmogorov length scale # H#E 9 %
WERH B, A (4) »5bd b &5, Kolmogorov

length scale 12 e I & > TEILT 5720, B2 SES
Ny v — A7 PV % Nasmyth @ EE A <7 v
(Nasmyth, 1970) ic 7 ¢+ v + &+, Kolmogorov length
scale %3k 205 H3%H %, Nasmyth (1970) 1 EREH
Zt (Hot film anemometer) ZHWT, TRILF—2A 7
Fr @k [misYepm] ZObDE KD TV B DT,
T —ARY MVILT BT-DITE,

E(k)=K & (k) [s*/cpm] (17)

D& IIHET 208N H 5 (Oakey, 1982, XA (9)),
Z 1% Nasmyth A X7 b & W5, Fig 4a @ BALH
Nasmyth A_2Z bLTH b, HfEix Oakey (1982, Table
Al) THEZH6NTWVDEH DT, EfIFIE k % Kolmog-
orov wave number THIE(l L 72 Nasmyth 2<*27 Fv D
IR

#()

ki (ev?) i <ki)%

K

{L0+@00£%>W}

TH 5 (Wolk et al., 2002), Z Z Tix Oakey (1982) #%
Fle LCvize=7x10° W/kg 2flVTH b, ok
D kx=430%10°cpm TH 2, X (18) DFREL (ev”)" 13
A (17) EBAEMEFO X 5 ICRICIENT 2 6 RTE S N iz
R¥cH % (Oakey, 1982), Nasmyth Tl T L ¥ — 2
27 b @ (k) TlER (7) TRUZ & 9T, EHEANEE
ICB VTS k D—5/3 FiHHIT 2, R (17) »5b
mB &S, BXkP=k"tnsocERNMEETR
(18) ® ARz PV IFH B kD /3FICHHT 5,
Nasmyth A R27 bbid e & kxy %85 A —% & LTHML
x> T2 T % (Fig 4a), SLIRMENTICE VT,
Yy —Tu—T7EHOTELNTLY Y —ART PV,
ki % 20 & ¥ ¢ Nasmyth 2<% + L& R/ k% H
WTCT AT AV T3 LICLDe®RDDBIED
—fRicfTbhTw 3,

—757C, Nasmyth 22 L% H»$IcKEOEDH
5EREALE R B E KD B T L TE B, Batchelor (1959)
WEHELIRIC & 7K OEA (strain) & AT — VDK E %
KIRABLIC & b BRE) X h 2 KRBT 2 Bk o it
5, KEARD 222 F)L (Batchelor 222 F)L) &

=

[s™%cpm]  (18)
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° Nasmyth (1970):Experimentally determined value
Wolk et al. (2002):Fitted curve for Nasmyth (1970)

Batchelor Spectrum

~107 4 1074 S0 k= 20 2,=10°°CYs
] Inerti Fl subrange J ] F—0— J,= 40

3] 2] [ —t— k,= 80
2103 §/7/1;3\\,0\ 102 EI/_§\ F=— = 200
‘» 1 7 _ ] \\ F—0— k= 400

-4 ] =z Ein3]l — I\ [ =0 k= 20 2,=10°°C%s
£107 5 © 210™ Fo— k,= 20 =107°C%s
g /\ \ 2 ] \&\ o
k3] 107 ﬁs ke g 10-4 [ Kraichnan Spectrum
2 8;10“’/“"‘“4 \ \ 13 7‘%—1 -0 k=20 £,=10°°CYs
ﬁloe //\@g\\ élﬁ's //, \\
L AR
S AN = L

' 10" 100 10° I 10’ 10 10° 10" 102 103

k (cpm) Kolgomorov wave number
=4.30 X 10%cpm

k(cpm)

Fig. 4. Shear and temperature gradient spectra used in observations, (a) the Nasmyth spectrum (solid black cir-
cles) and (b) the Batchelor spectrum. In panel (a), the red line represents the fitted curve by Wolk et al. (2002).
Note that numerical values for the Nasmyth spectrum were tabulated by Oakey (1982). In the inertial sub-
range, the curve follows the slope of 1/3, and the Kolgomorov wave number in this case (€=7 x 107 W/kg) is
k=430 X 10° cpm (solid red circle). The black lines show the variation of the spectrum with e. These curves
are self-similar. In panel (b), the Batchelor spectrum (black and red lines) ranges from the Batchelor wave
number kp and the temperature variance X1. These curves are self-similar and change following the -1 power
of kg, Changing X7 shifts the spectrum vertically. The Kraichnan spectrum (blue line) is shown for comparison.

Symbols in figure 4b show positions of kp.

LT N2HBTWw5,

g\l
Sk ks, Xr) = (7) kBkT

fla) =a exp(— %)—afjexp(— ;)dx ,
azﬁﬁﬁ (19)

AR FVOEALE ((CPmY/epm]) THB, qIEEHT
% b, Dillon and Caldwell (1980), Oakey (1982) 5 i
q=34~41 oD% v, Ruddick ef al. (2000) T
%34 % HwTw3, —7%, Kraichnan (1968) % Batch-
elor A7 FLEWETL, MTox%2E5 T3 (Roget et
al., 2006)

Xrqxs exp(—~/6yp)
kg’kr Yk ’

k
ykz/q_Kk—B (20)

S(k; kg X7) =

27 PV QHALEAKIC CCPm*/cpm) TH B,
ZT, qr i EEBTH Y, Goto et al (2016) 1% 5.26 % Hw»
TWw3, 0% Kraichnan AR27 bV EREE, 2 Dfif R
R INVEXTE kpE AT A= L L THBIEEZR - T
%44 % (Fig. 4b), Batchelor 2% 27 t L (q=34) @
R =l kg D—1FD 2T — Tt >TEL TS

Kraichnan A R 7 bV (qr=>5.26) D J5 5% & £ < %
RPICARYZ FAPBE T LT 3T Roh 5, L
Fricsw<ix, Bllllshzxrz2Hv, kp22lsd,
MLE (Maximum Likelihood Estimation & £:7%) % i\



TR R 2 A 2 F 4 0 2 —)v, SEXRIUE 263

T749v 74 7L, b74 v bLgED kg KD
(13) ZHwTe®kDp LB MifTbhTWwD, B
BB — 4 © Nasmyth 22 k)L, Batchelor 2 <2
RV & 721%, Kraichnan 2R 2 L% Fw 72 BLFRERHT D
F M2 o v T, Ruddick et al. (2000), Goto et al.
(2016) m 2RI NIz,

3.2. ELREBBIT — 2 OBIAEHCAVSERTH

3.2.1. Gradient Richardson number

W GEBEICBE L Tw b 720, BEOmSICk->
THMDFEEL R T IN R LM TS, %
ZCHEAI N IRILEDS Gradient Richardson number
RiTH 2, HEY v —iETCHE2XTTDHEEZ T

vu, Aoy v — (30 1ok Faeat ()

&ﬁﬁb~%%§=Nﬁt;a%%%%wm(&wnk
D TcEZI6N D,
_9 0p
(Buoyancy force) ~ p 0z N2

= — :R,' 21
oy
0z

R R<1/ATHBARLEERD Z EDXHEBNIZRKE -

TWw3% (Miles and Howard Theorem, Miles, 1961; How-
ard, 1961), 7z, AFRHE (U V) 2E 2 2561013,

(Inertical force) (6_[7 )2
0z

Ri=— (22)

" (aUY | (AVY
(%) +(5)
TERIN TV S, HIREMZ AT S B dElii~ o = %
WX —DEBBEIWEEPL LW E2RT DI, RizEdb
FORTIENEE L,
3.2.2. Flux Richardson number
ATy PENZZIFINF =D EOBREFNICED X
N5 (RERBIREEZ55D, ROMET RV X —25H
P45 (BRAET D)) 2OEAVERTERILHE % Flux
Richardson number Ry & M5, & o i R 0 8013 B E
e =gt X (2) OEFREOERT 2 VX —F
BRI BW TR A VX —EREEZE NI A LF—D
tkcEgsnsd (X (23)),

lp‘wi
Rf:pi_:]_b (23)
) aU P
uw ——
0z

Osborn (1980) % Ellison (1957) @ #3172 & % 2> 5
0I5 &b b/hSwElLTwas, ZTOHMEFEKT L
¥— D 15%RENLERE 255D, &0 2RIk L
WHINDEETHRLTWD, LI LAdS R IRMBEE
HITlERkD 2 Z EDEEL Wiz, FEHWITIZRIZIHHT
% Mixing efficiency W5 TWw 5,
3.2.3. Mixing efficiency IO ICELFRE Prandtl 1
—ROEIL7 7= ¥ —E TV (FFif, 2011) DL iF
7597 pPw ZEERILBREK, O TEREL

(pPw=—K,02) = (23) 2L, & (2) %%Km

0z
T5E
_ ipl )
_wou_ P _ kN
0z Rf Rf
’ ;a _ W IVQ 2
uw-o + P .KpR £+ K,N
__ R e
K, = I—Rf N?
l ) )
P P TR R ') BT
N? 1—Rf € €

L, T ROVF—HOkER A o % EEIAEAR K K, (m?/
s) REET A ENHRD, 2Tl 2EAZHE (Mix-
ing efficiency) ¢ MFATW%, 22Tl A~ 7k
SNTHER AN F —DPHERGDO - DICHHRSI N 5 &

*%FW&ﬁl*w¥—ﬁ%%K;D&ﬁ%hé%s@

tbcd o, gk (Scaled dissipation ratio)
EHMIEN G, £ ZEDBRD AR bV T4y T4 v T D5
KebpLATE, N3 CTD Bl L TH 205,
[ %k 2 EPHRNE, BERBEHETESZ L
275 %, HiR @ & 51 Osborn (1980) 1%, Rr<015& L

015 _ 3 -
[oE =1 <02E%kB, Cor

oo TOEE, I'=
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O I'=02 DPMEEREDHEE IR v 6T 3,

ST Re GBI TR O 5 C LB L w LR~z
25, FocEln i IREEZ L § 5 &, Oakey (1982) 137K
i, 5, BEOIEBIRE (ZhZ 0 K, Ks, K, 3 B0l
(m%s)) % LwElL T, R(24) L—XDrv—

S W:_KT.% RRELER (3) kb
_ R e X
K=1-R Aﬂ'_k}__z(QI)Z
0z
Ry XTN?
P=T-R = /oTV )
2e\5—
0z

2R3, ALIBNATEER DT, RrZ LT T 2#8Hl»
HkdBZ ERHES,
—77, X (23) BRDEIICEHT B LEBHFRD,

9 5 g9 9p
R:ppw: Kppazzﬁ N2
T U (a_U)2 Ky (6_17)2
0z U\ 0z 0z
_£ (' ) . @)
_KUR’ u'w K”az (26)

2155, Ky(m®/s) 3EBR ORI (ki) %
BThz, HLOELTRREOSEA K, =K, L £ 5N,
CORFRr=R; L%, X (26) 2 FHSHAD L

R _ Ko
L——Y = Pr, (27)
R K,

2135, TZTPr 3l 7 7 v kv (Turbulent
Prandtl number) & ®:iZH %, Canuto et al. (2008) 1%
LES (Large Eddy Simulation), DNS (Direct Numerical
Simulation), SOC (Second Order Closure model), X
K[AELMOEH 2 L OfERE F L D, Ri<<1 DF, Priix
LIGEDE, Ri>>1 DK, Preld¥R$T52L%2RLT
w5, —J7, Kantha and Carniel (2009) 1275 D Fikic
751, S0C 7 L% V> Re% Ry OBI# L LT Re=025
(I—exp (=5R))) 2B Tw3, ZhboDHEE, WIELH
REE (Ri<025) TUE Re23025 K b/NS <720, Preldl

=

WESL B XY, ZoBRA T —BOfhE (K,
oy, 2 UCHEE) LESROIE GERE) 135 Lk
2ZLERLTCVS, ~ATRDPUIGEDE, F9ELHR
FEIC7 Bk RplZ 0251000 0%, Preld REL 25, Th
WGEF RO A D T —mOIME D D REL DT
LERLTWS, Zofiicd, Zilitinkevich ef al. (2008)
B EOBENEBROME R EEE LD, Re=R/(08+
50R;)) £7:% Z L%/ L, Kitamura et al. (2013) TIZ,
JRF KBS & LES OfiH% £ &, Rr=143R;/{1+
(Ri/L11) ™™} 2 2iR%2HBTVw3, THHDEFLOD
I Pre 31l Tl AW EEERT S, DE DK
i, oy, B, HEBROIERED R, T 28—
% & 5 W2 RRT 2H D TH S, Kantha and
Carniel (2009) 5 SOC £ F VI >WwTld Nakano and
Yoshida (2019) Z&H&h7z v,
3.24. Cox number

AULLSE D A% 2, KETHE5 IS 2 /KiRES) %
EZ 5, QIOEFEOREDT, EFREOKIRIEE)

R (3% (3)) BT TW = —KT-% THBHE
N2
LXT kT<aT)
2 0z
Kp=———3 — 3krC, (28)

(&)

(&)
0z
(&)

0z
born and Cox, 1972), ELEEIC X 2 KIREBEIZIKE »
¢, Cox number VR E L 257280, KIEDILHIREL
b K%< 7%, Osborn and Cox (1972) 13X (28) %
W CKIRIRILER B DB % 1T 5 7228, BAETIE, 31 i
TR~ 7z Batchelor 22 +iv, % 7z1% Kraichnan A
VDT 4y T4 Y7 &R EREOHEDS T
MTHh 5,
3.2.5. Buoyancy Reynolds number

Dillon and Caldwell (1980) 2% A L, Gargett et al.
(1984), Gargett (1988) #33¢ L < #im L 7z ERn % T,
X (1) ® Re LRAMKICHER 7 —v, BEX A7 —)L,
P b ERIN DD, FEELREZ 0 %5 ©T, Ozmi-

2885, C= 1% Cox number & M:iE % (Os-
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dov length scale L ¥ F HIREI B ZWIC L TEESI N D
(Gregg and Sanford, 1988). & &F/REIE N 2> 6 X0

1
%ﬁfﬁwenéﬁgxﬁ-wmuNC%y;m

Ozmidov length scale Lo (3% (8)) ZHWw T

Roy="20 = - (20)

2155,

7 (29) 5 1%, Buoyancy Reynolds number 3L
BThirPEIDEYMT AIEEE RS L EEMT S
DIFHE L W23, Buoyancy Reynolds number %5 Ozmidov
length scale (#Li @ & K 2 7 — V) & Kolgomorov
length scale (ELRORNAT —V) HEMAAILTHNS
Zt%®#Z %L, Buoyancy Reynolds number O &4
WAL HP DR kb, Alb, ZHEDRT — LDy
52 (30) BESEN D,

14

(L0>g ) [, Lo 3

Loy _ . 3

Ly

| TR
&

Gargett (1988) 1% Rep 2 HUE S IC B 2 LG 2 %7
T®H 5% (Rp >>1), FEFNTHZ2 (Rep~1)
ZHMWiT 2 CH B L ERL TS, X (30) 5,
FaicEln 7 EH LIRS TH 25 A1, Lo>>Li,
DT Rep >>1 L7, BB ZMHETE, Ozmi-
dov length scale 7> 5 Kolgomorov length scale ~d = %
¥ —3&F (Energy Cascade) 2SI % ¢ EZ 6515,

TN 2T THIIREEZ Rep THI T 23413 % < AT
b TED, Gregg and Sanford (1988) 1 Rep > 16 T
BLIIRABIZTEFE £ 22D, Rep >200 CTHELITRFEIC 25 L
L7z, Yamazaki (1990) 1% Rep <20 THLFRIZINZ 515
& L7z, Nakano et al. (2014) 1 ~HEILHEFET 5
EREIE T, Rep <20 “HINEONIRANTEFE, 20 < Rep
<80: BB (T EHILHONIE & AR ELAE), Rep >
80 ELyikAE (ZEIEHOSRIE#EN S) & L7z, Shih et
al. (2005) 1 Rep <7: —EEILHON i A3 18 76, 7T<Rep <
100 : BRI (T EAAHBONIR & LR AT EAE), Rep >100:

BLIRR G (CEIAHORIZEN D) L LT 5, Rep >80
Z HLIRIRAE, Rep <20 ZIEELIMIRAE L L2, €l
KT 2 Rep & Lo/Lk DEACE FSRE A 5 A =2 L
LT Fig 5a, b ITRd, e WREVHETH, HEIRREIC
o CIFELIRIRREB L R SN WS H 5 T LITER
¥ %, Nakano and Yoshida (2019) & CTD & LADCP
% A\ Richardson number %3k &, Buoyancy Reynolds
number £ T 2 Lick b, LB ARET 3
(Ri<1/4,Rep>80) T LRIEEL T2,

4. BRAF—IWONZAxA2)E—- 3>

RBZICATE T, IR CEERETCHY T
BEEOWERE L THN AT — V2R L85 2
)= aviconTELED D,

4.1. Ellison length scale

ZERBIZE VT, EESHIC X D EEOERL (p') 7
Hzbh, BEMENKI % E =12, Ellison (1957) 1%
ZFOEMICELT, BSAT— NV ILERHUTOLS ICES
L7,

1
<P'2>2 (31)

)
0z

LE:

p'[kg/m®] &S COEBELIIMND 5 i 0L E 72 B
REEr 5 DT RCERSIS (Fig 6a). < :@%c;%

ROREHEEAR, (o 1aBEELOER%ETDH 5,
Ellison length scale (& Ozmidov length scale D& (24
Hix ) LARCEEORER» 68205, HIb,
T77 (177) ©FEWAKEEA EJ7ic (T J7ic) FREE L8 7-

L&, p'+1§é=constant=0cl: b, p= — 190 245
0z 0z

5, Ch&b, EAOFEEEA N nElBHshLZE,

> pi* 2112 —\2
zopgmoPELsr, 8 (B)x
z

%, MADYIiRE L5 L
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Fig. 5. Relationship between the energy dissipation rate € and (a) the buoyancy Reynolds number Rep and (b)

) ) L )
the ratio of the Ozmidov length scale Lo to the Kolgomorov length scale Ly (L—O) for various values of the
K

L
buoyancy frequency N (solid symbols with black lines). Turbulent area (Reb>80, T}i >26) and non-turbulent

L .
area (Reb <20, TIO( <9) are represented by red and blue rectangles, respectively.

(32)

ﬁ:pi'z
| =

2135, EUREEELOEERZETSH D, AEiEE

IC & 2K MR B OB R 2 & 0 A

21 o5
n 0z

(ﬁé

- >0) OfiTH B, Ly=

I o B _
Lg o & b, (31) X o Ellison scale Lg i

%, Eﬂ% Ellison scale (355 @JL X %ﬂ(%@t_ﬁyﬁﬁﬁ

1
22m~39mm<é<“(ai—189><10 g/m', (p2)7 =807

0z
x10%g/m’ kb Lp=426m LFES N5,

4.2. Thorpe length scale

Ellison length scale D54 & RO BRESH 2 E R 5,
TEENIC & b Fig. 6b TIX A 25 G £ CEEIXEMNL,

Go2oNETEEIIHAIL TS, ZOfEHE, C25R
FCHEMIESEZ Tw 5, fERANZD 2256 Q £ TOK
DIOATFELLEEE R LTS, ORELMHEREd
% “Thorpe displacement ( Thorpe Zfiz) ” & M-5 * (Thor-

1
pe, 2005), < 75 B gD BEHE(R % (d”)? % Thorpe

length scale Lt £ LT T DX S ICERL 72,
Ly =(d?)7 (33)

D256 QETiHETZE Lr=48m &% b, L LI3IF
FUEZLED,BASSETHLELIMm ELRD, WAT—

WIZRT 5 LBRTH 5758, WEHIC & KD LT
Rt S EZHINBDTHY, KT 2DIFER
TH 5,

2 ' 1% Ozmidov scale, Ellison scale TE A L 72 $1EZAL 1 & AH
[{ Uk A 2#o55, & 2Tl Thorpe (2005) icfl->T, d &?% E
T2,
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4.3. WA —IVEORER

1
12\
Q%f <ir=(a)? TH2%, Lo L

0z

—fRIC Lg=

ZLTCLT LOBERIZED LS b DA 5D, Lg~ Lt
ThHb, Lo 3ZMD EREEZ 2 LIFRTERLEBD
T® %, Dillon (1982), Wesson and Gregg (1994) (&%
W5 Lo & Lr DFICL T oBfRE w2 L Tw 3,

Lo=08Lt
025Lp < LT<4Lo

Dillon (1982) (34)
Wesson and Gregg (1994)
Wesson and Gregg (1994) <& L< Lo DfEEH %
Lhb, Le%ElELE L S0BEEAR (N=136%107%/
sec) #HWV2 L, e=10°W/kg DI Lo~ 006 m, &=
10*W/kg DR Lo~ 6m 1 E1C7 %, —MICELTRAMEY
ML ETHEVE, LoldAELREHL, WAIC

op

40 L aZ ]

7 X TR TN B TP
o(kg/m?)

U T

1
122\
b= (&<t (et (39)

LEZTRWY, 007 =IO KRNABEIRICIZELR
DIZEEREPBE D> T 20w R»dH 2, Al b,
Smyth et al. (2001) FELRIR S O W ERE TIX, Over-
turning D A7 — W I1Z K& L (Ror = Lo/Lt<1), L
AR & HICFET B L Lr A8 Lo Il At L T <
(Ror=1) 2k %KL T3, ljichi and Hibiya (2018)
BAREFEDEE T — 2 225, Ror & T 3B o BAfRT
B (T ocRor*?), ELFAFIEL T 2 HAIRADH
TA/NEL B LEBRHLTWS, SLITOHIERE D
DHAEEL (Lr /NS 5), BLAHET 51220 Ror
BLCEDIL EWH T ETH B, T e EE)T 2L ¥ —
BORRK) & (fiiEs 2L x—) olhktd s (X (24))
L5, GLIROWHIIREE (T ~1) TRELRT 2L X —
(P) i3 Jp (M= 2L ¥ —) & e GEEHT 2L ¥ —HOREK)
IRIFHF o s h, LA FEEL (Ror=1), T2
INE L T D FICELTR A FE L SR T, BLTR T Rov
F=EIFAT VT —~LHEREN, HEWEATY

20f

Depth(m)

35F

I B B B R
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Fig. 6. A hypothetical density profile with density inversions. The black line with solid circles represents the ba-
sic stable density distribution, and red line represents the density inversions. (a) Definition of the Ellison scale;
red and blue bars show the positive and negative density anomaly at a certain depth, respectively. (b) Defini-
tion of the Thorpe scale. The vertical arrows show the direction of the movement of water mass at some posi-
tions (D to Q) to generate the stable density profile.
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5 EEERT S, TDXSIT, Ror o BRI
ko T&EpBZtH5, Dillon (1982) 237K L 72EBAtRIE—
BOCIAEA SN D DD TIRARL, ST LITifo FRiE
LT S2HBEBLBBOARRIAI V- arz v
DINERSHDHENHI L THDL, L2LEDPLIDRE
Z & L 72177213 Tjichi and Hibiya (2018) 7% E25% % b
OO0, ERMNICHCE I ENTEZNTAY VL -3
VIZOWTIEERFEREBRTH B,

% 7z Fig. 6 OZE K KBNS D TH 5725, B
MHEICB W TIE, RANZIFEEEHWTT7 4w b LS
PEREENEE L TW3, Smyth ef al. (2001) % Lg
~LrT® % k&%, Hebert ef al.(1992) 25 A L 7z
Bulk gradient Z ¥ SR4EREE LT, ZIh5DMEST
FIOKEE D> S Lt 2 RKD D Z EZREL T3, Buk
gradient I T D XS ICEES N 5,

1

(0")* _|opo | a_p}
LE % LT:> LT N aZ - 02 bulk (36)
0z
s, o4kl % overturning ORI 75 15 = 55 FE 4 il

EEZ, T LDITNEEZ D, Fig. 6 T LTz over-
turning DT, RNTIIETT7 4 v P LEEEREE
2Jfit & Bulk gradient 13—%9 %,

44. BRAT—ILERAWEELRT RV —BORED
T

KT x5 )= avid (33) BX O (34) 2F]
HALTCTLg~ Ly 256 & ZEEMNICHEE T 5, T D@,
BEWIEOKREZZRDD LR ED, BETANEN
PHOBERNE ) A4 RREEPERD DT, ThbEif
NT25ELEBIC, EROBITFEE@BHT 5,

—Mic kb T3 24Hz D CTD THT—%
EFRHOWCROKE S DL ¢ ZMENICHET 2, T
BLZCITDET—% (o7 RUHEOH D) # HET
b, TOT—% DK - BRILZEEIC W THOHEZ
LD, FIWEKRL DS IEBET S, 0T =4I
DV TEHAEA A 2 HLD B 7o i 25 s BN & fE &
X5, TOF—IhoREWIEREIND FKE, 0.04mf'arf[
b CHEMMRIC R 2 KWL T =5 2T 2 (5
[l 1m/s THETFLTWwAZ E2MEL, 25 #Ic5H),

CORETET Vv VEE p 2HELTEL,

UEDESIC L TREEE,»S, HiEiERIET 5, &
H U 7 B R 1 B O flR h, HIER ORI S o
VAP E S E I D DR TIEbh 50z, &
Zavg—%HoTHHILTwL, b4 -V Fvy 2
723 D 1F Galbraith and Kelly (1996) & 7 4 v % — (M
BGK740V&—) ThHhb, COT74NF—Tl& FT
2 P is D it 7 — & fE R 6 DL E DB A IC B D B
HACH B AMREMED R W LT T 5, Ric, WiEshORE
ZAIC R T 2365 R KB O I 2 R, D &
DIRWD DR E LR 5, BRI Es, il
B plonf LIS S UK 6) Z28E#hIcHY, Zhzhic
XL CO—RDOBIE (po, ps) ZRKD 2,

po=ag+ be0 (37)
ps=as+ bsS (38)
Rz, B & HEE R E M CHIENICB T 2 REE
Do OHEEOEBEERD B,
1 n 4
fl= {IZ;(p*pg)z} 2 (39)
1 1
fZZ{FZ(P*ps)Z}Z (40)
1
f3= { Zp p)z} (41)
mRic, f1/f3E f2/f3%FEL, ZOEM05LLFE >

ok R =N LY R i T LTJHJ;E?“% I Tk GK
TA4NT =B 7 4V —E LT Gargett and Gar-
ner (2008) @7 4 V¥ —=MBREIN TV D, X, &
RO Ry (Z8670) 206 EJm, T ARANORK
@ Thorpe 247 (EJ718 L T 751 L) %ZRDOWA 7 —v
(L) THlo7ME Ro %8 02 DA ETH - 7 G5 A I 7 BE s &
LTHET2HD0THD, &L DEADLVEEHEID
56, ETOEMIFELLS RpF05 4%, 72720, C
NEDT 1 )VY =%l L 2HAICE VT H EIKEY
MHFEAET 2D B 2 541, BOBEMEi DS
GRHD, TOEIBEOT =S RO THWS Z LS
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%> (5 21, Thompson et al., 2007), A% % %1
Y—avE v sBiciz, “EIBEHROEEE D
ETHBLEEILR, DIE 707 7 A VHHVZIE ) AR
v (F£#f1% Nakano and Yoshida, 2019),

DL E D fENT % #% 13 7- B OB E iR % v T Lr 25
L, Lo toBFRE»5 e 28221 TE 5 (K 34),
LriZowTH w20t %R H 5, —2>HIZRHD
TN ZHEL R R EIRE L, HBBICB T B2 ENMNDN
B% sk 274 (Stansfileld ef al., 2001), —2>HiZ—>
DEBEYWHRT LIz L R e 23k, H2EIcEHEENDHE
k2 e T — N2 BETH 57d O TINET
T 3)7ECH 5 (Thompson et al., 2007), WiE & HimoD
FABEZEZBLLDDTH B2 5RNEWICIZAZTH
%%, Hilo Bulk gradient # &8T5 7-0121%, BE
DIFIPHEMLP TV, 7, ERZODDEH DTS
B, M Lr 20 W61 B 5720 (Hl 213 Ti-
chi and Hibiya, 2018), WO HNICIGU T Ly 2 D X
DTS REDPBR L TEL DEIH D, £72, =
BB AEE L TRES 2L H 50, e
EILBONTROBIRIC O W T SHIH S 2z LT hEE
7% % (Tanaka et al., 2021),

5. ¥&bWIC

ARG CIREESND 515 60 2 EMEE T — 2 %
AT 2ELRIESBIT £ 72, ZofIicHVLnbfEA
DIFEH AT — )b, FERITTEIC DT L 720 7L
Tk b b RELRIIR T H 5 WML & R EBORE % HE
ETBHRITAZ VL= a Vit OWTEE LA, Zhb
DFERICOWTIE Table 1, 2, 31CF &b, EBROILIR
BT 2 TRRTE L FEE2EN TR A TOF
RT20EDH 5, € X1, Li, Lo, Lp 1 BLIRAAHAE S ELH
o TcoARBIHEIMIEETH D, Lg L, R 12 CTD, XCTD,
CTD+XCTD & LADCP 7% £ CHIHITIHECTH 5, Ak
725, LTRSS LS, CTD +LADCP, XCTD
R EDOFRREHZTEIEDREEFLL, ZDIEITLD
CTD ® XCTD iz & 2 8Ll ofE %2 L5 2 LD H
kprlEZ6N5,

—7, TIETHBRTELFm, £, WRKET 3
HREDOS CIFETNES R E L Cidihsn T

W3 EIERTAM0EDH S, Kunze (2019) & Kolm-
ogorov length scale & b +7ICKE B R T — VDT,
— MK IEE) T L X — AR BV EShiEEE) T 3L
F—2AXRZ MUAFEAL D LI1CEHL %z, Garrett and
Munk @ F-ff A2 = 7 b )L (Garrett and Munk, 1975) %%
B D SEOARSE B O NERR SIS T I3 E, 2 VAV o
WEICXDIEEHN ARG ER-oTwWA I EEIERL, MU
R, EMANEEE T, SRR ALE S 5 %L
WEHC T 3L X —HEB T 2 B2 2 <7 P VB &R
FLTWw3, 5BIEID &S RIFFEHUEDHFRIC AN
LA R Y MV DS L 72 5 EEZ 5D,

AfaCiRimsE e, AchitEs)Zz & X b AH LR
SR iC B % Rayleigh number, Nusselt number 7
EXDOWTORMBIFEM L 7z, Thbico0 TR
Turner (1973) o#ElER E2SMINnz v,
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Table 1. List of dimensional variables
Dimensional | Definition and/or unit Description
variables
15 (ow 2 Dissipation rate of turbulent kinetic energy
u
& —u| — | (W/kg=m®/s’)
2 oz
o Dissipation rate of temperature variance
oT') ..
Xr Zr =6k, — | [°C*/s)
oz
Kinematic molecular viscosity
v ~107°[m*/s]*
— Buoyancy frequency
N _99P g dp
p 0z 0 Background stable density gradient,
z
p: Density,
g: Gravitational acceleration
Molecular diffusivity of heat
k, ~107 [m*/s)*
Eddy diffusivity of heat
KT [mz /S]
Eddy diffusivity of salt
KS [mz /S]
Eddy diffusivity of density
K, (m*/s]
Eddy diffusivity of momentum
K, (m*/s)

*See Gregg (2021) for these values.
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Table 2. List of various scales

Scales

Definition

Description

LK

(”—3]“ (m)
E

Kolmogorov length scale:
Minimum length of viscously dissipated turbulent

eddy

Kolmogorov time scale:

Time scale of viscously dissipated turbulent eddy

Kolmogorov velocity scale:
Velocity scale of viscously dissipated turbulent

eddy

Ozmidov length scale:
Length scale of overturning eddy defined by the

balance between inertial force and buoyancy force

Batchelor length scale:
Minimum length of diffusively dissipated
turbulent eddy

Ellison length scale:

Length scale of overturning eddy deduced by the

1
root mean square of density fluctuation (< ,0'2 >2 )

at a certain depth

Thorpe length scale:
Length scale of overturning eddy deduced by the

root mean square of vertical displacement of

water mass ( <d'2 >i )
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Tables 3. List of non-dimensional numbers

Non- Definition Description
dimensional
numbers
UL Reynolds number:
Re L U: Typical velocity scale
L: Typical length scale
Gradient Richardson number:
9 0P,
p oz N : U
R —\2  , _— —— : Background velocity shear
oU oU oz
z 0z
9g— Flux Richardson number:
=pw
p ' '
Rf 6U U w :Turbulent momentum transport
_u ' W ' -
0z
p'w': Turbulent density transport
g p'—' Mixing efficiency (Scaled dissipation ratio)
=pw
Iz R, _P
1-R, e
p K, _ R Turbulent Prandtl number
5 "
t
Kp Rf
3 _2 Cox number:
orT' oT
C, - :
oz oz orT'
6_ : Variance of turbulence temperature
z
gradient
8_ : Background temperature gradient
z
4 Buoyancy Reynolds number
R, ¢ _[Lo |
‘ oN* | L,
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Scales and non-dimensional numbers characterizing ocean turbulence
and their practical application for estimating eddy diffusivities

Haruka Nakano! 2* and Jiro Yoshida'

Abstract

The strength of the vertical eddy diffusivity determines the structure of ocean’s general circu-
lation, which affects the climate change. Therefore, global estimation of vertical eddy diffusivi-
ty is required; however, focusing on the direct observation of turbulence (dissipation rates) for
estimation within limited ship time is difficult. Even if observations are made, understanding
factors such as wind, tide, internal wave breaking, and sea surface cooling, which are energy
sources of turbulence, and parameters characterizing the turbulence is crucial. In this review,
the length scales ranging from a few millimeters to several tens of meters and dimensionless
numbers used in ocean turbulence analysis are summarized to promote the understanding of
the turbulence; particularly, we focus on practical estimation methods for dissipation rates to
accelerate research using observed turbulence data.

Key words: Turbulence phenomena, Turbulence scales, non-dimensional number,
Eddy diffusivity
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