#E DAFZE (Oceanography in Japan), 26(5), 239—250, 2017

/

B 28RS ICET 2 09%

A==ty 7y

- g B

=
=]

B 2EMEABRELZ LD HIT 5, ALIGEHO T 3L
&8N O ELH 2 BERELTR (27 — 8L,

X, WELR (5 v

TAaTEIR) ICHMEL, ENFNOEFOA I =L L, MBET 3IRAICET 2RO

® B
R IE RS
IR
5
AKipFiclk, HBERBEARIC
—RAE i, £EE
FLMEEBRRD, Tz,
L, R EFEEZ RS,
*—7— KN ERERERELR A =X 1,
1. 3UC&®IC
KiRF T, BAEEEICB T 2MERESBRICEH
L, ZoxA A=A LEERMBICOVTET 5, —fic
BEAGFEMICEvIIERI S, 2O 3 V¥ —13iE

DZEMZE (7 =) LA GFEN) Kk bbb
Nd, RRAEEL T 2HIMTTE, BUGHDOHFLE
X OEDES 7T =R EL, FfED LIELIEE
HENB720, GLURIFELL TV, ZOMR, R
JE iRt - BRI AR TR W ISR W LIS FEE S
%, ZO&IERcomflC ko TEIRAFEET 2
JE %, SLRSERE LTS, K CHISN TV iR ER

* 2016 4F 8 H 3 Elﬁ%ﬁ
EEME © HAEY 2, 2017

1 FEREREDE  HAprZeRt
T 606—8502 HUART A X AL 1B 43 T

2 HEKRY: WHETIAT VA
T 113—0033 HEEOI XA 7-3—1
(BRPTIE) JUM RIS 15 9e it
T 816—8580 fEMEHFHTAHAR6—1

wx GEEEEEE E B
TEL : 075—753—3922 FAX : 075—753—3928
e-mail : yosikawa@kugikyoto-u.ac.jp

2017 4F 3 H 8 H3Za

NS DEMBED/AT AT VX =2 a 2OV TD A% R

NI AZ Y=gy

J§ (UTRAREEIET) 1, SRRAE 2 vIzZ0
%%b EBRTEDTE B,

7B, GRS RBIRARE LR THuh - R W
ThH, PR - SRR S IRE X b IBRE VELRIE A
DFEIET 5 2 & 25 Munk (1966) 12 & b RS iz, T0
WET - FEEOSER A, 2RO T HEERICE
BE52% (12l 20 h¥BRIEEPTIER) 720
Munk (1966) MK, ZodliEAaEZ5EEI T2V
F—HicowTOERNLFEmPfTON T 5, ZDFF
flicowTiE, FH (2017) $HE (2017) iz S
SN,

AT S 2 ERE ORI AL, HBIHIKIRZ 22
3822 L CRRMBHEROHEEIEY 5 v 7 A7
T AWK EGEE G2 5, WX, @Y ieE—Ek
ZRvT, CORKMBHERO 7 v 7 212 & o Tl S
nNa7kd, StREAGZHLE LBEREOYHEEE
&, AR OEBRICCCENCIC R E R B L 5.2
5, T, HEREOYEBERIE I »SBHZ L
TETY VY IZOWNRTHO (FlZ1F, Pollard, 1977), <
N, Mlxed Layer Experiment (MILE : Davis et al.,
1981), Long-Term Upper-Ocean Study (LOTUS: Bris-

coe and Weller, 1984), Ocean Mixed Layer Experi-



240 -5

menT (OMLET : {6#&, 1989) 7 & @ KB 7z BL45 ]
BENATITONTE L, ZRICb Db 6T, iR
J& oY EERE O H % S ELIRIE SRR o E &I EEAf
X, SbHBtoThsrLREVH, ZOHBEELT
&, ELIRO & 5 RIERRTE (IR0 B om») BRI
T BTG Y o —F ORR, RERBRED /NS
S P2 2 KRB O R S LB RS, Sz
FEER CHILT 2 ROMMREORADI BT 6N 5,
Lo Ledss, 4, BAERHETE L FHEEE D om
Ttk o, EIRERERCHIT 2 HMEER (6212,
FG—T T v Ial—vay) BREZICED, Th
WCHED EIROE BRI RS2 FIRE & 72> T & 72, & 72,
Y7 v T EEROEWEBEEE (FLRMHEE 7 o

T7495—, BEFy S —HmETaT745—) OF
Btk o>T, TNETHEHVHB I LDTE R ELIK

DAL I ESho0H b, BIEEBKER L o g
ZBLC, MHFERBICB Y 2ELIROIE L Z DEA K
THWEBOMIANE 5ITHEA TV S,

AT, F9EIRRA 2 SLTES) o B RER IS
WTHHEHT %, RT, ITNLRITOBEZID A
NOHERORFEIC >V T 52, 51T, ZOfHE%E
WEDEEAERER AW TwBERL (55 2
SV —vay) IcllBaALTTEE, ZOBRICER TN
EHICOWVTIRR B,

2. EREBHIRIF—ICEICRBERDIE

HERBOREGZBI SR T & 5 2iLIH O 22 MBI 1%
EA2100mBETH D, F7-EBZIEHKERNTH S
GRTE O NEE S HEETE R ), TDkd, BHKE
VL& BRAT U 7 e KOG BB O e R O SLiM % B
TEZERATEETH D, TITIE, DL RIEL%E
5l & T EEBEO /NS DR PHE A LIRS, K
TEBREER 7 & CRII N A HEOKE RN PHEEE K
MR EEEMICERZ LicT 5, ARSTIE, KF
AN IR ASERTE T 11T 138 o SLTE 5 2 A0 L
SR AEOE S X b bR wHE T oA 2K
BB, Zhd 6 DREZEIRKD &35, HlZiFa
LW YR DK% a T, fREER o TRT LI
T2L, a B KBERY, o BPEFRESTHO, a=a+

a', a=0TH5, IXILHENZ +v % i=(uvw), [E
N%E p, FIINEEZ b=—pg/py £ T 5L, HEHFRER
1%

ou ., e 1 - 9

—+ (1 * V)it fkXti=——Vp+bk+u Vi, (1)

ot Po
LEINDB, TITLIIVFVRE po 3 EEHE
WOIXEDRE GRS, K RENE LI E O BN FLTH B,
(1) ROKFEFEE 2B &, KELE S oS5

ou 0 _ o _

4 uw— — _

o o WY IvEs Y 2)
ov, 0 &

o + pe vw'tfu “7622 v, (3)

BEEND (R LAKFAERENS»E LTERL, %
7ew=0&L7%), Ehcu, vEZhZENFEL TNEIS
L, KPR ES T 2oL ¥ — MKE=(u*+v?)/2
OREFEAEAIE LN D, —7, BAEZIHED LA
5 DMEE) T 7L ¥ — TKE= (u*+v"*+w™) /2 O R[5
AR, (WP +w?) /2=MKE+TKE O BIff % Fl
AL, EEHEXICHERY Pz ELTRD
(uWP+v4+w?) 2 O » 5, MKE D3 %% L3 2 & T
MTFokrcEons,

8%@22{

[ — GTKE} { —
-2 _7KE — W
ot oz P0 wu Oz R

+vM/é?J+bMﬂ—u(Vuy+(VvY+(wa. (4)
zZ

B, BLTR IR 2358 < 222 L b i
T, ZOAPFHE TKE 2 R ISE RS h 3 5E05% 0,
(4) RoFIE1E (THEESZ LICT 5) BEAEA
TOIERBIH, Ktk k3 5L ¥ —0#hiEln%z %
o TANVF—% LTICHEAT 208, HAENTOZ*
VX —DRBICIEELEZ kv, HUE21H (PIH)
F 7 —HEWEh, RNOKRERS OMEY 7 —I1C
BAT TR VF =4 (7 =48 28T, H4%ES3
JH (BIE) ZFIIEEE LW iEh, B sy —tE
HE TRV X —DEERT, ZOHBEEPRLER
JBLTORIZIE (BB 3L ¥ — 2 5B T 5L ¥ —~
DOZHE), REREL TONIFE CEE= 2L X —2 5 fi7



RIFRAE BT 2RSS 241

BRIV X—~DOEH) s, H05 4 HIZHBORHE (e
H) EMEZh, BTETHD, MEONEHT 2LE— (E
IANF =) NOEMERT, ZDK I TKE DRED
Bm, vabbilifiodsizy 7 —H (PE) »EFE
HEIE (BIH) 2L fTbh s (HROEECOVLTE
#Bi), DI (4) KicEowvt, EEEGRE Z 0K
ko THHET %,

3. REARDERERICKZ7HH

3.1 BARRELAR (XA

K& 5 DWENT & 0 BEAKIRAME TS 2 &, #HIC
B BWFKDBZD T DKL BEL LD, BEHWICAL
BT %, T DANLIERIE DI FHNHBUC & 2 Bk < i

HWTERL 2L, MBI E RIXN 2 EE P FEET
Do MPIETFESIRE (ki) D/hEw» (b'<0) K%
T (w<0), BEHMEEDOKE W (b'>0) k% Eic
(w'>0) Exoc, (4) RoFIMEERE (BIH) 2% 1E
(bw' >0) L3, ZhiCE b EFRES T 2L ¥ — TKE
DHEI L, RVREEIDFE T B (2 O U 72 Bl E S
IRV XF—JIEI L —DOMPTHibh T 3), &
AT 2L, HEHO T GEFEZBRV KR, o7k
E OWFKFFELHEE R NEIC LI, Wb BIR
HAREPER SN S,

Endoh et al. (2014) <%, 3> F iR © O I
ME 70 7 74 9 —Ic X BHERZ Lo, ®REx
MR B 2 ERERATEN O TKE O % BED -
7z (Fig. 1), Edo koic, RAEBLEARTCIEBEP TR
ALY —0ERIETH D, BRAE LB CRMEL

Whole nighttime periods

z/D

-0.5

0 0.5 1 1:5

TKE budget normalized by By

Fig. 1.

Vertical profiles of P, B, T and ¢ terms in equation (4) measured/estimated through nighttime periods in

the surface mixed layer in the East China Sea. P, is the shear production estimated using the Monin-Obuk-
hov similarity. Pg, is estimated by applying the Stokes drift profile (see. Section 3.3). Ty, (Tp) was calculated
as the residual of Py, (Pgp), B, and e All terms are normalized by the surface buoyancy flux, By, and depth is
normalized by the mixed layer depth, D. From Endoh et al. (2014).
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, Wind Stress / Baroclinic Frontal Jet

L, ®
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High Density

Fig. 2. Schematic of Ekman-induced cooling and
slantwise convection across a frontal jet. Black
lines denote isopycnals outcropping at the surface,
which correspond to a baroclinic frontal jet flow-
ing out of the page. Down-front wind blows over
the frontal jet, inducing leftward Ekman transport
(solid black arrows) in the Ekman layer (gray re-
gion). Denser water Ekman transport over the
lighter water induces symmetric instability and
slantwise convection.
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Fig. 3. Results of large-eddy simulation of wind-
driven turbulence. (a) Horizontal distribution of
vertical velocity (colored contours) and horizontal
vector (arrows) at z=—0.25. (b) Vertical profiles
of P (red line), T (black line), and ¢ (blue line)
terms. Velocity, length and tendency term are nor-
malized by U,, U,/f, and U,*/f, respectively.
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UTdHb (Fig. 4), 2D EIF, JE & HFHEEIINEE 7
Sy 2 AT (Thbb ATHRICL 2EHZTT) &
LREERAEEE2METCELLE2EKRL TS,
FOEZ, T/ VBRPEROME, EOWEHE T
I v 7 ZADHEAMZEN, L TRTERZEORF R L
OWETH LN EZ OGNS, 5B, WHHEINEEED
BEBREOR T — Vi, BE2FZBETICE—= -



244 K

..... [ ETT—.
(a) B~ 0 10 20 30 40 50
- MLD (m)
g : 3 N

Fig. 4. (a) Observed mixed layer depth (MLD) and
(b) L, under stabilizing surface buoyancy flux (B,
< 0). MLD and L, data are the same as those in
Yoshikawa (2015) where MILA-GPV data was
used for MLD while J-OFURO2 and HOAPS data
were used for U, and By in L.. For more details,
see Yoshikawa (2015).
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(Vorticity Weakening)
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k) Wave and Win (;)
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Fig. 5. (a) Schematic of vortex tilting due to surface
waves (vortex force). Intensified (weakened) vor-
tex (red arrows) at the crest (trough) of the wave
due to vertical stretching (shrinking) is tilted for-
ward (backward) by wave orbital motions (blue
arrows). (b) Schematic of the CL2 mechanism.
Vortex force tilts vertical vortex (marked as V)
and generates an along-wave vortex (marked as
A). Up/downward flow associated with vortex A
uplifts a cross-wave vortex (marked as C), rein-
forcing the original vortex V.
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Fig. 6. Maps of the frequency of £,<0.35 (upper) and L,>0.35 (lower) during December, January, and February
(left) and June, July, and August (right). From Belcher et al. (2012).
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&, BESUERELIRO & 5 /NS RO L E 2 BRIc RIS
LILEMTERVDT, ZOMRENTAIFTAALT
HAAL LI B 5, BRI, KBMERE S DR
(2), (3) KcHhz ww, Vw P, FHINHEE DR
oRXcEHND Dw &, WIERERENO FHELRTH
u, vRDTCRETINEDNH D, —BRIVIC, BIEKR
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T (2) ——Ky (2) 8@&
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Oz

(6)

b'w'(z) =—Kp(2)

(7)

ERBLTwD, ZoRBIE, ILRSENTHL L,
ThbOLEHEED 0u/dz° 0b/oz 3% DIERZ D uw'
DWEBETHILZEREL TS, ZDd, FIT
Wiy 7 —HRICOV IRV S o0, JEFATIZ LR
THHNRP T V7 I aTHRBEED T RAY Y £ —
Ta vt REERVTVLEREYL, Lal, Prltd,
MREAICET 2 RAbEd Ik coifkcid,
[z LRI UCd, RS - IR ERECE v 7
RIAZVE =y aryTHhROERI MG TS,
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— )V L EFLREE R 7 — v g & v R %
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o oM ErRERAEOI—Y - 271 v 32
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(#1212, Sinha et al., 2015), %72, IRABHEEZ L
THNZR D BEEOFEE L RIEE 72 5,
5. HHYIC

A TS TR EPICHEERBIREAE BT 2557

JEEIRIC O TR L 72, iEREESEICRS 3, il
MAREZ L ZEMETH L EPEHMPIREN TV
CEREOHEAICKD, ZOMBIIKAE L TATDT
Hb, FlezOEEMERIEERERICHAAL 720D
NRIAZVX =2 aVICbWBRORMIZV AL 20, &
#gic, et - EEONERICHE S IRE L, MBIKERE
IZB T 2EA L DB R PCHER IOV CBICRR 2,
MR - RIS BT B INERIICAE S BLEE) I B v T
¥, TKE o771 ((4) ) oFHEHD 5 5, BIROBR
(WIH) 3%, F-8lEE ~ 2 v ¥ — ofhEHE (T

) 12 (7 —85iRnTE2D7T) /NEWw, ZDd, TKE

ORMZEIES HH L TRV ETHIE, P+B—e=0 L1
ETED, ZOREHCS L, SLREMIHSLE 7 w7 >
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EERED, T e & NGFHIEEREE) OfHE
Do Ky ZHEET B EATE S, Osborn (1974) 13 HER

WIZOWTB/P<018THLZEtEZRL TS, ZODff
1%, NERICESIRAERETH DHEET - HWETIEZY

pHHNEv, LrL, ARTMELzL 5, BERE
TIEZ OBIRPK D SLOMREEIZ A v, T Do, WFHER

EiREaE T (10) R2WH T 254 ZEELNNETH
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—7, WEEREO I, ERELRSE N C LR R
JiE, RESAELAKTH D, BERERE TR
7 — LA E B L T v 5, Yoshikawa and Endoh
(2015) Tidx 7 v Vil (KREZ B O $hiEZl) 251
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A review of studies on turbulent mixing in
ocean surface boundary layer

Yutaka Yoshikawa'*, Takahiro Endoh?

Abstract

Recent findings on turbulent mixing processes in the ocean surface boundary layer are re-
viewed. Based on their kinetic energy source, turbulences are categorized as wind-induced
(shear-driven), convective, and wave-induced (Langmuir). The mechanism and consequent
mixing associated with different turbulences are described. Finally the framework of parame-
terization for these mixing processes is shown.

Key words : turbulence in ocean surface boundary layer, mechanism, parameterization
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