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Fig. 1. (a) A schematic of the driving mechanism of the Atlantic meridional overturning circulation associated
with the North Atlantic Deep Water formation (AMOC). Three Pairs of white and black boxes denote the At-
lantic, the Indo-Pacific and the Southern Ocean, respectively. White boxes indicate the potential energy (PE)
budget and black boxes indicate the kinetic energy (KE) budget. Each number denotes energy input, conver-
sion, transport or dissipation rate of the wind-enhanced part of AMOC in Urakawa and Hasumi (2009a). Merid-
ional stream functions in the Atlantic Basin (b) and the Indo-Pacific Basin (c). A positive value denotes a clock-
wise overturning circulation. Arrows show interbasin PE transports by upper and lower branches of each
circulation.
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EBJR 2 5 2 - EHBRERICO VT, H21 s M3
WD T, ZhFNO R VX —INEZFELZ,
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HTE 2, KPEL 72134 v F-RFETOABIEREEZ
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DI FNF—FEBHFEL R,
BUCHE S T HIEER 1%, fEBRELSRIEEAN O ALE =+
VX =D AAREFES 728 (Fig. 1 © (b)), KPFEFEN
HIC T2 VX —RPFEET LD, BRBPFRLE
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EIWCET 2 EBOIE 2 FLITIER L 72 238 b OFREILEL
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EILBRBD A L R E T — & 1IcHE D G » 6 15
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Tk o> TR BT 2L ¥ — e Zhsh s L Thig,
MET ALY —iGEO Bt L LB &£ 220 GW
Kb, —77, WENFENT 7 v 7 A, MEIRLVX—
INHIZBWTKRERY =R -7 lhbh0EEZDL
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S~ O E) = 2OV ¥ — iR % 880 GW & FfE - T
%, Huang ef al. (2006) 12, NCEP @ H VUt 117 —
8 & v TRHRRE 10T VEREIL, £7)1
DORETES; & HIERIGI5 6, IEHERE D S & o
T ERIER G A~ OB = 2 L X —HEEZFIE L 72,
Wunsch (1998) & 131 [H U AR <& 1,140 GW o ES) =
FIF—=PFEASIND ERE->TWD,
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ZO—HT, THRILX—2 v 2IicBT Az 7%
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KT 2T HEEED 1 OTH B, HichiEL 2L ¥—
vv oM, BUEEBREKENC R AR = 2L
¥—mE2RDZLE VI RTEETH S, Huang and Jin
(2006) IxEB{L SN HREBE TV E AV, BJEEER
DOPfE T VX =L 2T, 5 0EBETIE, HE
TREIC & - TERSINAMEBE T 2L X — 0 7T EHRS AL
TE BB O 7= O O RRAETNIC & - THA S iz, KD

DORPES D, EE L 2L X —IcEmI n, HETER O
WS NED, ZOT L F -2l FAEEDEN

ACHHERIC & > THET 2 T LR S iz, BIFEEBTEIC
FAES M ACREB RO EE BT 2 £, AP
B, < oREHFBEROIEIVIEIC & 2 B EL % #E
LT, MED LY -—RE22sE5, #l2E, Fig 2
D (a) ICRT XS0, HUEEEROHIRLL - HoRk
DRI 5 2O0KM (AKRUB) BELE T CHERREAT
5ILEERDL, ZOK, RABOM - FHoRHMEEC
i, ZTOEEIREAHLD bEL 5, ZOBR
¥ v RU LN, BMZIRRECR R 0 R R D
A7 - EAREEICRRT 2858 L L TERIN S (Me
Dougall, 1987), ¥ ¥ XU ¥ 7iC & 3 /KBLE B EAICHE
SME T VX —HRIE, FERMICLEDDOTIEERL,
B AR S KBUEAE ICRINT 2 5D TH % (Huang
and Jin, 2006), KBREAEASAE U2 acid, 2 OKBD
BHLOW I EEDIC, 20 ESICHET 2 /KO ED
BT LICHD, ZORD, &L L TEZ RV
¥F—EVIREICER T 2, 7V 2R 7EMEBEAL
WEFERIEER € 7OV IR K DIEMiE 2 BRI AN S 2 L
BTERVLY, MEIA VX —0SHEEEZET VOV
PTAICE < 2 & T, KBREEMEICHE S ALiE = 2L ¥ — 94
R ERWEETEZW T2 2 L TE S (Urakawa and
Hasumi, 2009a), REFRERXOIEFIZEICIE, Fr Y
v 7Oz, BUEIRERE L S BERIR B D & 4 DTk
FHRICERT 2 =N T 4, ZaNUTT 40D
%73, Huang and Jin (2006) Ti&, JEAKFEEHEL
BV GIREAEAEZHEAL Twaz0, BRSO
T » 72, Urakawa and Hasumi (2009a) (%, Huang
and Jin (2006) & [F CHREEGRAEZ M, Bido L ED
HEMRE N TCORMEE T NVEBELITo 72, T DFEERRS

BoOME T 2V X —ILIic B v T Huang and Jin
(2006) & FItkic, AmFaLE &REARRIFRIZE (e v
RY V) ICk> TET R VF =DHEEL T,
WEOFGIARETH -7, ThiE, HEKEET LV
D b EHE LKA E D B S N, KR RUC & 2 HR58

PR O IFGIAN R RA Il 72720 TH B LS
N3, 78, IN6OHETHATHC GNIHHEET IV
1&, 100 km F2EE D K22 R 2 7> B & P 1o 3%
BHLUAWEBEREEFVTH -, THEMZ, KGR
Bc LT, B v b L — Y — & S
KRGS @S L, SHEEHOMEEZMHNET 2mE
L=V —2BIMSE 28RERO, o DRIRIE,
ZNZFNEHEEEILE (Redi, 1982) <8 /E 8 (Gent
and McWilliams, 1990; Gent et al., 1995) O T/$F £ —
sy, LROETIETIE, 30X G
OB DODIHHIN TV ARY, Th5D/8T A
sV —varEfved, BEiliKHEROAZFEHL
e, JEBERICIAHM TR FAES 5 2 e
M5 T3 (Danabasoglu et al., 1994), oo, E
BDOTFNF— v 7 ORBRY OERBNLZLEZ, £
D B TOVEBIC & o THRGET 2 0D D B,
Aiki and Richards (2008) &, BB ifi54 2 miE
G HELIRMBVERIERRE TV OFERE BT L, P
AL OB T 20V X — - BT )L ¥ —ZSH0E & SRl
L7, H2Micmlic&dic, =27 < VA / ki
& o THBEEHAME G TV B EAICIE, HEERLEIC
Ko THAE - FEL o EERD, FHEROMEE &%
W9 50 S IR - WA EBIMT 2, Z OREEROFE
4 - FEEIE, ZOEE T L X — 2 P OME T 2oL
¥—roMiHT 2 L CHEBSNE, DF 0, THESR
I & 2SR A BRI S fLE T 2V X — D
Z, WEHTRALF —ADI FILXF —FHRIC X - THMA
1%, Aiki and Richards (2008) 1¥, Z® T 3L ¥ —
EHE%2 460GW & HiEi-72, 2hid, HLREAICE-
THESShIMNEZ VY - LAREOREICE 2, &
#, Aiki and Richards (2008) %, f#HT O H D7z DIk
WMERELCBh, TR X 2SR EHILEOR) R
% HfE - T\, Gnanadesikan ef al. (2005) 1B
W85 A V= a v BHALARREREE 7V
DFEFITR L, FFSINEIC T W 7 = 701 X — I fEAT
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2707, Hold, FY RV UITPRDRELMEL S ANX—DPHRT 2 ERBE->TwS, LirL, TORMK
WX =7 % EIRL, 440 GW b O REDfLE T DIZF X RV ¥ IR EBEER MG L b DT AL, %

(a)
20,

Temperature (°C)

PR P TS
35.0

Salinity {PSU)
(b)
Convective Effect of pressure
adjustment dependency of the equation of state
Vertical T 5.54 T 88.59
mixin 4 h . 4 )
J | | Conversion Unresolved
387.30 _ Eddy KE
Surface " Potential 434.90
buoyancy Ener . N
flux 0.00 9y Conversion (* kinetic Energy
—_—
L | | ) 28801 [ (KE) )
7.271 68.471

Cabbeling  Cabbeling
by vertical by isopycnal | 1endency = +1.49
diffusion diffusion Residual = +70.53

Fig. 2. (a) Temperature-salinity diagram with lines of equal density in 10° kg m™ schematically showing a non-
linear effect of the equation of state termed “cabbeling”. A mixture of two water masses with different temper-
ature and salinity profiles on the same contour line in equal amounts shows higher density than its source wa-
ter masses. (b) Globally integrated Potential Energy (PE) budget (unit in GW). “Tendency” means the time
rate of change of PE calculated from the time rates of change of potential temperature and salinity with the use
of the equation of state. “Residual” denotes the sum of eight terms of PE budget shown in the schematic. Their

difference is accounted for by numerical diffusion associated with the advection scheme used in the model.
Modified from Urakawa and Hasumi (2010).
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DFFHRICIIMD 71 2 ZDERNRIEAL T HBNDH
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DI 3 ¥ —Z85H (BRI R) HEELR RIS L
LANDY, WHEOHNWZEREIIHS 2 Ick>Tw
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Urakawa and Hasumi (2010) 1%, Z OFREICH D fHEe
720, THEEAS A VXY —2 3 v 2B AL EEG
EEFIICK 2 BEFEBOMRICOVT, fET RV
X —INH RN U, (R L 7ok oRig =Rz, &
f7 - $ECBI T B IR 72 T 7% L E KRG S &,
KETIVTOKRAATFEIEZ R 2 LRPEFEEKORE T
TEIX 141Sv TH b, KK 30°S 282 2 FMREEK
DIt FiRERIEZ55Sv TH -7z, T4 51 Schmitz (1995)
Wk DM ES S /BfED (2nEh, 14Sy, 4Sv) LR
(—HL T, v F-RPFEREEBR 2 AmEREK
Odt EFEIZ 84Sv TH -7, T DI, AR KL
Lo FEFRE T H % Samoan Passage (10°S) F <
DN ES LI BB O BAED (106 = 1.7 Sv, Roem-
mich et al., 1996) X H/hN& v, ZOETFIVTIEEES N
TR WIBEAJRIC L 21EERBILO 2R T IE, K
ETOVIFEMETERROMEE, WEOBIIK R L 2R
(HBLTWwBEEZ2%, Fig. 20 (b) IC&IREHEL 72
P 3V ¥ — N2 HERWITR T, ZORIE, wKRD
PIET L X —Y — R IENERATH b, 387 GW OfziE
IRV X—PEAZINTVBEIEEZRLTWS, ZOfE
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500GW) NicEEnTwa, F2fficamlizesh, A
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RED ERS—ELTw3, KETF VI, TEERZRG
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WCHEL, IUDPRROMELALVX -2 7 ElsoT
Vo, FEELRIC X 2 EHEIIEBICHES Fry Y v
DRI, 68 GW DFLE T RV F—2 v 75T 5,
FEATHIRIC & 2 R D ITR B L /AhE w2, 5821 fiic
U 7 F KPR EIE SR IS & B KPP T4 T A B s AL
D, REHEICBIT A MEL VX —0 6 H) T 2L ¥ —
O A3GW TH DL EE2EZ D E, L THSA
TERVWREITHD, £z, REHFERXIFIZIR L
U CHIMRFHICE D 89 GW b D%  OALE T+ L ¥ —
BHELTVB IO VT HER L, EIkEE
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TELT, SHBRIVFMAREINEC LR EEZLN
%, TDO&IIT, HHEENIC X 2 EEERILE U &Ik
5 iR A IR AL, PRI 1ES B
bOD, REBMELFAIVF =LV 7I2k>T05%, R
R R AIERRTAL %, T OfE LD 72, fEROIT%
TRERSIND EDPL 0D, MMEIFLE—IICE
WTEELMERERTH L EPRShiz, —/, Fig 2
D (b) OFEEDEZE (Residual) & A7E T 3L X — K[
7254V 38 (Tendency) ORI IZHI 70 GW 03 EH4E LT
VW5, fE T 3OV X — R, R O s
MZALIH R TRA» 5 SnTE D, ETVNT
DATE T 7L ¥ —REORHZNEEZRLTwb, Z0
EAS 0TIV T B 1F, EF VA ERESIZITERICEL
TWwW3 I EERLTWD, EEE, WAL CHET OB
IO RSB D 5 N LE T R VX =T
BERXogHOMTH 25, XoEHICEET 2 3#lix Uraka-
wa and Hasumi (2010) 22 & iz v, EE L REEAE
fLHEICERH B L, BRL-Z ALY —HERATE
HTETORWHRPELET L EE2BERLTED, 5
By —ATREIRNVF =2V IBPARL T3, Ura-
kawa and Hasumi (2010) (¥, T O|ENIFIZFEHE D
BREICERL T»wb 28T kb, BMEETILT
Sl & 4 2 REIRIEIC 1E, BIRA ¥ — LT & 2 BUEiRE U
EOBUERENEGEN TV D, BENE T TORER
DBMEIRENE, ME TR VX — DRI O 5, K
T OBAETR L, RETRAIERICIEIC & 2 BEZA(L
FBLT, MEIFLVY 222002 H 5,
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iz, T3 ¥ —INEEREPBAEIRHIC & > THIW
Shztdnid, REGEAERPEOFL FHEICRE
BbDLIED,

4. REHEXIEHRAR IS L 2 HIERTRAIE

53 fiTId, REBTREIGERIIEIC X 2 KB E R E
bAs, fiETAVX—D 2L LT, ZONLOFTE
BREREFRTH DL ERR LI, —H, HHLREIII
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LTWwb, LedtoT, DKBIAER, 13, SFEEmEH
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Lo TOETFTVIE, KPFBEELZENL/E°, Mt
I/12%ic L8 b, hRERIcRETE S, KET L
DAL + $53 % GBI RMAE 1T 1 4RR, 38 < RS
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et al. (2016) %, Klocker and McDougall (2010) DHF4E
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EHIAERE OB P ER I N T I, RIT X%
V= a PR+ o Thotizdic, ZEBAKEE
R CcE Lo tEZEND,
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Fig. 3. (a) Water mass transformation rate induced by cabbeling. Thick and thin lines represent transfor-
mation in the Southern Ocean (30° S—75° S) and at high latitudes (60° S=75° S), respectively. (b) Diapycnal
velocity induced by cabbeling on an isopycnal surface of 36.985 0,. A positive value indicates water mass
densification in both panels. Modified from Urakawa and Hasumi (2012).
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Fig. 4. Zonally integrated (a) potential energy consumption and (b) available potential energy production rates
due to nonlinear effects of the equation of state associated with isoneutral diffusion. (c) A schematic of major
energy paths (unit in GW). Red arrows denote the nonlinear effects of the equation of state. Blue arrows repre-
sent conversion between available and background potential energies by surface buoyancy flux (left) and irre-
versible mixing (right). Modified from Urakawa et al. (2013).
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A numerical modeling study on the energy budgets of
the general circulation of the ocean

L. Shogo Urakawa*

Abstract

The general circulation of the ocean has been classified into two types of circulation: wind-
driven circulation, represented by gyres, and thermohaline circulation, driven by surface buoy-
ancy flux. The latter circulation type is the deep ocean circulation characterized by local deep-
water formation at high latitudes and deep-water upwelling over other vast areas. This deep
circulation is considered to play an important role in the climate because it involves large trans-
port of heat and materials such as nutrients and carbon compounds. The author investigated its
driving mechanisms from the viewpoint of energetics through energy budget analysis of nu-
merical models. The study extends the analysis to enhancement of the thermohaline circulation
due to winds over the Southern Ocean and to geothermal heating, quantification of potential en-
ergy sinks and the role of the nonlinearity of the equation of state (EoS), water mass transfor-
mation and the enhancement of the thermohaline circulation due to the nonlinear effects of EoS,
and importance of the nonlinearity of EoS in the available potential energy budget.

Key words: ocean general circulation, thermohaline circulation, numerical model, energy
budget analysis, nonlinearities of the equation of state
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