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Fig. 2. Properties in the BBL (Bottom Boundary Layer) for the experiment with BBL model (left panels)
and the bottom cells for the experient without BBL model (right panels) in the northern North Atlantic:
(a) horizontal velocity fields and topography, (b) potential density (o). Contour intervals are 500 m for
(a) and 0.02 o3 for (b). In (b), shading areas are for density greater than 37.05 o2. For details, readers are

referred to Nakano and Suginohara (2002b).
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Fig. 3. Zonally integrated transport streamfunction for the experiment with the BBL model in the (a) At-
lantic, (b) Pacific, (c) Indian, and (d) globe. The streamfunction includes the eddy-induced transport.
Contour interval is 2 Sv (=10° m3/s). Dashed contours indicate negative values. For details, readers are

referred to Nakano and Suginohara (2002b).
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Fig. 4. Tracer concentration ratio of NADW origin
at 3,000 m depth. Contour interval is 5%. For
each of tracer experiments, the surface value is set
to 1 in the areas circled by the thick line; otherwise
0. For details, readers are referred to Nakano and
Suginohara (2002c).
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Contour interval is 2 Sv.
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(a) Circulation pattern below the Ekman layer. (b) Zonally integrated mass transport stream function.
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Fig. 6. Zonally integrated mass transport stream function anomalies (Sv) from annual mean. Contour inter-
vals is 1 Sv. (a) 15 January, (b) 15 July. Dashed contours indicate negative values. For details, readers are

referred to Nakano et al. (1999).
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Fig. 7. Difference in temperature between 1985 and
1999 along WOCE P1 section (47°N). Contour in-
terval is 0.01°C. Shaded areas indicate negative
values. For details, refer to Hasumi and Nakano
(2003).
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(a) Zonal flow at 2,405 m depth of the rectangular basin model. The initial stratification is uniform in

both latitude and longitude, derived from the horizontally averaged temperature-salinity in the North Pacific.
The zonally averaged steady wind stress in the Pacific is imposed. The model is integrated for 100 years so
that spin up of the wind-driven circulation is completed. (b) Difference in zonal flow between the cases with
and without Pacific winds for the World Ocean model (wind — no-wind). Contour interval is 0.05 cm s~
Shaded areas indicate westward flow. For details, readers are referred to Nakano and Suginohara (2002a).
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DTV, ThEDMRET TEA - WEOFRND
NRE—22RZHRATE LD o1,

BERERETHBPAALL, ZELOLKENREL
T=HRRIREE (1°x1°) DHEFAREIRE TV (Nakano and
Suginohara, 2002b) DHEFHEMICHBNT, TOH - &
BOBRO/NIN2—HERENE, TOETVICIRR
IKFEH O % EORBRAMERFIEIFEN TV, &
DHFENDOERAN=ALELT, WEDHADAH=X
LOEZNMTbNZ, RAIE, RERRLMEOHE
ERRRIC T 2RMEEROEL G EREX TN,
B O EZMNSE T LT, EFMCENT
WAH - BEORPERIE, ARBIRNERATVAED

THB LS T LIRENT (Fig. 8).

F/z, SAEB I UKFEIBIC K EER R —FN
BETHIRICBIZAGNOEEEE, ShEET—FR
MOFEERANVTRDSZ T LT, BEXBRICENT
WBHIEFID /2 — 2 AR O BT iR 2 VT ER
TRTEMTER, KFFEDOH - ERBICBWVT, AL
HDOEENFNBICRZ I-BHIE, KEEOREER
ICKBH - EREROFRIIIEFIT/NTVOT, A
&> TH - FEES N B TEROFEN LRI HA
PULIFEITNE &, BEHEIOWERICIIIT BT
A5 TH5B,

Nakano and Suginohara (2002a) T#H 17z TR,
HEEO A —FEAMERIC X DT DONTHEL
TV EVS, HEERFBVEINZETHY, @&
ERELZBICE>TEFOBEISEHET L, REMNIC
FELEEZHLTWR@RXBN DO RDIh -z,
Lz enziE, HED 2,000 m OABEEICEAL
1T e SHBVTHEN, TN TEEDR, Eor-HErE
KERETFIVOMRGELNSZEEAEL, &EHD, K
THEEDORERROBENEEZLDEHET ST
EMTERCEDNERTH A,



16 T %2

120w 100w

Fig. 9. Zonal jets at 1,000 m depth in the North Pacific Ocean averaged over the last five years of a 58
year long computer simulation. The initial flow field was reconstructed from the Levitus climatology; the
flow evolution was driven by the ECMWF climatological forcing. Shaded and white areas are westward and
eastward currents, respectively; the contour interval is 2 cm s~1. For details, readers are referred to Galperin

et al.(2004) and Nakano and Hasumi (2005).

4. FHEBICLBRE

DFEIZ, THERIC KB AV Ty TEBEERTH
3, THEMIC X 2801k, BE L DBIRHBEFET S
B, TTTR, EBLLORYOBEICLbFNOA
A % WAAHT (Nakano and Hasumi, 2005) & 2
DEEFEICBY % & (Nakano et al., 2008) ZH(D L
F5,

4.1. FBEIILVFhOLEALBEDSRE

Nakano and Suginohara (2002a) DWW HBEKTER
EFNVICHNTBEIC X D FhOARINED 2 HGH
X, ShEE— FOBOFEEAVT, BEOZ0ER
EhETHEBTEILHITER, LMLENS, Reid
(1997) DR & HEEAMERE 7V THE E N HIEHO
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DIz, BREICBNTIE F L—Y—15h 5 HudE A HE

REN7=DTHZH, BEKBERETVICBWTIEIR
AFATEBICERES DN L DD, FL—Y—1
i, HEEEEABREL D LRV, TORAER
DEBERNT BN TE A7, TOFEREL
T, BHEKBRETIVOBBEMENLEWVS TEHE
Ho—De LTEZ LN,
COMBEERATHTENFENTIRD 7N,
EE DRI ADORBE TH D115 (1/4°x1/6°) D
IKERGEZFDOBEARRET VOERICETFL,
Nakano and Suginohara (2002a) DHZEDIELE & LT,
o - B ORI, YO, SRGERC X
D, ERBRETOREEEBULTE 2 LZHRLE
M, ERE, Nakano and Suginohara (2002a) T1F5
N-BBIRRON 2 — ORI, FFEETIIEIEY
3° 27— VT, KTEHFREOHEADORE ZFHFORAR
DRSS (Fig. 9) £V 5, ZOYRHIEGE LEVWER
#RDF % kick oz (Nakano and Hasumi, 2005),
BHltcoL> hFnSREThTWEVWDLE, %
TINTORE DR ORIEX & DREEM ZRE- 1248,
Zhidh o7z, R, BUSHOPICT DA —)IVDB
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REEDRHENRLONRBTENTVWB T L ZREN,
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T Thbolkizh, FBEOHAETIIRAT TN TE
oLV, (EBICLHAY xv B3N, BHIFE
TIRMDBERICRZAZEINT, F-FBIZEHABICIIR
SNV, ) EEVEFADBEKBRETILTH -
Bo#EAEREPHZTRELS & L-#HIZ, Nakano and
Suginohara (2002a) THELNT-FNMEFATED X
B TVANEENIDLD L LIZOHBESHIFT
B, 2L{PAOREERDOFON=DREETH -T2,
C DB T/NTRORE I ADAIFEE B Tz hY, 8
PERIGERE TSI ORMERDBMED MU T ATHEK
MTHARERIIEETE o, LA LENDS,
Maximenko et al. (2005) DHIFRIC K> T, HEHBEE
EBeto7F—R2ICE RWiEEh, HROBIcLHBT L
Nbhotz, UL, BEFEAKBRETIVOATERICE
BXh, BRITHERINZHEHDO—DTH S,
COEREREZHESHIICT BN, YRFOHGRZEN
A0A%]z5 1z, 100 km BEOEEAREMH 300 km
BEXTHAY—R7v 73505 BHEIHELIDHE
N, Vb3 Rhines 1R (Rhines, 1977) IJAWBIS
TH 55T LIZBBENDOVDREN, Rhines $1RIZE
L L RENGHRNENIRE L X5/ THD, BrE
WCEIGT BICED D DF vy Thdb-Tz, BEDL T
A, HATHEINICHAEMTDINTED, VWEE, A
Z A LRBNIAEARNE LAV TRA 2RI H .

4.2. BHFEEFAOHEFOME

ERFEEDOWABET IVICE D A TEARD E &z
22—y bD—DI3, BHOBFEORETH 2, BRGH
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Fig. 10. A schematic of the near-surface current
in the northwest Pacific superimposed on Sver-
drup streamfunction. The current patterns ex-
cept recirculation gyre are adopted from Fig. 1
of Yasuda (2003). However, the notations of the
fronts are based on Roden et al.(1982). The
Sverdrup streamfunction are calculated from the
annual mean wind stress derived from NCEP-
DOE AMIP-II reanalysis project (Kanamitsu et
al., 2002) during years 1979-2004. Contour inter-
vals are 10 Sv. Shading indicates negative values.
EKC: East Kamchatka Current, OY: Oyashio, PF:
Polar Front, SAF: Subarctic Front, KBF: Kuroshio
Bifurcation Front, KE: Kuroshio Extension, RG:
Recirculation gyre.

BROFBEREERGIE, EREESLTPREETTIV
KBWTIE, AV3RISHDT—2tEy Mot X 3H,
—iic, BARA TIEENEIE THNSMIC, #it
WICBATEN BN TV, 2L TZOEFEOILE
&, BUISATHRES N2 BEIREE & HEHERICH
LY BRANNV R Ty FRROBRICAIET 5, Th,
BEANHRICHANTIETEELTLES &V, THE
BRMOBEOME] Ths, Fig. 10 I AARFHIOR
NEERLE, GRGEETVTRVNED, LHEM
R, ANV ESy FHRICH->T, HARA
DIEWTEFATERE L TV D, BHEDRMIANVE
Zy TR TER S NS EBHRBRONE T, MEEHE
EHERLIOD LA EDEICBVWTERNICEFEL, B
ANY v MROBEISHR L 2> T3,

CO FHEERFOMEORE] 13, BEPAFY
BN, BEREDTE - LLEIDHND—DT
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Fig. 11. Contours in the upper panels indicate the mean sea surface height fields in the centimeters (a) for
fine-resolution experiment and (b) for coarse-resolution experiment, and ones in the lower panels indicate the
mean barotropic streamfunctions in Sv (c) for the fine-resolution experiment and (d) for the low-resolution
experiment. The shading in (c) indicates negative values. The shading in the right panels, (b) and (d),
indicates differences between the fine- and low-resolution models (the results of the fine-resolution experiment
— that of low-resolution experiment) that are greater (hatching) or less (gray) than + 10 cm and + 10 Sv,
respectively. The center of the Sverdrup subtropical gyre (CSG) is indicated with an arrow on the left axis
of each panel. The latitude of the CSG is defined as that of the Sverdrup streamfunction maximum of the
low-resolution experiment. For details, readers are referred to Nakano et al. (2008).

brTl, £, TNOORRBORED, HEDHE
IKEREICEDLDTRELARERESML, KKREH
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B4 7 BATROBT FE 0 HARM /% twin-gyre EERIZ 2 H
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COWDHETIE, BEREREIC T, BR
HEREZBLTHI R L, IEAEEEBKOE
ENEETHALFRIN, ThHICHBT2EE
B2 LT, E@ricENEd A5iNnd, BEETRIR
CHEHBEROGEEARIEEL SR, TOBER
B, LWIEDTHoESIKERXS,

IEDFHEBEROESIC L D BRBETTIVDG

BNTEEE3 kKol LT, GRBEETIVT
BHRENZBHOBENEHTEZC LIS, &
RBETIVTY, BFAETFIVEETR, HHoER
REIMNENHZH, MR ETIVEEICKS L, &
BN+ BEMCHIEARNDT B, T DRk
DIRB IS, EEAEXOMMEORD ATKEL
ZbB T ENERINCDOI > TERN, ZTOHEHIEA
HTH- 1.

Nakano et al. (2008) Tlx, Zo FEFERFEOBgE
DORE] ZHBLENBFEABRET VB L UHRE
MICREE N BERBERETVERVWTHEN ., 2
ORI RRIG 2 EORZRZHEOEZENERLE
AGNTERD, RIIZDES AMFOEVEROHE
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Fig. 12. Schematic sketches of the streamfunction in the Sverdrup subtropical gyre. (a) The total field are
separated into the Sverdrup circulation and twin “relative” recirculation gyres (RRGs). (b) The twin RRGs
are located far to the north of the latitude of the center of the Sverdrup subtropical gyre (CSG). The latitude
of the CSG is defined as that of the Sverdrup streamfunction maximum. This state cannot be an equilibrium
because the western boundary current is unstable between the CSG and the southern edge of the southern
RRG. (c) The southern edge of the southern RRG coincides with the CSG. This state can be an equilibrium
and is consistent with the results of our fine-resolution models as well as with the observed Kuroshio Current
System and Gulf stream. For details, readers are referred to Nakano et al. (2008).

T, ASAPREICBEE, BHhH 25 R CEE
I, GiCHNT AWy R TER T ERWE
Ui (Fig. 11). /-2 DBFIRONT, BROFEDS
CTAVWLNS, THER] LV S TEROEKRDZ DK
HEELOMFICE>TREZ T eMibhb, FOEHE
ZRH Tz, BEOEICIIREAD 5 OHDBMANETA
¥Fh3 L TERENZBEEN, iBFodticid
HaRE L OEFRORD L HICK B EDWBIZE DB
B, ZLUTHEEERX D TR HEOESHREHHE
IKEDBEINTTERBR/RDFEL, ThHIEIKT
FEDRD Reynolds 75 v 7 Aic k> Tk Eh Tw
%, LPOBMEROFEER, W DI DEFELI S
Ul-URMRZDI NN, ZOHEEZFDOLEDIR, &
3T Qiu et al. (2008) % Zlc X - THFIH S & REhiz,
WSO DBRERBREBHZEND, TORAI Y
FAOEREHRR E ERHRROER T AL, BRE

RO HIRZ > T TE3HNTH D (Fig. 12),
FOVzy FRBRERICTARELGERICRSZHE
5 E, BEARFEORICILRIOBIERED Reynolds £
WKKET B ZRLT,

CORRENS, EFEBETTIVCIIMENERHTE
T, ARBEET TV TLRITBRETVTRAT2TH
D, BEBRETNTH S BENTBHEHRNBRTE
2L\5 T kld, Reynolds HITEVET &, RIGEMN
B Y IEWEEICIIBAREE T4 7% Reynolds $ihihE
BTEEVEVWS T EICHES,

5. HbVi

HET, BENRICRSTEMBRORBNERZ S, &
tvld, ROB{RT —)V (KA — )V E~F) O
RERERZ ZHICBW P - RETRROMAZLTE



20 REF 32

=iy, Boost, § - FERRICBVWTE, ThLD
R A7 — )V DHERMNEY, BELHOTENKENT
ENbhD, BLAZOMADANFEIE>TE,

BEAXRRTTNVOWEEIRDI-C AT, REINC
TRTDT—RZEFWMB N TERLLE, EFILTE
ToTWVWATZLIITRTONBIRTIZERB STV,
RRAG Tl o1, LI, BEKBRET IO
FRARED, BRBELLD, PEEROZENEET
kB oMbt E ol Tz, F
VoER Bic B, EHARRORITHOKEE R
BE 2707 S L 2F->TE, EDHEE EDEM
NG UALTWBEENLIBH, HREEZFOLD
BN VAR BB B 0IE, FOHhEKEITTIE
b oL,

TNERDHEZZHED—DOAKELTIE, F8
BEEATICINZ, &% ERBRERBROMBINZEMREN
2603, EE, BPORXERELTADE, »
o DEIBOFRN, REHFEOET IV & BENLE
FIVDOZANTTRREN TV, THI, $HRNE
BT O (FRCHOMEMERICET 2) FEOLEENY]
WKEENBHRATH S,

HIEKTIRETIVICBWNT, AAZXLDbh 5k
WEDLEEHIREOBEHDNEINL TV 2 HEDOMHEHT
12, HRBEKBRET IV OBMNBLE T, BREHEHR
TEEVEREZERTILDEBLWVWIETTHS, C
n, SHEOBRKEBEPELVLEELHERRE
5 T LA TEZRROBERBERE T IV ZANVH
REDEHRED—DOTHEEIICER B, 5%, W
BIMTEREZ-TBICE, D& EALRIC, BR
I AN ALOBRBAR ERTTDINEEZ TS,
H M

TDRVIREHE 2 BABFEAMBERZRE, #
BeBEE KB L T ES AL ELTIERED
ERICBRHRL £9, WRIARIIEENRFTRZZIR
VAT LR Y Y 2= 5 I KR AT 7EER
KBWTIThbNE Lz, KZERICBI 21BEHETH
D082/ R BKREE DR CIREB XTI, K2
BER KRR A DOEESFO AN EL TEEITT
EFERATU, BBHZHL LTET,

References

Broecker, W. (1998): How much deep water is formed in
the Southern Ocean? J. Geophys. Res., 103, 15,833
15,843.

Bryan, K. (1984): Accelerating the convergence to equi-
librium of ocean-climate models. J. Phys. Oceanogr.,
18, 662-682.

Fukasawa, M., H. Freeland, R. Perkin, T. Watanabe, H.
Uchida, and A. Nishina (2004): Bottom water warming
in the North Pacific Ocean. Nature, 427, 825-827.

Galperin, B., H. Nakano, H.-P. Huang, and S. Sukoriansky
(2004): The ubiquitous zonal jets in the atmospheres
of giant planest and Earth’s oceans. Geophys. Res.
Lett., 31, L13303, doi:10.1029/2004GL019691.

Gent, P., J. Willebrand, T. McDougall, and J. McWilliams
(1995): Parameterizing eddy-induced tracer transports
in ocean circulation models. J. Phys. Oceanogr., 25,
463-474.

T 18, HE K2 (2003): dLKFEP - FEEREHO
EFV VY. AT/ S5, No.32, 183-188.

Hautala, S., and S. Riser (1993): A nonconservative (-
spiral determination of the deep circulation in the east-
ern South Pacific. J. Phys. Oceanogr., 23, 1,975-2,000.

Jayne, S., and J. Marotzke (2001): The dynamics of ocean
heat transport variability. J. Rev. Gesophys., 39, 385—
411.

Kanamitsu, M., W. Ebisuzaki, J. Woollen, S.-K. Yang, J.
Hnilo, M. Fiorino, and G. Potter (2002): NCEP-DOE
AMIP-II reanalysis (R-2). Bull. Am. Meteor. Soc.,
83, 1,631-1,643.

Killworth, P. (1983): Deep convection in the world
ocean. Rev. Geophys., 21, 1-26.

Lupton, J. (1998): Hydrothermal helium plumes in the
Pacific Ocean. J. Geophys. Res., 103, 15,853-15,868.

Maximenko, N., B. Bang, and H. Sasaki (2005): Ob-
servational evidence of alternating zonal jets in the
world ocean. Geophys. Res. Lett., 32, L12607,
doi:10.1029/2005GL022728.

Nakano, H., R. Furue, and N. Suginohara (1999): Effect of
seasonal forcing on global circulation in a world ocean
general circulation model. Climate Dynamics, 15, 491-
502.

Nakano, H., and N. Suginohara (2002a): A series of mid-
depth zonal flows in the Pacific driven by winds. J.
Phys. Oceanogr., 32, 161-176.

Nakano, H., and N. Suginohara (2002b): Effects of bottom
boundary layer parameterization on reproducing deep

and bottom waters in a world ocean model. J. Phys.
Oceanogr., 32, 1,209-1,227.



BEARRT TV ERVZA -

Nakano, H., and N. Suginohara (2002c): Importance of
the eastern Indian Ocean for the abyssal Pacific. J.
Geophys. Res., 107, 3219, doi:10.1029/2001JC001065.

Nakano, H., and H. Hasumi (2005): A series of zonal
jets embedded in the borad zonal flows in the Pacific
obtained in eddy-permitting ocean general circulation
models. J. Phys. Oceanogr., 35, 474—488.

Nakano, H., H. Tsujino, and R. Furue (2008): The
Kuroshio Current System as a jet and twin “relative”
recirculation gyres embedded in the Sverdrup circula-
tion. Dyn. Atmos. Oceans, 45, 135-164.

Pedlosky, J. (1996): Ocean Circulation Theory. Springer,
New York, 453 pp.

Qiu, B., S. Chen, P. Hacker, N. Hogg, S. Jayne, and
H. Sasaki (2008): The Kuroshio Extension Northern
Recirculation Gyre: Profiling float measurements and
forcing mechanism. J. Phys. Oceanogr., 38, 1,764—
1,779.

Reid, J. (1997): On the total geostrophic circulation of
the Pacific Ocean: Flow patterns, tracers, and trans-
ports. Prog. Oceanogr., 39, 263-352.

GREZRLE T HBHRRE 21

Rhines, P. (1977): The dynamics of unsteady currents.
In The Sea, Vol. 6 Marine Modeling, edited by E. A.
Goldberg et al., John Wiley and Sons, 1,809-1,818.

Roden, G., B. Taft, and C. Ebbesmeyer (1982): Oceano-
graphic aspects of the Emperor Seamounts region. J.
Geophys. Res., 87, 9,537-9,552.

Spall, M. (1994): Mechanism for low-frequency variabil-
ity and salt flux in the Mediterranean salt tongue. J.
Geophys. Res., 99, 10,121-10,129.

Stommel, H. (1982): Is the South Pacific helium-3 plume
dynamically active? Earth Planet. Sci. Lett., 61, 63—
67.

Tsujino, H., and N. Suginohara (1999): Thermoha-
line circulation enhanced by wind forcing. J. Phys.
Oceanogr., 29, 1,506-1,516.

Yasuda, I. (2003): Hydrographic structure and variability
in the Kuroshio-Oyashio transition area. J. Oceanogr.,
59, 389402.

Warren, B., and W. Owens (1985): Some preliminary re-
sults concerning deep northernem-boundary currents
in the North Pacific. Prog. Oceanogr., 14, 537-551.



22 REF H2

Studies of Mid-depth and Abyssal Circulation
by Using Ocean General Circulation Models

Hideyuki Nakano *

Abstract

The author has mainly studied the mid-depth and abyssal circulation in the
ocean. The topics include formation of deep and bottom waters, wind-driven
mid-depth zonal flow, eddy-driven zonal jets, and the problem of western
boundary separation. This article classifies them in terms of their temporal
and spatial scale, reviewing the effects of watermass formation, wind forcing,
and mesoscale eddies on them.

Key Words : ocean general circulation model, mid-depth and abyssal circulation,
problem of western boundary separation
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