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Fig. 1.
model. After Hajima et al. (2014a).

Components of the MIROC-ESM. In ESMs, biogeochemical modules are coupled to a general circulation



ESM DBk & g e R R € 7L DBIFE 33

~NEIFN, EEKOBRICE D R TRENFE LT 5,
D7, REGEROBMIIE, EYEESHHLE VS
TERROBBOAL LT, REEOHEESCERBKDOE
B BA L o I YLER, X5z n s oL E HE
THI PRI D,

ESM % - B EE TI1X, K&FD CO i ES -
VA%LEZ2IET, CORERRICE 7% 5 i#rEORE
oD CO, WX &, FEkoSMBEZEE) % THIT 5 Z L AYAHE
Thb, FHIBEETVHELLEK ey =7+ (Cou-
pled Model Intercomparison Project Phase 5, CMIP5,
Taylor et al., 2012) i S 7z ESM D EHERERIC X
i, EEES U4 TH % Representative Concentra-
tion Pathway (RCP) 26 < i 21 thidshic 03-1.7°C, &
IRIE Y F U A TH 5 RCP8S Tl IR 26-48°COK
mERESEZ 2L EED 5N TWw3 (Jones ef al., 2011 ;
Gillett et al., 2013;IPCC, 2013), &5i2, ZDEEDR
B CO Ptz A v, R CO PRt REICKL, Lo
BEOSKRLAPE 202 [BEELFH T L,
ETNVETRELRESLDEDH LI ENHEIN TS
(Jones et al., 2011; Gillett et al., 2013;IPCC, 2013), €
TUEDIXSDEDHKNZLRE EDEET 5 L%, &
BB o T 5,

ESM % H\w 7- RiE o geic KhiE, KRRt s i
72CO; D35 b, HFEPHIHICE > T hAENS CO, D
HEEF—EDEE TR, REATD COy IRED L7
SAEDIRFEIC X o T2 L, REHD COy REICHET
% (Jones et al., 2013), #ilz1Z, COq EEEDEIZ, B
o Mt ERRR O EY R ER R L, F o RKEERT
D COy FHEZEZEMT T LI & W #ED COp I Z i3
b, T, AW LHEHER, CORED LA ZE
¥ % & 51T % (Friedlingstein ef al., 2006 ; Aro-
ra et al, 2013), —7, SRBEOZ{D S LB X -
TH7eb 3B KmPHRMLOSR LA, EERIC
BB E NS 2 L L bic COy DHFAKITH T 29K
REZK TSRS, 0k, KEPHEMTOLEL
FiE, REH D COy i RAICHHZ 22 2 71 E
T3LEZ 65N TWw3 (Friedlingstein et al., 2006 ; Aro-
ra et al., 2013), 2% b, WAREI O & CH S
N7z COx 1T & W REAH DRFDIEMT 225, £ DR
M 270, B EECORFERONE, Thbb,

COz IREIIMADINE &, B X 2 [IBZ L~ DG
EDWRIITRET %, Arora et al. (2013) 1%, #HE D
ESM #HWwT, Z0220I6&%80 5 %720 D%
ERrEERL 72, 20K, BERLBEEzALE 2L,
IR DIGE X D b CO IREHMADIGE DT E &
Z A5 R E L, K R EB LA DIRE DN E v
T EDPbDoT, WK D CO, B IAATEDEIRIEE
fElx, B 22N LD DETNVHETOIESDE DN
XL, ETOVOAREERE IS WEEZ SRS,
Lo L, FRHEREO—MBE T, ZoOREESVH
7TV THEELE 5 Tw 3 (Roy etal, 2011;IPCC,
2013), COFEAMIHLE EFNVLENSHLOBEL Sh
Tw3,

2.2. BED CO, BU)AHKICED K 5 BKDELMEAL

SETHRNTE &SI, REH D COz AT &
b HBRIRE /LS S SR b, L L, BEHEn s A
i CO, D5 5, HE, B2 1/3 2HAKICRINE 1
TwaE RS 5 TWw3 (Sabine er al., 2004), CO; 1
KT ERIGL, —8Idk#EA A H L RERAKEA 4
v HCOs & 72 %,

HQO + C02 d H2C03 d H+ +HCO37 ( 1 )

ZDKEA K DA, WEKTFOREEA A v COsE
ERIBL, REBAKFZEAF 2D D,

H'+COs> — HCO5 (2)

DFE D, WA COHIAEND &, KEAF VIR
EDEEMUCpH2ME R 5% & & big, REEA 4 Vg
BT 5, B ERMLTH S (Broecker and
Clark, 2001 Caldeira and Wickett, 2003), FEEiILA
AT A T oBlli X, KRR o CORED
&bl o TP D CO, BHEL LA L, pH 2MET
L Cw3 (Doney et al, 2009), FEZEHamDIE, AHOD
CO HEIC L D s o CFERE O pH 3B L Z 01 KT L
LR 5N TwD (Orr etal, 2005),

R OEY DS b, Wiy IR, EEY T, H
B, BREEA L, B EORO—EBRBH LT L
CaCOs cTECWwR®d, AKMEYL XiZhd, T
T, REEH VY LIZHEKE O REEA A v COTERD



34 A - B () - B

I KInT %,
Ca® +C05* — CaCO; (3)

REEA VST LHBETHLIZL D BIREICO VLTI,
LIEUIERBA NS T LOFEETH DT ITFA MED
VYA P DORIFIE, Qp £ Qc, TRESNG, Thbb,
WEIMTH 500 >1 (Qe>1) oiFKITE T, 1k
EHNCT T FA b (B4 b) AL, KA
250:,<1 (Qca<l) OiEKPTIX, BET 5, EB
WA RACED D RERCHEICB O THELZZIT 5O &
Qc, DHEAfEE, L, AERBEBT LI LER
5N T3 (Kurihara, 2008 ; Kroeker et al., 2013), Z
NoOBMENTIIChhro T3 LIZE ARV, ’E
Wb D S 672 2HEfTICE D sv, REEAH V>
Y LOFEFENEA T 5 &, AIKVEYORES AR
RELWEBEZ T b LEEINTHS (Orr ef al, 2005;
IPCC, 2013),

ESM DiFEAERER T FIVICIE, KREEREERIHH AR
EFNTED, FERORTTO CO WEMME, Zhic X
DEMBEECE b T, OB - RS T, LOREE,
PRGN UMM DHEST § 5 0, E 78R Qa,y,
Qe BEDKIICENT 202 FHT 52 LXHHETH
%, 5%, 21 idKE cic, ABEIC X% CO, HEHED
mu, K=o COp A 800 ppm % ik 2 72854, ¥E
KD pH 284 & 0 03-04K T2 L TFRINTVS
(Orr et al., 2005;IPCC, 2013), Fric, AuhifE < ik
DREMAIZ & b 72 5METED COz HLD IAB DI & WA FRA
DM &b, WEBEAIMbOWHR L b R —2T
IO 7ITHA FORIREQL 2WARNIC S LEZ
5N T3 (Yamamoto ef al., 2012), 7z, HEEFEO
IKEE 200-400m ETH, pH2'B & Z 035K T 9 25w
et st 2 3 & FHE SN T W % (Resplandy ef al.,
2013), HUEiCHiR7-& 51z, REOEFEL, FEKD
WHARZ, E—FKOEHK, &20IEHEEYOWREL
W 7ERIC K D HIREANEIIN D, SEIE, KA
MD% v, s 0@z #EYIicE 7L T ESM IC
AR E & DT, WBIEEY - FRAIEELZZ T S
Qar £ Qcy DEEIZOWTHHHEDIC LTV BEDH
%,

2.3. ESM (ZHT5RE - ALRIESIBIE

W, REPICHE s e AsstlEo CO, o EK%E
TEYEE ) CTdH B, BIfiE CICRTE R L ST, WED
CO, 24 2 & T, RED CO IRED LAFREM S
B0, WHEOMMAIZETT 5, SR OKMELE) LifETE
wRFEEROZA, 2 LGB (LOMETTE2 T 5 7
DIz, EEKDOWAAARR, BREEOFHEICED D
E— FKDOIEHK, EHYIIELREICE bR S REORE
OB OEEE T T OVN TR L BAICRET
CENEEICKR D, L2LAYS, GEYOEEERIC
D I KM 4 5% » (Falkowski et al., 2000;
Boyd and Trull, 2007), %7-, ESM ic Xk 2 RA&TEEE
DB D MH L LT\, Anav et al. (2013) i3,
CMIP5 €7V CHE SN RABEL L, Z0FH
ZHOMMENMZEDETF LI EE L ZHBHTETV S
OO, RIELELIMHEICIRERIESDENH L &
%, ETNVHEOHEE LTHEIT w5, £/, FEE
I NI RFFIIREARDBAIC L b 7> THURE~
L9205, ZoBAREMEABRRICLE DR L,
5 DEDEHRIC K - CHIERI SN, ZDd, HL
REOWEDMIZ, KEXCREZOIEERZ 5  FlfH 3
%, ZOFEIIRA O % R T EINERE D M5 1R
122w T, MIROC-ESM <%, Tsujino et al. (2000) ic
L BRI DOBKTT RN AMHRHB SN T 5,
LU, EBEOWBIETIE, WY e KSEELEIR O
NER I Dk, =1, Wkict k- 7T, IREDMEIC
FELOWEBKELEOD L LD > T0E (FlxiF
Polzin et al., 1997 ; Hibiya and Nagasawa, 2004 ; Water-
house et al., 2014 ; Whalen et al. 2015), Oka and Niwa
(2013) &, #AW =2V ¥ =A% B L CTHIREAEER
Bz fa Bz, oI b —%—L L CHEHTHE
KL TH S OFGERF 2 78 3 R E R AL E L AIA A,
WERIERE TV KB L 72, Bl X, REIER
TFHEEBICEH OIFKDTFET 525, COXI otz h
BT 2t ESORITKET 2HERDSHEIREHIR
Bt clded, IRTLDMEIBRE AT % 5 2 5 04
FERH B EDPPHLLICE ST, 2D L, ESMICE
CTHEEIERZ £ D BENICHEERT 27201013, 3K
TLDSREILHARE D 2 AR LMD H 5 T L 2R



ESM DBk & g e R R € 7L DBIFE 35

LTWw3,

Cokok, HEDORE BIOXATHNZERE
Z DM OYVE OIEER D FB, RO MR IE O T,
EHICRBEEMDFHID - DIIE, BETOIEEE R
R A BT X — & —{L L TERIEE T VI AR A,
ESM 0 B%2X 5 Z kb bh b, T THRALLHE
O EILBURE ORI O W T ORI, $H s E
FUWEEHDO 1 2TEHE2bDD, EFIVICLH> TH
W 2P EERSCAEG 28G5 2 EcHELR D
DTH D, HAMEIRMZE R AeS ORI - WEE
B - R - ARRER OMER & REIAZBI OMEA, <X, i
FEOMYELERIC L b 7% ) BRSO, MEDh
WDOWT ORI Z PRI TwE, 250 T
BonsiER%E ESM IcHlAAA CTEREIL, #lZ1, #E
KOS OBIHKAFT 5 SHEIRHUR B i 2 v 7256
LR AT 5 2 LT, BLIRIRA QMBS EIE
BERAMEFICE VT ED X I 22 L OIS IC
TEHIENTEDEEZLND,

3. #ULL ESM BAZICEF 72HR V) A

31. BFBERIVPEZIRFB/RNOZE

ESM % H v 7 5flfifze ¢z, £6 (AL L RkHE
EROBBAEHINTE L, LarLass, {LaRE
DIRBEIC & > T S 2 BRI (N,0) b IRER)
REBED12TH D720, RATOERHR YD HEH T
v, ZhiCinz, CMIPS ic#H & h7- ESM i 5
ZHEL LR 5, HEEEOHIRER L L CoEH
OBREOEEEDIEMSNIZL O T3 (Arora ef al,
2013; Hajima et al., 2014b)., W37 S / ik & Mg % 1F
BLEICER2MS, o), BRIZEYO LG
OHEFFIC T H % (Canfield et al., 2010), L2 L7
5, HARIZB I 313 A EDEFEF, HEME (Ny) ©
EThHs, ok, EYICHHAELREOEHE (7
EoTRBERCMBEEE L L) 344, LIFLIEE
(Y757 b y) PRI & % HBEA 7 O HIRZER
ElxoTwb, Lo, FIHABAEREDH D X
IDPERAREL BT NIR, FB2ETHEANLEEEL
ST BHEE - BEEERBROINER, ThiCEb O

TE - BT & B IER IR BRI IS B & A AT REE A
Hb, LB 20 MHLOHD L5, (LA D AERE -
I & b @R KGESEZESB AL T3 (Gruber and
Galloway, 2008), L2 L7%d5, ZhEFETDEHLD
ESM ic BT, B - W2 6 0 BEEY DAD
EEIN TV ol, TDd, FRICEYEENEL
CEVIREETIE, EEETVOMRBRENMEN L dH
b, BEREEERORZEM S TAICHEIh TV L
B e (45, 2016), AMTEEHICE AW, o
KO WCHIERBREE 2L L, ZNICAERBRDE I INE L T
W, SHICBFREDK S CEFHT 2052 HE 2 IC
TH7-0IC, BIEFTCIChR7L51C, WESE2IEL L
THIRTE, »OoERMBRLVBICHAAE N2 ESM DR
Fiz, HWiENEE 5N T3 (Hajima ef al., 2014a; 7%
5, 2016),

i T¢d MIROC-ESM (Watanabe ef al., 2011) ic 8
2R AL SR - EIEER € 7OV OGS IE, W
PUTNTHoT, BRIEREKLEL, W75 27 b
v, BT by, FRUS R, WEBED 40 D%
icowToETIL (NPZD €70, Oschlies, 2001) i
RIEREEZHAAALZ DD TH oz, TDETIVICIE,
M RAD 6 OERWA / E, EXREEREICLS
SBREEEE, MAEDIC X HEEE R ELHAREN
T ol iz, WEEDT, Io3Ew 7oy 2
b ORIE (BH) BHSICHERER TR S EIRVAR
hoiz, LHENEREEL GO ARG, WiEod
R - WEERICRL, C0k ) IcEET 202 HL
MPICT BDITE, TS OBEIETIVICHAIAEN
T3 I ENEEICR B,

Sol, RYHEEHA KA T 2EMT 57 F v D
WAE (4F) 1%, MR, VRS R L OMETE
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Fig. 2. Annual mean global chlorophyll distributions
(a) derived from SeaWiFS observational data and
obtained from (b) the old and (c) the new MIROC-
ESM. After Watanabe ef al. (2016).

IR L 7B Y oI E % TR T 2 0B H 5, HH S
Vi, RdE-RFIER-EFRIEROM A ER % AT
T’HEWTELESM 2T ICHD, HLWIEF
HAEEBRET VO LIT>T0E, REITZDOHNRIC
DWVTHNT B,

3.2. BEERRETIVORSR

P 5 (2016) 1%, #H L v ESM (X1 MIROC-ESM)
OFFEICIANT T, ZOMEERRay RA—2 v PELT,
PROGER - U VOEBR - MRRIGERY 7 AT LR H LW
REFLEHIEL VS, TOEFVICIE, EEL-Y
HEBREZEET 20 L LT, EHEETEEZHI
ATW3, YT I 07 b v B & OV FHEE RO B
(4£F) ®EDEKIZ, Keller ef al. (2012) 241 L Cff
ALTw3, 22T, U757 v BIOEEEY
DERAZEHICHNT 2, £7, YT 27 rEX
VEZETEYO X T v v VEERE, Jo™ o™ %
zhznh,

](r)nax — ae(T/Tb) (4)

max — ¢ max(0,a(e/T) — 2.61)) (5)

LT 5, mAREERE JO" KR (T) o AKEL
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Fig. 3. Global distributions of the phytoplankton
growth rate estimated using (a) shortwave
radiation, Jp; , (b) nitrogen, Jo"**NOs/ (kx+NO3),
(c) iron, Jo"™*Fe/ (kp.+Fe), and (d) phosphate
concentration, Jo" PO,/ (kp+PO,) (Eq. (6)) at the
sea surface.
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Development of a marine ecosystem model
to be embedded into an Earth system model

Michio Watanabe'*, Maki Noguchi-Aita? and Tomohiro Hajima?

Abstract

The emission of a large amount of anthropogenic carbon dioxide (CO) changes the global
carbon cycle, contributing to temperature increase as well as ocean acidification. In addition,
the global nitrogen cycle, which is perturbed by industrial fixation, is thought to affect the
global carbon cycle. In this review paper, we first introduce how the natural environment
changes owing to CO, emission and nitrogen fixation. To project future global climate and bio-
geochemical changes, an Earth system model (ESM) including the global carbon and nitrogen
cycles is under development. To embed into the new ESM, we developed a new marine eco-
system model that includes riverine and atmospheric nitrogen inputs as well as iron and phos-
phate cycles. We briefly introduce this marine ecosystem model. It is well known that the mix-
ing process in the ocean controls the water, carbon, and nitrogen cycles. However, in the
parameterization of diapycnal mixing employed in ESMs, the physical processes causing mix-
ing have not been well considered thus far. For further development of an ESM, a new param-
eterization is required.

Key words : Earth system model, global warming, ocean acidification, global nitrogen cycle,
marine ecosystem model
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