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WRPE, GUIEMW TS v b X AR, wid
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Fig. 1 Schematic diagram of a nitrogen-based
model of plankton and nitrogen cycling
showing the compartments and the modeled
nitrogen flows (adapted from Fasham et al.,
1990).
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Table 1 Model parameters (modified from Fasham et al. (1990) and Sarmiento et

al. (1993))

Parameter Symbol Value
Light attenuation due to water k., 0.04 m™
Phytoplankton maximum growth rate Ve 294"
Initial slope of Photosynthesis-Irradiance (P-I) curve o 0.025 (Wm™>)*d!
Half saturation constant for phytoplankton nitrate uptake K, 0.5 mMol m™
Half saturation constant for phytoplankton ammonium uptake K, 0.5 mMol m”
Phytoplankton specific mortality rate Hy 0.045,0.09d™
Light attenuation by phytoplankton k. 0.03 m* (mMol N)’!
Phytoplankton exudation fraction 71 5%
NH, inhibition parameter v 1.5 (mMol N)™*
Zooplankton maximum growth rate g 1.0d"
Zooplankton assimilation efficiency B, B2 P 75%
Zooplankton specific excretion rate U gra’
Zooplankton specific mortality rate Us 0.054d"
Zooplankton half saturation constant for ingestion K; 1.0d"
Detrital fraction of zooplankton mortality Q 33%
Ammonium fraction of zooplankton excretion £ 75%
Bacterial maximum growth rate v, 2.0d"
Bacterial specific excretion rate U3 0.054d"
Bacterial half saturation rate for uptake K, 0.5 mMol N m™
Bacterial NH, / DON uptake ratio n 0.6
Detrital breakdown rate Uy 0.054d"
Detrital sinking rate 14 1,10md"
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¥, Fasham et al. (1990) OHFITES &, (26)X%
E25HZ L THERTE %, Fasham et al. (1990) @
EFNTIR, R L OBEOWATR VD, Rt
WO (7MY 5 AW BHHI LEEZEET
5L, EREEBORMEILZAFEILZbD (Z0E
TN TIEEEREORHZEL) WWHERERRFEOMEZRIME
MT&%, ZORE, TMI)yAOREEHYT T >
7 N OBERIECD) bAMEnTIksb0 (4E
T TIRRRA (BEFVEEAN) ICHg S h s L
LTwa0T22)XITIFHNL TR V) OTHZITH
BAHOT, EFVNTHERIIRAFAL TS EEZ LT
LB TE S,

d[PHY +ZOO + BAC + DET + NO;s + NH, + DON]

dt
_d[PHY] , d[Z0O] _ d[BAC] _ d[DET]  d[NO/]
dt dt dt dt dt
d[NH,] , d[DON]
& @
= - v2ETL o,,1z00) (26)
zZ
3.2.2 HRZEFNTHNSIS X —ZREDH

B AEREFTVTCHWL NI 2A—% BlziE, 3.1
HiDETIVTOH: Table 1) IZDWTiE, 1) FERIZ
Lo THFREDNRTG A=%D, 2) TNFTOKL
BB S 5, 5 0IE3) T 7 IVEFEZ BHIMEIC
FALT 22 EI2E VST X—F iz b, Lol
SODYPENEZOLND, EOTENRD LVOhid
—HEZE 2 VA, EBRETRDL [H2EHEOHE
BRTGA—5 | BNEDOF FEBOBEETHEITESLZ
LI HnWT l, ERICK S TRODLIENTELZN
NG A= HERREFNVICIIEINDL I LEEE 2
b5, TNFEFTOHANLEZONLINT X —F #fiH
IZBWT3) OFEEZHWTRNTI A=Y 2 RETLHH
ERRLBEBWIPOEHNTHL LEbNS, LA
L, SOX)BHEEZRAVLDITE, T A= %
R TEZZTOTHHBNT— BB EE LY, E
B ZD LS IRWTH A2 L DITH) Bz DT,
1) BXU2) OFETHIA—FERET LI LD
%\,

4. SEREFTINVOFEEEDL L
BB RIR R OB
C TR TE R [HEWHEIRBRITZE 2BV T
ARERETINVEMHT 200 28ADOD, 5RO
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FE~DOIBHE RAIEZ T, LT X)) 2% %801
72w, FhiE, Fasham et al. (1990) DEFL DL
HNCEERBE WM, 7w o) oxzf)
R L THET VR, OETLRICOWTIE
Ly F74 =)V FHIZIDERTZ LW HETIEH
HI2ZL0TE2wENT—5 %, hodmRizo
WTHBIRMIZTFHTE 5 4EBRE TNV %2 H TR
LTWAMERTH S, SNHDOMEH%2 R THEL S
i, BAFOERRETVEWAIILTHHEL, &4
PN L 724 R AT 2 D0 % E 2 57200 B\l
Bl arEEbhs,

4.1 [BRATF—2%2HAT 300N ORLYMH

BREIANDEREREFTIVOERS

Z ZClE Mills and Arrigo (2010) OWf%E%, T O
BEoBE LTI EiF72v,

RIFFE T, [ZRBEEO—>TH 5 WEHH K
SPEHEBATIRICB VT, IREAIC X D EF IS
LROIEERE, ) Y BRIE (N/P) AMEoZEIC X
DAR &) FRERS, SO B R EEHEIC LD
E)CHEBR 52 500] #iRL72012, AERE
ThEHW, I TEREE LI, EBREEEDIC
L FREZVAEREFEWEHR SN L%
W FBEREEEWL, BEEERID DD
THEREA 2 CTH ) VB Z AT TE % & v ) 5o
Hbo IR TFRHERNBICBWT, BREEAICLY
TR SN BKO NP I & v ) FHFEIZ
Ly F74 =V Rk FREINLIEHEY
(xsP) (=[PO/7]-[NOs1/16) IEFEH VW L5
HETE% (Fig.2)o BRMEEAEMBZ D xs P % Fl
MLTERREERIT) ZENTELDITTH S,
xs PAX R L7, B 50 2 V6 S 1 i &
NTWRIZIZEAL RS ZSTLE ), B LERD
W¥7s5 Y27 Ly F74 =0V RIS T
xsPZMHT 5% 513, xsPlREVIEETHRESR
53T THLH, Ly LERICIE, BEIPSEEND LT
CWRHLHoTLEIDOTH S (Fig.2)o Z DELH
Ty EREEOIFTLNG L, MEILFEHEIZZ OEN
F—=7 EHAPT L2012, TI22008HE B wo
{THHHo —2IF, o727 DX HI
BRI (ST TR 2 LEE LeVERE
TEYExsPEZHEHBELTWALEVWSI T ETHD, L
ML, HBESTIIMEERD L RER-> TV 0
T, BEREAEWIEBEOAEREDSH B XD ICIERZ
v (Fig.2)o L7208 THIOFWD WL 74 5.

ZFhE, Ly K74 =V FRIEDRVRY TS~ 2
FYONPHY AARLDOHEIEZTEEVIITHT
bho TbbBEERTEEWIMAT, [HFEAD
DR WCHIER THE S L, v N/P TR
ERYALHREORVERE] &, [HRETDHHHT
S L OBATIE DL XL OO A REBRTES L, &
WN/PHTREHZPY) ALRKEOEBNEI YT/
NITIUT) 2Fz25E, BlllT—23HTEZSD
TRV EWVWI T ETHDH, TNDARMTE THGE X
NARXRHTH b ZORIFWIAT L7012,
Mills & Arrigo (& R R I8 2 KBL L 725
Ry 7 ADHEBRETIVEME L2, ET VOB
X, Fig. 3ITRT BN THbH, IREEHE L THE
ot (RHERIE, V) VW), MW7 Z o U3t
HOGEEE, Yay 7 /Ny s) 7, BFEEELEY)
BOEHEBEOR6M%E % 2 7z WHEBREIRE 3B
/N (OMZ) DRy 7 ZADAKRT, LA DIRIELE
BB E A 8 (upwelling), B 17 I (transi-
tional), #4281, (oligotrophic), ¥&iff (deep ocean)
B OBEBRNEDO KRy 7 A TFRENT. B BBIT
& AR TORF OLREILIRER v 7 A DKFEE
EEICE L w2 e L TW5h, Fasham et al.
(1990) DEF NV LIZRLY, [BEEE] & [k
LR TS v b yHIZK BB B NPE Y AR
Wl #Z2Cnw50T, MESRICMATY YBBIEL T
MITLUEND S, HER Y 7 AITBITHIRELH
B) &, EWILEBI &5k - ks (B
LRy 7 ARG - REEE () 2Z U TON
TERINS,

OB _,,, dB
ot 1Bt g (27)

FNEFNDOERY 7 21ZBWT, & TS5 27 v
BfERP =1~3, LEHE (diat), 2¥ 3> 7/
N7 T T (pico), 3:EEREEAEY (diazo)) DI
WZALZ, 1HSZV MW7 I v 7 + v OB REE
(), HERILINIHEG (E) ROEhZThoKRy
JANGIHB 20 IS ERESINLEE () 2 H
WTHLTFD X HIZERMb L 7=,

dp;

de
LBWWT 727 Y OEEKEIZDOWTIE, Fasham et
al. (1990) DEEZREF VO X H IR HEHEIC K
BHIRIEE 2 Th i,
FRRBEREIUTOL ) ICHE SIS, EF

= wP;—E,;P;—sP, (28)
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Fig. 2 Distribution of surface excess phosphate in the surface eastern tropical and subtropical
Pacific Ocean computed from World Ocean Atlas Data. Low nitrate regions are indicated
by the 0.5 mmol m® concentrations isolines. The reduction in excess phosphate as the sur-
face water moves offshore has been attributed to nitrogen fixation. However, most of the
excess phosphate disappears where surface nitrate concentrations remain high, that is,
where a competitive advantage for nitrogen fixers is not expected. Using an ecosystem box
model, Mills and Alligo (2010) show that non-Redfield uptake of nitrogen and phosphate
could also explain the observed phosphate levels (from Koeve and Kahler, 2010).

WINTORIRFEEIFIIMBEIE (NOs) &L, VU UHf
(PO XZFNZFhoti7s5 7 b i LTIRE
ENZNPIY AR (r) ZHOTEREINS,

diO. ZP (B~ ) (29)

d[P04] ZP (E ,UJ) (30)

k%77/7b/®m§L R LI NS EG
BRETHIENRHELVDOT, UTOLHI2(29),
BORELELL, XBEOKHMELZEY TS > 2
M B RO, MW7 T 7 N SRR
EEhrHEGOHEICEZHZ 72 ((81), (82)). Hiy
777 b B RORMEIIERE T — 2 2 50U
L, &BfER~DE TSV 7 b Y HOESRIZEH
F=F OB L, 2, WWT 5 o b sk
B2 XN EE DR LI ER/NE (OMZ) DX >

BV TPIMSND B RFIREOBINMEICZ L 5
THIF L 72

dmm] ;
Z(dt +8,P) (31)
dpP;
3 (7J+Sfpj)
d%?d=—' m,} (32)

XS IOV, BERBEEEWIC L - THE
SN TIRER DGR % 2\ TRBRIOR % @ %
ERBWENDH D, 22T, BEBEEWDOEZEON
DIRAD S B RREFRICHET 5EE (kny) % (33)
KoL) o b L, SEHRETHEWIC X B S EH
B (p) 3BHRTEEN, Thbsz2HwT@B)R%E
(85) XD X H IR L7z,

Kno=ae (-b[NOg]) (33)
D= Kxy (% +E,P,+s,P,) (34)
d[N03

-3 g

-(1- KNz) ( 3+33P3) + EaronoPs (35)

(B3) KD a Kb IZDWTIE, MIEDRAEIZERKE H
WA EIREEINTV D, Z ORI IR AME
WIEEERBEOFGNPREL AL EEERT, £
72, MBFEM/ANE (OMZ) TOBRFMFERE (0) &
UToXowesftshs,

d[OZ]OMZ S,P,
dt E()MZEOzPJZ1 rj (36)

ZZTCTEoz i OMZNIZILEL CTL AW T 5 > 7
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Fig.3 The eastern tropical South Pacific Ocean
(ETSP) five-box ecosystem model. (a) Dia-
gram showing the flows between the differ-
ent ocean boxes (denoted by solid arrows).
The difference between deep flows into the
OMZ (oxygen minimum zone) and out to the
coastal upwelling box is equal to the advec-
tion of suboxic coastal undercurrent water
into the OMZ. Sinking particulates from the
transitional and oligotrophic boxes do not al-
ter nutrient concentrations in the much
larger deep ocean box. (b) Schematic dia-
gram of the ecosystem model showing the
relationship between state variables and the
principal fluxes. Nutrients upwell only into
the coastal box (from Mills and Arrigo,
2010).

P OBEBILENZEE, Eor 3HERLOBED
L) okt (02P) K7,
ZODEIIZERMENLEFIVTERM TS > 7 b
PONPWYARKL () ZEZTYIalb—Yav
AT o720 FOFEFRIL Fig. 4L Table 212775 & B D
Thbo WREARTEL T2 MEHEEO R WEHHEO
N/PHUD AR ALK L, BT L B2 CH
HTAREREDRNE IS T I NS 71 7O N/P

S B

Wy AR ZE25E LAKERD, TNEhORy 7 X
TOBHEEZ D > & XKHIT LI LD 5h -7
DFD, Ly F7 14— RERIZHED R WEEIETID A
AEEZ DI LICE>THIMNT— 5 %2 LT {HHT
&, WOICEZ A SBIT— 5 2FHAL) B2 L
Bohoize T, HFEAROKR Y 7 ZITBIT 5
FWxs P&, v N/PIUY AR & RO EEBEDSH
THZELIRRL TV, 20L& TOERRBE
WEDOFIHEHEREE, Ly F74 =V FIE (res.=16,
Toio=16, Ta=b0DYE) & H 2 7-4E L H_TTFwn
SANEL BB b5 o7 (Table2)s bHAA
EFVDPBNEZHRTE 2 L3 FotIcTERw
DT, EFNVTHCIME Bz, BABTONY
TF 7 bONPIY AR, BATH, BHRER
WCToOWWTS 7 b ONPID AR, RUZE
NZENDIEHETORM 7S > 7 b0 X b 3Rl 85
) RLFET LA B T—5) 255650, TV
DEEF [ E A & BRI L2242 00 5
VERHLDIEF) EFTHHV, LAL, AWFZEIEAE
BREF VOB T — & 23T 2 720 OIRFOBGE
WHHITEA 2L 2RTEIVBITHS ),

4.2 BAT—-2ORBEBRCIREEHEANOERERT

T IV OERH

Z I T, ZOBPAHOBE LT Fennel et al. (2002)
DRFFEZ Y FiF7zv,

AWFFe I S FEE BRI B W THE SN BT —
o TWVb, 41HOFTHHTE-EREE,
RSB 2 ERFEHOBEELBARTH L, 20D
SREESHETORKERITHEL 5 2, TOMKE
KR O WAk FIPGSHF S LT 2 ] hgMEd
Hbo o T, WHEERBENS KK ML iK R
WCHZDWERZRARDLDOE BB E LT, KM
EEFLIBLI-HERERETVEHART LI EIZEETDH
D, ZORSREEHNE LCTARIEIZITDI, AiF5E
T, BRBECHBLTH Y, KRHIO LY HERILEEY
T — % H3¥ii o T BB E 5 St. ALOHA (22°
45N, 158°W) 2B W, ZEHREE % WHRMIZER
L7-ARBRETFTIVERS - @HL, ETNVO/NT7 4 —
RUARRNR, RATF—va VERBTOEENLEE
BT

ARERET VAL, SRE—ROCERAEE TV L
HLTHWZ, ZET2REEH (B) oREZE1L
i, UTok)ickshs,
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Effects of phytoplankton nitrate/phosphate
(NOs/PO,) utilization ratios on PO. and
xsPO, in the eastern tropical South Pacific
Ocean. (a) Mean annual values = s.d. for PO,
concentrations (mmol m™®) and (b) the ratio
of modeled xsPO. to observed xsPO. (from
WOA 2005) for three surface boxes using dif-
ferent elemental ratios (r;). The grey lines in
(a) represent observed annual means from
the World Ocean Atras (WOA) 2005 (Jiang
et al., 2008) and the grey line in (b) repre-
sents perfect agreement between the mod-
eled and observed xsPO.. The associated
standard deviations of NO; and PO, used in
the calculation of xsPO, are propagated as

S.d.xspoy = ﬂs.d.NO3) *+ (s.d. P04) 2
(from Mills and Arrigo, 2010)

OB _ 0 (4 0B, dB
ot oz (Kvaz) +dt

T CHBAHE IR (K (X8R IE R ,
B I AL BRI X B A - HIRIETH B
AW THWAERREF VL, RELHEE LT,
W7o 7 b ot (BREEAEY, Tofio
Wrsvo b)), 7S s IEE, Y
y oMM (8BF, V) ROFREHEME (BFR
#¥ (DIN), Y v %33k (DIP)) o &7 % % 5
(Fig.5)0 22T, EFHEEYoER Y V1
(N/P It) 1345iikg s, ZnDitofim 7o »
s hVETMTSI U P UON/PI (14) L IdR L
NG Z5NTn5h, DF DERBEEAEMD [HE
WY AR, KFER UM O [HKEE K OKT b
VYA ~NORBEOLTD, FotoTSs 07 Nk
BRLLIERERBLTWEZ EE RS, TFIVHIPH
FHETEERIE D 5 KES50m & L, WEETFT VO
&L CHDBUGTT, Rk, SRk OB & v
7oo EERMEEMER, K (T), Bish () RO
DIPBEIZ X > THIBM S TBY, ik, EE,
HDIPRECTHENRL 252 LML NTVRED
T, E@FREEEYOLR (P) ORMZILE, 4.1
HoBloX 5 IZHEitLzboTid%e B8R0k
I NZFLIR L7z

@ = a(t,z, DIP, T, T)PD_,U1P5_,[12(PD_PD,0)

de
(38)

(87

CCCHAE -HIEREEEWORE (012(39)
KITE D RKSINBER () - KB () ITBT2H0EK
AR IRE ISR T 2 HIRE ZE L 2R EHREJ,
DIP IR 3 2 HIBRBI % @ K OUKIR (T) - IS T)
(1) o BHIBRBEES LV E5), X
(VTP R ) R ONAE = I MG IE (|3 A FE 3,
P 3 B EEEAEW ORI E) 2EKT,

o=J (¢t,2)Q (DIP)S (T, 1) (39)

J & Fasham et al. (1990) OEFIVIZBIT 5 (4) K
ERUEA L, @ X DIPEREDOADI AT A - R
YFURTRBEN, SEUTOLHIIZEEINS,

1
3

% (tanh (2(T-T.)) +1) + %

(tanh (2(T=T0) +1) + 3 if 1] < 1
S(T,17)=
if]7] > 1o

(40)
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Table 2 Comparison of N.-fixation rates in the three oceanographic regions under the different
N/P utilization scenarios and assuming that diazotroph consumption returns xsPO, con-
centrations to observed climatology. In every scenarios, N/P utilization ratio of dia-

zotroph is set to 50. (adapted from Mills and Arrigo, 2010)

N,-fixation rate {109 mmol yr'])

Oceanographic region Area(10°m?)  N/P=9,25,50° 16, 16,50 16, 25, 50 9,16, 50"
Upwelling 0.22 1.5 2:1 2.1 1.4
Transitional 1.07 7.2 14.0 15.0 6.2
Oligotrophic 1.59 12.6 53.0 58.4 73
Total 2.88 21.3 69.1 75.5 14.9
Mean + s.d. 71+56 23.0+26.7 252+29.5 5.0+3.1
Relative to N/P =9, 25, 50 1.0 3.3 3.6 0.7

*Diatom, picocyanobacteria and diazotroph N/P utilization ratios, respectively.

Dissolved
inorganic

Dissolved
inorganic

- Dinitrogen

Detrital
nitrogen

JvSinking

Detrital
phosphorus
{ Sinking

Fig.5 Schematic diagram of the ecosystem model.
(from Fennel et al., 2002)

(40)id, ARIRHBEI L (Toi: 24.75°C) 2 OVJHUG
DHBMELT (7o 0.062 Nm?) THIBRARL 20,
WOLGAEIIIHIRA RS 25 2 L 2R TERMETH
5o

WELE 7V DG FII KIS X IR A &K O B
RELEFHIALL 72, Zuvu 71 bailR,
PON 79 v 7 AbHHHREHIETEA (Figs. 6 and
7: PON O#HIMEIE, EEEBERLEZATVILD,
M TIEPN EERENTWS), LI L, Lol
g (0~50m) ®7uu7 4 balk EFELLEET
TV, B RTIE, M7 v 7 by kY
DL L, BMAEYESH /Yo uu T 4 )L
a BRI TVWBEILENEZ LML, EFTNVANIZ
BOTRZOFRADPERAIN T LW DTHE, T
DOZEREFICEERZETHY, bLruoar 4 )L

a DEEZFN T LA, BEOLHIIT—EDC
run 74 valkzfiflLCr/uug 74 )Vvagkit
H3aZ2I238usd), 7ug7 4 )badExX
L FETLLERHLILERLTWS, KEFIL
OO EEREE, W75 V7 b v EEEEEEY
LZDMONEY 7T~ 7 b v OEFI G, b
ON/PHITEEMTHLIODORLLMIZHEELT
W72 (BRFECEWD NP=45, ZOMOKEY
757 N DONP=14), Fig. 8O L HIZF M) ¥
A D N/P AR ELT LI L THbDH, EEFES
YoOBGFENSLNE EIZ, M) ¥ ADN/PILAEE
FILTIERL RoTBY, 1989~19914F F T3 &I
TF—=7 EBBENRMEREDH > TVELELIIHIICRZ S,
L2L, 1992 i3 EREEEMOB R, NP &
DICEF VB EZ ERECHHAL TRV, 20
ZEIZDonTIE, FEICARZLERH LD OD, E
FIEKBIIZIZBINER 2 HRL iz, 22Tl
HLEEI0m BT AEMOEENLEZEFT VI
DEME L7 FERIZFig ISR LTH Y, IREEHS
DD THOREFET T v 7 AL BREHEIL BHEED 5
DEFDOWAT T v 7 ARTT MY ¥ A0BEIZL S
WA DBFEOWRM T T v 7 ADPEHEHENLTWS, #
WS EBIE SN TW20IE, Fig. TISREN 5
FRIZADT T 7 ADATH Y, TNLUSNDER
77 7 AW TIZEENICET 205 NETH
Bo RICBFEHTHEED T — ¥ 2 AMEERNTET,
HEHOBEHEET T v 7 A% KDZELTDH, BM
T FIIEHMMICKRESEFHL ) 50T, [EHRMER
WHEbLLBHT—% (DINEE, 7 b ¥ RARE,
FAN)FREET Ty 7 A% # RIFICHB L2 ERE
FEFNV] FHOTHEONLIERBEET T v 7 ADIE
A%%, BIASRD7F5 v 7 ALY HIEMHETH BT
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Upper euphotic zone (0-50m)
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Fig.6 Simulated and observed chlorophyll concentrations in the upper and lower
euphotic zone. The model predicted chlorophyll was obtained by converting the
biomass of diazotrophs and the other phytoplankton assuming a constant mean
C: chl ration of 50 g: g. (from Fennel et al., 2002)

D H B, COXH BT — % %2 BAFICHBILC
WBABRETNIE, VBT E2HNTH 5
WIMICBIE 79y 7 A 2HMT 255X IEMER
FHERREZ 52500 Lz v, TKE0BE L
3255, B2 513155 2 &A% LA IRREZE 5
DEFRIEIZONWTDH, EBREFNVEH VL LA
THLILENTED, TDX) BRI, SHOEFTIV
WEH L WIIBHETHSEICL BT Lk v,
DERTE72X 91T, BT — 5 oW X OGECE
HICAERBRETFTVIIAH SN 5,

4.3 THAZhTVWAEVLWTF—2ICHTIMEEES

& ANDEERETFTIVOMFERS

R, BlSNTwanws— 7 12T 5 AR %1%
H72DICHERRETIVEMAH L6 L LT Schartau
etal. (2007) OWFEZTLY LiF7zv,

AWF5EIL, Engel et al. (2002) \ZX - Tirbi/z
FI20HRI D A Y I X AFEBTHE b LR kb
F—Fk, FEBREFTVCHHATLIZLICIVEEG L

eHEBEEBMLE) LTHHATHD, AV ITAL
EBEIT- 72BN, WWT T v 7 b v OB ERR
FEBREBIHEOMY ARV Yy F 74—V Flb &
DOEL BAEENHLIEPREINTEY FIL
1993; Z DFR LTI R FE OB FH

(overconsumption) & IFIEN72), ZDRFEDBE
HEBT M) ¥ AR ENI 20 adib 2
ETHotze MNP EE,LE V) L, b LkKET
57 MY F AR C/N DS, REOBREWEEOLE
FZUOTEL 2D ) 25 01E, BERE»SERA
EENDREOBRDPZOBFHELEIZL > THEIND
HEMEDSH A 05 TH A,

BRXAYIZALERIZL), LTOZ E2H LM
o lze EBOI6H HUR, #HE¥KEE (DIN) 28
Bl ot TH, WMT I v b Ik DR
##F (DIC) O Y ARIMEIT L2 ThbHRED
BRI S N, FhE RSBV ES Y
BT EE (TEP) BLEHL, MV ¥ XZOCN I

IX, Toggweiler,
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Vertical fluxes of PN at 150m
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Fig. 7 Model-predicted and observed vertical fluxes of particulate nitrogen (PN) at
150 and 300 m depth (upper and lower panel, respectively) with error bars rep-
resenting the standard deviation of the measurements. (from Fennel et al.,

2002)

b 5 L7 (Figs.10(a) and(b), Figs.11(c)and
d)e ThHOBPFT—% %, DTO3OORMEE
FHTEZ LI LERRETVEHCTHAT S
L ERMRTZ, DKW T T V7 b ORFERELEH
BRIZH$ 28, QMW7 I 7 M VX BRFED
HENE, QMM TS 7 b ILDEEAERE
(DOC) DEM L ZDEE, (3) D DOC D& #LE
oW, W7y 7 v rickhiRans
DOC »9H b, EMLHEE (PCHO) ¢Ez2o6hbdb
DOHEE L TTEP ®jkFE (TEPC) #EEMMIZO %
3% HFD Engel et al. (2004) 2L ->TR2IF 5N
THEY, ZoOBREARNIEDERRET IV TIIEREL
72
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Fig. 8 Simulated and observed diazotroph abundances (upper panel). Measure-
ments (filled dots) are integrated over the upper 45 m of the water-column
while model concentrations represent the mean value over the upper 100 m
integrated over 45 m. The solid line refers to the default simulation, while
the dashed line is predicted by a model run without restoration of tempera-
ture. Simulated and observed N: P stoichiometry of particulate matter within
the upper 100 m of the water-column (lower panel). The Redfield ratio value
of 16 is indicated by the dotted horizontal line. (From Fennel et al., 2002)

% = (Cphot T Tphy T }/C) [PHYC]
_A4a+a6) (42)
q
dIFHYNI_ (%5_ 7 [PHYN] - (A+G)  (43)
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DHERETH S, (43) D V&A%, DIN i i L il
W75 2 b HIBRTONClHOBEICE->TH
0, W7 T o by oEERFEEERBCES 5L
R T T 7 b Ik B REOHBNEIEB SN
I Bo RIFIETIZYERRE T VOB T — & ~DF
LIZE > C, REBMFHESHI SN, BT —

Y& EFELHHRTSHI L TE (Figs. 10 and
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DOC & DON oM #EEA KT NTA—F ]| TH 3
A, FhFN025(d Y, 0.18(d™) & F—FHALIC X
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RBUVENH D EDVHENITIRINIZZETH %,
NS OMEIZBIMT S Z LA L WD, AR
IV BTECTHRZELIZEIEETHSH. T2
PCHO DB b iTbh T horze L LT —
FZAALIZ & D Fig. 11(b) ® X 9 1 PCHO # E A35H 55
&N, PCHO U TFTOXTHEET S Z LI2X ) TEPC
X% 50T, 7V—2tk (FEEI6H UK OB
RoLHZ, FMIFZADCNEIEL LI LN
EFNMICE DR E N (Fig. 11(d)),
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- aPCHOﬁPCHO [PCHO] 2

Fig. 9 Simulated yearly fluxes of nitrogen between the different model components. Values are
integrated over the upper 150 m of the water column. The sinking flux is calculated at

- (ITEPCﬂTEPC [PCHO] [TEPC]

OO |/ U VR L - -

(44)

d[TEPC] _

dr o PCHO,BPCHO [PCHO] 2

ta TEPCﬂTEPC [PCHO] [TEPC]

= pST{TEPC]

Respiration
[mmol N m-2 yr-1]

89
90
91
92

4.3
2.7
3.5
3.8

Dinitrogen

N, fixation
[mmol N m-2 yr-1]

89 54,3
90 26.7
o1 46,3
92 28.8

Respiration
ol N ) DIN-uptake
[mmol N m-2 yr-]
89 12
S0 112 89 246
91 114 % %26
92 108 i 2
92 224
Excretion
V [mmol N m-2 yr-1]
89 3.6
[0 4.6
91 3.6
92 5.2
Grazing
[mmol N m-2 yr-1]
89 4.9
PHY-mortality 90 6.2
mmol N m=2 yr-1 91 4.9
I ik i 54 Z00-mortality
89 120 [mmol N m-2 yr-1]
90 110
91 114 89 0.04
92 108 90 0.06
91 0.03
92 0.08
— ———( Detritus
Remineralization erticalflux

[mmaol N m=2 yr-1]

89 43.0
90 31.5
91 36.1
92 30.6

[mmol N m-2 yr-1]

89
90
91
92

135
120
123
116

v

150 m. (From Fennel et al., 2002)

NIF-mortality
[mmol N m-2 yri]

89 45.8
90 24.3
91 38.4
92 25.7

(45)
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Optimised model results for DIN, DIC, Chla and PON. All solid black

lines indicate the best solution obtained from optimization with the
original data set. Circles represent observations together with their cor-
responding error standard deviations, as assigned for the weighting of
the cost funcntion. The gray shaded area enfolds all model trajectries
obtained from the additional optimizations performed with resampled
data. The additional optimizations are for determining errors of the pa-
rameter estimates. The upper panel shows (a) dissolved inorganic nitro-
gen (DIN) and (b) the carbon counterpart, dissolved inorganic carbon
(DIC). The lower panel displays (c) chlorophyll concentration (Chla) and
(d) particulate organic nitrogen (PON). (from Schartau et al., 2007)

ST ROLBE-FHIWMW T v 7 b v Hk
@ PCHO 5 (foeno 3HEH 77 >~ 7 b V12X % DOC
DD H PCHO 274 5 E4), % 1H|1Z PCHO
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IR B Ml e B AR AR R & S HEB R, B SIHIE
PCHO & TEPC @ % % (amwee, Preec iE Z N E 1
PCHO & TEPC D %4153 2 i 22 Bk 4 e = & 122
W) #%KT. T RoELE-HEHE
HIZ, )RR EHEEZHIIHRL, =
JH X TEPC @ 5% (p$1d TEPC O 431 3 B, T, 1%
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b L PCHO M#t4E12 & 5 TEPC DA 2 2B L 7%
Mo, BERTOFT MY ¥ XikE (PON) 205
Ly F74 =V REERELTRERTDOT MY ¥ R
BE (POC) 8T 2461213, F L < POCEE

MEL B2 b mRENS (Fig. 11(a), Kife L
T, AVIALEBOIGHHUEICA S hzEw
POC i#)£121x, PCHO %4E:H % ® TEPC D% 5-H3E
BTHDLIEDIRENTZ F 72 frouo 130.63E KD 5
h, W7o 7 b OEBICE> THEEKINS
DOC O KFIEPCHO TH Y, ZOHhEhE%x 2T
POC FTEMWMENTVWL I EBRENS, TDED
AT, ERREFLVEHG, F— 7 F{LFE
EEMET A &K, BT —5 % REFICHIAL,
AV 3 A LEBRRRCITHE SN TWied o7z [Hi 7
527 b IZX 5 DOC & DON O s |, K ur
[PCHO DIRH7— %] #E TNV THED Y, #
W — & BHOWREMEE 2 L WA HEREZHESL Z L
NTELDTH5b,



18 oL M b B

400 (a) POC i
—with TEPC

@ 300f| = = =without TEPC
5 ----- 6.625*PON oA
= 200 G
£

100

0

2 4 6 8101214161820
Day
140 ————— |
(c) TEPC

120
< 100
E
o 80
©
g 60
E 40

20

2 4 6 8101214161820
Day

140 ———r——
120/ (b) PCHO

100

-3

mmol C m
(=)
[=]

2 4 6 8101214161820
Day

W
{d) POC:PON

15

-1

10 ML

mol C mol N

st L LTI
2 4 6 8101214161820
Day

Fig. 11 Optimised model results of particulate organic matter and polysaccha-
rides (PCHO). The upper left panel (a) resolves particulate organic car-
bon (POC) as it is regarded in the model, but also as it would be derived
from cellular carbon and from PON with a constant molar carbon-to-
nitrogen (C: N) ratio of 6.625. (b) PCHO is the precursor of the carbon
found in (c) transparant exopolymeric particles (TEPC). All TEP in the
model is given in carbon units (TEPC) and is assigned to the POC pool.
(d) Modelled C: N ratio of particulate organic matter (POC: PON) in-
creases rapidly after day 16 when phytoplankton production becomes
nitrogen limited. The large uncertainties are associated with the divi-
sion of small biomass concentrations. (from Schartau et al., 2007)

5. BEABRETIVICES SN
SRERETIV

4TI, Ly F74 =V FRHZHVLAERREF
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WoLbohrrHIBEEELL, Ly F74 -Vl
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Y UREE) 07Ty 7 ARFETLIENIEIEA
EThb, COEIBEFLVOBTHREZY—FLT
WBLDITIE, UTOXI LREFTLED 5,

(1) PISCES €7V (Aumont and Bopp, 2006)

(2) PLANKTOM 57V (Le Quere et al., 2005)

(3) HAMOCC £ 7 ) (Six and Meier-Reimer,
1996)

(4) BEC €7V (Moore and Doney, 2007)

(5) Schmittner 7))V (Schmittner et al., 2008)
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Fig. 12 Structure of the model for simulations of nitrogen- and carbon fluxes, as ob-
served during a mesocosm experiment. The model splits dissolved organic

carbon (DOC) into two fractions,

polysaccharides (PCHO) and the residual

dissolved organic carbon (res-DOC). From dissolved inorganic carbon (DIC)
and total alkalinity (TA) the actual partial pressure of carbon dioxide
(pCO:y) is determined, which provides gradient information for the air-water
gas exchange. Phytoplankton carbon (PhyC) is distinguished from the ni-
trogen biomass (PhyN) and chlorophyll a (Chla). Phytoplankton leaks dis-
solved organic nitrogen (DON), which is mineralized. Transparent
exopolymeric particles (TEP) are formed by coagulation of PCHO. All TEP
is modeled in carbon units (TEPC). Phytoplankton cells can aggregate,
forming detrital nitrogen (DetN) and carbon (DetC). (from Schartau et al.,

2007)
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2003; Yamanaka et al., 2004; Kishi et al.,
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Fig. 13 Schematic view of the ecosystem model showing the eleven compartments and in-
teractions among them.
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Fig. 14 Simulated results for °N of (a) each phytoplankton component, (b) nitrate, (c) PON
passing through the mixed layer depth, (d) ammonium, and (¢) DON. Symbols repre-
sent data from (b) Lehmann et al. (2005) and (c) Shigemitsu et al. (2010). The datum of
Lehmann et al. (2005) in b was obtained not at station KNOT but at station K1 within
the Western Subarctic Gyre, and the uppermost one is used in this study. In ¢, data
from 1999 to 2006 are indicated respectively by open circles (1999), open diamonds
(2000), crossed (2001), plus signs (2002), open triangles (2003), solid circles (2004), so-
lild squares (2005), solid diamonds (2006), and solid triangles denote the monthly aver-
aged observations of PON §"”N at 770 m.
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Fig. 15 Simulated results for A(15, 18) defined in
the text. The numbers in the figure indi-
cate the changed nitrification rate at 0°C.
The symbol represents the observational
datum from Lehmann et al. (2005). The da-
tum was obtained not at station KNOT but
at station K1 within the Western Subarctic
Gyre (WSG), and the uppermost one is
used in the figure.
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Ocean biogeochemical research with an ecosystem model

Masahito SHIGEMATSU* and Yasuhiro YAMANAKA *

* Faculty of Environmental Earth Science, Hokkaido University,
Kita-10, Nishi-5, Kita-Ku, Sapporo 060-0810, Japan

The importance of an ecosystem model as a tool to analyse ocean biogeochemical data has
recently been increasing. That is because an ecosystem model can be used as a tool (1) to test hy-
potheses to explain observational data at hand, (2) to combine the generally scarce ocean obser-
vations into a more coherent picture and (3) to indirectly obtain some information about im-
measurable process by a data-assimilative approach. In this review, we first show the basic
model equations to construct a relatively simple ecosystem model. Then, we introduce some re-
searches which use the above usefulness of an ecosystem model when analyzing ocean biogeo-
chemical observational data. After that, we also briefly review the present large-scale biogeo-
chemical circulation models because our ultimate aim in the ocean biogeochemistry is to clarify
the dynamics of bioelements in the whole ocean. Finally, we show the other ways of using an
ecosystem model, such as one including bioelement isotopes and biogenic gases.

Key words: ocean, biogeochemistry, ecosystem model, biogeochemical data analysis
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