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This ecosystem model is mainly based on the NEMURO model which was previously
developed and applied to the North Pacific (Yamanaka et al., 2004; Kishi et al., 2007). In this study,
we modified and extended the model in order to investigate the dynamics of bioelements, such as
nitrogen, silicon and iron in the ocean.

The unit used for each prognostic variable is as follows: for non-diatom small phytoplankton
(PS), diatoms (PL), micro-zooplankton (ZS), meso-zooplankton (ZL), predatory zooplankton (ZP),
nitrate (NO3), ammonium (NH,), small/large particulate organic nitrogen (PONs, PONL), dissolved
organic nitrogen (DON) in molN I''; for silicate (Si(OH)4) and biogenic silica (Opal) in molSi I"; for
dissolved iron (Feq) and particulate iron (Fe,) in molFe I"'. The prognostic variables are calculated as
a function of time, ¢, and depth, z. The governing equations for nitrogen, silicon and iron fluxes are

listed below.

P
% = (PS photosynthesis) — (PS respiration)

— (PS extracellular excretion) — (PS mortality) (A1)
—(PS grazing by ZS) — (PS grazing by ZL),

d[PL] . .
1 = (PL photosynthesis) — (PL respiration)
t
— (PL extracellular excretion) — (PL mortality) (A2)
— (PL grazing by ZL) — (PL grazing by ZP),
d[ZS] ) .
1 = (PS grazing by ZS) — (ZS excretion)
t
— (ZS egestion) — (ZS mortality) (A3)
— (ZS predation by ZL) — (ZS predation by ZP),
% = (PS grazing by ZL) + (PL grazing by ZL)
+ (ZS predation by ZL) — (ZL excretion) (A4)
—(ZL egestion) — (ZL mortality)
—(ZL predation by ZP),
d[ZP]

= (PL grazing by ZP) + (ZS predation by ZP)

+ (ZL predation by ZP) — (ZP excretion) (AS)
—(ZP egestion) — (ZP mortality),
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d[PONs]

d[PONL]

M = (nitrification)

dt
— {(PS photosynthesis) — (PS respiration)}
X Ruews (A6)
— {(PL photosynthesis) — (PL respiration)}
X RnewL,
d[NH.]

- (ZS excretion) + (ZL excretion)

+ (ZP excretion) + (DON remineralization)

+ (PON;s remineralization)

+ (PON. remineralization)

— (nitrification) (A7)
— {(PS photosynthesis) — (PS respiration)}

X (1 = Ruews)

— {(PL photosynthesis) — (PL respiration)}

X (1= Ruewt),

1 = (PS mortality) + 0.5(PL mortality)
t

+ (ZS mortality) + (ZS egestion)

— (PONSs remineralization)

— (PONs decomposition to DON) (A8)
+ (PONS settlement)

+ (Aggregation of DON to PONs)

— (Aggregation of PONs to PONL ),

q = 0.5(PL mortality) + (ZL mortality)
t

+ (ZP mortality) + (ZL egestion)

+ (ZP egestion)

— (PONL remineralization) (A9)
— (PONL decomposition to DON)

+ (PONL settlement)

+ (Aggregation of DON to PONL)

+ (Aggregation of PONs to PONL ),
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DON
A[DON] = (PS extracellular excretion)

dr
+ (PL extracellular excretion)
+ (PONsdecomposition to DON)
+ (PON:decomposition to DON) (A10)
— (Aggregation of DON to PONs)
— (Aggregation of DON to PON: )
— (DON remineralization),
d[Si(OH)4] : . .
T = (Opal dissolution) — (Opal formation), (A11)
d[Opal] : :
" = (Opal egestion by ZL) + (Opal egestion by ZP)

+ (Opal derived from PL mortality) (A12)
— (Opal dissolution) + (Opal settlement),

d[Fed] _ d[NOs] N d[NH.] « R
dr dr dt
+ (Dust dissolution) + (Fe, desorption) (A13)

— (Fea scavenging),

F
diFe,] = (Feu scavenging) — (Fe, desorption)

dt (Al14)

+ (Fe, settlement) — (Fe, burial).

A2 Formulation of each source/sink process

In the following, the model’s source minus sink (sms) equations are listed, and parameter
values described below are shown in Table 1.

Photosynthesis of PS is determined by temperature (7, °C ), NHy, NOs;, Feq and
photosynthetically active radiation (, W m™) to which solar radiation in the model is converted by

multiplying by 0.45 as in Fujii et al. (2007), and is expressed as
(PS photosynthesis) = min(zy , ., )L , s (1) exp(k,sT)[PS], (A15)

where 4 and 4 are nitrogen (NHy and NO;) and dissolved iron limited growth rates,

respectively, and L, (/) is a non-dimensional light limiting factor. 4 and g, are calculated

f.PS

based on the Optimum Uptake (OU) kinetics for nutrients proposed by Smith and Yamanaka (2007)
and Smith et al. (2009) as follows:
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Virs[NO, ] [NH, ] Vips[NH, ]

S _ 1-— 4 + y Al6
NUNOT, Taw U NHI4K,,  INH] K, (A1
1 _fAs fAs 0.NO3.,PS 1- fAs fAs 0,NH4.PS
Viss[Fe,]
chd = [Fed] I/O ] (A17)
“Jas fAS 0,Feq.PS
where V.o, Ayqo.ps> Aonmps @nd A4, o are the potential maximum growth rate of PS, and

potential maximum affinity of PS for NO;, NH, and Fey, respectively, and f,; represents the
fraction of internal resources (nitrogen) allocated to the cellular surface sites of PS. For inhibition of

nitrate uptake by ammonium, the parameterization of Vallina and Le Quéré (2008) is used. In this

study, A,yo,ps 18 Optimized, and A, > Ay, s @and fi are expressed as follows:
K
AO,NH4,I’S = Ao,No3,Ps %’ (A18)
NHy4.,PS
K
Avsears = Aunors 2o (A19)

Feq,PS

where K, .o (1.0 pmol ™, Kips (0.1 pmol ™, K. » (0.05 nmol Iy are values of
Michaelis-Menten half-saturation constants as estimated in previous studies (Yamanaka et al., 2004;
Takeda et al., 2006). Thus, the ratios of affinities for different nutrients, which determine which
nutrient will be limiting upon nutrient depletion, are kept consistent with the parameterizations of
previous studies. Although with affinity-based kinetics, values of the potential mximum affinity,
Ay, s @nd A, o can be obtained from experimental data, just as half-saturation constants can
be obtained by fits to the Michaelis-Menten equation, few estimates of affinity-based parameters
exist for large-scale modeling. We therefore calculate initial estimates for potential maximum

affinities based on existing estimates of Michaelis-Menten (MM) half saturation constants from

previous modeling research.

f,s =max {1+\/max(A°“°“’s[NO] o] JI(HJA”% PS[FG“]) (A20)
AS I/O.PS 4 OPS °

Eq. (A20) for f, stipulates that acclimation occurs with respect to the limiting nutrient only.
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For the non-dimensional light limiting factor of PS, the formula of Platt et al. (1980) is used,

1 I
ool ol -527)

Bpslaps ?
( oy j( Bos j
g +ﬂps Qg +ﬁps

in which «,,, S, and Psrs denote initial slope of the photosynthesis-irradiance (P-E) curve,

L, ()=

(A21)

photoinhibition index, and potential maximum light-saturated photosynthetic rate under the

prevailing condition. F-ratio of PS ( R.ws) can be defined as

VwNOJ (- NH]
[NO.], Vi, [NH,]+ Ky, o
1- A
R“cws — f/‘AS f;&S 0,NO3,PS (A22)
VuwNO] [ [NH,] )V, INH]
[Noz] + V(J,Ps [NH4] +KNII4,PSJ [NH4] + V:“’S
1- fAS fAsAo,No3.Ps 1- fAs szSAO,NHA;.PS

Photosynthesis of PL is determined as in that of PS except that PL photosynthesis is also

dependent on silicate.

(PL photosynthesis) = min(u", ", " )L, ,, (I) exp(k, T)[PL], (A23)

where 4, 4 and g are nitrogen (NH4 and NO;), Si(OH)4 and Fey limited growth rates of

PL
Feq

PL, respectively, L,, (I) is a non-dimensional light limiting factor for PL. g, s and g

f.PL

are expressed in the following.

w__ VwlNO] [NH,] )V, [NH,]
— ), _ 4 + 0,PL 4 , A24
i [NO 3] V(J,I’L [NH4] + KNIIA,PLJ [NH4 ] + VIIPL ( )
1- fAL fALAo,No3,PL 1- fAL fALAo,NH4.PL
V. [Si(OH
PL _ 0.PL [ 1( )4] (A25)

0,PL

1 _fAL fALAo,si,PL

Hs = H ’
[Si(OH),] N V
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wo__ VinlFe,]

= A26
/JFL‘d [Fed] + VO’PL 9 ( )
1- f;\L fALAo,Fed.PL
where V., Aioims Aonigrs Aosim @nd A ., are the potential maximum growth rate of PL,

and potential maximum affinity of PL for NO;, NH,4, Si(OH), and Fey, respectively and f,, denotes
the fraction of internal resources for nutrient uptake allocated to the cellular surface sites of PL. As
for PS, the ratios of potential maximum affinities are set based on pre-existing estimates of

Michaelis-Menten half-saturation constants, K (3.0 umol 1), K, (0.3 umol 1), K,

NO3,PL Hg,PL iL,PL
(6.0 pmol 1), K. (0.1 nmol 1) as follows:
K
AO,NH4.PL = Ao,N03,PL KNO%PL > (A27)
NH4,PL
K
A = Aunorn (A28)
SiL,PL
K
AO,ch.PL = AO,NO3,PL KNOB’PL > (A29)
Feq.PL

Eq. (A30) for f,, stipulates that acclimation occurs with respect to the limiting nutrient only.

1

( Vo[ i V' B
ol O )| O, [

(A30)

For the non-dimensional light limiting factor of PL, the formula of Platt et al. (1980) is also

used,

I I
ool ool -5

BpL lapL
( Gy j( ﬁPL j
ay, +ﬂPL Oy, +IBPL

F-ratio of PL ( Rwwt) is defined as follows:

Ly (D)= (A31)

A6
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VwNOJ (1 N )
NOJ . o |\ INHI+K,,)
1- A
114 Ruews = Ju SuAuorm (A32)
VwNO (0 NH ), [NH]
), 1 _ + ),
NOJ, VL INHLI+K,,, ) INHI Vi,
1- fAL f;\LAO,NO}PL 1- fAL f;\LAﬂ.NH4,PL
115
116 Light intensity at the depth z used in Eqs. (A21) and (A31) is represented as follows:
117
118 =1, exp(~ j xdz), (A33)
119 x =a, +a,([PS]+[PL]), (A34)
120

121  where I, is the irradiance at the sea surface, imposed as a boundary condition, and «x is the light
122 extinction coefficient.

123 The formulae used for respiration, extracellular excretion and mortality of phytoplankton, PS
124  and PL, and mortality of zooplankton, ZS, ZL and ZP are the same as the previous model and read:
125

126 (PS respitation) = R, exp(k,I)[PS], (A35)
127 (PL respitation) = R, , exp(k, T)[PL], (A36)
128 (PS extracellular excretion) = y((PS photosynthesis), (A37)
129 (PL extracellular excretion) = y, (PL photosynthesis), (A38)
130 (PS mortality) = M, exp(k,T)[PST’, (A39)
131 (PL mortality) = M, exp(k,, T)[PL]’, (A40)
132 (ZS mortality) = M, exp(k,,, T)[ZS]’, (A41)
133 (ZL mortality) = M, exp(k,,,, T)[ZLT’, (A42)
134 (ZP mortality) = M, exp(k,,,,T)[ZP]’, (A43)
135
136 As in the previous model, grazing and predation by zooplankton are derived from the
137  formulae:
138
139 (PS grazing by ZS) = G, max[0,1— exp{A,(PS , —[PS]}] (Ad4)

x exp(k T)[ZS],
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(PS grazing by ZL) =G, max[0,1—exp{A, (PS,, —[PS])}]

RmaxL,PS (A45)
x exp(kg, T)[ZL],

(PL grazing by ZL) = GRmaxL,PL max[O,l —€Xp {ﬂ'L (PL*ZL - [PL])}] (A46)
x exp(k, T[ZL],

(ZS predation by ZL) = G, ,- max[0,1—exp{4, (ZS,, —[ZS])}]

(A47)
x exp(k,, T)[ZL],

(PL grazing by ZP) = GRmaxP,PL maX[O’l - exp{ﬂ’P(PL*ZP - [PL])}] A48
x exp{="¥, ([ZS]+[ZL])} exp(k,,T)[ZP], (A49)

ZS predation by ZP) = G 0,1—exp{A,(ZS,, - [ZS
(ZS predation by ZP) = G, ,s max[0,1 —exp{4,( [ZS])}] (A49)

X exp(_‘{st [ZL]) eXp(kGPT)[ZP]’

(ZL predation by ZP) = G, , max[0,1 —exp{4,(ZL,, —[ZL])}]

(A50)
x exp(k,, T)[ZP].

Excretion and egestion for ZS, ZL and ZP are also the same as in the previous model and read:

(Z8 excretion) = (a,, — B,,)(PS grazing by ZS), (AS1)
(ZL excretion) = (er,, — 3, ){(PS grazing by ZL) ASD
+ (PL grazing by ZL) + (ZS predation by ZL)}, (A452)
(ZP excretion) = (a,, — S,,){(PL grazing by ZP) (AS3)
+ (ZS predation by ZP) + (ZL predation by ZP)},
(Z8 egestion) = (1 — a, )(PS grazing by ZS), (A54)
(ZL egestion) = (1 — «,, ) {(PS grazing by ZL) (ASS)
+ (PL grazing by ZL) + (ZS predation by ZL)},
ZP egestion) =(1—« PL grazing by ZP
(ZP egestion) = (1 - a,,){(PL grazing by ZP) (A36)

+ (ZS predation by ZP) + (ZL predation by ZP)}.

As in the previous model, decomposition and remineralization of PONg, PON, DON and Opal

and nitrification are formulated as follows:

(PON; remineralization) =V, exp(k,,,I)[PON], (A57)
(PON, decomposition to DON) =V, . exp(k,,. I )[PON,], (AS8)
(PON, remineralization) =V,,,, exp(k,,, T)[PON, ], (A59)
(PON, decomposition to DON)=V,  exp(k,, T)[PON, ], (A60)
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(DON remineralization) =V, exp(k,,T)[DON], (A61)
(Opal dissolution) =V, , exp(k, ,T)[Opal], (A62)
(Nitrification) =V, exp(k,, T)[NH, ], (A63)

Although PON is divided into two classes in the present model, the specific decomposition and
remineralization rates are assumed to be the same.
The equations for the biogenic opal (Opal) are also the same as in the previous model, except

for settling.

(Opal formation) = {(PL photosynthesis) — (PL respiration)

—(PL extracellular excretion)} x R, (A64)
(Opal derived from PL mortality)= (PL mortality) x R, (A65)
(Opal egestion by ZL) = (PL grazing by ZL) x R, (A66)
(Opal egestion by ZP) = (PL grazing by ZP) x R, . (A67)

R, is determined by the surrounding dissolved iron concentration because in the iron deficient

condition diatoms tend to uptake the silicate and nitrate in higher Si:N ratio than that in the iron rich

condition (e.g., Takeda, 1998). That is simply formulated as follows:

RSiN — {RSiNH ([Fed] 2 FeSiN) (A68)

Ry ([Fe,] <Fel,)

SiNL

The aggregation processes between DON, PONg and PONL. due to turbulence and differential

settling are considered based on the parameterization propopsed by Aumont and Bopp (2006) as

follows:
(Aggregation for DON to PON,) = ¢"”"*sh[DON]* + ¢,*“sh[ DON][PON(], (A69)
(Aggregation for DON to PON, ) = ¢,”*sh[DON][PON, ], (A70)

ggregation for to s + s
A for PON, to PON, ) = ¢"™*sh[PON, ]* + ¢"*sh[PON, ][PON |

PON; PON; (A71)
+ ¢! [PON, ]’ ¢ s[PON,][PON, .

In (A69) to (A71), sh depicts the shear rate which was set at 1 s in the mixed layer and at 0.01

1
s~ elsewhere.
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The sinking of particles is described as follows:

rons OLPON; ]

(PON; settlement) = —w 5 (A72)

(PON, settlement) = —w, (A73)
Opal 1

(Opal settlement) = —w. (A74)

&

The sinking speed of PON;, w"", increases with depth as in Aumont and Bopp (2006) and reads:

W 2l e (A79

where zy p is the depth of the mixed layer. So far, the sinking rate of Opal (w®") is the same as that
of PONL, and thus Opal settles at the same sinking speed as PON[.

The formulae used for Feq and Fe, are basically derived from the parameterization of Moore et
al. (2004) and Moore and Braucher (2008). In terms of Fe,, desorption, we considered Arrhenius type
temperature dependency. The settlement of Fe, differs from the previous researches treating that as
instantaneously sinking matter. However, dust is treated as instantaneously sinking matter as in the

previous researches.

cF, OF,
0.01aF,,, ./ Az, —( ”;:‘*d“s‘ + ”;Z”“““j (top - most layer)
(Dust dissolution) = aF P
_( Fe_soft_dust + Fe_hard_dust (elSCWhere),
12:4
(A76)
where F,. . is the dust-derived iron flux as the boundary condition and calculated using iron

content (C. ) of 3.5% in dust, iron atomic weight ( 4

iron w,Fe

) and prescribed dust flux (F,, ). a is

,dust

the % solubility of iron in dust, and AZ, is the thickness of the model’s top-most layer. All the

soluble iron is treated as bioavailable one. As in the previous researches, left dust-derived iron flux is

separated into two components, relatively labile (F,, ., ,,) and refractory (F, ., ) components,
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and the dissolutions at a given depth (z) are considered with different length scale (0, 4. >0, au ) 88
follows:
Frean @) = Frpe (1= 0.010)(1 = £ )e (A77)
Frosan(@) = Frpe (1= 0.012)f 0 5. (AT8)

Dust is also treated as above in the model to reduce the computational cost of running the model, but
the dust flux at a given depth is involved in the below scavenging process.

The scavenging of Feq, desorption and settlement of Fe, are formulated as follows:

" ng) o Froc T Fy)[Fe,] ([Fe,] < Ciina(0.6nM))
€, scavenging) = R
d g g .f;cp {ﬂ’scav (F;’OC + F:iusl )[Fed] + yhigh ([Fed] - Cllgand)} [Fed ] ([Fed] 2 Cligmnd(0.6nM))
(A79)

(Fe, burial) (1- chp WMo (Froe + Foo)[Fe, ] ([Fe,] < Ciieme(0.6nM))
e, bunal) = R

a (1= fr ) (Froe + Fy )IFe, 1+ 7, ([Fe, ] = Crama) } [Fe, ] ([Fe,]2 Ciewma(0.6nM))
(A80)

1 1
e desorption) =4, . expi—A,| ——— e 1,
Fe, desorption) = 2., 4, [Fe,] A81
p P T 7;{ p
J[Fe ]
(Fe, settlement) = -w, 7" (A82)

In A79 and A80, F

POC

and F,  represent the flux of POC and dust at a given depth, respectively,

and Ciw is the prescribed total ligand concentration (0.6nM). F, . is converted from PON flux

0C

with R_,.

All



