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hard D. SlaterO
tober 8, 20091 Introdu
tionThe e
osystem model used in this paper is a prototype version of the GFDL e
osystem model now known as Tra
ersof Phytoplankton with Allometri
 Zooplankton (TOPAZ). This 
ode was developed primarily by John Dunne ofthe Geophysi
al Fluid Dynami
s Laboratory with assistan
e and feedba
k from a variety of 
olleagues in
ludingJorge Sarmiento, Anand Gnanadesikan, Curtis Deuts
h, Eri
 Galbraith, and Charles Sto
k among others. Thisprognosti
 o
ean biogeo
hemistry/e
ology model was built to represent the intera
tion of biologi
ally a
tive elementsand e
ologi
al 
y
ling with the 
arbon 
y
le by 
onsidering 25 tra
ers in
luding three phytoplankton groups, twoforms of dissolved organi
 matter, heterotrophi
 biomass, and dissolved inorgani
 spe
ies for 
oupled C, N, P, Si,Fe, CaCO3, O2 and lithogeni
 
y
ling with �exible N:P:Fe stoi
hiometry. The model in
ludes su
h pro
esses as gasex
hange, atmospheri
 deposition, s
avenging, N2 �xation and denitri�
ation, river inputs, and sediment pro
esses.The model was designed to represent the phytoplankton fun
tional groups of a small (pi
oplankton/nanoplankton)group 
aught in a tight mi
robial loop loosely 
hara
terized as 
yanoba
teria, and a large (nanoplankton, mi
roplank-ton) group of phytoplankton 
apable of being de
oupled from grazing and to 
reate sinking material. The latterare fa
ultatively diatoms. This serves as an alternative to expli
itly representing diatoms as the only exportableform of primary produ
tion after Dunne et al (2000). Loss of phytoplankton is parameterized through the size-basedrelationship of Dunne et al. (2005), whi
h allows for the large plankton to dominate the e
osystem at high growthrates and biomass, while the small plankton dominate at low growth rates and biomass. The model in
ludes theballasting s
heme of Klass and Ar
her (2002) for mineral prote
tion. It represents iron 
y
ling with both sedimentand atmospheri
 sour
es of iron supply and s
avenging.The goal of this supplement is to be a repository of the equations solved by the model, making it possible tore
onstru
t the details of the 
al
ulations presented in the main paper. It is not intended to provide a rigorousjusti�
ation of the formulations used here. It should also be noted that many of these formulations have been alteredin the �nal version of the model that will be used for the IPCC Fifth Assessment. In what follows we introdu
ethe state variables for the model (both prognosti
 and diagnosti
 tra
ers), des
ribe how phytoplankton growth ratesare 
al
ulated, relate these growth rates to nutrient uptake, 
al
ulate grazing sour
es of parti
ulate and dissolvedbiogeni
 materials, des
ribe the pro
essing of this material through the water 
olumn and on the sea �oor, summarizethe resulting sour
es and sinks, and provide several tables listing important parameters.1.1 Overall equationFor ea
h state variable C (see list below), we solve the 
ontinuity equation
∂C

∂t
= −∇ · ũC + ∇K∇C + SC (1)

∗Iron Fertilization Model Inter
omparison Proje
t
†Sarmiento et al (submitted) 1



where ũ is the velo
ity ve
tor from the O
ean General Cir
ulation Model (OGCM), K is the di�usivity, and SC isthe sum of the sour
es and sinks for state variable C (detailed below).1.2 State variables1.2.1 Prognosti
 variables whi
h are transported by the physi
al model
Nitrate =

[

NO−
3

] (2)
Ammonium =

[

NH+
4

] (3)
Phosphate =

[

PO−3
4

] (4)
Silicate =

[

SiO−4
4

] (5)
Dissolved Oxygen = [O2] (6)

Dissolved Iron = Fed (7)
Dissolved Inorganic Carbon = DIC (8)

Alkalinity = ALK (9)
Nitrogen in Small Phytoplankon = NSm (10)
Nitrogen in Large Phytoplankon = NLg (11)

Phosphorus in Large Phytoplankon = PLg (12)
Nitrogen in Diazatrophs = NDi (13)

Iron in Small Phytoplankon = FeSm (14)
Iron in Large Phytoplankon = FeLg (15)

Iron in Diazatrophs = FeDi (16)
Silica in Large Phytoplankon = SiLg (17)

Labile Dissolved Organic Nitrogen = LDON (18)
Semi-labile Dissolved Organic Nitrogen = SDON (19)

Semi-labile Dissolved Organic Phosphorus = SDOP (20)2



1.2.2 Diagnosti
 variables whi
h are not transported by the physi
al model
Particulate Iron = {Fep} (21)

Chlorophyll = {Chl} (22)
Large Phytoplankton Nitrogen Grazing Memory =

{

NLg
graz

} (23)1.2.3 Variables supplied by the General Cir
ulation Model
Shortwave Irradiance = {Irr} (24)Note that the irradian
e in the water 
olumn is a fun
tion of the surfa
e irradian
e from the GCM and thepredi
ted 
hlorophyll from this e
osystem model.1.2.4 Operators

Summation operator over phytoplankton classes =
∑ (25)2 Phytoplankton growth, zooplankton grazing and nutrient uptake2.1 Cal
ulation of phytoplankton growth ratesIn general terms, the model represents light, ma
ronutrient and iron limitation of phytoplankton physiology andprodu
tion based on the Geider et al. (1997) model of steady-state 
o-limitation of light and nutrients with severalmodi�
ations des
ribed below. The details of these modi�
ations in terms of the multipli
ative versus Leibig-minimum-type 
ombination of terms have important impli
ations for the response to iron perturbations and regionalbehavior.2.1.1 Cal
ulate nutrient limitation termsNitrate limitation with ammonia inhibition is represented after Frost and Franzen (1992) with an additional termfor saturation of inhibition at high ammonia of Sharada et al. (2005)

LimSm
NO−

3

=

[

NO−
3

]

·

(

1 +
[NH+

4 ]
K

NO
−

3

)

(

KNO−

3
+
[

NO−
3

]

)

·

(

1 +
[NH+

4 ]
KSm

NH
+
4

) (26)
LimLg

NO−

3

=

[

NO−
3

]

·

(

1 +
[NH+

4 ]
K

NO
−

3

)

(

KNO−

3
+
[

NO−
3

]

)

·

(

1 +
[NH+

4 ]
KLg

NH
+
4

) (27)
LimSm

NH+
4

=

[

NH+
4

]

KSm
NH+

4

+
[

NH+
4

] (28)
LimLg

NH+
4

=

[

NH+
4

]

KLg

NH+
4

+
[

NH+
4

] (29)where KNO−

3
is a half-sautration 
onstant for nitrate, and KSm

NH+
4

and KLg

NH+
4

are half-saturation 
onstants forammonia for small and large phytoplankton (there is no nitrogen limitation for diazotrophs).The remaining nutrient limitation terms are straight Mi
haelis-Menten.3



LimPO−3
4

=

[

PO−3
4

]

KPO−3
4

+
[

PO−3
4

] (30)
LimSiO−4

4
=

[

SiO−4
4

]

KSiO−4
4

+
[

SiO−4
4

] (31)
LimSm

Fe =
Fed

KSm
Fe + Fed

(32)
LimLg

Fe =
Fed

KLg
Fe + Fed

(33)
LimDi

Fe =
Fed

KDi
Fe + Fed

(34)where the KSm,Lg,Di
Fe terms are half-saturation 
onstants for iron for small, large and diazotrophi
 plankton.Temperature limitation on growth is handled using an expression equivalent to the Eppley (1972) formulation ofgrowth rates. The nutrient and temperature-limited growth rates for the three phytoplankton types are

PSm
Cm

= PSm
Cmax

· min
(

LimSm
NO−

3

+ LimSm
NH+

4

, LimPO−3
4

)

· eκT (35)
PLg

Cm
= PLg

Cmax
· min

(

LimLg

NO−

3

+ LimLg

NH+
4

, LimPO−3
4

, LimSiO−4
4

)

· eκT (36)
PDi

Cm
= PDi

Cmax
· LimPO−3

4
· eκT (37)where κ is the 
onstant governing temperature dependen
e of growth.2.1.2 Light limitationPhytoplankton are assumed to be photoadapted to the mean light level in the a
tively mixing layer as de�ned in theKPP routine plus 10 m to a

ount for mixing dire
tly below the boundary layer

{

Irr
}

= {Irr} averaged over KPP Boundary Layer (38)This model predi
ts the Chl:N ratio at ea
h time-step as an equilibrated phytoplankton response to the 
ombinedpressures of light, major nutrient and iron limitation. Phytoplankton uptake is generally modeled after Geider et al.(1997) as a fun
tion of steady state nitrogen and CO2 uptake, but also in
ludes the following important modi�
ations:1. The temperature e�e
t of Eppley (1972) is used instead of that in Geider et al (1997) for both simpli
ity andto in
orporate 
ombined e�e
ts on uptake, in
orporation into organi
 matter and photorespiration. Values of
PCmax

are normalized to 0◦C rather than 20◦C as in Geider et al. (1997),2. The Fe:N ratio is allowed to modulate the Chl:N ratio to be 
onsistent with Sunda and Huntsman (1997) throughthe "
hlorosis" fa
tor - the phytoplankton Fe:N ratio normalized to a saturated value (Fe : Nirr) ne
essary tosynthesize 
hlorophyll,3. Values of the maximum Chl:C ratio (θmax) are in
reased and values of alpha de
reased to a

ount for theadditional iron term in the theta equation,4. A minimum θmin value is also in
orporated to set a minimum level of 
hlorophyll per 
arbon.While major nutrient limitation is handled through Mi
haelis Menten limitation of the phytoplankton spe
i�
 growthprefa
tor (PCm
), iron limitation is handled indire
tly through modulation of the Chl:N ratio. This allows a 
ompen-satory relationship between irradian
e and iron availability on phytoplankton spe
i�
 growth, i.e. if plankton havea lot of light, they do not need a lot of iron and vi
e versa. Chlorosis is assumed to be a quadrati
 fun
tion of theFe:N ratio nomalized to vary between 0 and 1. This relationship is a simple/
rude representation of the 
omplexphysiologi
al requirements and fun
tionality of iron whi
h separates phytoplankton iron into three 
omponents:4



1. a "basal" requirement of iron for phytoplankton respiration and protein synthesis (e.g. the ele
tron transport
hain)2. Chlorophyll synthesis for photosynthesis3. Luxury uptakeWhile somewhat mathemati
ally ad-ho
, this representation is grounded in the observed relationship between Chl:C,Fe:C, dissolved Fe and phytoplankton spe
i�
 growth rates of Sunda and Huntsman (1997) as well our generalunderstanding of the role of iron in phytoplankton physiology (e.g Geider and La Ro
ha, 1994).The general form of the equations is thus that 
hlorosis, χ, is 
al
ulated as follows:
χ =

(Fe:N)
2

[

(Fe:N)
2
irr + (Fe:N)

2
] =

Fe2

(Fe : N)2irr · N
2 + Fe2Chlorosis then a�e
ts the Chl:C 
al
ulation after Geider et al (1997) as follows:

Chl:C = θ =
θmax

1 + θmax · α·I
2·PCm

· χor, alternatively, as a Liebig-type formulation:
θ = min

(

θmax

1 + θmax · α·I
2·PCm

, θmax · χ

)The Liebig-type reformulation of θ eliminates one of the limitations of the baseline model's formulation of ironlimitation of phytoplankton growth, whi
h is the need to utilize elevated values of PCmax

ompared to observationsof phytoplankton growth under ideal 
onditions (i.e. Eppley, 1972; Bissinger et al 2008). The sensitivity studydes
ribed in the dis
ussion utilizes an alternative formulation of iron limitation on phytoplankton growth by simply
apping the θmax value as a fun
tion of iron limitation rather than applying iron limitation as a multipli
ative fa
torat all values of θ. Be
ause of this reformulation, we are able to return PCmax

values to the lower values (1.5x10−5s−1) 
orresponding to those observed in the SEEDS experiment for observed zero-temperature-normalized growthrates for Chaeto
eros debilis of 0.98 d−1 (Tsuda et al., 2003).The growth rate (after Geider et al., 1997) is then 
al
ulated as follows:
µ =

PCm

(1 + ζ)
·
(

1 − e(−α·I·Chl:C/PCm )
)where ζ parameterizes the assimilatory e�
ien
y. Thus for ea
h fun
tional group, the equation is

χSm =
FeSm2

(Fe:Nirr · NSm)
2

+ FeSm2 (39)
χLg =

FeLg2

(Fe:Nirr · NLg)
2

+ FeLg2 (40)
χDi =

FeDi2

(

Fe:NDi
irr · N

Di
)2

+ FeDi2
(41)

θSm =
PSm

Cm
· θSm

max

PSm
Cm

+ 1
2θSm

max · α
Sm ·

{

Irr
} · χSm + θmin (42)

θLg =
PLg

Cm
· θLg

max

PLg
Cm

+ 1
2θLg

max · αLg ·
{

Irr
} · χLg + θmin (43)

θDi =
PDi

Cm
· θDi

max

PDi
Cm

+ 1
2θDi

max · αDi ·
{

Irr
} · χDi + θmin (44)5



The alternate formulations for θ for small and large phytoplankton are:
θSm = min

(

PSm
Cm

· θSm
max

PSm
Cm

+ 1
2θSm

max · α
Sm ·

{

Irr
} + θmin, θSm

max · χ
Sm

) (45)
θLg = min

(

PLg
Cm

· θLg
max

PLg
Cm

+ 1
2θLg

max · αLg ·
{

Irr
} + θmin, θLg

max · χ
Lg

) (46)
LimSm

Irr = 1 − e(−αSm·{Irr}·θSm/P Sm
Cm ) (47)

LimLg
Irr = 1 − e(−αLg·{Irr}·θLg/P Lg

Cm
) (48)

LimDi
Irr = 1 − e(−αDi·{Irr}·θDi/P Di

Cm
) (49)

µSm =
PSm

Cm

1 + ζ
· LimSm

Irr (50)
µLg =

PLg
Cm

1 + ζ
· LimLg

Irr (51)
µDi =

PDi
Cm

1 + ζ
· LimDi

Irr (52)Total 
hlorophyll is 
al
ulated for use in the short-wave absorption module of the OGCM.
{Chl} = C:N · 12000 ·

(

θSm · NSm + θLg · NLg + θDi · NDi
) (53)2.2 Nutrient uptake termsThe uptake of dissolved 
onstituents by the di�erent planktoni
 types are 
al
ulated as below.

• NO−
3 and NH+

4 uptake are 
al
ulated as fra
tions of total nitrogen uptake.
• Diazotrophs produ
e organi
 nitrogen from N2

• PO−3
4 uptake is assumed to be stoi
hiometri
 to nitrogen for Sm and NH+

4 for Lg with the same stoi
hiometri
ratio (N:P=16:1; Goldman, 1980). A higher stoi
hiometri
 ratio (N:P=50:1; Letelier and Karl, 1998) is usedfor diazotrophs Di.
• The ratio PO−3

4 to NO−
3 uptake in large phytoplankton P :NLg

NO3
is variable based on the degree of iron limitationin order to represent the low N:P values observed in the Southern O
ean (Arrigo et al., 1999). The idea is thatunder iron limitation large phytoplankton are able to build an interior pool of NO−

3 , but are unable to redu
eit and so end up with an apparent ex
ess of PO−3
4 . The ratio of phosphate to nitrate uptake is then

P :NLg
NO3

=
(

1 − χLg
)

· P:Nχ + χLg · P:NSmLg (54)
• Large phytoplankton and diazotrophi
 iron uptake is limited not by the phytoplankton growth rate, but bythe iron 
on
entration in the 
ells, following Sunda and Huntman (1997). Iron uptake is thus limited by lowenvironmental 
on
entrations or high 
ell quotas. Small phytoplankton are for
ed to diminish their uptakeat saturated levels of the Fe:C ratio in small phytoplankton (to mimi
 their general la
k of luxury storage
apa
ity).
• Sili
a uptake is made to be 
onsistent with the Si:N ratio synthesis of Martin-Jezequel et al (2000) and theDroop quota argument of Mongin et al. (2003)
• CaCO3 formation is set to go dire
tly to detritus as a 
onstant fra
tion of Sm produ
tion after Moore et al(2002) 6



The uptake terms are then
JSm

prod
NO

−

3

= µSm · NSm ·
LimSm

NO−

3

LimSm
NO−

3

+ LimSm
NH+

4

(55)
JLg

prod
NO

−

3

= µLg · NLg ·
LimLg

NO−

3

LimLg

NO−

3

+ LimLg

NH+
4

(56)
JSm

prod
NH

+
4

= µSm · NSm ·
LimSm

NH+
4

LimSm
NO−

3

+ LimSm
NH+

4

(57)
JLg

prod
NH

+
4

= µLg · NLg ·
LimLg

NH+
4

LimLg

NO−

3

+ LimLg

NH+
4

(58)
JDi

prodN
= µDi · NDi (59)

JSm
prod

PO
−3
4

= P:NSmLg ·

(

JSm
prod

NO
−

3

+ JSm
prod

NH
+
4

) (60)
JLg

prod
PO

−3
4

= P:NSmLg · JLg
prod

NH
+
4

+ P :NLg

NO−

3

· JLg
prod

NO
−

3

(61)
JDi

prod
PO

−3
4

= P:NDi · JDi
prodN

(62)
JSm

prodF e
= VSm

max0
· LimSm

Fe · eκT · NSm ·
(

1 − χSm · e(−Fe:Nsat·FeSm/NSm)
) (63)

JLg
prodF e

= VLg
max0

· LimLg
Fe · e

κT · NLg ·
(

1 − χLg
) (64)

JDi
prodFe

= VDi
max0

· LimDi
Fe · e

κT · NDi ·
(

1 − χDi
) (65)

LimSi:N =





LimSiO−4
4

min
(

LimLg
N , LimPO−3

4
, LimLg

Fe

)





2 (66)
Si:N =

Si:Nmax−Si:Nmin

Si:Nmax + LimSi:N
· LimSi:N + Si:Nmin (67)

Jprod
SiO

−4
4

= µLg · LimSiO−4
4

· Si:N · NLg (68)
JprodCaCO3

=

(

JSm
prod

NO
−

3

+ JSm
prod

NH
+
4

)

· Ca:N (69)2.3 Food Web Pro
essing2.3.1 Phytoplankton lossA key feature of the model is the use of the relationship of Dunne et al. (2005) for grazing rates. Grazing ofsmall and diazotrophi
 phytoplankton is proportional to their 
on
entration to the 2nd power - 
onsistent witha rapid approa
h to steady state with a grazer population whose growth rates are 
omparable to to those of thephytoplankton. Grazing of large phytoplankton is proportional to their 
on
entration to the 4/3rd power - 
onsistentwith a moderate imbalan
e with an impli
it grazer population after Dunne et al (2005) or potentially a greater top-down 
ontrol on these grazers.The grazing on the large phytoplankton is not a
tually 
al
ulated using the in-situ 
on
entration but rather animpli
it 
on
entration- after in
orporation of a term for a temperature-dependent time lag. The idea is to mimi
 thetime-lag sometimes observed in zooplankton life 
y
les as they respond to the spring bloom.7



{

NLg
graz

}

=
{

NLg
graz

}

old
· e

 

NLg
−{N

Lg
graz}

old

NLg+{N
Lg
graz}

old

!

·2·min
“

1, eκT · ∆t
τgraz

” (70)Additionally two 
riteria for numeri
al stability are added:1. The absolute �rst order rate 
onstant is never allowed to be greater than kgrazmax
.2. A Mi
haelis-Menton type of threshold using a half saturation value of Phytomin is set to prevent phytoplanktonfrom going extin
t at low 
on
entrations.Then the formulation for the grazing terms is

JSm
grazN

= min

(

kgrazmax
, λ0 · e

κT ·
NSm

P∗

)

·
NSm2

(NSm + Phytomin)
(71)

JLg
grazN

= min



kgrazmax
, λ0 · e

κT ·

[
{

NLg
graz

}

P∗

]
1
3

·

{

NLg
graz

}

NLg + Phytomin



 · NLg (72)
JDi

grazN
= min

(

kgrazmax
, λDi

0 · eκT ·

[

NDi

P∗

]

1
3

·
NDi

NDi + Phytomin

)

· NDi (73)2.3.2 Detritus and DON produ
tionGrazing results in the produ
tion of detritus and dissolved organi
 material. Constant fra
tions of the grazed materialsare 
onverted to semilabile dissolved organi
 nitrogen SDON and labile dissolved organi
 nitrogen LDON .The remaining grazing produ
tion is 
onverted to sinking detritus and ex
reted as ammonia. Sinking detritusprodu
tion is a temperature dependent fra
tion of small (plus diazotrophi
) and large phytoplankton grazing, witha single temperature dependen
e, but di�erent maximal detritus-produ
tion-e�
ien
ies after Dunne et al (2005).
JSm

SDON = φSDON · J Sm
grazN

(74)
JSm

LDON = φLDON · JSm
grazN

(75)
JSm

prodPON
= fSm

det0 · e
κremin·T · JSm

grazN
· (1 − φSDON − φLDON) (76)

JSm
graz

NH
+
4

=
(

1 − fSm
det0 · e

κremin·T
)

· JSm
grazN

· (1 − φSDON − φLDON) (77)
JLg

SDON = φSDON · J Lg
grazN

(78)
JLg

LDON = φLDON · JLg
grazN

(79)
JLg

prodPON
= fLg

det0
· eκremin·T · JLg

grazN
· (1 − φSDON − φLDON) (80)

JLg
graz

NH
+
4

=
(

1 − fLg
det0

· eκremin·T
)

· JLg
grazN

· (1 − φSDON − φLDON) (81)
JDi

SDON = φSDON · J Di
grazN

(82)
JDi

LDON = φLDON · JDi
grazN

(83)
JDi

prodPON
= fSm

det0 · e
κremin·T · JDi

grazN
· (1 − φSDON − φLDON) (84)8



JDi
graz

NH
+
4

=
(

1 − fSm
det0 · e

κremin·T
)

· JDi
grazN

· (1 − φSDON − φLDON) (85)
JSm

grazP
= P:NSmLg · JSm

grazN
(86)

JLg
grazP

=
PLg

NLg
· JLg

grazN
(87)

JDi
grazP

= P:NDi · JDi
grazN

(88)
P :Ngraz =

∑

JgrazP
∑

JgrazN

(89)
JSm

SDOP = φSDOP · JSm
grazP

(90)
JSm

LDOP = φLDON · JSm
grazP

(91)
JSm

prodPOP
=

P :Ngraz

P:NSmLg
· fSm

det0 · e
κremin·T · (1 − φSDON − φLDON) · JSm

grazP
(92)

JSm
graz

PO
−3
4

=

[(

1 −
P :Ngraz

P:NSmLg
· fSm

det0 · e
κremin·T

)

· (1 − φSDON − φLDON) + (φSDOP − φSDON)

]

· JSm
grazP

(93)
JLg

SDOP = φSDOP · JLg
grazP

(94)
JLg

LDOP = φLDON · JLg
grazP

(95)
JLg

prodPOP
=

P :Ngraz

PLg/NLg
· fLg

det0
· eκremin·T · (1 − φSDON − φLDON) · JLg

grazP
(96)

JLg
graz

PO
−3
4

= JLg
grazP

·

[(

1 −
P :Ngraz

PLg/NLg
· fLg

det0
· eκremin·T

)

· (1 − φSDON − φLDON) + (φSDOP − φSDON) +

(

1 −
P:NSmLg

PLg/NLg

)

· φLDON

](97)
JDi

SDOP = φSDOP · JDi
grazP

(98)
JDi

LDOP =
P:NSmLg

P:NDi
· φLDON · JDi

grazP
(99)

JDi
prodPOP

=
P :Ngraz

P:NDi
· fSm

det0 · e
κremin·T · (1 − φSDON − φLDON) · JDi

grazP
(100)

JDi
graz

PO
−3
4

= JDi
grazP

·

[(

1 −
P :Ngraz

P:NDi
· fSm

det0 · e
κremin·T

)

· (1 − φSDON − φLDON) + (φSDOP − φSDON) +

(

1 −
P:NSmLg

P:NDi

)

· φLDON

](101)Finally, a nitri�
ation term, whi
h is inhibited by light as in Ward et al. (1982), is 
al
ulated.
Jnitrif =

1

τnitrif
·
[

NH+
4

]

· e(−nitrifinhibit·{Irr}) (102)9



2.3.3 Iron and Sili
on Pro
essingIron pro
eeds through the grazing 
y
le with the same e�
ien
y as nitrogen so that
JSm

grazF e
= JSm

grazN
·
FeSm

NSm
(103)

JLg
grazF e

= JLg
grazN

·
FeLg

NLg
(104)

JDi
grazF e

= JDi
grazN

·
FeDi

NDi
(105)

JprodPOF e
=

∑

JgrazF e
∑

JgrazN

·
∑

JprodPON
(106)Sili
a grazing o

urs in proportion to its 
on
entration in large phytoplankton (there is no preferen
e for oragainst diatoms) but it dissolves di�erently from nitrogen. Nelson et al. (1995), �nd that the fra
tion of biogeni
opal SiO2 that dissolves within the mixed layer as a result of grazing is 50%, but they and others (Blain et al., 1999,Brzezenski, 1985) �nd that there is also a temperature dependen
e to this dissolution. The temperature fun
tionalityis set to a 
ombination Mi
haelis Menton and Eppley (1972) to roughly mat
h the range of observations in Nelsonet al. (1995), Blain et al. (1999) and Brzezenski (1985). This is ad ho
, but without the temperature dependen
e itwas not possible to reprodu
e the high tropi
al surfa
e SiO4 
on
entrations.

JgrazSiO2
= JLg

grazN
·
SiLg

NLg
(107)

JdissSiO2
= JgrazSiO2

·
eκT

KdissSiO2
+ eκT

(108)2.4 Ballast Prote
tion Interior Remineralization S
hemeFollowing Armstrong et al., (2002) and Klass and Ar
her (2002) we divide the organi
 material produ
ed by grazinginto two 
omponents, an unprote
ted 
omponent that has a short remineralization s
ale of wsink/γdet = 187 m and aprote
ted 
omponent, whi
h is asso
iated with ballast materials. In this version of the model the ballast materialsare 
al
ium 
arbonate (with a remineralization depth s
ale Caremin-depth = 3500 m) and biogeni
 sili
a (with aremineralization depth s
ale Siremin-depth = 2000 m). Parti
ulate iron is formed through a simple quadrati
 removalterm and asso
iated with both organi
 detritus and ballast materials and is returned to the water 
olumn when thesematerials remineralize.The remainder of this se
tion des
ribes the sequen
e of 
al
ulations, as performed in the 
ode.2.4.1 Surfa
e LayerThe �ux, F (k), of ballast materials and organi
 detritral material through the bottom of the surfa
e box (k = 1) is
al
ulated.
FSiO2

(1) =
(

JgrazSiO2
(1) − JdissSiO2

(1)
)

· ∆z1 (109)
FCaCO3

(1) = JprodCaCO3
(1) · ∆z1 (110)

FPON (1) =
(

JSm
prodPON

(1) + JLg
prodPON

(1) + JDi
prodPON

(1)
)

· ∆z1 (111)
FPOP (1) =

(

JSm
prodPOP

(1) + JLg
prodPOP

(1) + JDi
prodPOP

(1)
)

· ∆z1 (112)where ∆z1 is the thi
kness of the surfa
e box.The 
ode allows for adsorption and desorption of iron onto this material, as listed below, but this fun
tionalitywas turned o� in these runs. Iron adsorption is made a simple quadrati
 fun
tion of dissolved iron 
on
entration.
JFeads

(1) = Fed (1) · min
(

k′
Femax

, k′′
Fe · Fed(1)

) (113)10



JFedes
(1) = kFedes

· {Fep (1)} = 0 (114)Sin
e it is the �uxes of PON and POP through the bottom of the grid 
ell are already 
al
ulated, there no sinkis ne
essary in the top layer. There is also no denitri�
ation from either sedimentary or water 
olumn pro
esses inthis layer.
JPON (1) = 0 (115)

Jdenitwc
(1) = 0 (116)

Jdenitsed
(1) = 0 (117)

JPOP (1) = 0 (118)
JPOFe (1) = 0 (119)
JSiO−4

4
(1) = 0 (120)

JCaCO3
(1) = 0 (121)

JFesink
(1) =

−{Fep (1)}

∆z1
· wsink (122)2.4.2 Sub-surfa
e layersAt ea
h level, k, below the surfa
e, the remineralization term of the sinking ballast materials entering the box fromabove is 
al
ulated impli
itly.

FSiO2
(k) =

FSiO2
(k − 1)

1 + ∆zk

Siremin-depth

(123)
FCaCO3

(k) =
FCaCO3

(k − 1)

1 + ∆zk

Caremin-depth

(124)where ∆zk is the thi
kness of box k.Next, remineralization of unprote
ted organi
 material and previously prote
ted parti
ulate organi
 materialentering the box from above is 
al
ulated.
FPONprot

(k) = min (FPON (k − 1) , rpSiO2
· FSiO2

(k) + rpCaCO3
· FCaCO3

(k)) (125)If [O2] > O2min
then [under oxi
 
onditions℄

FPON (k) = min

(

FPON (k − 1) ,

[

FPON (k − 1) +
FPONprot

(k) · γdet · ∆zk

wsink

]

·
wsink

wsink + γdet · ∆zk

) (126)
Jdenitwc

(k) = 0 (127)
Jdenitsed

(k) = 0 (128)else [under suboxi
 
onditions℄
FPON (k) = min

(

FPON (k − 1) ,

[

FPON (k − 1) +
FPONprot

(k) · γdenit · ∆zk

wsink

]

·
wsink

wsink + γdenit · ∆zk

) (129)
Jdenitwc

= (FPON (k − 1) − FPON (k)) ·
N:Ndenit

∆zk
(130)The nitrogen 
hange is applied to phosphorus assuming equal partitioning between prote
ted, previously prote
tedand unprote
ted parti
ulate organi
 material

FPOP (k) = FPON (k) ·
FPOP (k − 1)

FPON (k − 1)
(131)11



The adsorption and desorption of iron is 
al
ulated.
JFeads

(k) = Fed (k) · min
(

k′
Femax

, k′′
Fe · Fed(k)

) (132)
JFedes

(k) = kFedes
· {Fep (k)} = 0 (133)The dissolution and remineralization terms are 
al
ulated as the di�eren
e between the in
oming �ux at the topand fra
tion of this �ux that makes it to the bottom of the grid box.

JSiO−4
4

(k) =
FSiO2

(k − 1) − FSiO2
(k)

∆zk
(134)

JCaCO3
(k) =

FCaCO3
(k − 1) − FCaCO3

(k)

∆zk
(135)

JPON (k) =
FPON (k − 1) − FPON (k)

∆zk
(136)

JPOP (k) =
FPOP (k − 1) − FPOP (k)

∆zk
(137)The parti
ulate iron asso
iated with the sinking biogeni
 material is then returned to dissolved form a

ordingto the mass fra
tion of the parti
ulate material that is dissolved.

JPOFe (k) =
JPON (k) · Mass:N + 60 · JSiO−4

4
(k) + 100 · JCaCO3

(k)

FPON (k − 1) · Mass:N + 60 · FSiO2
(k − 1) + 100 · FCaCO3

(k − 1)
· {Fep} · wsink (138)The produ
tion of sili
ate, 
al
ium 
arbonate and organi
 material within a box is added to the �ux at at bottomof box.

FSiO2
(k) = FSiO2

(k) +
(

JgrazSiO2
(k) − JdissSiO2

(k)
)

· ∆zk (139)
FCaCO3

(k) = FCaCO3
(k) + JprodCaCO3

(k) · ∆zk (140)
FPON (k) = FPON (k) +

(

JSm
prodPON

(k) + JLg
prodPON

(k) + JDi
prodPON

(k)
)

· ∆zk (141)
FPOP (k) = FPOP (k) +

(

JSm
prodPOP

(k) + JLg
prodPOP

(k) + JDi
prodPOP

(k)
)

· ∆zk (142)A sinking �ux is 
omputed for parti
ulate iron
JFesink

(k) =
{Fep (k − 1)} − {Fep (k)}

∆zk
· wsink (143)This is then repeated through the water 
olumn down to the o
ean bottom.2.5 Apply sediment �ux to all o
ean 
ells adja
ent, or with a 
orner in 
onta
t, tolandNear the 
oast, a sedimentary sour
e of iron is asso
iated with �ux to the bottom.

JFesed-coast
=

Fecoastmax

∆z
·

FPON

Fesedsat
+ FPON

(144)
12



2.6 A

ount for remineralization/dissolution of sinking �ux, and sediment pro
essedin bottom boxIn the bottom box, the following steps are applied.A sedimentary denitri�
ation sink is 
al
ulated after Middelburg et al. (1996)
logbottom-flux = log10 (FPON · C:N · 86400) (145)

Jdenitsed
=

1

∆z
· min

(

FPON ,
10−0.9543+0.7662·logbottom-flux−0.235·log2

bottom-flux

C:N · 86400

) (146)Iron addition from sediments is 
al
ulated as a fun
tion of organi
 matter supply
JFesed-coast

=
Fesedmax

∆z
·

FPON
2

Fesedsat
+ FPON

(147)Sinking �uxes of sili
ate, 
al
ium 
arbonate and organi
 material are dissolved/remineralized in the bottom box.
JSiO−4

4
= JSiO−4

4
+

FSiO2

∆z
(148)

JCaCO3
= JCaCO3

+
FCaCO3

∆z
(149)

JPON = JPON +
FPON

∆z
(150)

JPOP = JPOP +
FPOP

∆z
(151)2.7 Cal
ulate total sour
e and sink termsThe individual sour
e and sink terms 
al
ulated above are then summed to produ
e total sour
e and sink terms forea
h prognosti
 tra
er.2.7.1 Phytoplankton Nitrogen and PhosphorusSmall Phytoplankton Nitrogen

SSm
N = JSm

prod
NO

−

3

+ JSm
prod

NH
+
4

− JSm
grazN

(152)Large Phytoplankton Nitrogen
SLg

N = JLg
prod

NO
−

3

+ JLg
prod

NH
+
4

− JLg
grazN

(153)Diazotrophi
 Phytoplankton Nitrogen
SDi

N = JDi
prodN

− JDi
grazN

(154)Large Phytoplankton Phosphorus
SLg

P = JLg
prod

PO
−3
4

− JLg
grazN

·
PLg

NLg
(155)2.7.2 Phytoplankton Sili
on and IronLarge Phytoplankton Sili
on

SLg
Si = Jprod

SiO
−4
4

− JgrazSiO2
(156)Small Phytoplankton Iron

SSm
Fe = JSm

prodFe
− JSm

grazF e
(157)Large Phytoplankton Iron

SLg
Fe = JLg

prodF e
− JLg

grazF e
(158)Diazotrophi
 Phytoplankton Iron

SDi
Fe = JDi

prodF e
− JDi

grazF e
(159)13



2.7.3 Other nutrientsNO−
3

SNO−

3
= Jnitrif −

(

JSm
prod

NO
−

3

+ JLg
prod

NO
−

3

+ Jdenitwc
+ Jdenitsed

) (160)NH+
4

SNH+
4

= −

(

JSm
prod

NH
+
4

+ JLg
prod

NH
+
4

+ Jnitrif

)

+
∑

Jgraz
NH

+
4

+
1

τSDON
· SDON +

1

τLDON
· LDON + JPON (161)PO−3

4

SPO−3
4

= −
∑

Jprod
PO

−3
4

+
∑

Jgraz
PO

−3
4

+
1

τSDOP
· SDOP +

1

τLDON
· LDON · P:NSmLg + JPOP (162)SiO−4

4

SSiO−4
4

= JSiO−4
4

− Jprod
SiO

−4
4

+ JdissSiO2
(163)2.7.4 Dissolved and Parti
ulate Iron

SFed
=
∑

JgrazF e
+ JFedes

+ JPOFe + JFesed-coast
−
(

JprodPOF e
+ JSm

prodF e
+ JLg

prodFe
+ JDi

prodFe
+ JFeads

) (164)
{Fep (t)} = {Fep (t − 1)} + [JprodPOF e

+ JFeads
+ JFesink

− (JFedes
+ JPOFe)] · ∆t (165)2.7.5 Dissolved Organi
 MatterSemilabile Dissolved Organi
 Nitrogen

SSDON = JSDON −
1

τSDON
· SDON (166)Semilabile Dissolved Organi
 Phosphorus

SSDOP = JSDOP −
1

τSDOP
· SDOP (167)Labile Dissolved Organi
 Nitrogen

SLDON = JLDON −
1

τLDON
· LDON (168)O2 produ
tion from nitrate, ammonia and nitrogen �xation and O2 
onsumption from produ
tion of NH+

4 fromnon-sinking parti
les, sinking parti
les and DOM and O2 
onsumption from nitri�
ationif [O2] > O2min
then

SO2
= O2:NO−

3 ·

(

JSm
prod

NO
−

3

+ JLg
prod

NO
−

3

)

+ O2:NH+
4 ·

(

JSm
prod

NH
+
4

+ JLg
prod

NH
+
4

+ JDi
prodN

)

−

(

O2:NH+
4 ·

[

∑

Jgraz
NH

+
4

+ JPON +
1

τSDON
· SDON +

1

τLDON
· LDON

]

+ O2:Nitrif · Jnitrif

) (169)else
SO2

= O2:NO−
3 ·

(

JSm
prod

NO
−

3

+ JLg
prod

NO
−

3

)

+ O2:NH+
4 ·

(

JSm
prod

NH
+
4

+ JLg
prod

NH
+
4

+ JDi
prodN

) (170)end
14



2.7.6 The Carbon systemAlkalinity
SALK = 2 · JCaCO3

+ SNH+
4

+ Jdenitwc
+ Jdenitsed

−
(

2 · JprodCaCO3
+ SNO−

3
+ JDi

prodN

) (171)Dissolved Inorgani
 Carbon
SDIC = C:N ·

(

SNO−

3
+ SNH+

4
+ Jdenitwc

+ Jdenitsed

)

+ JCaCO3
−
(

JprodCaCO3
+ C:N · JDi

prodN

) (172)3 Parameters3.1 Stoi
hiometri
 ratiosParameter Des
ription Value Des
ription Referen
e
C:N Carbon to Nitrogen ratio 117

16 mol-C mol-N−1

Values taken fromOCMIP-II bioti
proto
ols after Najjarand Orr (1998) andAnderson andSarmiento (1994)
Ca:N Cal
ium to Nitrogen ratio 0.007·117

16 mol-Ca mol-N−1 "
Mass:N

Mass to Nitrogen ratio (used for ironremineralization 
al
ulation) 117·12·1.87
16 g mol-N−1 "

N:Ndenit
Nitogen 
onsumption ratio fordenitri�
ation 6.5 dimensionless "

O2:C Oxygen to Carbon ratio 170
16 mol-O2 mol-C−1 "

O2:NO−
3 Oxygen to Nitrate ratio 170

16 mol-O2 mol-N−1 "
O2:NH+

4 Oxygen to Ammonium ratio 138
16 mol-O2 mol-N−1 "

O2:Nitrif
Oxygen:N 
onsumption ratio duringnitri�
ation 2 mol-O2 mol-N−1

Assuming ammoniaoxidation and nitrateredu
tion
P:NSmLg Phosphorus to Nitrogen ratio forsmall and large phytoplankton 1

15 mol-P mol-N−1
Goldman (1980) asreprinted in Broekerand Peng (1982)

P:NDi Phosphorus to Nitrogen ratio fordiazatrophs 1
50 mol-P mol-N−1 Letelier and Karl(1998)

P:Nχ

Minimum P:N for largephytoplankton undergoing severeiron limitation - realized values arewithin the P:NSmLg and P:Nχ range 1
10 mol-P mol-N−1

hypothesizedexplanation ofme
hanism behindresult of Arrigo et al(1998)
Si:Nmax

Maximum diatom sili
on to nitrogenuptake ratio realized as a fun
tion ofnutrient limitation 5 mol-Si mol-N−1 Brzezinski (1985)
Si:Nmin

Minimum diatom sili
on to nitrogenuptake ratio realized as a fun
tion ofnutrient limitation 0.2 mol-Si mol-N−1 Brzezinski (1985)
15



3.2 Half-saturation 
onstantsParameter Des
ription Value Units Referen
e
KLg

NH+
4

Half-saturation 
oe�
ient forammonium uptake by largephytoplankton 1.0 × 10−4 mol-NH+
4 m−3

Moore et al. (2002)and Moore et al.(2004) for initialvalues, but some werevaried from thoseoriginal values in theoptimization forsurfa
e 
hlorophyll,nitrate, phosphate andiron 
on
entrations
KSm

NH+
4

Half-saturation 
oe�
ient forammonium uptake by smallphytoplankton 5.0 × 10−6 mol-NH+
4 m−3 "

KNO−

3

Half-saturation 
oe�
ient for nitrateuptake by phytoplankton 5.0 × 10−4 mol-NO−
3 m−3 "

KPO−3
4

Half-saturation 
oe�
ient forphosphate uptake by phytoplankton 3.0 × 10−5 mol-PO−3
4 m−3 "

KSiO−2
4

Half-saturation 
oe�
ient for nitratesili
ate by phytoplankton 5.0 × 10−3 mol-SiO−4
4 m−3 "

KDi
Fe

Half-saturation 
oe�
ient for ironuptake by diazatrophs 1.0 × 10−7 mol-Fe m−3 "
KLg

Fe

Half-saturation 
oe�
ient for ironuptake by large phytoplankton 3.0 × 10−7 mol-Fe m−3 "
KSm

Fe

Half-saturation 
oe�
ient for ironuptake by large phytoplankton 1.0 × 10−7 mol-Fe m−3 "3.3 IronParameter Des
ription Value Units Referen
e
Feballast−assoc

Whether or not to allow mineralballast dissolution to return iron tothe dissolved phase - a "false" valueassumes that all iron is asso
iatedwith organi
 material. A true valueassumes that iron is distributedbetween mineral and organi
 matterby mass (leading to a deeperregeneration length s
ale) true none Non-spe
i�
ity of Ironadsorption shown inBalistrieri and Murray(1981)
Fecoastmax

Maximum rate kineti
s of iron in�uxfrom 
oastal boundaries 2.0 × 10−14 mol-Fe m−3 s−1

Represents unresolved
oantinental shelves.Tuned to reprodu
e500 km dropo� ofsurplus Iron away from
oast as seeen byJohnson et al. (1999)
Fe:Nirr

Iron limitation of the Chl:C, throughthe 
hlorosis fa
tor, to allow iron tomodulate small and largephytoplankton light utilizatione�
ien
y. 3·1.0×10−6·117
16

mol-Fe mol-N−1
Calibrated to data ofSunda and Huntsman(1997)16



Fe:NDi
irr

Iron limitation of the Chl:C, throughthe 
hlorosis fa
tor, to allow iron tomodulate small and diazotrophi
phytoplankton light utilizatione�
ien
y 10·1.0×10−6·117
16

mol-Fe mol-N−1

Interpretation ofenhan
ed ironlimiation of N2�xation as des
ribedby Raven (1988)
Fe:Nsat

Fe:N level where saturation beginsfor Small Phytoplankton (i.e., wherethe phytoplankton begin to get"full" of iron) 3·1.0×10−6·117
16

mol-Fe mol-N−1 Added to preventrunaway uptake.
Fesedmax

Rate kineti
s of iron in�ux frombottom sediment boundaries 1.0 × 10−4 mol-Fe m−2 s−1

Tuned to reprodu
e500 km dropo� ofsurplus Iron away from
oast as seeen byJohnson et al. (1999)
Fesedsat

Rate kineti
s of iron in�ux frombottom sediment boundaries 1.0 × 10−9 mol-Fe m−2 s−1

Tuned to reprodu
e500 km dropo� ofsurplus Iron away from
oast as seeen byJohnson et al. (1999)
k′′
Fe

Se
ond-order iron s
avenging inorder to prevent high irona

umulations in high depositionregions (like the tropi
al Atlanti
) 50 mol-Fe m−3 d−1

Tuned to reprodu
eobserved Iron
on
entration of 0.6nM in deep o
ean
kFebal

adsorption rate 
oe�
ient forballast. This was set to zero toprevent iron from a

umulating inthe deep o
ean. 0 g-ballast m−3 d−1

kFedes

desorption rate 
oe�
ient. Afterinitial trials assuming 0.0068 d−1after Ba
on and Anderson (1982),this term was deemed unn
essaryafter the in
lusion ofremineralization as a loss ofparti
ulate iron. 0 d−1

k′
Fe Maximum adsorption rate 
oe�
ient 1 d−1 for numeri
al stability

kFeorg

Adsorption rate 
oe�
ient fordetrital organi
 material. This wasset to obtain a deep o
ean 0 d−1

VDi
max0

Velo
ity of iron uptake at 0◦Ctemperature. Diazatrophs areassumed to have the same value asdiatoms. 2.0 × 10−4 mol-Fe mol-N−1 d−1

Tuned to a
hieveobserved growth ratesof 0.7 in 
entralequatorial Pa
i�
upwelling of Landry etal (1997)
VLg

max0

Velo
ity of iron uptake at 0◦Ctemperature. 2.0 × 10−4 mol-Fe mol-N−1 d−1

A

ounts for Sundaand Huntsman (1997)observation of surfa
earea to volume e�e
t
VSm

max0

Velo
ity of iron uptake at 0◦Ctemperature. 2.0 × 10−3 mol-Fe mol-N−1 d−1 "
17



3.4 Phytoplankton growthParameter Des
ription Value Units Referen
e
κ Eppley's temperature 
oe�
ient 0.063 deg-C−1 Eppley (1972)

αSm

α values are set 2x high relative toobservations to 
ompensate forarti�
ially low light levels in the
urrent version of MOM4. Thisne
essity is a 
onsequen
e of themultipli
ative nature of iron andlight limitation in this model. 3.0 × 10−5 g-C g-Chl−1 m2 W−1 s−1
Altered from Geider etal (1997) and Moore etal (2002)

αLg " 3.0 × 10−5 g-C g-Chl−1 m2 W−1 s−1 "
αDi " 3.0 × 10−6 g-C g-Chl−1 m2 W−1 s−1 "

PSm
Cmax

spe
i�
 growth prefa
tor 3.0 × 10−5 s−1 "
PLg

Cmax
" 3.0 × 10−5 s−1 "

PDi
Cmax

" 2.0 × 10−6 s−1 "
PSm

Cmax

spe
i�
 growth prefa
tor foralternate formulation for θ
2.0 × 10−5 s−1 Tsuda et al., 2003

PLg
Cmax

" 1.5 × 10−5 s−1 "
θSm
max

Maximum 
hlorophyll to 
arbonratio. Values are at the high end inorder to a

ount for the additionaliron limitation term. 0.018 g-Chl g-C−1
Altered from Geider etal (1997) and Moore etal (2002)

θLg
max " 0.038 g-Chl g-C−1 "

θDi
max " 0.018 g-Chl g-C−1 "

θmin minimum 
hlorophyll to 
arbon ratio 0.002 g-Chl g-C−1 "
ζ assimilatory e�
ien
y 0.1 dimensionless "3.5 Grazing and remineralizationParameter Des
ription Value Units Referen
e

fSm
det0

Values of fra
tional detritusprodu
tion from the global synthesis 0.18 dimensionless Dunne et al. (2007)
fLg
det0

" 0.93 dimensionless "
γdenit

The denitri�
ation length s
ale is setto half this value 0.002 s−1 after Devol andHartnett (2001)
γdet

Value of gamma_det to approximateupper e-folding of the "Martin
urve" used in the OCMIP-II bioti

on�guration of 228 m from 75 m. 0.016 s−1 Najjar and Orr (1998);Martin et al. (1987)
kdissSiO2

Dissolution of SiO2 was set as atemperature-dependent fra
tion ofgrazed material to be roughly in linewith Kamatani (1982) 3 s−1 Kamatani (1982)
kgrazmax

For numeri
al stability, not to allowextremely high grazing rates 6 d−1 numeri
al stability
κremin

Temperature-dependen
e offra
tional detritus produ
tion fromthe global synthesis -0.032 deg-C −1 Dunne et al. (2007)
λ0

T=0 phytoplankton spe
i�
 grazingrate from the global synthesis 0.19 d−1 Dunne et al. (2007)18



Parameter Des
ription Value Units Referen
e
λ0

Di T=0 phytoplankton spe
i�
 grazingrate for Diazotrophs 0.19
4 d−1

Crudely approximatesrole of preyswit
hing/grazingrefuge with lowpopulation densityafter Fasham et al(1990)
τgraz

Temperature-dependent responsetimes
ale for grazers... in this 
aseset to a very small number tosimulate instantaneous response. 0.001 d−1 stability value
O2min

Minimum oxygen 
on
entration foroxi
 remineralization. This isne
essary for both numeri
alstability and to queue the swit
h todenitri�
ation 5 × 10−3 mol-O2 m−3 Suntharalingam et al(2000)
NO−

3min

Minimum NO−1
3 
on
entration forremineralization throughdenitri�
ation. This is ne
essary fornumeri
al stability. 1 × 10−4 mol-NO−

3 m−3 stability value
P⋆

Pivot phytoplankton 
on
entrationfor grazing-based variation ine
osystem stru
ture from the globalsynthesis 1.9×10−3·16
117

mol-N m−3 Dunne et al. (2005)
Phytomin

Minimum phytoplankton
on
entration for grazing. 1 × 10−6 mol-N m−3 numeri
al stability
rpCaCO3

Organi
 matter prote
tion bymineral 0.070·16·100
12·117 mol-N mol-Ca−1 Klaas and Ar
her(2002)

rpSiO2

Organi
 matter prote
tion bymineral 0.026·16·60
12·117 mol-N mol-Si−1 Klaas and Ar
her(2002)

Siremin-depth
Remineralization length s
ales tomat
h global pro�les 2000 m Gnanadesikan (1999)

Caremin-depth
Remineralization length s
ales tomat
h global pro�les 3500 m Najjar and Orr (1998)

wsink

Sinking velo
ity of detritus to allowbuild-up of parti
ulate iron. Value isused in γ/wsink as the depth s
ale ofremineralization. 3 m d−1 Dunne et al (1997)
τnitrif

Nitri�
ation times
ale assumed to belight-limited. . . 60 d
Tuned to mat
h Ward(1982)

nitrifinhibit . . . with an inhibition fa
tor 1 m2 W−1 Tuned to mat
h Ward(1982)
τ

Dissolved Organi
 Materialremineralization times
ales andfra
tional produ
tion ratios 30 d 
onsistent with thework of Abell et al.(2000)
τSDON " 18 a "
τSDOP " 4 a "
φSDON

"Warning: φSDON + φLDON must beless than 1. Ideally, it will be mu
hless than 1 as this 
omponent willdire
tly redu
e the pe_ratio. 0.02 dimensionless "
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Parameter Des
ription Value Units Referen
e
φSDOP " 0.04 dimensionless "
τLDON

The remineralization times
ale forlabile DOP (τLDON) was set to 3months 90 d after Ar
her et al(1997)
φLDON

The fra
tion going to labile DOCwas inspired by data-model
omparisons 0.20 dimensionless Libby and Wheeler(1997)Referen
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