Description of the PlankTOM10 equations
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1 Introduction

This Appendix presents a full description of the PlankTOM#i6del, a global marine biogeochemical
model based on the representation of ten Plankton Funtfigpas (PFTs), including six phytoplankton
(pPFTs), three zooplankton (zPFTs) and bacteria. PlankI®@also represents the full cycles of G,,®@
and Si and simplified cycles for Fe and N. It currently comgsisf 39 biogeochemical tracers (Table 1).

1.0.1 Notation

In the following sections, we will show the equations govegntracer and food-web dynamics. These
equations are mostly semi-empirical, and have been dexglapd tested using a multitude of laboratory
and field data. As long as not otherwise indicated, both tsaged their respective concentrations will be
designated by capital letters, with

 P;: concentration of pPFTwith: € {1,6},

* Z;: concentration of zPFT with j € {1,3},

» F}: concentration of food:; whereF}, includes phytoplankton and other food sources
* PRO: proto-zooplankton concentration,

* MES: meso-zooplankton concentration,

* MAC: macro-zooplankton concentration,

» POy: concentration of phosphate,

» DIN: concentration of dissolved, inorganic nitrogen,

 Fe: iron concentration, and

* Si: silicate concentration.

All concentrations are calculated 1?% except for chlorophyll whic is ir?C%.

Tables and an index are provided which link the mathemagigalbols with the variable names used in
the Fortran code.

Where subscripj includes pico-heterotrophs in additon to the three zooditan types this is stated
explicitly.

The ten plankton functional types and the tracers are showigure 1.Figures of this type showing the
processes governing the evolution of the PFTs and tracetis@uded in the following sections.



Table 1: List of biogeochemical Tracers in PlankTOM10

Abbreviation Description Units
ALK alkalinity eqlL!
BAC pico-heterotrophs mol 1!
BFE Fe in large POM mol !
BSI biogenic particulate silica molt!
CAL sinking CaCQ mol L—!
CCH chlorophyll in calcifiers gt!
CFE Fe in calcifiers mol t!
cocC calcifying phytoplankton mol 1!
DCH chlorophyll in silicifiers gLt
DFE Fe in silicifiers mol !
DIA silicifying phytoplankton mol L*
DIN dissolved inorganic nitrogen mol1
DIC dissolved inorganic carbon molt
DOC dissolved organic carbon mot L
DSI sinking particulate silica mol 1!
FER dissolved iron mol !
FCH chlorophyll in N; fixers gL!
FFE Fe in N fixers mol L?
FIX N, fixing phytoplankton mol !
GOC large particulate organic carbon mol'L
HCH chlorophyll in DMSP producers mol1!
HFE Fe in DMSP producers moli
PIC pico-phytoplankton mol t!
MES meso-zooplankton mol1!
MIX mixed phytoplankton mol !
NCH chlorophyll in mixed phytoplankton gt
NFE Fe in mixed phytoplankton molt!
OoXY dissolved oxygen mol t!
PCH chlorophyll in pico-phytoplankton gl
PFE Fe in pico-phytoplankton moli!
PIC pico-phytoplankton mol t!
PHA DMSp producing phytoplankton moli
PO4 generic macronutrient mol CL
POC small particulate organic carbon mol'L
PRO proto-zooplankton molt!
SFE Fe in small POM mol !
SIL dissolved SiQ mol L—1
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Figure 1: The constituents of PlankTOM10; PFTs are shownllgses and tracers as rounded rectan-
gles.There are also tracers for the chlorophyll and irorierdrof the individual pPFTs but these have been
omitted from the figures for clarity.

1.0.2 Tracer Transport

The temporal evolution of all passive tracers T is governgithb balance between its local sources and sinks
('Sources-Minus-Sinks’' (SMS), biogeochemical part) aclie physical transport processes (advection
and diffusion), hence

dTr .
E:V-(ﬁT)jLV-(KVTH—SMS, @)
whereK is the 3-dimensional tracer diffusion coefficient ahib the fluid velocity, calculated in the phys-
ical model. To ensure numerical stability, the sinks preessn SMS are set to zero then the concentration
of passive tracers fall below a set threshold (1.e-10).

2 Autotrophic PFTs
2.1 Phytoplankton Biomass - PIC, FIX, COC, PHA, MIX, DIA

The processes governing evolution of phytoplankton bi@nfas eachP; is shown in Figure 2. Evolu-
tion in terms of carbon is described in this section; chlbgdp(Section 2.2) and iron in phytoplankton
(Section 6.1.1) are modelled silimarly. Growth of phytaton modifies dissolved organic carbon (Sec-
tion 4.1), silica (Section 6.2), calcium carbonate (Sectol), phosphate, dissolved inorganic nitrogen
(Section 6.3), alkalinity (Section 5.3) and oxygen (Sett04) in the ocean. The temporal evolution of
phytoplankton biomass is given in the equation below:
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ggj * Z; » P; describes the amount of biomass lost in grazing by the ZPEJ < {1, 3} as described
in Section 3. In the present configuration of the model alilatsée phytoplankton are grazed so there is no
mortality term.

up is the phytoplankton growth rate and is a function of tempeea light and nutrient availability:
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Figure 2: The processes governing the development of thievplaykton.
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p = pg"x f(T) % f(PAR) * f(nut)
= g x (L+65) % b = L, = L )
whereu(})’i is the maximum growth rate @b C, bp, is the temperature dependence of the growth rate and

T is the temperature. For coccolithophorids the growth ratevs10° is reduced td.2 + .8 110_) * bl .
The radiation available for photosynthesis is dependetihernvavelength and the depth:
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where the fraction of available solar radiatigh, which is in the photosynthetically active wavelength
range has been divided between the blue/green and red wagtleder;, x, are the extinction coefficients
of pure water for blue/green and red Wavelengths;gﬁd)ﬁf’i are the extinction coefficients of chlorophyll.
If

perfrm = ol x CHPPi 4.6 x PAR(2) 5)

and
pctnut = ,ué)” (1465 « b;i * Lﬁ;l (6)

then
Lijght = 1-— ¢~ petnat (7)

The nutrient limitation Lﬁ;n) determines the limitation of the growth rate due to thelatslity of nutri-
ents. Itis assumed that nutrient limitation follows Micliséenten kinetics and that growth is determined
by the least available nutrient. Hence, for phytoplanktdreothan silicifiers and nitrogen fixers:

Fep, min
P; . PO4 P.L _FePi DIN
Llifm, = min P; bl ; t Gy ) P; (8)
POs+ Kpy, Fe' — Fe™” DIN + Kpy
for silicifiers:
IPIA _ PO, Fgota — Fepiny DIN Si ©)
b POy + KBEA Febt — Femin’ DIN + KBIL" Si+ KDIA |

and for nitrogen fixers:

, PO Ferrx _ pemin DIN DIN
LllijnX = min - FIX® F(I)z))i f,ii( ) Fix T Brix <1 - FIX> (10)
POy + KELY Fet, — Femin’ DIN + KB DIN + KEIX

2.2 Primary Production, Photosynthesis and Chlorophyll - BCH, NCH, CCH, PCH,
HCH, FCH

The chlorophyll content of each phytoplankton type (DCH diicifiers, NCH for mixed-phytoplankton,
CCH for calcifiers and PCH for picophytoplankton, HCH for DM&nd FCH for N-fixers) is modelled.
Chlorophyll evolves in a very similar fashion to phytoplémkic biomass (see equation 3), as sources and
sinks of chlorophyll are of phytoplanktonic origin. Thenrtight colimitation model is a dynamical pho-
tosynthesis model in which the rate of photosynthesis botitrols cellular iron and chlorophyll synthesis
and is controlled by their quota (Buitenhuis and Geider @01



Table 2: List of Parameters and variables used to computevtiation of phytoplankton

Term Variable Description Defined in
op, rn_resphy respiration as fraction of growth sms.F90
uéji rn_mumpft  maximum growth rate &°C namelist.trc.sms
b prophy productivity of phytoplanktorP; bgcpro.F90
bp, rn_mutpft temperature dependence of growth rate namelist.trc.sms
al rn_alpphy initial slope of photosynthesis vs light intensity curvenamelist.trc.sms
PAR etot Photosynthetcally active radiation bgcpro.F90
Qsr qsr surface solar radiation traqsr.F90
Zg rn_ekwgrn absorption coefficient of water for blue-green light namelist.trc.sms
Ty rn_ekwred absorption coefficient of water for red light namelist.trc.sms
yb rn_kgrphy light absorption in blue-green namelist.trc.sms
yFi rn_krdphy light absorption coefficient for red namelist.trc.sms
perfrm  perfrm photosynthetic performance bgcpro.F90
pctnut pctnut macronutrient and temperature defined growth rate bgcpro.F90
Liight xlim8 Light limitation for phytoplankton growth bgcpro.F90
Fep™™ rn.gmaphy  Maximum Fe quota namelist.trc.sms
Fe’,é”j" rn_gmiphy Minimum Fe quota namelist.trc.sms
Fe;’;:t rn_qopphy Optimum Fe quota namelist.trc.sms
K’E}N rn_kmnphy half-saturation coefficients fapI N namelist.trc.sms
Klf'im rn_kmpphy half-saturation coefficients faPO4 namelist.trc.sms
K& rn_sildia half-saturation coefficient fa§ 7L in diatoms namelist.trc.sms
Lﬁjn xlimpft macronutrient limitation for phytoplankton growth  bgcpro.F90
P;
8Cahtl = pgihlLlightpctnutPi - Mgi op, b};i x Chii (11)
production loss
z; ,, Chlp,
- zj: 9p; Z; P
grazing
where
pb = 05« petnut Luight (12)
Chl chl perfrm

Hfjjl is the maximum chlorpophyll to carbon ratio for phytoplamk®; andper frm andpctnut are defined
in equations 5 and 6

Table 3: List of parameters and variables used to calcui&tevolution of chlorophyll

Term Variable Description Defined in
0L, rn_thmphy  maximum CHL:C ratio namelist.trc.sms
pgihl rhochl regulation term of chlorophyll synthesis bgcpro.F90



3 Heterotrophic PFT’s

The temporal evolution of zooplankton and the pico-hetepits are shown in Figure 3.
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Figure 3: The processes governing the development of thelaakton and pico-heterortrophs.

3.1 Zooplankton Biomass - PRO, MES and MAC

The temporal evolution of zooplankton concentratighsn PlankTOM are described as follows (Buiten-
huis et al., 2006):
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Wheregﬁi is the grazing of zooplankto4; on food source, and M G'E is the growth eﬁiciencngoj

is the respiration rate at’C, dz, is the temperature dependence of the respiratidh & Qm).,mgg' is

the mortality rate at 0C, c, is the temperature dependence of the mortatit)y & Q,0). K% is the half
saturation constant for mortality and is sete 10~%. The mortality term for meso- and macrozooplankton
is due to predation by top predators for which the total protplankton and phytoplankton biomass is used
as a proxy. In the presence of ice krill are protected frond@tien so the macrozooplankton mortality is
reduced by a factor of .01.

Grazinggiﬁ, of zooplanktonZ; on food sourceF, is dependent on the zooplankton preferemf%',



the concentration of the food source and the temperature.

Zj
Pg,
. Z;
K% 1y, p2

Z; .
ng = gffaw (T) (14)

The food sourced’ for zooplankton are summarised in Table 4. For macro-zadgpden they are
phytoplankton, meso-zooplankton, proto-zooplanktorp4ieterotrophs, small and large particulate or-
ganic matter. The food sourcds for meso-zooplankton are phytoplankton, proto-zooplankipico-
heterotrophs, small and large particulate organic maktes.food sources for proto-zooplankton are phyto-
plankton, pico-heterotrophs, small and large particutag@nic matter.

Table 4: Food sources for zooplankton and pico-heterogroph

Food Macro-zooplankton = Meso-zooplankton  Proto-zooptamk Pico-heterotrophs
Meso-zooplankton *

Proto-zooplankton * *

Phytoplankton * * *

Pico-heterotrophs * * *

Large POM * * * *

Small POM * * * *
Dissolved OM *

The temperature dependence of the grazing rate is:

Imna(T) = g5-b7,, (15)

wheregZ, is the maximum grazing rate at €, bz, is the temperature dependence of the grazing bate
Q10), T is the local seawater temperature®i@elsius. In shallow water<{(600m) in the summer months
under ice coverage of between .1 and .3 macrozooplankta@riexige enhanced recruitment (Wiedenmann
et al., 2009). This is included by increasing the growth bsta factorr ;4 when these conditions apply.

The model growth efficiency/ GE, a function of gross growth efficiency (GGE), describes tlae-f
tion of grazed food incorporated into zooplankton biomass$taasal respiration normalised to all material
ingested:

Z; (16)

MGEz, = MIN (1 —¢% ,GGEy, +
kK 9F,

RE « g, * Zj>

Equation 41 shows the possible reductionViiG £z, when zooplankton graze on phytoplankton with a
lower £¢ ratio than themselves.

3.2 Pico-heterotrophs

The temporal evolution of bacterial concentration is migdkin a similar way to zooplankton:

0BAC
ot

= \oc(T)BGE « BAC  — RBAC «d% , + BAC 17)

growth through remineralisation respiration

— ZQ?AC * BAC x Z;
J

grazing

where BGF is the bacterial growth efficiency. The food sourdgsfor bacteria are DOC and small and
large particulate organic carbon. Mineralisation &g, (7') is dependent on the temperature and the avail-
able food:



Table 5: List of parameters and variables used to calcutatevolution of zooplankton

Term Variable Description Defined in
90" rn_gramic maximum grazing rate &’ namelist.trc.sms
rn_grames for proto-, meso- namelist.trc.sms
rn_gramac and macrozooplankton namelist.trc.sms
Z; .
oz graze grazing rate for proto- bgclos.F90
graze2 meso- and bgclos.F90
graze3 macrozooplankton bgclos.F90
bz, rn_mutpft Temperature dependence of grazing namelist.trc.sms
for proto, meso- and namelist.trc.sms
macro-zooplankton namelist.trc.sms
TMAC rn_icemac enhanced recruitment factor under ice namelist.trc.sms
pZ rn_gmibac proto-zoo. grazing preference for bacteria namelist.trc.sms
rn_gmigoc proto-zoo. grazing preference for GOC namelist.trc.sms
rn_gmipoc proto-zoo. grazing preference for POC namelist.trc.sms
rn_gmiphy proto-zoo. grazing preference for phyto.  namelist.trc.sms
rn_gmebac meso-zoo preference for bacteria namelist.trc.sms

rn_gmegoc meso-z00. grazing preference for GOC namelist.trc.sms
rn_gmepoc meso-z00. grazing preference for POC namelist.trc.sms
rn_gmemic meso0-z00. grazing preference for proto-zoonamelist.trc.sms
rn_gmephy meso-z00. grazing preferencefor phyto namelist.trc.sms

rn_gmabac macro-zoo preference for bacteria namelist.trc.sms
rn_gmagoc macro-zoo preference for GOC namelist.trc.sms
rn.gmames  macro-zoo preference for meso-zoo namelist.trc.sms
rn_gmamic macro-zoo preference for proto-zoo namelist.trc.sms
rn_gmapoc macro-zoo preference for POC namelist.trc.sms
rn_gmaphy macro-zoo preference for each phyto. type namelist.trc.sms

K% rn_grkmic half-saturation constant for namelist.trc.sms
rn_grkmes proto-, meso- namelist.trc.sms
rn_grkmac and macro-zooplankton namelist.trc.sms

oZi rn_sigmic Fraction of zooplankton namelist.trc.sms
rn_sigmes excretion as DIC
rn_sigmac

&% rn_unamic Fraction of unassimilated namelist.trc.sms
rn_unames food by proto-, meso-
rn_unamac and macro-zooplankton

MGEz;  micrge model growth of efficiency bgchio.F90
mesoge of proto-, meso- and
macrge macro-zooplankton

Rfo" rn_resmic Respiration a0°C of namelist.trc.sms
rn_resmes proto-, meso- namelist.trc.sms
rn_resmac and macro-zooplankton namelist.trc.sms

dz, rn_retmic Temperature dependence of resipration of namelist.trc.sms
rn_retmes proto-, meso- namelist.trc.sms
rn_retmac and macro-zooplankton namelist.trc.sms

mé rn.mormes  mortality at0°C of meso-zoo. namelist.trc.sms
rn.mormac  and macro-zooplankton namelist.trc.sms

cz, rn_motmes temperature dependence of mortality namelist.trc.sms
rn_motmac for meso and macro-zooplankton namelist.trc.sms

GGEg, rn_ggemic Growth efficiency namelist.trc.sms
rn_ggemes of proto-, meso- and namelist.trc.sms
rn_ggemac macro-zooplankton namelist.trc.sms
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whereM. is the maximum mineralisation rate &G, bp 4¢ is the temperature dependence of the mineral-
isation rate §'° = Q1¢) andT is the local seawater temperature @elsius. Each food source is associated
with a preferenc%’i“c . KpocBAC is the half-saturation constant for mineralisation of D@@cterial

growth is dependent on the available oxygep: = % , which leads to a maximum bacterial
growth rate in the absence of oxygen that is 0.3 times themmaxi growth rate at high oxygen.

REAC is the respiration rate at'Q, dgac is the temperature dependence of the respiratidh &
Ql())

Bacterial growth efficiencyBGE, which describes the fraction of mineralised food incogped into
bacterial biomass, is a function temperature and iron aiviitly :

BGE — min(BGEy —exT,FERpac + ApocFe + Ao Fe) (19)
max (Ao DOC 4+ XNpoo POC + A GOC) x Fe/C, 1e — 25)
where BG Ey. is the bacterial growth efficiency af Gnde is the temperature dependence of bacteria
growth, FERp ¢ is the uptake of dissolved Fe (see equation 47)808-, \hoo, Apoc are the rem-
ineralisation rates for DOC, GOC and POC respectively aneéfabove. The remineralisation of iron in
POC and GOC is given by:

N0 * kagACSFE

)\PocFe = ]\/[00 * bBAC (20)
KESS + 5 R
and
* BACBFE
)\GocFe = MOO * bBAC 1o Zk pF (21)

KE3G + BT

Grazing of bacteria by zooplankton is described in the previection.

Table 6: List of parameters and variables used to calcutatevolution of pico-heterotrophs

Term Variable Description Defined in

Moo rn_grabac Maximum growth rate for bacteria namelist.trc.sms

KBas rn_kmobac DOC half saturation constant of bacteria namelist.trc.sms

pBAC rn_gbadoc bacterial preference for DOC namelist.trc.sms
rn_ghapoc bacterial preference for POC namelist.trc.sms
rn_gbagoc bacterial preference for GOC namelist.trc.sms

BGEyo rn_ggebac Bacterial growth efficiency ai° namelist.trc.sms

RBAC rn_resbac respiration ab°C namelist.trc.sms

dpac rn_retbac Temperature dependence of respiration namelist.trc.sms

e rn_ggtbac Temperature dependence of bacterial growth efficieneyamelist.trc.sms

FERpac ubafer Uptake of dissolved Fe by bacteria bgcsnk.F90

no % oxygen limitation to bacteria growth

ApocFe ofer remineralisation of Fe in POC bgcsnk.F90

AeocFe ofer2 remineralisation of Fe in GOC bgcsnk.F90

AbocDOC  olimi remineralisation of DOC bgcnul.F90,bgcsnk.FO0

ApocPOC  orem remineralisation of POC bgcnul.F90,bgcsnk.F90

AeocGOC  orem2 remineralisation of GOC bgcnul.F90,bgcsnk.F90

3.2.1 Denitrification

When waters become suboxic, bacteria can also use nitrated@r to gain oxidative power for DOC
remineralization. Hence, there is a (bacterial) denitfan term in the model.
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4 Organic matter and bacterial remineralisation

The source and sinks for dissolved organic carbon (DOC) arall§POC) and large (GOC) particulate
carbon are shown in Figure 4
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Figure 4: The source and sinks for dissolved organic carBnQ) and small (POC) and large (GOC)
particulate carbon.

4.1 Dissolved organic carbon - DOC

The evolution of DOC is calculated in the following way:

oDOC , . Z;
Sl SR+ (1= 0% (1 - % - MGE?)Y " gyl * Z; + Fy,
k
production d
egestion
+ 333R5dhac BAC — XpoeDOC — 00700 — 9D0C—6G0C
excretion remineralisation aggregation
+ DOCriv ) (22)
——

river input

wherevy' = vp, +(1—L£;n) mat is the fraction of phytoplankton growth which forms DOC. Baé@l
degradation of DOC is given by equatlon 18 for DOC i.e.:

no * pBA% * DOC
KB5& +pPaZDoC’

)\*DocDOO = MOO * bgAC (23)

no = % leads to a maximum bacterial growth rate in the absence ajanxyhat is 0.3 times

the maximum growth rate at high oxygen.

The aggregation functiormfgjy are described in Section 4.2.
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Table 7: List of Parameters used in bacterial remineradisaif DOC

Term Variable Description Defined in
vp, rn_docphy minimum DOC excretion ratio namelist.trc.sms
2 rn.domphy  maximum DOC excretion ratio namelist.trc.sms
gif Z; gramit Total grazing by bgclos.F90

gramet proto,meso and

gramat macro-zooplankton
dpac rn_retbac temperature dependence of bacterial respiratiamamelist.trc.sms
AopcOC  olimi Remineralisation rate of DOC

orem Remineralisation rate of POC

orem2 Remineralisation rate of GOC bgcnul.F90,bgcsnk.F90
KEB4¢ rn_kmpbac  PO4 half saturation constant namelist.trc.sms
KEa¢ rn_kmfbac FER half saturation constant namelist.trc.sms
bpac rn_mutpft temp. dependence of growth rate namelist.trc.sms
DOC,;, depdoc River input of DOC trcini.dgom

4.2 Particulate aggregation

Particle aggregation through either differential sinkargurbulent coagulation is calculated by:

PPOCHPOC . 4POCePOC? 4 pDPOCeDOC POC
pLOC=GOC . 4,DOC. DOC GOC
@roOC=GOC  — yPOCcpOC? 4 ¢5O%eGOC POC

+¢FO¢ POC GOC + ¢F°¢ POC? (24)

In whiche is the shear rate. The coefficiertsvere obtained by integrating the standard curvilinear &isrn
for collisions over the size range of each organic mattef.poo

Table 8: List of Parameters used in particulate aggregation

Term Variable Description Defined in
eLICTTOC " yaggdoc DOC-POC aggregation bgcsnk.F90
PLOCCEOC  xaggdoc2 ~ DOC-GOC aggregation bgcsnk.FO0
®LOC7EOC  xagg POC-GOC aggregation bgcsnk.F90
boc rn.agsdoc  DOC-POC aggregation namelist.trc.sms
pPoc 1000.
pPoc rn.agédoc  DOC-GOC aggregation namelist.trc.sms
pToc rn_.aglpoc  POC-GOC aggregation namelist.trc.sms
pLoc rn.ag2poc  POC-GOC aggregation namelist.trc.sms
proc rn_ag3poc  POC-GOC aggregation namelist.trc.sms
poc rn.agdpoc  POC-GOC aggregation namelist.trc.sms
4.3 Sinking

Using the data in Ploug et al. (2008) and applying the drag#gps of Buitenhuis et al. (2001) results
in a new function describing the relationship between plartiensity and sinking speed (Buitenhuis et al.,
2012):

Vvsink: = kGOC * MAX(pparticle — Pseawaters pmin)scoca (25)

where, ifpgoc (1.08),pc4r, (=1.34) andopgy are the densities of the organic matter, CaCand SiQ
respectively, the particle density,,+ici. is calculated by:

(GOC % 240. + CAL % 100. + DSI % 60.)

GOC%240. 4 CALx%100. + DSI>5<60.7 10_15)
PGOC PCAL PDSI

(26)

pparticle

max(
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and

Spoc ) *9°
GOC

Table 9: List of Parameters used in sinking

Term Variable Description Defined in

Spoc rn_snkpoc  sinking speed of POC namelist.trc.sms
Scoc rn_snkgoc  sinking speed parameter for GOC namelist.trc.sms
kcoc rn_singoc second sinking speed parameter for GOC namelist.trc.sms
Pmin dnsmin density at which GOC sinking speedris. snkpoc  trclsm.dgom.h90
Pseawater rhop density of sea-water

Pparticle — Pscawater ~ XAENS density of particle bgcsnk.F90
Vsink xvsink sinking speed of particle bgcsnk.F90

4.4 Small particulate organic carbon - POC

The temporal evolution of small particulate organic cat@@C, is calculated as

oPOC

= RO N gEROPRO N " gFbe * Zj * POC
F; Z;
proto—zooplankton unassimilated food grazing on POC
4+ 0333 % REAC «dL o * BAC—  XppoPOC  —Spoc apagc
excretion POC remineralisation POC sinking
+ (I,l?ggC%POC _ (I)anOgC%GOC + POC,;p . (28)
—_—— —

aggregation to POC  aggregation to GOC river input

Here,£™ is the unassimilated fraction of grazed materﬁf” are the grazing coefficients of proto-
zooplankton on food sourcds as specified in equation 13, and all others variables are@&ab

Table 10: List of parameters and variables used to calcthatevolution of POC

Term Variable Description Defined in

Kp, rn_mokpft  half saturation constant for namelist.trc.sms
mortality

POC.;, deppoc river input of POC trcini.dgom.h

4.5 Large particulate organic carbon - GOC

The temporal derivative of large particulate organic carf®OC) is calculated as

0GOC v . _
— Zj Zj . Zj ) Zj T )
5 = E §JE gr, * Zj x I, —E Jaoc * Zj x GOC + E mye * ¢’ * Z;
j k J J

zooplankton unassimilated food loss through grazing MES,MAC mortality

0GOC

DOC—GOC POC%GOC *
—_——
aggregation to GOC GOCremineralisation GOCsinking
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£%i is unassimilated fraction of material grazed by meso- andraaaooplankton ane:?: is meso-
and macro-zooplankton mortality as in equation (18),,. is the sinking rate ofOC and is calculated as
equation (25).

5 Carbonate chemistry
5.1 Calcite - CAL

Calcification in the model is performed only by phytoplanktalcifiers, COC. Losses of calcifiers result in
detached/sinking CaGQand enters the tracer CAL. Attached Ca@d®produced in a fixed ratio to organic

matter and therefore there is no tracer for its concentratibdoes however reduces alkalinity, ALK, and
dissolved inorganic carbon, DIC. The source and sinks ftadted carbonate (CAL), dissolved inorganic
carbon (DIC) and alkalinity (ALK) are shown in Figure 5

[ FER } [ALK } [;IC } [OXY } [POA } [ DIN } [DMS } [DMSP} [ SIL }
PIC @ @ QFD

@ MES MAC BAC
[ BFE } [ SFE } [CAL } [DOC} [ POC} [ GOC} [ BSI } [ DSI }

e

—— Egestion and excretion —— = loss
Primary production ———— Dissolution
Grazing Remineralisation
——— Deposition (river,dust and air) Sinking
Aggregation Denitrification
Caicification Mortality

Figure 5: The source and sinks for detached carbonate (G#dgolved inorganic carbon (DIC) and alka-
linity (ALK).

aC'GICYOBattached

= Reap pcoccoc (30)
ot —_——

production by COC
For detached CaCQCAL:

0CAL ;
o = BRoar(l- Ruis) (ugO%cocbgoccoc + > 9locZ; coc) (31)
COC loss J
grazing by zooplankton
O0CAL
Viink—5 — — fco, CAL,
z N—_——
sinking dissolution
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whereR¢ 41, is the calcification to particulate primary production oafity; . is the fraction of attached
coccoliths that is dissolved during losses of coccolittmpb,V;..x. is the sinking speed and is described in
section 4.3, an@co, is the dissolution rate:

]- - 6sat
. = MIN(1], ————— 32
Beos ( — 5) (32)

whered,,; is the deviation from saturation atit- 4, is the half saturation constant for calcite dissolution.
Bco, is 0.25month™! at the sea surface, andidonth—! at and below saturation.
CAL is calculated irbgcbio and reduced by the fraction dissolvedigclys.

Table 11: List of parameters and variables used to calcthiatevolution of calcite

Term Variable Description Defined in
Rear rn_coccal CaCQ to Carbon ratio namelist.trc.sms
pucoc prophy coccolithophorid productivity bgcpro.F90
Raiss rn_discal Fraction of CaC@ dissolved namelist.trc.sms
during coccolithophorid death

Kcar rn_lyscal half saturation constant for calcite dissolutiomamelist.trc.sms
Osat delco3 deviation from saturation bgclys.F90
Bco,CAL  remco3 dissolved CaC@ bgclys.F90
VeinkCAL  sinkcal sinking speed of CaC© bgcsnk.F90

5.2 Dissolved inorganic carbon - DIC
The temporal evolution of dissolved inorganic carbon, D#Galculated as:

oDIC
ot

= — Zupi * (1 + VEOT) P+ consum — Roarp®°cCcocC

v consumption attached CaCOs3

primary production

+ RassRoar (,u,éjl(scocbgOCCOC-‘r ZggjOCZjCOC )
COC loss J

grazing by zooplankton

CcO
+ DIOr'iU + ﬁC’Os CAL+ Fairfsea : (33)
—_— — ———
river input dissolution air—sea flux

In addition to the inclusion of grazing by zooplankton reeraistion by bacteria is included as a func-
tion of their growth efficiency and respiration (in this casdscript j includes the pico-heterotrophs):

consum = Zazf *(1—¢&% — MGEZ"JZQ?Z * Zjx Iy
j k

foodrespiration

+ (1= BGE) * (NsoeDOC + Npoo POC + N0 GOC)

remineralisation

3
+ Y RydL Z; + 333REACAL \ o BAC + Y 0p,bF b Py (34)
=1 respiration i
basal respiration loss

The bacterial growth efficiencyBGFE, is given by Equation 19. The terms for attached Ca@&d
production of DIC by dissolution are described in Sectidh River depositiorDIC,.;, is the input of DIC
from rivers, see Section 8.6. The air-to-sea flux is desdribeection 7.

Dissolved inorganic carbon is calculatedigcbio; in bgclys the CaCQ dissolution to DIC is included
while in bgcflx the air-sea flux of DIC is added.
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Table 12: List of Parameters used in the evolution of DIC ah&A

Term Variable  Description Defined in

BGE bactge bacteria growth efficiency bgchio,bgcsnk.F90
DICiy depdic river input of DIC river.nc

R% alknut N+S+P to Carbon ratio  trcini.dgom.F90
DICri depdic River deposition of DIC  trcini.dgom.F90

5.3 Alkalinity - ALK
The temporal evolution of alkalinity is calculated as:

0ALK ; o coc
5 R%(ZMP’PZ-(I—i—V}f)— consum, )—Q*RCAL,M cocC

consumption

calcification

production

+ 2RCALRdiss (NgocécocbgOCCOC + Z chochj COC)

J

dissolution

+ DIC,;, + Nienit + 2% BCOg CaCOs3 (35)
—— —— —_———
river input  denitrification dissolution

whereRy = NES+P — 164641 s the effect of nutrient uptake and remineralisation oraktity (Wolf-
Gladrow et al., 2007) The terms for the production of attaclCaCQ, dissolved COC and dissolved
CaCQ; are described in Section 5.1. River depositi®1,C,.;, is described in Section 8.6 and denitrifica-
tion, Ngenit in Section 6.3.

6 Nutrients and Oxygen

The processes governing the evolution of dissolved irorR)-arge (BFE) and small (SFE) particulate
iron, dissolved silica (SIL), biogenic silica (BSI) and dil silica (DSI) are shown in Figure 6.

The processes governing the evolution of phosphate (P@gHolded inorganic nitrogen (DIN) and
oxygen (OXY) are shown in Figure 7.

6.1 The lron Cycle
6.1.1 FeinPFTs

The iron content of phytoplankton (DFE for silicifiers, NF& fmixed-phytoplankton, CFE for calcifiers,
PFE for picophytoplankton, HFE for DMS producers and FFENgifixers) is given by:

OFel
ai = gy (L4867 phi Ll - bF Py —p, % iy % bp, + Fel
production loss
— Zgngj*FePi (36)
J

grazing

p?e describes the iron-light colimitation to phytoplanktorogth (Buitenhuis and Geider, 2010) and is
given by:

F(ipi )
P’ Fepw> % Liight (37)

P B (FethFemaz Fe?]v;am)(Femaw _
Pre = (F@ﬁar Fef]gizn)
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For phytoplankton other than nitrogen fixers and siliciftdies nutrient limitation is given by:

P , PO, FER DIN
LlilmFe = min P, P P; (38)
PO, + Kpy, FER+ Kyl DIN + Ky
for silicifiers
PO, FER DIN Si
LPIA  — i ) 39
tire =M\ BO S KPS FER + K DIN + KRIA Si+ K7 (39)

and for nitrogen fixers:

PO, FER DIN DIN
LEIX o : , R L= 7 eFrx 40
timie =M\ 55 SR PR+ KERS DIV + KA\ v wgrx ) ) @9

The Fe/C ratio of zooplankton is fixed. If zooplankton gramgpbytoplankton that have a higher Fe:C
ratio than themselves, the excess is remineralised toldézboon. If the phytoplankton Fe/C ratio is lower
than zooplankton Fe:C, the model growth efficiency (MGE)dsréased:

Zj Zj Fe N .
Rye dgj Zj Xk IF, ka (1—¢%)

MGE? = MIN |1-¢% ,GGEz, + 22, B
Yk9r  MAX (Zk 9r (%)2,16—25)

(41)

6.1.2 Fe in detrital matter - BFE, SFE

| |
) ) (o) Con] (] (on] [ow] fowr] ]

| | | | | |

; i | | N
[ BFE ]H[ SFE ] [CAL} [DOC} [POC} [eoc} [ BS| ]ﬂ[ DSI ]

Lt
——— Egestion and excretion —— = loss
Primary production ———— Dissolution
Grazing Remineralisation
——— Deposition (river,dust and air) Sinking
Aggregation Denitrification

——= Scavenging

Mortality

Figure 6: The sources and sinks for dissolved iron (FERyeldBFE) and small (SFE) particulate iron,
dissolved silica (SIL), biogenic silica (BSI) and detrigdica (DSI).

Iron in detrital matter is divided into BFE in large organiarficles (GOC) and SFE in small organic
particles (POC). Production terms of particulate orgamin follow the Fe/C ratio of the source organisms.
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There is noironin DOM, butiron is added from dissolved iroparticulate organic iron during degradation
of DOM. Degradation of POM conserves the Fe:C ratio of POMe Bhttom correction removes as much
carbon from the bottom water layers as is added by riversti®e8.6). Because iron is scavenged, the
Fe/C ratio of POM sometimes becomes excessive. It is thersf to a maximum, current®y ¢ mol:mol.

OBFE 7, BFE
5 = Fescare(POC+GOC + DSI + CAL)GOC — Z dGoc * Zi* GOC 5o
. J
scavenging
grazing loss
F . F
OIS SR TR S o PR
Z j=MES,MAC j=MES,MAC
mortality unassimilated food
SFE OBFE
POC—GOC *
+ ¢aqq - POC GOCFe - V%nkT (42)
Fe aggregation remineralisation sinking of BFE
OSFE
= = Feware ¥ (POC +GOC + DSI + CAL) x POC
scavenging
SFE | mic MIC FeF
- zj:gpoc*z j+ POCT 55 +€ Zg * MIC x Fj,—L%
grazing loss unassimilated food
SFE OSFE Fe
POC—-GOC *
- Cbagg - W - POCFe — Spoc 02 + <C>Z POC, 4 (43)
Fe aggregation remineralisation sinking of SFE

river input

The remineralisation;,,~Fe is given by equation 18 e, is described below.

6.1.3 Dissolved Fe - FER

The temporal evolution of dissolved iron, FER, is calculas follows:

OFER P, P, g
ot = — o (L + "), L B, P+ 0, % i % b, % Fel™
production loss
. FeFk VA Fe Z; Z
+ Z ng * Z; % Fy, T (1-¢%9)— Yel ZZng*Zj*Fk*MGE g
J k k
grazing
+ FERemin.roc.coc + FER emin BFESFE — FERpac
mineralisation bacterial demand for FER
- Fescav + Fedep + Feriv (44)
—— —— ——

scavenging  dust deposition  Tiver input

Iron is input from rivers, see Section 8.6, and the dissotutif dust from the atmosphere, see Section 8.5.
Iron is taken up by phytoplankton during primary productjeee above). When iron concentration is above
0.6 nM, it is scavenged by POM: the evolution of scavenged iFe,.,, is calculated as:

Fescav = ksem + kse ¥ (POC + GOC + CAL + DST) + 1e6
—(1+ lpekeq — FEREey) + (1 + lpekeq — FERkEey)? + AF ERk,,)%® )
2keq
wherek,.., andk,. are scavenging parameters dnglis given by:
keq = 1017'277 17:585197 (46)
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The iron ligand/r. is setto a value o « 10~ 9 at latitudes North of 30S and below 200m dep8¥ 10~9
South of 40S and below 200 m, 0 above 100m depth, and line@dypiolated in between. Part of the
scavenged iron is added to POM, and part is removed from tlizino

Bacteria demand for Fe can be supplied from the reminetalisaf BFE and SFE and from dissolved
iron. The net effect on FER may be an increase - if reminextidis exceeds the bacterial demand or a
decrease if demand exceeds that supplied by remineratis@acterial demand for FER, FER is:

BGE (%)Z * (ApocDOC + Apoc POC + Moo GOC — Ao Fe — Moo Fe) FER

FER =
pac KBAC L FER
(47)
or zero if this is negative.
The contribution to FER from remineralisation of POC and G&C
FERTemin,POC,GOC = A*POCFG + )\Z‘OCFB (48)
The remineralisation of BFE and SFE contributes to FER by:
F
FER;emin.BrE.srE = —BGE (;) *(ApocDOC + ApocPOC + AocGOC — ApocFe — Ao Fe)
Z
(49)

or zero if this is negative.

Table 13: List of parameters and variables used to calctiiatevolution of iron

Term Variable Description Defined in

Fey, rn_rhfphy  maximum/minimum Fe uptake rate namelist.trc.sms
FERremin.resre  roafer Release of dissolved Fe by bacteria bgcsnk.F90
Fescav xXscave Iron scavenged by particulate organic mattebgcsnk.F90
Feriy depfer River deposition trcini.dgom.F90
Fegep irondep Dust deposition bgcbio.F90

kse rn_scofer Scavenging rate for iron by particles namelist.trc.sms
kscm rn_scmfer  Minimum scavenging rate for iron namelist.trc.sms
keq xkeq Scavenging rate parameter bgcsnk.F90

lre ligfer iron ligand concentration bgcsnk.F90

6.2 The Silicate cycle

Silica is input from rivers and the dissolution of dust frohe tatmosphere. Growth of diatoms consumes
dissolved silica (SIL) from the water to produce hydratditai(biogenic silica BSI). Loss processes of
diatoms produce sinking particulate silica (DSI).

6.2.1 Dissolved Si@- SIL

The temporal evolution of dissolved silica is calculated as

0SIL
ot

—0.15min <1SIL> <Sl> pPTADIA+ Bs;DSI
Ksir C)pra —

dissolution
production

+  SILyy + SILgep (50)

river input dustdeposition

wherep P4 DI A is the primary production, in terms of carbon, of diatorfis;;;, is the half saturation
constant for Si@ in diatoms,5g; is the remineralisation rate of silica which is dependentesnperature,
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T and oxygerOXY:

Bsi = min (1.32 £ 1019 e T -1) no- (51)
(%)DIA increases with iron stress and silicate availability:

(SZ> — 4. —3xmin (”M(ODIIZER) 1> : (52)
c DIA KFER

Observations in the Southern Ocean show a IQ%’()DIA ratio in areas with very high Si concentration so
(%)DM is arbitrarily increased throughout the ocean to reflest thi

S 6.%xSIL
20 = v 53
(C)DM SIL + Kps; (3)
(24) ;4 is set to the higher of these two ratios.
SILgep is described in 8.5 anf/L,;, in 8.6.

Table 14: List of parameters and variables used to calcthatevolution of silica

Term Variable Description Defined in

Bsi siremin remineraliation rate of silica bgcsnk.F90

UDIA prophy primary production of diatoms bgcpro.F90,bgcnul.F90
% 4 silfac Si/C ratio of diatoms bgcpro.F90

K é),ég rn_kmfphy half saturation constant of Fe namelist.trc.sms

Kpsr rn_kmsbsi  half saturation constant fqr3}) namelist.trc.sms

SIL, iy depsil river input of SiQ trcini.dgom.F90
SILatm  sSidep input of atmospheric silica to the water columnbgchbio.F90

6.2.2 Biogenic particulate silica - BSI

The temporal evolution of biogenic silica is calculated as:

9BSI - _ 0.15 min <1, SIL) (S’> pPTADIA
ot Ksrr, C)pra
production
z, BSI BSI
— ZgDIA*ZJ*DIAm—(SD]AMODIAbTm (54)

J

loss
grazing

wheres P14 s the excretion ratio for diatoms alﬁ%) is described above.

DIA

6.2.3 Sinking particulate silica - DSI

The temporal evolution of sinking particulate silica isadhted as:

ODSI pra,r BSI
ot dprang T 5 = BsiDS
loss dissolution
5 BSI dDSI
2 a4y DI+ Ve, (55

J

sinking DSI
grazing

wheres P14 js the excretion ratio for diatoms as above.
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6.3 Phosphorus and Nitrogen - PO4 and DIN

R P
[ FER } [ALK } [DIC } [OXY} [PO4 } [ DIN } [DMS } [DMSP} [ SIL }

[ BFE } [ SFE } [CAL} [DOC} [POC} [ GOC} [ BSI } [ DsI J

—— = Egestion and excretion — > loss
Primary production ———— Dissolution
Grazing Remineralisation
Deposition (river,dust and air) Sinking
Aggregation Denitrification
Scavenging > Mortality

Figure 7: The source and sinks for phophate (PO4), nitroBéd)(and oxygen (OXY).

Phosphate is input to the ocean by river deposition; it issaared during phytoplankton growth and
produced during respiration.

0PO4
5 = Z —uP P (L+vE) + consum + PO4,, (56)

consumption  riyer input

production

consum is defined in equation 34.
Dissolved inorganic nitrogen evolves as:

ODIN P totr IV N
5 — Z—,u Pi(1+yp‘; )EDINm-t + consum * ol
production consumption
N
- Ndenit + DINM'U 6 + DINatm (57)
denitrification %’_/ atmosphere deposition
river input
where
Nieis = 08(2 pY: 58
denit = 0. - * cCONsSum * respg ¢ | - (58)
g =1z andresp 2, is the fraction of bacterial respiration that usesN@ther than @ and is described

in Section 6.4.D1N,,;; is 1 for all phytoplankton type except forNixers for which it represents the nitrate
limited fraction of growth on N@ rather than N:
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DIN _
DIN+K{S,

DIN _ (1-__pIN
DIN+KL, + Ryia < DIN+K£,"83)

DIN,;; (59)

Table 15: List of Parameters used in the evolution of phagpsiad nitrogen

Term Variable Description Defined in

Naenit denitr denitrification bgcbio.F90

PO4,, deppo4 River input of phosphate in mole trcini.dgom

DIN,iy depnit River input of NG trcini.dgom

DINgtm,  atmdin Atmosphere input of N@ trcini.dgom

KEIX rn_kmnphy  NOgs half saturation constants for phytoplanktornamelist.trc.sms

Rrrx rn_munfix Fraction of growth rate during Nfixation namelist.trc.sms
relative to growth on N@

DINyt dinpft fraction of phyto growth that is bgcpro.F90
supported by N@rather than N

resphySs  nitrfac fraction of bacterial respiration bgcnul.FOO

using NQ rather than @

6.4 Oxygen - OXY

Oxygen is produced during the growth of phytoplankton. ttasasumed during the growth of;Nixers on
N, and during the remineralisation described by the tesnsum in Section 5.2. There is also an exchange
of oxygen with the atmosphere.

00XY 0 _ N p.
XY O PR (1+ of) ~ e P (14 ) 1250~ DIN,0)
phytoplankton growth growth of Ny fizers onNa
0]
- 5consum(1 — respggé) + ng,sea (60)

. . . lux from air to sea
remineralisation 02 f f

The fraction of bacterial respiration that uses N@ther than @, respggg is given by:

sin (max (=5, E=020% ) w7 + 1

NO3

resppac = B (61)
The air-sea exchange of oxygdn’> ..., is given by
ngisea _ (]?/’ solo, (1_ . 620.1050—0.0097982*sstk—6163.10/sstk) . OXY) .31)2(1 — ) (62)
pt

The terms are described described in Section 7. It is cakmilabgcflx.

7 Air-sea exchange of trace gases

The air-sea flux of trace gases (¢,@-, and DMS) is given by the product of gas exchange coefficiedt a
the difference in concentration of the gas across the gaataiface:

Fair—sea = kw * (1 - /7) * (pcair - pcsea) (63)

gas gas
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wherek,, is the gas exchange coefficientjs the fraction of the ocean covered by i@é;'g;;’ is the con-
centration of the gas in the air directly above the water, g@iff;$ is the sea surface concentration of the
gas.

The gas exchange coefficient is calculated according to ivkhaf (1992) (eq. 3):

Kwanmin = O.S*vQ*\/GGO./Schmidtgas (64)

wherev is the amplitude of the winds (m/s), sst is the sea surfacg@deaure, and Schmig, is the
Schmidt number for each gas Wanninkhof (1992).

7.1 CGO

For the gas exchange coefficient C@anninkhof (1992) include a chemical enhancement term:

k€02 = 0.3 % 0% 4 2.5 % (0.5246 + 0.016256 * sst 4 0.00049946 * sst?) (65)

wannin

For CO,, pC&?, is calculated from the measured mixing ratio@f, in the atmosphere(&;_, in
ppm) times the solubility of’O- in sea water and corrected for 100% water vapor Sarmiento (@1992):

air __ vair 20.1050—0.0097982xsstk—6163.10/sstk
pCCOQ = 0002 * SOlCO2 * (1 — € ) (66)

where sstk is sea surface temperature in degree Kelvin. dibbikty of CO- is given by:

30lC02 — ecOO+cOl/(astk*.01)+(102*1n(5:>tk*401)+aal*(c03+(‘04*qtt+c05*(satk*.Ol) ) % smicr (67)

wheresal is the salinity and the coefficent80, c01, c02, ¢03, c04, c05 andsmicr are given by Wanninkhof
(1992). The Schmidt number farO is given by:

Schmidtco, = 2073.1 — 125.62 % sst + 3.6276  sst? — 0.043126 * sst> (68)

Cg5, is the concentration af'O; in the model, calculated based on the state variables DITAbDH.

7.2 O

For Oy, pC&T is calculated from the measured mixing ratio®§ in the atmosphereagi;, times the
solubility of O, in seawater, also corrected for 100% water vapor a§'fos Sarmiento et al. (1992):

. . . _
ng;T — 8121' " SOlO2 % (1 o 620.1000 0.0097982xsstk 6163.10/sstk) (69)

The solubility ofO5 is calculated as follows:
solo — eomO-{-oxl/(sstk*.01)+ow2*ln(sstk*.Ol)+sal*(om3+oz4*(sstk*.Ol)+0:v5*(sstk:*.01)2)
2

¥ 0xYCco (70)

The Schmidt number faD, is given by:
Schmidto, = 1953.4 — 128.0 % sst + 3.9918 * sst? — 0.050091 * sst> (71)

wheresal is the salinity and the coefficents0, oz1, ox2, ox3, ox4, ox5, andoxyco are given by Wan-
ninkhof (1992).
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Table 16: List of parameters and variables used to calcthatevolution of air-sea fluxes

Term Variable Description Defined in

v wndm wind speed

sal sn (1) salinity of sea surface layer

sst tn (1) temperature of sea surfaced))

col c00 and other chemical constants trcini.dgom.F90
Schmidtco,  schmico2  Schmidt number for C® bgcflx.FO0
Schmidto, schmio2 Schmidt number for @ bgcflx.F90

y freeze fraction of ocean covered by ice limflx.F90

% i atcox pre-industrial ratio of oxygen to nitrogentrcini.dgom.F90
Fﬁifsw flulé air-sea oxygen flux bgcfix.F90

8 Model Setup

8.1 Ocean General Circulation Model

The physical model NEMO v3.1 ( Madec (2008),
http://www.nemo-ocean.eu/About-NEMO/Reference-mis)weas developed by the Laboratoire d'@mographie
Dynamique et de Climatologie (LODYC) to study large scaleartcirculation and its interaction with at-
mosphere and sea-ice. NEMO is based on the Navier-Stokesi@usidescribing the motions of the fluid

and on a non-linear equation of state, which couples the taeets salinity and temperature to the fluid
velocity.

8.2 Sea-lce Model

NEMO is coupled to the Louvain-La-Neuve Sea-lce Model (LIMnmermann et al., 2005), developed by
Fichefet and Morales-Maqueda (1999). LIM has been thorlyugdlidated for both Arctic and Antarctic
conditions, and has been used in a wide range of procesgstudlile to the use of an elaborate technique
for solving the continuity equations (Prather, 1986), Lidparticularly suited to describing the ice-edge
in coarse grid resolutions, which are typically used fomate modelling studies. The physical fields that
are advected in LIM are the ice concentration, the snow vely®r unit area, the ice volume per unit
area, the snow enthalpy per unit area, the ice enthalpy feanea, and the brine reservoir per unit area. A
full model description and details of the coupling to OPA-@&Rcan be found in Timmermann et al. (2005).

8.3 Forcing
8.3.1 Physical Forcing

The model is forced by daily wind stress, cloud cover andipietion from the NCEP/ NCAR reanalysed
fields (Kalnay et al., 1996). Sensible and latent heat fluxescalculated with bulk formulae using the
differences between the surface temperature calculatédrsdy and the observed air temperature, taking
into account local humidity. At the end of each year a watéauize is calculated and a uniform water flux
correction is applied during the following year to consetive water mass.

8.4 Initialisation

All model simulations are initialized with observationsiin the World Ocean Atlas 2009 for temperature
(Locarnini et al., 2010), salinity (Antonov et al., 2010) fPCNOg, SiO;, (Garcia et al., 2010b) and,O
(Garcia et al., 2010a). DIC, alkalinity (GLODAP) obsereais were from Key et al. (2004). The biological
state variables are initialised with the output from pregionodel runs.

8.5 Dustinput

The model is forced with Fe and Si input from monthly dust fexeken from Jickells et al. (2005) and
interpolated to daily values ibgcint.F90. The input is total dust rather than in units of Fe. We assume
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0.035g Fe per g of dust and either 8.8g Si per g Fe or, the dgqoly®.308 g Si per g dust. The solubility
of Fe in dust is generally taken to be 2 % and may be set.ifersol . The solubility of Si in dust is 7.5 %.
Using these values the dust is converted to equivalenf'eg,, and Si,Si4., in units of mol/L/timestep
in bgcbio.F90.

8.6 Riverinput

Annual fluxes of riverine carbon and nutrient (N, Si, Fe) te ttean were computed following a global
river drainage direction map (DDM30), considering popolatand basin area @ and Lehner, 2002),
and river runoff (Kourzoun, 1977; Ludwig and Probst, 19980.&° increments of latitude and longitude
as in da Cunha et al. (2007). This map represents the drathiggtions of surface water on all continents,
except Antarctica. Cells of the map are connected by thaindge directions and are thus organized into
drainage basins. We use the cells corresponding to badet®otd the ocean as input data for PlankTOM.

Values forDI1C,;,,, DOC,.;,,, POCliyyy DIN,.,, PO4,,, SIL,;, andFe,.;, as used in the preceding
Sections are obtained by multiplying the input by the retdév@arameter in Table 17. Thus all riverine
inputs may be switched off by setting their parameter to.zero

In order to close the N, Si, and alkalinity cycles of the oceenmuch POM, DOM, SiO2 and CaCO3
is removed from the bottom water layer as is added by rivedssamn dust.

8.6.1 Dissolved Inorganic Nitrogen (DIN)

To calculate riverine DIN inputs we used a regression modgirally developed by Smith et al. (2003):
log DIN = 3.99 + 0.35log POP + 0.751og R (72)

where (DIN) is in mol N knt2 y—!, (POP) is population density in people ki and (R) is runoff in m
y~!. The model describes DIN export by the analysis of 165 systfemwhich DIN flux data is available
(Meybeck and A., 1997), S. Smith and F. Wulff (Eds.), LOICHB&ochemical modelling node, 2000,
available at http://data.ecology.su.se/MNODE/]. In thisdel, riverine DIN export to the coastal zone is a
function of basin population density and runoff: On the badibasin area, basin population (for the year
1990) and runoff provided by the DDM30 map, 16.3 Tg DIN'y(1.16 Tmol N y ') are transported to
the coastal zone by rivers. In the Smith et al. 2003 modelatleeage N:P ratio of riverine export is 18:1,
which is close to the PISCES-T N:P ratio of 16:1. Nitrogerengibn in estuarine areas was not included
owing to lack of global data.

8.6.2 Dissolved Silica (Si)

Rivers are responsible for 80% of the inputs of Si to the oqdaeguer et al., 1995). For an estimate
of riverine input of dissolved Si we used the runoff data frita DDM30 map, and applied an average
concentration of Si in river waters of 4.2 mg Si/L (Treguernkt 1995). Si concentration in river water is

variable according to basin geology but regional data isamatlable. Our estimate leads to a dissolved Si
river input of 187 Tg Si y! to the ocean. This value is comparable to the range of-4480 Tg Siy !

for a net riverine dissolved Si input to the ocean proposedreguer et al. (1995), considering estuarine
retention of Si.

8.6.3 Dissolved Iron (Fe)

Rivers and continental shelf sediments supply Fe to sukfaters. Because it is extensively removed from
the dissolved phase in estuaries, rivers are thought to bimer mource for the open ocean, but not for
coastal zones. We used the runoff data from the DDM30 map pplied an average concentration of
dissolved Fe in river waters of 40 mgL (Martin and Meybeck, 1979; Martin and Whitfield, 1983). As for
Si, river basin geology influences Fe concentration in rivater, but there is no available global database on
riverine Fe. Our estimate leads to a gross dissolved Fe ofdu¥5 Tg Fe y'!, comparable to the estimate
of 1.45 Tg Fe~! by Chester (1990). During estuarine mixing, flocculatiorcofioidal Fe and organic
matter forms particulate Fe because of the major changenio srength upon mixing of fresh water and
seawater (de Baar and Jong, 2001). This removal has beedweeeimented in many estuaries. Literature
values show that approximately 80 to 99% of the gross dissole input is lost to the particulate phase
in estuaries at low salinities (Boyle et al., 1977; Chest8g0; Dai and Martin, 1995; Lohan and Bruland,
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2006; Sholkovitz, 1978). We apply a removal rate of 99% togross Fe flux, and obtained a net input of
riverine dissolved Fe to the coastal ocean of 0.02 TgFe y

8.6.4 Particulate (POC) and Dissolved Organic (DOC) and Inayanic (DIC) Carbon

The predicted river carbon fluxes are based on models rglater carbon fluxes to their major controlling
factors (Ludwig and Probst, 1998; Ludwig, 1996). For POGlireent flux is the dominant controlling
parameter. For DOC, runoff intensity, basin slope, and theumt of soil OC in the basin are the control-
ling parameters (Ludwig, 1996). We applied this model to@®M30 data set, and we estimate a gross
discharge of 148 Tg Cy* and 189 Tg C y! for POC and DOC, respectively. We assume that DOC has a
conservative behavior in estuaries. These values are @eagmt with recent modeled values of 170 Tg C
y~! as DOC (Harrison et al., 2005), and 197 Tg € yas POC (Beusen et al., 2005; Seitzinger et al., 2005).
We used a C:N:P:Fe ratio of 122:16:1:2.44 10thus riverine DOC and POC, when they are remineralized,
are also N, P and Fe sources to the ocean. Inorganic carbaingyrnransported by rivers in the dissolved
form. For DIC inputs, drainage intensity and river basihdibgy are the controlling parameters (Ludwig
etal., 1996). We applied this model to the DDM30 data setvemdstimate a DIC and alkalinity discharge
of 385 TgCy ! (32.12TmolCy!).

Table 17: List of Parameters used in river input

Term Variable Description Defined in
rn_rivdic river input of DIC namelist.trc.sms
rn_rivdoc  river input of DOC namelist.trc.sms
rn_rivfer river input of Fe namelist.trc.sms
rn_rivpoc  river input of POC namelist.trc.sms
rn_rivnit river input of nitrate namelist.trc.sms
rn_rivpo4  river input of phosphate namelist.trc.sms
rn_rivsil river input of silica namelist.trc.sms

rn_sedfer  coastal release of Fe namelist.trc.sms

26



8.7 The namelist.trc.sms file

Values used for the parameters definedamelist.trc.smsare given in the following tables.

Table 18: List of Parameters definednamelist.trc.sms

Parameter Value Units Description
rn_aglpoc 1.2e4 Ls(mold)"! m=2 | small POC (POCaggregation
rn_ag2poc led Ls(mold)! m=2 | POG, - large POC (PO@ aggregation
rn_ag3poc 140 L (mol d)~! POG, - POG aggregation
rn_ag4poc 150 L (mol d)~! POG, aggregation
rn_ag5doc 180 Ls(mold)y ! m—2 | DOC - POGC aggregation
rn_agédoc | 3.9e3 Ls(mold)! m=2 | DOC - POG aggregation
rn_alpphy l.e-6 mol C n¥ (g Chl initial slope of photsyntheses vs light intensity curve
mol photons) !

rn_coccal 0.433 - ratio of CaCQ to organic carbon
rn_domphy | 0.45 - maximum DOC excretion ratio for all phyto
rn_discal 0.75 - fraction of CaCQ dissolved during coccolithophore mortality
rn_docphy 0.05 - excretion ratio for all phyto
rn_ekwgrn 0.0232 | m! green light absorption coefficient of,l®
rn_ekwred 0.225 m-! red light absorption coefficient of 4D
rn_etomax 80. W m—2 maximum surface insolation
rn_facol8 0.98 - bacterial fractionation for @
rn_fersol 0.01 - solubility of iron in dust
rn_gbadoc 0.088 - relative preference of BAC grazing for DOC
rn_gbagoc 8.76 - relative preference of BAC grazing for GOC
rn_gbapoc 8.76 - relative preference of BAC grazing for POC
rn_ggebac 21 - growth efficiency BAC
rn.ggemac | 0.3 - growth efficiency MAC
rn_.ggemes | 0.25 - growth efficiency MES
rn_ggemic 0.29 - growth efficiency PRO
rn.gmabac | 0.186 - relative preference of MAC grazing for BAC
rn_.gmagoc | 0.186 - relative preference of MAC grazing for GOC
rn.gmames | 1.860 - relative preference of MAC grazing for MES
rn_gmamic 1.860 - relative preference of MAC grazing for PRO
rn_gmaphy | 1.860 - relative preference of MAC for DIA

1.860 - relative preference of MAC for MIX

1.860 - relative preference of MAC for COC

.930 - relative preference of MAC for PIC

1.860 - relative preference of MAC for PHA

.186 - relative preference of MAC for FIX
rn_.gmapoc | 0.186 - relative preference of MES grazing for POC
rn_gmebac .165 - relative preference of MES grazing for BAC
rn_.gmegoc | 0.165 - relative preference of MES grazing for GOC
rn_gmemic 3.302 - relative preference of MES grazing for PRO
rn.gmephy | 1.651 - relative preference of MES for DIA

1.238 - relative preference of MES for MIX

1.238 - relative preference of MES for COC

1.238 - relative preference of MES for PIC

1.238 - relative preference of MES for PHA

0.165 - relative preference of MES for FIX
rn_.gmepoc | 0.165 - relative preference of MES grazing for POC
rn_gmibac 2.480 - relative preference of PRO grazing for BAC
rn_gmigoc 0.062 - relative preference of PRO grazing for GOC
rn_gmiphy 0.620 - relative preference of MIC for DIA

1.240 - relative preference of MIC for MIX

Continued on next pag
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Table 18 — continued from previous page

Parameter Value Units Description
1.240 - relative preference of MIC for COC
1.240 - relative preference of MIC for PIC
1.240 - relative preference of MIC for PHA
1.240 - relative preference of MIC for FIX
rn_gmipoc 0.062 - relative preference of PRO grazing for POC
rn_grabac 3.15 d-! maximum BAC uptake rate
rn_gramac 0.106 d! maximum MAC grazing rate
rn_grames 1.22 d-! maximum MES grazing rate
rn_gramic 1.59 d-! maximum PRO grazing rate
rn_grkmac 9.e-6 mol L—! K., for MAC grazing
rn_grkmes 10.e-6 mol L—! K., for MES grazing
rn_grkmic 10.e-6 mol L=! K., for PRO grazing
rn_icemac 100.0 % MAC enhanced recruitment under ice
rn_kgrphy .0118 L(mgChly! light absorption in blue-green for DIA
.0257 L (mgChly! light absorption in blue-green for MIX
.0257 L (mgChly~! light absorption in blue-green for COC
.0696 L(mgcChi)! light absorption in blue-green for PIC
.0257 L (mg Chl)™! light absorption in blue-green for PHA
.0657 L (mgChly! light absorption in blue-green for FIX
rn_kmfbac 0.025e-9| mol L—! K, for Fe in DOC remineralisation by bacteria
rn_kmfphy | 40.e-9 | molL™! KEe for DIA
25.e-9 | molL™! KEe for MIX
25.e-9 | molL™! KFe for COC
10.e-9 | molL™! KEe for PIC
25.e-9 | molL™! KEe for PHA
40.e-9 | molL~! Kke for FIX
rn_kmnphy | 2.e-6 mol L—! KX for DIA
2.0e-6 | molL™! KX for MIX
2.0e-6 | molL™! KX for COC
2.0e-6 | molL~! KX for DIA
3.0e-6 | molL™! KX for MIX
13.0e-6 | molL~! KX for COC
rn_kmobac le-7 mol L=t K,, for DOC in DOC remineralisation by bacteria
rn_kmpbac | le-7 mol L=t K,, for PO,
rn_kmpphy | 7.6e-6 | molL™* KEO1 for DIA
12.2e-6 | mol L~! KPO4 for MIX
15.9e-6 | mol L~* KPOs for COC
15.9e-6 | mol L~* KPO4 for PIC
97.6e-6 | molL~! KPO1 for PHA
24.4e-6 | molL~! KEOu for FIX
rn_kmsbsi 20e-6 mol L~1 K, for the Si/C ratio of DIA
rn_krdphy .0056 L (mgChly~! light absorption in red for DIA
.0098 L(mgcChi)! light absorption in red for MIX
.0098 L(mgChl)! light absorption in red for COC
.0197 L(mgChly! light absorption in red for PIC
.0098 L (mg Chly~! light absorption in red for PHA
.0181 L (mgcChly! light absorption in red for FIX
rn_lyscal 10e-5 mol L—! inertia conc. for CaC@dissolution
rn_-mormac | 0.020 d! MAC mortality rate
rn_mormes | 0.040 d! MES mortality rate
rn_motmac | 1.0481 | - temp. dependence of MAC mortality
rn_motmes | 1.1161 | - temp. dependence of MES mortality
rn_mumpft 0.44 d-! maximum growth rate DIA
0.35 d-! maximum growth rate MIX

Continued on next pag
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Table 18 — continued from previous page

Parameter Value Units Description
0.70 d-! maximum growth rate COC
0.26 d! maximum growth rate PIC
0.68 d-! maximum growth rate PHA
0.046 d-! maximum growth rate FIX
rn_munfix 0.56 - Fraction of growth rate during N2fix relative to growth on N(
rn_mutpft 1.0400 | - temp. dependence of proto-zooplankton
1.0242 | - temp. dependence of meso-zooplankton
1.1165 | - temp. dependence of macro-zooplankton
1.0680 | - temp. dependence of DIA
1.0461 | - temp. dependence of MIX
1.0132 | - temp. dependence of COC
1.0611 | - temp. dependence of PIC
1.0520 | - temp. dependence of PHA
1.0623 | - temp. dependence of FIX
1.0379 | - temp. dependence of BAC
rn_gmaphy | 2.e-7 - maximum quota for Fe for all phyto
rn_gmiphy 4.0e-6 - minimum quota for Fe for all phyto
rn_qopphy 8.6e-6 - optimal quota for Fe for all phyto
rn_resbac 0.10 d-! BAC respiration at 0C
rn_resmac 0.018 d-! MAC respiration at 0C
rn_resmes 0.028 d-! MES respiration at @C
rn_resmic 0.010 d-! PRO respiration at
rn_resphy 0.012 - fractional phytoplankton loss rate: DIA
0.15 - fractional phytoplankton loss rate: MIX
0.15 - fractional phytoplankton loss rate: COC
0.15 - fractional phytoplankton loss rate: PIC
0.15 - fractional phytoplankton loss rate: PHA
0.15 - fractional phytoplankton loss rate: FIX
rn_rethac 1.0494 | - temp. dependence of BAC respiration
rn_retmac 1.0942 | - temp. dependence of MAC respiration
rn_retmes 1.0887 | - temp. dependence of MES respiration
rn_retmic 1.0897 | - temp. dependence of PRO respiration
rn_rhfphy 29. - maximum/minimum Fe uptake rate
rn_rivdic 1. - (1 - estuarine retention fraction) of river DIC
rn_rivdoc 1. - (1 - estuarine retention fraction) of river DOC
rn_rivpoc 0.55 - (1 - estuarine retention fraction) of river POC
rn_rivpo4 1. - (1 - estuarine retention fraction) of river RO
rn_rivsil 1. - (1 - estuarine retention fraction) of river SIL
rn_rivfer 0.25 - (1 - estuarine retention fraction) of river FER
rn_scofer l.e-3 (mol L—1~0%6 d—1 | scavenging of Fe
rn_scmfer l.e-3 (mol L=1)=0%-6 d=1 | minimum scavenging of Fe
rn_sedfer le-11 mol L—! coastal release of Fe
rn_sigmac 0.70 - fraction of MAC excretion as PO
rn_sigmes 0.68 - fraction of MES excretion as PO
rn_sigmic 0.66 - fraction of PRO excretion as DOM
rn_sildia 42e-6 | mol L1 K>i9s for diatoms
rn_singoc .0303 m? (kg d)~! Sinking rate parameter of PQQaCQ and DSi
rn_snkgoc .6923 - sinking rate parameter of PQCaCQ and SiQ
rn_snkpoc 3.0 md! sinking speed of POC
rn_thmphy v g mol~! maximum CHL.:C ratio for DIA
4 g mol~! maximum CHL.:C ratio for MIX
4 g mol! maximum CHL.:C ratio for COC
4 g mol! maximum CHL:C ratio for PIC
5 g mol—! maximum CHL:C ratio for PHA

Continued on next pag
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Table 18 — continued from previous page

Parameter Value Units Description
.3 g mol~! maximum CHL.:C ratio for FIX
rn_unamac | 0.18 - unassimilated fraction of phyto during MAC grazing
rn_unames | 0.3 - unassimilated fraction of phyto during MES grazing
rn_unamic 0.13 - unassimilated fraction of phyto during PRO grazing
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MGEgz;,9
Ndeniti 22
)
pBE4¢, 10
PAR, 6
PO4,;,, 22
POC,;,, 13
Qsry 6
REAC, 10
R, 9
R%, 16
Rcar, 15
Rdissa 15
Rprx, 22
TMAC, 9
respggé, 22
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SGOC, 13

Spoc, 13

sal, 24

Schmidtco2, 24
Schmidto,, 24

SILgtm, 20

SIL,;,, 20

sst, 24

v, 24

Viink, 13

VsinkCAL, 15

Zg, 6

., 6

yli, 6

Y., 6

namelist.trc.sm<9
bgcbio,bgcsnk.F9QL6
bgcbio.F909, 19, 20, 22, 25
bgcbiqg 15

bgcflx.F90Q 24

bgcflx 15, 22

bgcint.FOQ 24
bgclos.F909, 12
bgclys.F90 15

bgclys 15

bgcnul.F90 10, 12, 22
bgcpro.F90,bgcnul.FO®0
bgcpro.F90Q 6, 15, 20, 22

bgcsnk.F9010, 12, 13, 15, 19, 20

limflx.F9Q 24
namelist.trc.sms9

depsil, 20
dinpft, 22
dnsmin, 13
etot, 6
flule, 24
freeze, 24
gramat, 12
gramet, 12
gramit, 12
grazez, 9
graze3, 9
graze, 9
irondep, 19
ligfer, 19
macrge, 9
mesoge, 9
micrge, 9
nitrfac, 22
ofer2, 10
ofer, 10
olimi, 10, 12
orem2, 10, 12
orem, 10, 12
pctnut, 6
perfrm, 6
prophy, 6, 15, 20
qsr, 6
rbafer, 19
remco3, 15
rhochl, 6
rhop, 13

namelist.trc.smsB, 9, 10, 12, 13, 15, 19, 20, 22, 26rn-aglpoc, 12, 27

27
river.nc, 16
sms.F906
traqsr.FOQ 6
trcini.dgom.F90 16, 19, 20, 24
trcini.dgom.h 13
trcini.dgom 12, 22
trclsm.dgom.h9013
depdic, 16
Fedep, 25
Stgep, 25
alknut, 16
atmdin, 22
bactge, 16
c00, 24
consum, 15
delco3, 15
denitr, 22
depdic, 16
depdoc, 12
depfer, 19
depnit, 22
deppo4, 22
deppoc, 13

rn_ag2poc, 12, 27
rn_ag3poc, 12, 27
rn_ag4poc, 12, 27
rn_ag5sdoc, 12, 27
rn_agédoc, 12, 27
rn_alpphy, 6, 27
rn_coccal, 15, 27
rn_discal, 15, 27
rn_docphy, 12, 27
rn_domphy, 12, 27
rn_ekwgrn, 6, 27
rn_ekwred, 6, 27
rn_etomax, 27
rn_facol8, 27
rn_fersol, 25, 27
rn_gbadoc, 10, 27
rn_gbagoc, 10, 27
rn_gbapoc, 10, 27
rn_ggebac, 10, 27
rn_ggemac, 9, 27
rn_ggemes, 9, 27
rn_ggemic, 9, 27
rn_ggtbac, 10
rn_gmabac, 9, 27
rn_gmagoc, 9, 27
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rn.gmames, 9, 27
rn_gmamic, 9, 27
rn_gmaphy, 9, 27
rn_gmapaoc, 9, 27
rn_gmebac, 9, 27
rn_gmegoc, 9, 27
rn_gmemic, 9, 27
rn_gmephy, 9, 27
rn_gmepaoc, 9, 27
rn_gmibac, 9, 27
rn_gmigoc, 9, 27
rn_gmiphy, 9, 27
rn_gmipoc, 9, 28
rn_grabac, 10, 28
rn_gramac, 9, 28
rn_grames, 9, 28
rn_gramic, 9, 28
rn_grkmac, 9, 28
rn_grkmes, 9, 28
rn_grkmic, 9, 28
rn_icemac, 9, 28
rn_kgrphy, 6, 28
rn_kmfbac, 12, 28
rn_kmfphy, 20, 28
rn_kmnphy, 6, 22, 28
rn_kmobac, 10, 28
rn_kmpbac, 12, 28
rn_kmpphy, 6, 28
rn_kmsbsi, 20, 28
rn_krdphy, 6, 28
rn_lyscal, 15, 28
rn_mokpft, 13
rn_-mormac, 9, 28
rn_-mormes, 9, 28
rn_motmac, 9, 28
rn_motmes, 9, 28
rn_mumpft, 6, 28
rn_munfix, 22, 29

rn_mutpft, 6, 9, 12, 29

rn_gmaphy, 6, 29
rn_gmiphy, 6, 29
rn_qopphy, 6, 29
rn_resbac, 10, 29
rn_resmac, 9, 29
rn_resmes, 9, 29
rn_resmic, 9, 29
rn_resphy, 6, 29
rn_retbac, 10, 12, 29
rn_retmac, 9, 29
rn_retmes, 9, 29
rn_retmic, 9, 29
rn_rhfphy, 19, 29
rn_rivdic, 26, 29
rn_rivdoc, 26, 29
rn_rivfer, 26, 29
rn_rivnit, 26
rn_rivpo4, 26, 29

rn_rivpoc, 26, 29
rn_rivsil, 26, 29
rn_scmfer, 19, 29
rn_scofer, 19, 29
rn_sedfer, 26, 29
rn_sigmac, 9, 29
rn_sigmes, 9, 29
rn_sigmic, 9, 29
rn_sildia, 6, 29
rn_singoc, 13, 29
rn_snkgoc, 13, 29
rn_snkpoc, 13, 29
rn_thmphy, 6, 29
rn_unamac, 9, 30
rn_unames, 9, 30
rn_unamic, 9, 30
schmico2, 24
schmio2, 24
sidep, 20

silfac, 20

sinkcal, 15
siremin, 20

sn, 24

tn, 24

ubafer, 10
wndm, 24
xaggdoc2, 12
xaggdoc, 12
xagg, 12
xdens, 13
xkeq, 19

xlim8, 6

xlimpft, 6
xscave, 19
xvsink, 13
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