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Chapter 1

Introduction

A global ocean carbon model, the Canadian Model of Ocean Carbon (CMOC), is

described as a carbon cycle component in the coupled Canadian Centre for Cli-

mate Modelling and Analysis (CCCma) atmosphere-ocean general circulation model

(GCM).

It consists of CCCma’s ocean general circulation model with an embedded inor-

ganic chemistry module, a four-plus-one-component NPZD ecosystem model with

dynamic chlorophyll, and a parameterized carbonate pump (Figure 1.1). Phyto-

plankton growth in the model is limited by light, temperature, nutrients, and iron.

Iron limitation is applied as a geographical mask based on annual minimum ob-

served nitrate concentration. Variable Chl:N ratio has been implemented to account

for phytoplankton photoacclimation to light availability, with chlorophyll as a sepa-

rate prognostic quantity. The model includes parameterizations of photoacclimation,

dinitrogen fixation, and calcification/calcite dissolution.
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Fig. 1.1. CMOC v.1.0: Summary

1.1 Overview

We have coupled a modified version of an NPZD ecosystem model, similar to the

1-D model by Denman and Peña (1999), to a global carbon ocean model. The five

ecosystem variables are Nitrogen, Phytoplankton, Zooplankton and Detritus, and

Chlorophyll. The inorganic chemistry module variables are dissolved inorganic car-

bon (DIC) and total alkalinity (TA) for a total of seven prognostic variables related

to the ocean carbon cycle.

Phytoplankton growth is limited by light, temperature, nitrogen, and iron. Detri-

tus sinks with a constant speed, and export production is calculated at the bottom

of the euphotic zone. CaCO3 formation is represented implicitly as a temperature-

varying fraction of the export production and then decreases exponentially with

depth due to CaCO3 re-dissolution. The NPZD+Chl ecosystem is coupled to the in-

organic/solubility pump via sources/sinks of DIC and TA regulated by sources/sinks
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of CaCO3 and N.



Chapter 2

Ocean general circulation model

The ocean model is a developmental version of the ocean component of the Canadian

Centre for Climate Modelling and Analysis coupled global climate model (CGCM) (Flato

et al. 2000). It is a rigid-lid model that derives from the NCAR CSM ocean model

(NCOM), which in turn is based on the GFDL MOM v.1.1 ocean model. In this

configuration it has 29 levels in the vertical and a uniform horizontal grid of about

1.86◦ (192x96). The vertical resolution increases toward the ocean surface, from 300

m in the deep ocean to 50 m in the top 200 meters.

Isopycnal mixing and transport is parameterized according to the method of Gent

and McWilliams (1990), with thickness and isopycnal diffusion coefficients of 1 ×

103 m2s−1. Vertical mixing within the surface mixed layer is parameterized as ver-

tical diffusion of momentum and tracers with large diffusivity coefficients, solved

implicitly. There is also a constant background vertical diffusivity for tracers set to

3× 10−5 m2s−1.

9



Chapter 3

Inorganic chemistry module -

solubility pump

The Ocean Carbon Model Intercomparison Project (OCMIP) - phase 2

(http://www.ipsl.jussieu.fr/OCMIP/phase2/) developed a set of protocols in an ef-

fort, in part, to standardize the implementation of inorganic chemistry across models

from different groups for the purpose of model intercomparison studies. We incorpo-

rated the updated version of their inorganic chemistry module, or solubility pump,

in our model.

Whenever carbon dioxide enters the ocean, it becomes a dissolved gas CO2(aq). A

small part of CO2(aq) becomes hydrated, forming carbonic acid H2CO3. The mix-

ture of dissolved gas and carbonic acid partly dissociates to bicarbonate HCO−
3 and

carbonate CO2−
3 ions until a chemical equilibrium is reached rapidly. The reactions

only depend on the sum of the concentrations of CO2(aq) and H2CO3, henceforth

denoted by [CO∗
2].

10
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3.1 Dissolution of CO2

According to the modified form of Henry’s law (Weiss 1974), the saturation con-

centration [CO2]
sat of carbon dioxide in a solution in equilibrium with an overlying

atmosphere, at total pressure P , is given by the expression

[CO2]
sat = K0 fCO2 exp[(1− P ) v̂/RT ] (3.1)

where

• K0, in units of mol/kg · atm, is the solubility coefficient for the reaction

CO2(g) 
 CO2(aq) (3.2)

• fCO2 is fugacity of CO2, in units of atm

• P is the total pressure, in atm

• v̂ is the partial molal volume of CO2, in L/mol

• R is the gas constant, in L · atm/K ·mol

• T is the absolute temperature, in K.

The fugacity of the gas, which for an ideal gas is equal to the partial pressure, is

given by the expression

fCO2 = χsat
CO2

P × exp

{∫ P

0

(v̂/RT − 1/P ) dp

}
(3.3)

The mole fraction of CO2 in moist/saturated air, appropriate for the atmosphere-

ocean interface, is related to the mole fraction in dry air by
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χsat
CO2

= χdry
CO2

× (1− pH2O/P ) = χdry
CO2

× (1− χH2O) (3.4)

where pH2O is the water vapour pressure and χH2O is the mole fraction of water

vapour.

If we assume that the gas can be represented via a virial expansion of the equation

of state as a combination of an ideal gas and a deviation from that, then the integral

in (3.3) can be simplified. Using (3.4) we can thus write

fCO2 = χdry
CO2

P (1− χH2O)× exp [P (B + 2δ)/RT ] (3.5)

where B is the second virial coefficient for pure CO2 and δ involves cross-virial

coefficients.

Using (3.5), we can re-write (3.1) as

[CO2]
sat = χdry

CO2
P × FP (3.6)

where FP is

FP = K0 (1− χH2O)× exp

[
P

B + 2δ

RT
+ (1− P )

v̂

RT

]
(3.7)

The CO2 saturation concentration in (3.6) depends on the total pressure — indi-

rectly through the pressure dependence of FP and directly through P .

3.2 Dissociation of CO∗
2

The flux of carbon dioxide across the air-sea interface is controlled by the difference

in the surface concentrations (or equivalent partial pressures) of CO2 between the
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ocean and the atmosphere (Millero 1995). It is calculated as

FCO2 = kw∆[CO2] = kw FP ∆pCO2 (3.8)

where kw is piston or gas transfer velocity for CO2. The magnitude of the ex-

change depends on the sea state, the presence of sea ice, the ambient sea-surface

temperature and salinity, the atmospheric surface pressure, and total alkalinity.

The piston or gas transfer velocity is parameterized as proportional to the square

of the 10-meter wind speed, as per Wanninkhof (1992):

kw = a(1− fice)U
2
10(Sc∗)−1/2 (3.9)

where a is a constant of proportionality; fice is fractional area of model grid square

covered by ice; U10 is wind speed at 10-m above ocean surface; Sc∗ = (ν/D)/660 =

f(T ) is the Schmidt number: a ratio of the kinematic viscosity of water ν to the

CO2 gas diffusivity D, normalized to a reference value of 660. The intercept was ad-

justed to conserve the global mean piston velocity as discussed by Wanninkhof (1992).

There is no gas exchange through ice; the ice mask is derived from the CGCM (Flato

et al. 2000).

The sea-air difference in CO2 concentration is calculated as

∆[CO2] = [CO∗
2]− [CO2]

sat = [CO∗
2]− χdry

CO2
P × FP (3.10)

and

∆pCO2 = pCOocn
2 − pCOatm

2 = [CO∗
2]/FP − χdry

CO2
P (3.11)
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where [CO∗
2] is calculated as follows.

Dissolved inorganic carbon (DIC) is a sum of the concentrations of the three chem-

ical species in equilibrium, CO∗
2, bicarbonate ion HCO−

3 , and carbonate ion CO2−
3 ,

and it represents a mass conservation equation for inorganic carbon:

[DIC] = [CO∗
2] + [HCO−

3 ] + [CO2−
3 ] (3.12)

The relative proportions of the species in eq.(3.12) depend on sea-surface tem-

perature, salinity, pressure, and hydrogen ion concentration (pH). Fig. (3.1) shows

the variation with pH of carbonic acid, bicarbonate and carbonate ion concentrations.

Total alkalinity (TA) is a sum of 11 species and represents a mass conserva-

tion relationship for the hydrogen ion (Dickson 1981) involving proton donor and

acceptor species from DIC, total inorganic phosphate PT , total borate BT , total

silicate SiT , total sulphate ST , total fluoride FT , and the hydroxyl and hydrogen

ions (http://www.ipsl.jussieu.fr/OCMIP/phase2/):

TA = [HCO−
3 ] + 2[CO2−

3 ] + [B(OH)−4 ] + [OH−] + [H3SiO4− ] (3.13)

+[HPO2−
4 ] + 2[PO3−

4 ]− [H3PO4]−Hf − [HSO−
4 ]− [HF ]

Total inorganic phosphate PT and total silicate SiT are given by surface reference

values and are constants for the model. Total borate BT (Uppström 1974), total sul-

phate ST (Morris and Riley 1966), and total fluoride FT (Riley 1965) are estimated

as linear functions of model sea-surface salinity.
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Fig. 3.1. Bjerrum plot of the relative proportions of [CO∗
2], [HCO−

3 ], [CO2−
3 ], and

[H+] and [OH−], as a function of pH

Given PT and SiT , and the model ocean surface salinity (SSS), temperature (SST),

DIC and TA, then (i) BT ST and FT are estimated from SSS; (ii) eleven dimensional

dissociation constants for the various chemical equilibrium reactions between species

are computed via polynomial proxies from SSS and SST; (iii) the TA equation is

re-written as the zero of a non-linear function of [H+] via the algebraic relationships

between equilibrium dissociation constants and the chemical species’ concentrations

in the respective reactions; (iv) surface [H+] (thus pH) is determined by an itera-

tive solution procedure so that the TA equation is satisfied within the margins of

accepted error. Fig. (3.2) shows how pH varies with DIC and TA (left panel) and

with SST and SSS (right panel).
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Fig. 3.2. Dependence of pH on dissolved inorganic carbon DIC and total alkalinity

TA (left), and on sea-surface temperature SST and salinity SSS (right)

Lastly, surface ocean [CO∗
2] concentration is computed from an equation derived

from the mass balance (3.12) for DIC above and the two algebraic equations for the

dissociation constants K1 and K2 for the [CO∗
2] 
 [HCO−

3 ] and [HCO−
3 ] 
 [CO2−

3 ]

reactions:

[CO∗
2] =

DIC[H+]2

[H+]2 + K1[H+] + K1K2

(3.14)

Note that all dissociation constants have a weak dependence on pressure which

has been neglected here; thus all polynomial proxies are derived for P = P0 = 1atm.



17

3.3 The standard pressure approximation for the

surface ocean

We assumed that the dissociation constants for the acid-base system in the surface

ocean can be approximated, to first order, with polynomial proxies evaluated at a

standard pressure of 1 atmosphere. Let us also assume that the generalized solu-

bility coefficient FP in (3.7) has a similar weak dependence on pressure, at least as

compared to the explicit linear pressure dependence of [CO2]
sat in (3.6) . Then FP

is evaluated at a standard pressure P = P0 = 1 atm,

FP0 = K0 (1− pH2O/P0)× exp

[
B + 2δ

RT

]
(3.15)

and

[CO2]
sat
P0

= χdry
CO2

P FP0 (3.16)

The expression in (3.15) is fitted by Weiss and Price (1980) to a polynomial of the

form

ln(FP0) = A1+A2 (100/T )+A3 ln(T/100)+A4 (T/100)2+S[B1+B2 (T/100)+B3 (T/100)2]

(3.17)

where T is ocean temperature and S is ocean salinity.

Then in place of (3.10) and (3.11) we have

∆[CO2]P0
= [CO∗

2]P0 − χdry
CO2

P × FP0 (3.18)
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and

∆pCO2 P0
= [CO∗

2]P0/FP0 − χdry
CO2

P (3.19)

In the absence of polynomial fits for FP and having all dissociation constants of

the acid-base system in the surface ocean fitted at pressure P0 = 1 atm1, we can

evaluate (3.18) and (3.19) instead.

1Millero (1995) presented a formula for calculating the effect of pressure on equilibrium constants,

however the polynomial fits are not given for some species needed here and the rest are fitted for a

constant salinity of 35 psi.



Chapter 4

Ecosystem model - organic and

carbonate pumps

4.1 Combined equations and coupling between

components

An NPZD-type ecosystem model similar to the 1-D model developed by Denman

and Peña (1999) was implemented in the global ocean model (Figure 4.1).

There is one class of phytoplankton (P) with a growth rate limited by light, tem-

perature, nitrogen, and iron, one class of zooplankton (Z), and a single nutrient

variable (N) that implicitly includes nitrate, ammonium and urea. There is a surface

source of N via dinitrogen fixation by diazotrophs. The detritus variable (D) im-

plicitly combines dissolved, suspended and sinking organic matter, with a constant

sinking rate. The currency of the model is nitrogen, and the biological effect on DIC

is calculated via a constant Redfield C:N ratio. Chlorophyll (Chl) is a separate prog-

nostic variable based on a varying Chl:N ratio. Growth and remineralization rates

19
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Biology
(ecosystem model)

N, P, Z, D + Chl

• P growth rate limited by N, light, Fe
• light attenuation depends on Chl concentration
• P photoacclimation via variable Chl:C ratio
• P losses via aggregation during blooms
• N2 fixation by diazotrophs
• D sinking at constant rate

fpd

N Z

D

P

FPON

Base of euphotic zone100 m

CO2

N2

Chl

fzd2

faggr

fpz

fnp gafpz

fzn

(1-ga)fpz

fzd1fdn

Fig. 4.1. CMOC v.1.0: Organic pump

are temperature-dependent. Production of calcium carbonate by phytoplankton and

its dissolution at depth are parameterized, respectively, as a temperature-dependent

fraction of particulate organic matter exported from the euphotic zone (’rain ratio’)

and as an exponentially-decreasing flux (’instantaneous’ transport to depth). Model

parameter values are listed in Table 1.

The carbon model equations are



21

dDIC/dt = L(DIC) +∂FCO2/∂z + ∂FDIC
v /∂z +RC:N JN∗

+ JCaCO3 (4.1)

dTA/dt = L(TA) + ∂F TA
v /∂z − JN∗

+2 JCaCO3 (4.2)

dN/dt = L(N) + ∂FN
v /∂z + JN (4.3)

dP/dt = L(P ) + ∂F P
v /∂z + JP (4.4)

dZ/dt = L(Z) + ∂FZ
v /∂z + JZ (4.5)

dD/dt = L(D) + ∂FD
v /∂z + JD (4.6)

dChl/dt = L(Chl) + ∂FChl
v /∂z + JChl (4.7)

where L(X) = A(X) + D(X), where A represents advection (as for temperature

and salinity) by the combined fluid and (Gent and McWilliams 1990) ’bolus’ veloci-

ties via a third-order upwind scheme, D represents isopycnal and diapycnal diffusion

as prescribed by the various mixing parameterizations; FX
v is a surface virtual tracer

flux; JX is an ecosystem model source/sink term as detailed below; FCO2 is the sur-

face flux of carbon dioxide; JN∗
= JN −JNf , where JNf represents dinitrogen fixation

and denitrification; JCaCO3 is a sink for alkalinity in the euphotic zone resulting from

export of CaCO3 and a source below the euphotic zone from CaCO3 redissolution,

as described below.
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The source/sink terms from the ecosystem model are

JN = −Γ P +mzn Z +re D +JNf (4.8)

JP = Γ P − Λ Z −mpd P −maggr P 2 (4.9)

JZ = gaΛ Z −mzn Z −mzd Z −mzd2 Z2 (4.10)

JD = (1− ga)Λ Z +mpd P + maggr P 2 +mzd Z + mzd2 Z2 −re D +ws ∂D/∂z

(4.11)

JChl = θN JP +(θN
bal − θN) P/τθ (4.12)

Phytoplankton growth rate Γ is determined by light, temperature, nitrogen, and

iron, and is calculated as a temperature-dependent maximum growth rate times the

minimum of three nondimensional limitation functions (Fig. 4.2)

Γ(IPAR, θ, N, Fe) = vm min

{
[1− exp(−αChlθIPAR/vm)] ,

N

N + KN

, LFe

}
(4.13)

where IPAR is photosynthetically active radiation (PAR), and θ is the Chl : C ratio.

Phytoplankton are grazed by zooplankton at a rate Λ (Fig. 4.3) calculated as

Λ(P ) = rm
P 2

P 2 + KP
2 (4.14)

and zooplankton is assumed to utilize a fraction ga of that, the rest, a source of

Detritus, attributed to ”messy feeding”.

Phytoplankton senescense losses are represented as linear in P. Phytoplankton

mortality also occurs through aggregation, parameterized as quadratic in P so that
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Fig. 4.2. Phytoplankton growth limiting functions: light limitation (left), nutrient

limitation (centre), iron limitation (right)

it is significant only when phytoplankton ”blooms”. The model is closed via linear

and quadratic mortality terms for zooplankton implying predation by an uynresolved

higher trophic level. The nonlinear term was added because it stabilizes the model

at extreme zooplankton concentrations (Steele and Henderson 1992; McCreary et al.

1996). Zooplankton respiration is represented by a linear loss term from Z to N.

Remineralization of detritus is linear in D with a temperature-dependent rate co-

efficient. Detritus sinks with a constant speed ws. This results in an export flux of

nitrogen from the euphotic zone FPON = wsDi where i is the index of the last model

layer within the euphotic zone. The euphotic zone depth is fixed at 100 m (Table
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Fig. 4.3. Grazing of phytoplankton by zooplankton: grazing rate function

1). Because detrital remineralization is temperature-dependent, the remineralization

length scale ws/re will generally increase with depth.

The solubility, organic and carbonate pumps are coupled and also change the

physical environment through ocean temperature. Dissolved inorganic carbon is

affected by carbon uptake and remineralization and by CaCO3 precipitation and

re-dissolution. Total alkalinity is affected by nitrogen uptake and remineralization

(through changes in OH− and H+ concentrations) and by carbonate precipitation

and re-dissolution at depth. Chlorophyll biomass affects the vertical distribution of

heat in the physical model through changes in light attenuation.
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4.2 Light and photosynthesis

The photosynthetically-active fraction IPAR of the solar radiative flux I0(t) that

enters the surface ocean is attenuated with depth using a single exponential formu-

lation

IPAR(z, t) = apar × I0
m g(t)× exp {−k(Chl) z} (4.15)

where apar is the fraction of the irradiance that is in the photosynthetically-active

band, I0
m is the local noon maximum irradiance, g(t) represents the normalized tem-

poral variation of the irradiance within a diel cycle, and Chl is chlorophyll con-

centration. We set apar = 0.45 (Baker and Frouin 1987). The remaining fraction

(1 − apar) × I0(t) would correspond to a longer wavelength band; it is assumed to

have been absorbed within the first model layer due to its very short attenuation

depth.

The total attenuation coefficient k varies linearly with chlorophyll (Spitz et al.

2001; Moore et al. 2002; Lima and Doney 2004)

k = kw + kChlChl (4.16)

where kw is PAR attenuation coefficient for phytoplankton-free seawater, and kChl

is PAR attenuation coefficient for chlorophyll (Table 1). The typical range for k is

between 0.04 m−1 and 0.08 m−1, corresponding to attenuation depths between 12

and 25 metres.

The photosynthesis-light relationship, without photoinhibition, is that of Platt et
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al. (1980):

ΠB(z, t) = PB
m

[
1− exp(−αChlIPAR/PB

m )
]

(4.17)

where ΠB is chlorophyll-specific primary production rate, PB
m is the assimilation

number – a chlorophyll-specific primary production rate at saturating light, αChl is

a chlorophyll-normalized initial slope which is assumed constant (Geider et al. 1997;

Geider et al. 1998; MacIntyre et al. 2002; Behrenfeld et al. 2004).

The corresponding nitrogen-specific primary production rate can be expressed as

ΠN(z, t) = vm [1− exp(−αChlθIPAR/vm)] = vm [1− exp(−αIPAR/vm)] (4.18)

where vm and the initial slope α are related to PB
m and αChl, respectively, via the

variable Chl : C ratio θ:

α = αChlθ (4.19)

PB
m = vm/θ (4.20)

4.3 Temperature dependence of coefficients

We assume that ambient temperature affects phytoplankton physiology by limiting

the maximum photosynthesis rate vm (Eppley 1972; Li and Dickie 1987; Lefévre et al.

2003). We use an Arrhenius equation (Li 1980; Raven and Geider 1987; Arrhenius

1889) for the temperature dependence of vm (Geider et al. 1997; Geider et al. 1998;

Flynn 2001; Moore et al. 2002)
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vm = vref
m × exp

[
−EP

R

(
1

T
− 1

T vm
ref

)]
(4.21)

where vref
m is a reference maximum photosynthesis rate at a temperature T vm

ref , EP

is the activation energy for growth, and R is the universal gas constant (Fig. 4.4).
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Fig. 4.4. Temperature dependence of the maximum photosynthetic rate vm

We model the temperature dependence of the remineralization rate re (Li and

Dickie 1987) using the same temperature function but with a higher activation en-

ergy than for growth (Li and Dickie 1987; Rivkin and Legendre 2001)
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re = rref
e × exp

[
−ED

R

(
1

T
− 1

T vm
ref

)]
(4.22)

where rref
e is a reference maximum remineralization rate at a temperature T vm

ref ,

and EP is the activation energy for remineralization.

4.4 Primary production integrals

The ecosystem module is embedded in a physical model with four 50-metre layers

in the first 200 metres near the ocean surface. In order to determine the appropriate

phytoplankton growth rate and daily primary production we used the integration

over depth and daily cycle of Platt et al. (1990; 1991), originally developed for cal-

culating the daily water column primary production, then extended for an arbitrary

layer (Platt and Sathyendranath 1993). Since the ocean carbon model is run for

thousands of model years to achieve carbon equilibrium, this formulation allows the

use of a daily time-step while accurately calculating daily primary production by

taking into account the non-linearities in the response of phytoplankton to the diel

cycle of irradiance. In coupled mode, however, the ocean carbon model resolves the

diel cycle of irradiance. We present the corresponding analytical depth integrals of

primary productivity for a diel-resolving time-step.

4.4.1 Analytical daily integral without resolving the diel cycle

We assume that the diel variation of surface irradiance can be represented suffi-

ciently well by a sine function (Kirk 1994; Harris 1980) so that
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g(t) = sin(πt/dD) (4.23)

where dD < 24 is daylength in hours. We will consider the special case of a polar

day (dD = 24 hours) in the next subsection.

Rewriting (4.18) to explicitly show the time and depth dependence of IPAR from (4.15),

we have

ΠN(z, t) = vm

[
1− exp

(
−αChlθ × aparI

0
m sin(πt/dD)× exp {−k(Chl) z} /vm

)]
(4.24)

In the absence of nutrient and iron limitation, the daily primary production would

be

ΠN
Z,T =

∫∫
P × ΠN(z, t) dz dt (4.25)

Assuming that P , k, and θ are constant with depth and within the model time-

step (they could vary across model layers and only need to be constant within each

model layer, as shown later), we have

ΠN
Z,T = Pvm

dD∫
t=0

∞∫
z=0

[
1− exp

(
−αChlθ × aparI

0
m sin(πt/dD)× e−k z/vm

)]
dz dt

(4.26)

Following Platt et al. (1990) we define the nondimensional irradiance

Im
∗ = aparI

0
m(αChlθ/vm) = aparI

0
m/Ik (4.27)

where Ik = PB
m/αChl is the photoadaptation parameter.
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Let

u = Im
∗ sin(πt/dD)× e−k z (4.28)

and consequently

ΠN
Z,T =

Pvm

k

dD∫
t=0


Im
∗ sin(πt/dD)∫

z=0

1− e−u

u
du

 dt (4.29)

The integral in the curly brackets is the Ein function, an exponential integral of

the form

Ein(x) =

x∫
z=0

1− e−u

u
du (4.30)

with a series expansion

Ein(x) =
∞∑

n=1

(−1)n+1

n · n!
xn (4.31)

Making the change of variable

ϑ = πt/dD (4.32)

eq. (4.29) becomes

ΠN
Z,T =

PvmdD

k

π∫
ϑ=0

∞∑
n=1

(−1)n+1

π n · n!
(Im
∗ sinϑ)n dϑ (4.33)

Repeated application of the identity

π∫
0

sinnϑ dϑ = n−1 (n− 1)

π∫
0

sinn−2ϑ dϑ (4.34)

leads to an analytical solution of the form
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ΠN
Z,T = A× f(Im

∗ ) (4.35)

where A = PvmdD/k is a scale factor.

The nondimensional function f(Im
∗ ) is an infinite series which is approximated

very well by a fifth-degree polynomial of Im
∗ so that

ΠN
Z,T = A×

5∑
x=1

Ωx(I
m
∗ )x (4.36)

and the weights Ωx are given by Platt et al. (1993).

This expression is then generalized for an arbitrary model layer n of thickness

∆zn, extending from z = zn−1 to z = zn, with phytoplankton nitrogen Pn and an

attenuation coefficient kn as follows:

ΠN
∆zn,T = An ×

{
f

(
Im
∗ exp(−

n−1∑
p=1

kp∆zp)

)
− f

(
Im
∗ exp(−

n∑
p=1

kp∆zp)

)}
(4.37)

where An = PnvmdD/kn.

The corresponding daily primary production rate per unit volume is

PnΠN
∆zn,T = Π∆zn,T /(Pn∆zn) (4.38)



32

4.4.2 Analytical integral within a resolved diel cycle

If the time step in a numerical model is small enough so that the diel cycle of sur-

face irradiance is resolved, calculating the rate of primary production per time-step,

ΠN
Z,∆t, still involves an integration over the model (layer) depth.

In 1-D mixed models the integration is typically approximated by calculating the

average irradiance or the irradiance at mid-depth, for each model layer. This is justi-

fied in most cases since the typical vertical resolution in those models is of the order

of a metre. In our global carbon model, however, the best vertical resolution near

the surface is 50 metres. We therefore proceed with the calculation of the vertical in-

tegral of (4.18), for a given surface irradiance I0
∆t within a diel-resolving time-step ∆t.

We define nondimensional irradiance for a given time-step as

I∆t
∗ = aparI

0
∆t/Ik (4.39)

Let

u = I∆t
∗ × e−k z (4.40)

and consequently

ΠN
Z,∆t =

Pvm

k

I∆t
∗∫

z=0

1− e−u

u
du×∆t (4.41)

Given (4.30), this can be expressed via the Ein function as

ΠN
Z,∆t =

Pvm

k
Ein

(
I∆t
∗
)
×∆t (4.42)
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The Ein function can be approximated by a fifth-degree polynomial (Abramowitz

and Stegun 1965) so that

ΠN
Z,∆t = A∆t ×

5∑
x=1

Ω∆t
x (I∆t

∗ )x (4.43)

where A∆t = Pvm∆t/k and the weights Ω∆t
x are given in Abramowitz and Ste-

gun (1965).

This expression is then generalized for an arbitrary model layer n of thickness

∆zn, extending from z = zn−1 to z = zn, with phytoplankton nitrogen Pn and an

attenuation coefficient kn as follows:

ΠN
∆zn,∆t = A∆t

n ×

{
f

(
I∆t
∗ exp(−

n−1∑
p=1

kp∆zp)

)
− f

(
I∆t
∗ exp(−

n∑
p=1

kp∆zp)

)}
(4.44)

where A∆t
n = Pnvm∆t/kn.

The corresponding primary production rate per unit volume is

PnΠN
∆zn,∆t = Π∆zn,∆t/(Pn∆zn) (4.45)

4.4.3 Analytical integral for a polar day within a resolved diel cycle

Poleward of the Arctic and Antarctic circles, there are times of the year when the

surface irradiance varies between a maximum value and a minimum non-zero value.
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In the extreme case, at the poles during a polar day the sun’s elevation is constant

throughout the day.

We will then model the diel variation of surface irradiance as

IPAR(t) = apar ×
{
I0
ms sin(πt/dD) + I0

c

}
(4.46)

where

I0
c = sinδ sinλ− cosδ cosλ (4.47)

and

I0
ms = 2

(
sinδ − I0

c

)
(4.48)

where δ is the sun’s declination and λ is the latitude.

The daily primary production integral is

ΠN
Z,T = Pvm

dD∫
t=0

∞∫
z=0

[
1− exp

(
−αChlθ × apar ×

{
I0
ms sin(πt/dD) + I0

c

}
× e−k z/vm

)]
dz dt

(4.49)

We define the nondimensional irradiance as

Ims
∗ = aparI

0
ms/Ik (4.50)

and

Ic
∗ = aparI

0
c /Ik (4.51)
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Let

u = {Ims
∗ sin(πt/dD) + Ic

∗} × e−k z (4.52)

and consequently

ΠN
Z,T =

Pvm

k

dD∫
t=0

Ein(Ims
∗ sin(πt/dD) + Ic

∗) dt (4.53)

For a diel-resolving time-step ∆t this reduces to a summation over quantities

ΠN
Z,∆t =

Pvm

k
Ein

(
I∆t
∗
)
×∆t (4.54)

as in (4.42).

4.5 Phytoplankton photoacclimation

Photoacclimation by phytoplankton is modeled via a variable Chl : C ratio.

Chlorophyll production is assumed to be proportional to P cell growth with a ratio

that varies with recent light conditions. The maximum ratio occurs under low light,

reflecting the presumed need for phytoplankton to maximize their photosynthetic

efficiency (Kana and Glibert 1987; Geider et al. 1996).

Using a constant Redfield ratio RC:N , we calculate the source/sink of chlorophyll

as the product of the source/sink of phytoplankton nitrogen JP and the Chl : P ratio

θN ; this is modified by a term that nudges towards a ”balanced-growth” Chl : P

ratio θN
bal with a restoring time-scale τθ, as done by others (Christian et al. 2002).
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The balanced-growth Chl : P ratio θN
bal (Geider et al. 1996; Geider et al. 1997) is

calculated following the linearized approach of Geider et al. (1997). Following Geider

et al. (1997), let

dP/dt = PNP − rNP (4.55)

dChl/dt =
{
ρB

Chl × (PNP )− θ × (rNP )
}
× (MC RC:N) (4.56)

and via θ = Chl : C:

dChl/dt = {Pdθ/dt + θdP/dt} × (MC RC:N) (4.57)

where

ρB
Chl = θm × PN/(αChlθIPAR(z, t)) (4.58)

is the instantaneous ratio of chlorophyll synthesis to carbon fixation. It is at its

maximum maxρB
Chl = θm under low irradiance, where photosynthesis becomes linearly-

proportional to light absorption (see (4.18)) and declines as irradiance increases and

dPN/dIPAR decreases as PN approaches the asymptotic limit vm (Figure 4.5, lower

panel).

Under conditions of balanced growth, by definition, dθ/dt = 0 with θ = θbal and

therefore from (4.57) dChl/dt = θbaldP/dt × (MC RC:N). It follows via (4.56) that

θbal = balρB
Chl. Since

PN
bal = vm[1− exp(−αChlθbalIPAR(z)/vm)] (4.59)

balρB
Chl = θm × PN

bal/(αChlθbalIPAR(z)) (4.60)
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Fig. 4.5. Dependence of Chl : C ratio and growth rate on PAR irradiance under

conditions of balanced growth - exact solution. Upper panel: normalized Chl : C

ratio θbal/θm; Lower panel: normalized rate of phtosynthesis PN
bal/vm.

then

θbal = θm × [1− exp(−αChlθbalIPAR(z)/vm)]

(αChlθbalIPAR(z)/vm)
(4.61)

Figure 4.5 shows the normalized balanced growth rate PN
bal/vm (4.59) and the nor-

malized balanced ratio θbal/θm (4.61) as functions of IPAR.
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Fig. 4.6. Graphical 3-D representation of the function in equation (4.63) whose

zero-crossing of the IPAR, θbal/θm plane traces the exact solution for θbal/θm as a

function of PAR irradiance.

Let a = vm/(αChlIPAR(z)). For a given daily-mean, layer-averaged irradiance, and

depth, a is a constant, and (4.61) can be written as

θbal = θm × 1− exp(−θbal/a)

(θbal/a)
(4.62)

or

(θbal/a)2 + (θm/a)× exp(−θbal/a)− (θm/a) = 0 (4.63)

Equation (4.63) is transcendental and has a well-defined solution (see in Fig. 4.6
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Fig. 4.7. Dependence of Chl : C ratio and growth rate on PAR irradiance under con-

ditions of balanced growth - linearized solution (Geider et al. (1997)). Upper panel:

Normalized Chl : C ratio θbal/θm; Lower panel: Normalized rate of photosynthesis

PN
bal/vm.

the zero-crossing of the function on the left-hand side of (4.63)).

We can expand (4.62) in Taylor series around (−θbal/a):

θbal = θm × [1− (θbal/a)

2
+

(θbal/a)2

6
+ · · · ] (4.64)
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than 30 Wm−2. The black line denotes (θbal/a) = 1.

Geider et al. (1997) assumed θbal ≪ a and linearized (4.64) by truncating the

series at the second term and solving for θbal. After substituting for a, the result is

θN
bal = MC RC:N θm /

(
1 +

αChlθmIPAR

2vm

)
(4.65)

Figure 4.7 shows the resulting normalized balanced growth rate PN
bal/vm and nor-

malized balanced ratio θbal/θm (4.65) as functions of IPAR.

Compared to the exact solution, the linearized version systematically underesti-

mates θbal at higher irradiances.
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The linearized solution is valid for θbal ≪ a which implies

θbal ≪ vm/(αChlIPAR(z)) (4.66)

Depending on the values of the parameters vm and αChl, (4.66) cannot be satisfied

for irradiances higher than a certain value. As an example, taking vm = 3.0 d−1 and

αChl = 5.0 gCgChl−1d−1(Wm−2)−1, Fig. 4.8 shows that θbal ≤ vm/(αChlIPAR(z)) for

IPAR ≤ 30 Wm−2.

The linear approximation for θbal is not strictly valid for moderate or large IPAR,

although Geider et al. (1997), ex post facto, justified the validity of the linearized

solution for θbal even under high irradiances. In our model the vertical resolution

is low enough, however, that the layer-averaged daily-mean PAR irradiance is not

grossly outside the region of validity for (4.65) even in the top layer.

4.6 Carbonate pump

Calcium carbonate is produced by some species of phytoplankton within the eu-

photic zone(Fig. 4.9) and exported along with organic carbon. The ratio of inorganic

to organic particulate carbon exported from the euphotic zone is termed the ’rain

ratio’. The export flux of CaCO3 is:

FCaCO3
= RC:N RCi:Co(T ) FPON (4.67)

where the rain ratio RCi:Co(T ) varies with temperature as (Drange 1994)
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Fig. 4.9. CMOC v.1.0: Carbonate pump

RCi:Co(T ) = Rm
Ci:Co ×

exp{aCi(T − T r
Ci)}

1 + exp{aCi(T − T r
Ci)}

(4.68)

and RCi:Co(T )/Rm
Ci:Co is shown on Fig.( 4.10). Iglesias-Rodriguez et al. (2002) show

a similar variability of the CaCO3 flux with ocean temperature.

We model the redissolution of calcium carbonate at depth as ’instantaneous’, with

the flux decreasing exponentially with depth with a length scale dCi. Differentiating
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Fig. 4.10. The carbonate export flux is a temperature-varying proportion of the

export flux of PON

with respect to depth yields a sink term for calcium carbonate below the depth of

the euphotic zone deu,

JCaCO3 = −RC:N RCi:Co(T ) FPON

× d−1
Ci exp

[
−(z−deu)

dCi

]
. (4.69)

The remaining flux of CaCO3 into the sediments is compensated by an equal input

at the ocean surface at each grid point so that the global total is conserved. This

input may be considered as representing riverine input of CaCO3.
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4.7 Nitrogen fixation and denitrification

Nitrogen fixation by diazotrophic bacteria like Trichodesmium cyanobacteria in

the warm surface waters of the tropical and subtropical oceans represents a source

of ’new’ N. The subsequent export of organic carbon from the euphotic zone may

be important for the global C and N budgets and in terms of affecting the net up-

take of atmospheric CO2 by the ocean (Capone et al. 1997). We have implemented

a parameterization of dinitrogen fixation, modified from Bissett et al. (1999), as a

function of sea-surface temperature, light and nutrient availability.

We assume dinitrogen fixation FNf(t) occurs only in the top 50-m layer. Vertical

gradients in irradiance E(z) and diazotroph concentration Φ(z) are parameterized

within the layer. The depth distribution of diazotrophs within the top layer is

Φ(z) = ΦNf
ref (e aNf) z e−aNf z + Φ0 (4.70)

where aNf is the inverse scale depth of the diazotroph concentration maximum,

Φ0 is the surface reference concentration (trichomes L−1), and ΦNf
ref is the maximum

reference concentration of diazotrophs. Following Bissett et al. (1999), we scale

diazotroph concentration for the layer with sea-surface temperature

Φ(z, T ) = Φ(z)

(
T − TNf

min

TNf
max − TNf

min

)
(4.71)

The rate of dinitrogen fixation PNf is linearly dependent on the surface irradiance
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IPAR(0) (Orcutt et al. 2001)

PNf (z) = PNf
ref

IPAR(0)

INf
max

e−kz (4.72)

where k is the attenuation coefficient (see above section 4.2). We also assume that

the N concentration has a limiting role, as other phytoplankton would outcompete

the diazotrophs for P and Fe when there is sufficient N (Capone et al. 1997). The

dinitrogen fixation source term is then

JNf (z) =
KN

N + KN

Φ(z, T ) PNf (z) (4.73)

Typical depth distributions for diazotroph concentration Φ(z) and dinitrogen fix-

ation source term JNf within the top layer are shown in Fig. 4.11.

For a surface layer of thickness ∆z1, the layer-integrated dinitrogen fixation is

FNf = PNf
ref

IPAR(0)

INf
max

T − TNf
min

TNf
max − TNf

min

KN

N + KN

{
ΦNf

ref (e aNf)

∫ ∆z1

0

z e−(aNf+k) zdz + Φ0

∫ ∆z1

0

e−k zdz

}
(4.74)

which is solved analytically since

∫ ∆z1

0

z e−(a+k) zdz =
1

(a + k)2

{
1− [(a + k)∆z1 + 1] e−(a+k)∆z1

}
(4.75)

and

∫ ∆z1

0

e−k zdz =
1

k

{
1− e−k ∆z1

}
(4.76)
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Fig. 4.11. Depth profiles within the top layer for (a) diazotroph concentration Φ(z)

and (b) dinitrogen fixation source term JNf .

Denitrification is parameterized as a loss of NO3 whose column integral is equal

to input by DNF so that the global total pool of fixed N is constant. Below the top

model layer, denitrification is proportional to the detrital remineralization rate

JNf
k = −FNf ×

re Dk∑n
k=2 re Dk

(4.77)

where n is the number of model layers, so that denitrification occurs predominantly

in the layers just below the surface layer (Codispoti et al. 2001) and then decreases

exponentially with depth.
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4.8 Iron limitation

In order to account for regions of apparent iron (Fe) limitation of phytoplankton

growth despite availability of nutrients (Martin and Fitzwater 1988; Fung et al.

2000), a surface ocean mask of an iron-limiting factor LFe was devised.

It was derived, for every surface ocean grid cell, from normalized monthly ob-

servational estimates of the climatological annual minimum nitrate concentration

NOmin
3 at that location (Conkright et al. 2002). The resulting spatially varying

map (Fig. 4.12, top panel) had higher nutrient concentrations in known regions of

suspected Fe limitation of phytoplankton growth.

These values were then converted to values for the iron limitation factor LFe

LFe = 1.0− log10

(
NOmin

3 + 1
)

(4.78)

assuming that the lowest concentration of NO3 observed during the seasonal cycle

is proportional to the degree of iron limitation, indicating likely limitation of growth

by Fe in the Southern Ocean, the northwest North Pacific, and to a lesser extent in

the eastern Equatorial Pacific. The global distribution of LFe is shown in (Fig. 4.12,

bottom panel).
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Fig. 4.12. Top: Map of monthly data estimates of the climatological yearly mini-

mum NO3 from World Ocean Atlas 2001; Bottom: Map of corresponding LFe limi-

tation factors.



Chapter 5

Model initial conditions and

forcing

The modified NPZD+Chl ecosystem model coupled with the inorganic carbon mod-

ule was initialized from an equilibrium state of the physical model (T, S, u, v) after

4000 years of integration of the physical model. The N tracer was initialized from

data estimates (Key et al. 2004; Conkright et al. 2002); P, Z, D and Chl were

initialized with horizontally-uniform profiles, exponentially decreasing with depth to

a small background value. In practice, because of their relatively high ”turnover”

rates, P, Z, D, and Chl ”spin-up” within a few years. Dissolved inorganic carbon and

total alkalinity were initialized with global mean uniform values as in the OCMIP II

protocols.

For a spinup to a pre-industrial equilibrium, the model was forced with wind stress,

heat and freshwater fluxes, solar irradiance, sea ice extent, and atmospheric pressure

from a multi-century CGCM run. Sea surface temperature (SST) and salinity (SSS)

49
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are additionally restored to observed monthly climatology on a one-month timescale

and an annual climatology on six-month timescale, respectively. Atmospheric pCO2

is kept at a constant value representative of pre-industrial levels (288 ppm). The

model is considered to reach steady state when the global integral air-sea exchange

of CO2 is less than 0.01 PgC y−1.

In coupled mode, the ocean carbon model is part of the coupled carbon GCM and

is forced daily by the AGCM with a flux of carbon being exchanged daily between

the oceanic and atmospheric component of the coupled carbon model.



Chapter 6

Summary

We have implemented an NPZD+Chl ecosystem model similar to the 1-D model

by Denman and Peña (1999) in the CCCma global ocean carbon model. The five

ecosystem variables are nitrogen, phytoplankton, zooplankton, detritus and chloro-

phyll. These are added, in a full carbon model simulation, to dissolved inorganic

carbon and total alkalinity for a total of seven prognostic variables related to the

ocean carbon cycle.

Phytoplankton growth is limited by light, temperature, nitrogen, and iron. Detri-

tus sinks with a constant speed, and export production is calculated at the bottom of

the euphotic zone. CaCO3 formation is treated implicitly as a temperature-varying

fraction of the export production which then decreases with depth due to CaCO3 re-

dissolution. The NPZD+Chl ecosystem is coupled to the inorganic/solubility pump

via sources/sinks of DIC and TA from respective sources/sinks of CaCO3 and the

nutrient N.
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Table 1: CMOC ecosystem module parameters and their typical values.

Parameter Symbol Value Units

PAR fraction of irradiance apar 0.45 —

PAR attenuation coefficient for seawater kw 0.04 m−1

PAR attenuation coefficient for chlorophyll kChl 0.03 m−1 (mg Chl m−3)−1

Initial slope of P-I curve αChl 5.0 mg C · (mg Chl)−1 · (W m−2)−1 · d−1

Maximum Chl:C ratio θm 0.03 mg Chl · (mg C)−1

Chl relaxation time scale τθ 2.0 d

Activation energy for growth EP 33.26 kJ mol−1

Activation energy for remineralization ED 45.73 kJ mol−1

Reference maximum ocean temperature T vm
ref 30.0 ◦C

Reference maximum photosynthesis rate at T vm
ref vref

m 3.0 d−1

Nitrogen half-saturation constant KN 0.1 mmolN m−3

Phytoplankton mortality to detritus mpd 0.05 d−1

Phytoplankton aggregation parameter maggr 0.1 d−1 · (molN m−3)−1

Zooplankton maximum grazing rate rm 2.0 d−1

Zooplankton grazing half-saturation constant KP 0.2 mmolN m−3

Zooplankton assimilation efficiency ga 0.7 —

Zooplankton losses to nitrogen mzn 0.2 d−1

Zooplankton losses to detritus mzd 0.05 d−1

Zooplankton quadratic mortality mzd2 0.1 d−1 · (molN m−3)−1

Detritus sinking speed ws 10.0 m d−1

Reference maximum detritus remineralization rate rref
e 0.15 d−1

Maximum rain ratio Rm
Ci:Co 0.085 —

Rain ratio half-point temperature T r
Ci 10.0 ◦C

Rain ratio scaling factor aCi 0.6 K−1

CaCO3 redissolution depth scale dCi 2700.0 m

Maximum reference diazotroph concentration ΦNf
ref 500.0 trichomes L−1

Surface reference diazotroph concentration Φ0 50.0 trichomes L−1

Inverse depth of diazotroph concentration maximum aNf 0.1 m−1

Maximum reference rate of dinitrogen fixation P Nf
ref 3.0 pmolN trichome−1 h−1

Maximum reference Nfix surface irradiance INf
max 350.0 W m−2

Maximum reference Nfix sea-surface temperature T Nf
max 30.0 ◦C

Minimum reference Nfix sea-surface temperature T Nf
min 20.0 ◦C

Redfield C:N ratio RC:N 6.6 molC · (molN)−1

Depth of euphotic zone deu 100.0 m

Thickness of surface model layer ∆z1 50.0 m



53

Acknowledgments. We are very grateful to various groups that have made their data

products available through the Climate Data Library, and especially to all of the investi-

gators involved in GLODAP. Reiner Schlitzer graciously provided his export fields to us,

and Ed Laws made his algorithm available to the community via US-JGOFS. We are also

grateful to Warren Lee and Bill Merryfield for their efforts in development and mainte-

nance of the CCCMA ocean model and the system support staff in Victoria and Dorval.

Debby Ianson and Bill Merryfield made helpful comments on an earlier draft of this paper.

This research was supported in part by CFCAS network funds awarded to N. Roulet of

McGill University and to KLD under the Canadian Global Coupled Carbon Climate Model

(CGC3M) network.



54

REFERENCES

Abramowitz, M., and I. Stegun, 1965: Handbook of mathematical functions, with formulas,

graphs, and mathematical tables,, Dover Publications, New York, 1046pp pp.

Arrhenius, S., 1889: On the reaction velocity of the inversion of cane sugar by acids,

Zeitschrift für Physikalische Chemie, 4, 226, Reproduced in Selected Readings in Chem-

ical Kinetics. 1967 (edited by M.H.Back, and K.J. Laidler), Pergamon, Oxford.

Baker, K., and R. Frouin, 1987: Relation between photosynthetically available radiation

and total insolation at the ocean surface under clear skies, Limnol. Oceanogr., 32, 1370–

1377.

Behrenfeld, M., O. Prasil, M. Babin, and F. Bruyant, 2004: In search of a physiological

basis for covariations in light-limited and light-saturated photosynthesis, J. Phycol., 40,

4–25.

Bissett, W., J. Walsh, D. Dieterle, and K. Carder, 1999: Carbon cycling in the upper

waters of the Sargasso Sea: I. Numerical simulation of differential carbon and nitrogen

fluxes, Deep-Sea Res. I, 46, 205–269.

Capone, D., J. Zehr, H. Paerl, B. Bergman, and E. Carpenter, 1997: Trichodesmium, a

globally significant marine cyanobacterium, Science, 276, 1221–1229.

Christian, J., M. Verschell, R. Murtugudde, A. Busalacchi, and C. McClain, 2002: Biogeo-

chemical modelling of the tropical Pacific Ocean. I: Seasonal and interannual variability,

Deep-Sea Res. II, 49, 509–543.

Codispoti, L., J. Brandes, J. Christensen, A. Devol, S. Naqvi, H. Paerl, and T. Yoshinari,

2001: The oceanic fixed nitrogen and nitrous oxide budgets: Moving targets as we enter

the anthropocene?, Scientia Marina, 65, 85–105.

Conkright, M., H. Garcia, T. O’Brien, R. Locarnini, T. Boyer, C. Stephens, and J. Antonov,

2002: World Ocean Atlas 2001, Volume 4: Nutrients, in NOAA Atlas NESDIS 52, vol. 4,

edited by S. Levitus, p. 392pp, U.S. Government Printing Office, Wash., D.C.

Denman, K., and A. Peña, 1999: A coupled 1-D biological/physical model of the northeast



55

subarctic Pacific Ocean with iron limitation, Deep-Sea Res. II, 46, 2877–2908.

Dickson, A., 1981: An exact definition of total alkalinity and a procedure for the estimation

of alkalinity and total CO2 from titration data, Deep-Sea Res., 28, 609–623.

Drange, H., 1994: An isopycnic coordinate carbon cycle model for the North Atlantic,

and the possibility of disposing of fossil fuel CO2 in the ocean, Ph.D. thesis, p. 286pp,

Nansen Environm. Remote Sensing Centr. and Dep. of Math., Univ. of Bergen, Bergen,

Norway.

Eppley, R., 1972: Temperature and phytoplankton growth, Fish. Bull., 70, 1063–1085.

Flato, G., G. Boer, W. Lee, N. McFarlane, D. Ramsden, M. Reader, and A. Weaver, 2000:

The Canadian Centre for Climate Modelling and Analysis global coupled model and its

climate, Climate Dynamics, 16, 451–467.

Flynn, K., 2001: A mechanistic model for describing dynamic multi-nutrient, light, tem-

perature interactions in phytoplankton, J. Plankton Res., 23, 977–997.

Fung, I., S. Meyn, I. Tegen, S. Doney, J. John, and J. Bishop, 2000: Iron supply and

demand in the upper ocean, Global Biogeochem. Cycles, 14, 281–296.

Geider, R., H. MacIntyre, and T. Kana, 1996: Dynamic model of photoadaptation in

phytoplankton, Limnol. Oceanogr., 41, 1–15.

Geider, R., H. MacIntyre, and T. Kana, 1997: Dynamic model of phytoplankton growth

and acclimation: responses of the balanced growth rate and the chlorophyll a:carbon

ratio to light, nutrient limitation and temperature, Mar. Ecol. Prog. Ser., 148, 187–200.

Geider, R., H. MacIntyre, and T. Kana, 1998: A dynamic regulatory model of phytoplank-

tonic acclimation to light, nutrients, and temperature, Limnol. Oceanogr., 43, 679–694.

Gent, P., and J. McWilliams, 1990: Isopycnal mixing in ocean circulation models, J. Phys.

Oceanogr., 20, 150–155.

Harris, G., 1980: The measurement of photosynthesis in natural populations of phyto-

plankton, in The physiological ecology of phytoplankton, edited by I. Morris, pp. 129–187,

Blackwell, Oxford.



56

Iglesias-Rodriguez, M., C. Brown, S. Doney, J. Kleypas, D. Kolbere, Z. Kolber,

P. Hayes, and P. Falkowski, 2002: Representing key phytoplankton functional grops

in ocean arbon cycle models: Coccolithophorids, Global Biogeochem. Cycles, 16,

doi:10.1029/2001GB001454.

Kana, T., and P. Glibert, 1987: Effect of irradiances up to 2000 µE m−2 s−1 on marine

synechococcus WH7803. 2. Photosynthetic responses and mechanisms, Deep-Sea Res.,

34, 497–516.

Key, R., A. Kozyr, C. Sabine, K. Lee, R. Wanninkhof, J. Bullister, R. Feely, F. Millero,

C. Mordy, and T.-H. Peng, 2004: A global ocean carbon climatology: Results from

GLODAP, Global Biogeochem. Cycles, 18, GB4031, doi:10.1029/2004GB002247.

Kirk, J., 1994: Light and photosynthesis in aquatic ecosystems, Cambridge University

Press, Cambridge, 509pp pp.
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