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REcoM-2 and the role of photophysiology
REcoM-2 is an ecosystem model coupled to the MITgcm.
It defines carbon, nitrogen and chlorophyll as state variables,

Detritus

allowing variable stoichiometry.
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REcoM-2 and the role of photophysiology
Tuning of parameters by comparison
to satellite-based chlorophyll.

Chl = synthesis - damage

Accurate surface fields for
phytoplankton chlorophyll.

𝐶ℎ𝑙 𝑠𝑦𝑛𝑡𝑒𝑠𝑖𝑠 = 𝑁 𝑎𝑠𝑠𝑖𝑚 ×𝐶ℎ𝑙: 𝑁123 ×

Unrealistic patterns in low light
conditions:

𝐶ℎ𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

•

below surface,

•

during polar winter,

•

under ice sheets.
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Improvement of
modeled phytoplankton
stoichiometry in low
ligh conditions.
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Parameterization of chlorophyll non-reversible damage
Constant inactivation rate (d-1).

𝐶ℎ𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (𝑘)

Inactivation proportional to
the degree of light saturation
of the photosynthetic
apparatus (Pahlow 2005,
Pahlow and Oschlies 2009).

𝐶ℎ𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑘 × 1

Inactivation proportional light
intensity (Kok 1956, Han 2002,
Oliver 2003).

𝐶ℎ𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑘𝐸

Inactivation proportional light
intensity and antenna size.

?@AB
C123
−𝑒

𝐶ℎ𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑘𝜃𝐸
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Model accuracy: satellite chlorophyll and literature Chl:C
Set k values

Chlorophyll: satellite
annual means at surface
2000-2015

OC-CCI

Chlorophyll
Chl:C ratio

Output annual
climatology

model run

Chl:C ratios: literature
upper 200m; n⋍100
1990-2014

Authors
Li et al.
Furuya
Chang et al.
Brown et al.
Cambell et al.
Jones et al.

Year
2010
1990
2003
2003
1994
1996

Pacific Ocean
California coastal curr.
North & Equatorial P.
East China Sea
Equatorial Pacific
Hawaii
Hawaii

Authors
Jakobsen &
Markager
Buck et al.
Marañon
Perez et al.
Caron et al.
Goericke &
Welschmeyer

Year
2016

Atlantic Ocean
Baltic Sea

1996
2005
2006
1995
1998

North Atlantic
Atlantic gyres
A. subtr. gyres
Sargaso Sea
Sargaso Sea

REcoM
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Correlation with satellite chlorophyll and literature Chl:C
𝑘

𝑘𝐼𝑠𝑎𝑡

𝑘𝐸

𝑘𝜃𝐸
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Analysis of patterns: Chl:C gradient in depth
𝑘𝐼𝑠𝑎𝑡

𝑘

𝑘𝐸

𝑘𝜃𝐸
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(a)

(b)

𝑘

(c)

(d)

Wang et al (2013) JMS. Phytoplankton carbon and
chlorophyll distributions in the equatorial Pacific.

(e)

𝑘𝐼𝑠𝑎𝑡

𝑘𝐸

(f)

𝑘𝜃𝐸

Fig. 8. Modeled climatology (1990–2007) of (a) and (b) phytoplankton, (c) and (d) chlorophyll, and (e) and (f) C:Chl ratio, in the equatorial Paciﬁc (150°W–140°W, left column)
and the equatorial Atlantic (30°W–20°W, right column), depth versus latitude. Superimposed black and white lines denote the depth for MLD and ferricline, respectively.

Assuming that the modeled phytoplankton biomass is overesti-

for the surface water and 1334 mg C m− 2 for the upper 120 m. The
−2
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Analysis of patterns: seasonality at high latitudes
Annual cycle at Northern latitudes 66-80°N
𝑘

𝑘𝐼𝑠𝑎𝑡

𝑘𝐸

𝑘𝜃𝐸

Jackobsen & Markager (2016) L&O. Chl:C annual cycle at 56°N (1990-2014)

Annual cycle in Southern Ocean 66-80°S

Sakshaug & Holm-Hansen (1986) L&O. Range of Chl:C at 61°S
Daly (1990) L&O. Range of Chl:C at 60°S
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Analysis of patterns: Chl:C under the ice sheet

Northern latitudes 66-80°N

Southern Ocean 66-80°S
Daly (1990) L&O. Chl:C under the ice at 60°S
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Summary and conclusions

Optimization of models with surface chlorophyll can be biased towards the
description of high light conditions.
Modelling non-reversible damage to chlorophyll as a function of light
intensity provides:
• accurate surface chlorophyll fields.
• realistic phytoplankton stoichiometry in conditions not seen by satellites.
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Details physical forcing and ecosystem model
Initial values: Levitus World Ocean Atlas (Garcia et al., 2006)
Global Ocean Data Analysis Project (Key et al., 2004).
Model grid: 2° long / 0.38 to 2° lat / 30 depth layers, 0 to 5450m.
Model spin-up: 4 years.
Output: 1 year in 10daily steps.

V. Schourup-Kristensen et al.: A skill assessment of FESOM–REcoM2

by Hauck 2013.

2771

Figure 1: Schematic sketch of the ecosystem model REcoM-2. The 21 tracers can be
grouped (indicated by boxes) into dissolved nutrients and carbonate system palation, whereupon smoothing is performed to remove gridrameters (upper left), phytoplankton (center), zooplankton (upper right), descale noise. The topography data also defines the coastline
tritus (lower right), and dissolved organic material (lower left). Source and sink
terms are depicted by arrows, short arrows denote exchange with atmosphere
using bilinear interpolation from the data to the model’s grid
and sediments. Not shown: sediments also release alkalinity, inorganic nutrients
points. For a further description of the creation of bottom toand dissolved organic matter.
pography for FESOM, please refer to Q. Wang et al. (2014).

The version of FESOM used here utilizes a linear repsection
7.
resentation on triangles (in 2-D) and tetrahedrals
(in 3-D)
for all model variables. The same is true for the biological
S(DIC) = (rphy − pphy ) · Cphy + (rdia − pdia ) · Cdia
tracers, which are treated similar to temperature and salinity.
+ rhet · Chet + ρDOC · fT · DOC
(2)
The temporal discretization is implicit for sea surface ele+ λ · CaCO3 det − Z
vation and a second order Taylor–Galerkin method together
details on photosynthesis (p) and phytoplankton respiration (r) rates.
with the flux-corrected transport (FCT) is used See
for section
advec-3 for Figure
2. The pathways in the biogeochemical model REcoM2.
C
,
C
and
C
phy
dia
het refer to carbon biomass of nanophytoplankton, diatoms and hetby Schartau
2004.
tion–diffusion
equations. The
forward and backward Euler
by Schourup-Kristensen
2014.
erotrophs, respectively. See section
4 for the formulation of the heterotrophic
respiration
methods are used for lateral and vertical diffusivities,
rate respec(rhet ) and section 6 for the DOC remineralization term (ρDOC · fT · DOC). The calcite
tively, and the Coriolis force is treated with a second
orderrate (λ) is defined in Eq. 50 and the calcification flux (Z) in Eq. 37.
dissolution
Adams–Bashforth method.
culations for CO2 are performed using the parameterizations
Total Alkalinity
(TA)
The by
alkalinity
balance(1992).
is determined by processes 12
co-occurring
suggested
Wanninkhof
The vertical mixing is calculated using the PP-scheme
first
witha primary
and
of dissolved
organic
matter. Alkalinity
described by Pacanowski and Philander (1981) with
back- production
We do
notremineralization
add external sources
to the
macronutrient
pools is

INTRODUCTION

METHODS

RESULTS

BACKUP

Phytoplankton growth model
Light
Fe
Photosynthesis

Damage

C
Biosynthesis

lim = Liebig’s law (DIN,Fe)
Pmax
= Pcm * lim * Tfunc
Photosynth =Pmax*(1-exp((-𝜶 * Chl:C * E )/ Pmax))
N_assim
= Vcm * Pmax * Qmax * Ni/(Ni + kdin)
* lim(Qmax)
Chl_synth = N_assim * Chl:Nmax*(Phot/(Chl:C* 𝜶 *E)))
Respiration = Rref * Tfunc + Biosynth*N_assim
dC = (Phot - Respiration - excretionC) * phyC
dN =(N_assim* phyC) – (excretionN*phyN)
dChl =(Chl_synth*phyC) – (damageCHL*phychl)

Respiration
Chla synthesis

Excretion

Uptake

All phytoplankton

additional for diatoms
lim = Liebig’s law (DIN,Fe, Si)
Si_assim = Vcm*Pcm*SiCuptake*Si/(Si + ksi)*
lim(Qmax)*lim(Simax)*Tfunc
Resprate = Rref *Tfunc + Biosynth*N_assim
+ Sisynth*Si_assim

N
Excretion

dSi=(Si_assim*phyC)- (excretionSi*phySi)

DIN
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Phytoplankton growth model: processes dependent on light

D1
PSII

Damage
non-reversible
Damage non-reversible

Photosynthesis

𝑃ℎ𝑜𝑡 = 𝑃123 × 1 −

C

?@AB
𝑒 CKLM

𝐶ℎ𝑙 𝑑𝑎𝑚𝑎𝑔𝑒 = 𝑘𝜃𝐸

Chla synthesis

S𝑦𝑛𝑡ℎ = 𝑁 𝑎𝑠𝑠𝑖𝑚 ×𝐶ℎ𝑙: 𝑁123 ×

CHIJ
@AB

N
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Phytoplankton growth model: high vs low light
Geider et al.(1998) L&O. A
dynamic regulatory model.

𝑃ℎ𝑜𝑡𝑜𝑠𝑦𝑛𝑡ℎ𝑒𝑠𝑖𝑠
= 𝑃123 × 1 −

wth dynamics

?@AB
𝑒 CKLM

Variable ChI:C

E

on

)

RESULTS

Chla s𝑦𝑛𝑡𝑒𝑠𝑖𝑠
k Irradiance

Nitrate

= 𝑁 𝑎𝑠𝑠𝑖𝑚 ×𝐶ℎ𝑙: 𝑁123 ×

𝑃ℎ𝑜𝑡
𝛼𝜃𝐸

Variable 2

/
Nitrate Assimilation
(9 N [g Cl-’ d-l)

Nitrate Assimilation

(g N [g Cl-’ d-l)

Fig. 1. Graphical summary of the model showing the dependencies of photosynthesis, nitrate assimilation, Chl a synthesis, and
respiration on environmental and physiological variables (see Table
2 for mathematical details and the text for a fuller explanation). A.
Photosynthesis is a saturating function of irradiance where the initial
slope increases with increasing Chl : C and the light-saturated rate
increases with increasing N: C. The light-saturation parameter (E,)
is given by the irradiance at which the initial slope
intercepts the
CHIJ
light-saturated rate. B. The carbon-specific nitrate assimilation rate
is a saturating function of nitrate concentration where the maximum
uptake rate is downregulated at high values of N: @AB
C. C. The rate of
Chl a synthesis is obligately coupled to protein synthesis and thus
to nitrate assimilation. However, the magnitude of the coupling depends on the ratio of irradiance to the light-saturation parameter
(EJE,). At a given rate of nitrate assimilation the carbon-specific
rate of Chl a synthesis declines as E,JE, increases. D. The carbon-

Light limitation

=1

𝐶ℎ𝑙𝑎 𝑑𝑎𝑚𝑎𝑔e = 𝑘

Light saturation
CHIJ
@AB

<1
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Phytoplankton growth model: steady state solutions
Phytoplankton
growth model

Steady state

output

Cell quotas (Chl:C, N:C)
Growth rate
Light-limited

N-limited
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Model accuracy: other metrics, annual NPP and export production

𝑘

𝑘𝐼𝑠𝑎𝑡
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Analysis of patterns: Chla:C under the ice sheet

Northern
latitudes
66-80°N

Southern
Ocean
66-80°S
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