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Summary
Marine biogeochemistry is the study of essential chemical 
elementɽ in tǠe ocean ࢎɽucǠ aɽ carŹon࡫ nitroǌen࡫ oˉˊǌen࡫ 
and pǠoɽpǠoruɽ࡫࢏ and oǉ tǠeir interactionɽ ˁitǠ marine or-
ganisms. Biogeochemical cycles are driven by physical trans-
port࡫ cǠemical reactionɽ࡫ aŹɽorption࡫ and tranɽǉormation Źˊ 
planȇton and otǠer orǌaniɽmɽ࡫ ˁǠicǠ ǉorm tǠe Źaɽiɽ oǉ tǠe 
oceanic food web.

zn tǠe laɽt decadeɽ࡫ tǠe intereɽt ǉor tǠiɽ croɽɽ࢚diɽciplinarˊ 
science has greatly increased due to the occurrence of sig-
nificant cǠanǌeɽ in tǠe marine enʽironment cloɽelˊ linȇed 
to the alteration of the biogeochemical cycles in the ocean. 
þǠeɽe alterationɽ include pǠenomena ɽucǠ aɽ acidification࡫ 
coral ŹleacǠinǌ࡫ eutropǠication࡫ deoˉˊǌenation࡫ Ǡarmǉul al-
ǌal Źloomɽ࡫ reǌime ɽǠiǉtɽ in planȇton࡫ inʽaɽiʽe ɽpecieɽ࡫ and 
other processes deteriorating water quality and impacting 
the whole marine ecosystem. 

Monitoring and forecasting the biogeochemical and ecosystem 
componentɽ oǉ tǠe ocean࡫ alɽo reǉerred to aɽ ࢨereen ¶cean࡫ࢩ 
are essential for a better understanding of the current status 
and changes in ocean health and ecosystem functioning. Such 
operational ɽˊɽtemɽ proʽide indicatorɽ uɽeǉul to ɽcientiɽtɽ࡫ 
induɽtrˊ ࢎeࡲǌࡲ fiɽǠerieɽ and aɩuaculture࡫࢏ policˊ maȇerɽ and 
enʽironmental aǌencieɽ ǉor tǠe prediction oǉ eʽentɽ࡫ tǠe man-
aǌement oǉ liʽinǌ marine reɽourceɽ࡫ and can ɽupport tǠe deci-
sion-making process to respond to environmental changes.

This chapter gives an overview of the Green Ocean component of 
¶¶bSࡲ þǠe firɽt ɽection addreɽɽeɽ tǠe oŹǿectiʽeɽ࡫ applicationɽ 
and Źeneficiarieɽ oǉ tǠe ereen ¶cean and introduceɽ tǠe ǉunda-
mental theoretical knowledge of marine biogeochemical model-
ling. The second section details and discusses each component 
of a biogeochemical OOFS to guide new forecasters in biogeo-
chemistry. Modelling of higher trophic levels is introduced. Final-
l ࡲɽeʽeral operational ɽˊɽtemɽ are mentioned aɽ eˉampleɽ ́࡫

Figure 9.1.  Threats on marine ecosystems. 
Changes and alterations in the marine envi-
ronment observed in recent decades include 
acidification࡫ coral ŹleacǠinǌ࡫ eutropǠication࡫ 
deoˉˊǌenation࡫ Ǡarmǉul alǌal Źloomɽ࡫ cǠanǌeɽ in 
planȇtonic reǌimeɽ࡫ inʽaɽiʽe ɽpecieɽ࡫ etcࡲ 

9.1.  
General introduction to Biogeochemical models
9.1.1. Objective, applications and beneficiaries

quman actiʽitieɽ࡫ primarilˊ tǠe comŹuɽtion oǉ ǉoɽɽil ǉuelɽ࡫ 
cement production࡫ and tǠe induɽtrial production oǉ nitro-
ǌen࢚Źaɽed ǉertiliɽerɽ࡫ are leadinǌ to ocean ˁarminǌ࡫ acidifi-
cation࡫ deoˉˊǌenation࡫ and coaɽtal eutropǠication࡫ tǠuɽ put-
ting ever-increasing and compounding pressures on marine 
ecoɽˊɽtemɽ ࢎbiǌure ࡲ࢏ࠀࡲࠈ 

�t tǠe ɽame time࡫ tǠe ocean iɽ ɽerʽinǌ aɽ a maǿor ɽinȇ oǉ car-
Źon dioˉide ࡫࢏ࠁ¶-ࢎ tǠe moɽt important antǠropoǌenic ǌreen-
Ǡouɽe ǌaɽࡲ þǠiɽ contriŹuteɽ to mitiǌatinǌ ǌloŹal ˁarminǌ࡫ Źut 
the magnitude of this sink is likely to diminish. Our ability to 
quantify these phenomena and project their future course 
hinges on a mechanistic understanding of the biogeochemical 
cˊcleɽ oǉ carŹon࡫ oˉˊǌen࡫ and nutrientɽ in tǠe ocean and Ǡoˁ 
they are changing.

þǠe ¡arine %e-࡫ tǠe ɽtudˊ oǉ elemental cˊcleɽ and tǠeir in-
teractionɽ ˁitǠ tǠe enʽironment and liʽinǌ orǌaniɽmɽ࡫ iɽ a 
multidisciplinary science at the crossroads between ocean 
pǠˊɽicɽ࡫ cǠemiɽtrˊ࡫ and Źioloǌˊ࡫ and interɽectɽ ˁitǠ atmo-
spheric and terrestrial sciences as well as social science and 
enʽironmental policˊࡲ �ɽ an eˉample࡫ biǌure ࠁࡲࠈ illuɽtrateɽ 
the complex carbon cycle in the ocean and the interactions 
Źetˁeen Źioloǌical࡫ cǠemical࡫ and pǠˊɽical proceɽɽeɽࡲ
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Ocean BGC models describe the base of the marine food 
chain from bacteria to mesozooplankton and couple the cy-
cleɽ oǉ carŹon ࡫࢏-ࢎ nitroǌen ࡫࢏¥ࢎ oˉˊǌen ࡫࢏ࠁ¶ࢎ pǠoɽpǠoruɽ ࢎá࢏ 
and ɽilicon ࢎSiࡲ࢏ þǠeˊ moɽtlˊ ǉocuɽ on planȇton࡫ claɽɽiǉˊinǌ 
the plankton diversity in accordance with their functional 
cǠaracteriɽticɽ࡫ tǠe ɽo࢚called álanȇton bunctional þˊpeɽ 
-ɽucǠ aɽ fiɽǠ and ma ࡫Specieɽ at ǠiǌǠer tropǠic leʽelɽ ࡲ࢏ábþɽࢎ
rine mammalɽ plaˊ a leɽɽer role in elemental cˊclinǌ࡫ tǠeˊ 
are tǠuɽ ǌenerallˊ not eˉplicitlˊ repreɽented in %e- modelɽ࡫ 
but they are very important for ecosystem models that fo-
cus on the ecology/biology of marine organisms. BGC and 
ecosystem models are sometimes referred to indistinctly 
because they can overlap in their representation of the 

loˁer tropǠic leʽelɽࡲ Speciǉic modellinǌ approacǠeɽ࡫ liȇe 
�aǌranǌian modellinǌ࡫ ǠaŹitat modellinǌ࡫ or ǉood ˁeŹ mod-
elɽ࡫ are uɽed to connect %e- ˁitǠ tǠe ǠiǌǠ tropǠic leʽelɽ 
1ࡲ࢏fiɽǠ ࡲǌࡲeࢎ

þǠe implementation oǉ accurate ¶¶bSɽ reɩuireɽ ɽuɽtained࡫ 
ɽˊɽtematic࡫ and ¥Rþ oŹɽerʽation ǉrom ࢎɽuŹ࢏meɽoɽcale to 
larǌe ɽcale to initialiɽe࡫ parameteri˖e࡫ and ʽalidate ocean 
models. NRT information in operational oceanography 
means a description of the present situation with a delay of 
a few minutes to a few days.

1. https://www.ornl.gov/

Figure 9.2.  Cycling of carbon in the marine food chain. Phytoplankton assimilate CO2 via photosynthesis in 
the euphotic zone and are consumed by zooplankton. Zooplankton are the initial prey for many small and large 
aquatic organisms. Carbon is thus transferred further up the food web to higher-level predators. Different 
mechanisms contribute to the export and storage of carbon into the deep ocean. The carbon cycle in the ocean 
iɽ compleˉ and in˫uenced Źˊ Źioloǌical࡫ cǠemical࡫ and pǠˊɽical proceɽɽeɽ ࢎcredit: ¶aȇ Ridǌe ¥ational �aŹora-
tory at 🔗1ࡲ࢏
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The forecast of ocean physics has considerably improved in the 
laɽt decadeɽ࡫ reacǠinǌ a ǠiǌǠ leʽel oǉ predictaŹilitˊ ࢎChapter 5ࡲ࢏ 
The evolving equations governing the physical dynamics are 
Źaɽed on pǠˊɽical laˁɽ࡫ tǠe model parameteri˖ationɽ are ɩuite 
ˁell࢚eɽtaŹliɽǠed࡫ and tǠe aŹundance oǉ oŹɽerʽationɽ ǉor tem-
perature࡫ ɽalinit  and ɽea leʽel ǠeiǌǠt oǉǉerɽ a ˁaˊ to improʽe ́࡫
model predictions through data assimilation. Forecasting of the 
Green Ocean has been developed more recently and it has not 
ˊet reacǠed tǠe ɽame leʽel oǉ maturit -in moɽt caɽeɽ Źeinǌ in ́࡫
corporated into already existing physical OOFS. The formulation 
of ecosystem models is still empirical and the scarcity of in-situ 
biological and BGC data critically limits the capabilities to con-
strain their parameterization and to improve their performanc-
es through a robust data-model comparison exercise and data 
aɽɽimilationࡲ þǠe ɽcarcitˊ oǉ data iɽ eʽen more critical in ¥Rþ࡫ 
limitinǌ data aɽɽimilation to ɽurǉace cǠloropǠˊll࢚a ࢎ-Ǡla࢏ de-
riʽed ǉrom ɽatellite re˫ectance ࢎbennel et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

The advent of in-situ robotic platforms combined with high res-
olution satellite products for the Green Ocean have the poten-
tial to palliate tǠiɽ deficienc -tǠe adʽent oǉ Ǡˊper ࡫bor inɽtance ࡲ́
spectral satellites is promising in terms of delivery of surface 
inǉormation on ábþɽ࡫ detection oǉ Ǡarmǉul alǌal Źloomɽ࡫ and 
ŹentǠic ǠaŹitat mappinǌ࡫ ˁǠile tǠe Źooɽt in roŹotic platǉormɽ 
ˁill oǉǉer Ǡuǌe opportunitieɽ to map tǠe ࢎdeep࢏ ɽea˫oor ˁ itǠ an 
unprecedented level of details. The combination of marine ro-
Źoticɽ࡫ imaǌe analˊɽiɽ࡫ macǠine learninǌ࡫ neˁ ɽenɽor deʽelop-
ment࡫ and tǠe coordination oǉ roŹotic platǉormɽ and ɽatellite 
ɽenɽorɽ ˁill conɽtitute a ɽiǌnificant ŹreaȇtǠrouǌǠ in our ȇnoˁl-
edge of marine ecosystems. All this information would need to 
be integrated in models for forecasting and producing high 
quality reanalysis of the Green Ocean to support the production 
of added value products and innovative services. Coordination 
of Ocean OSSEs can help to design the new observing biological 
and ŹioǌeocǠemical ɽˊɽtemɽ ˁitǠ maˉimal impact to uɽerɽ࡫ ˊet 
tǠeir deʽelopment iɽ ɽtill inɽuǉficient and ɽǠould Źe encouraǌed 
ࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ�e þraon et alࢎ

čltimatelˊ࡫ %e- ¶¶bS ɽˊɽtemɽ ɽerʽe maǿor enʽironmental 
and ɽocietal iɽɽueɽ࡫ includinǌ tǠe ¶ceanࡶɽ role in tǠe ǌloŹal 
carbon cycle and the impacts of natural changes and anthro-
pogenic stressors in the physical-chemical marine environ-
ment on ecosystems and human activities. Applications 
ranǌe ǉrom multi࢚decadal retroɽpectiʽe ɽimulationɽ ࢎnamel  ́࡫
 operational analˊɽiɽ oǉ tǠe current conditionɽ ࡫࢏ࢩreanalˊɽeɽࢨ
-ǉoreࢨࢎ ɽǠort࢚term and ɽeaɽonal predictionɽ ࡫࢏ࢩnoˁcaɽtɽࢨࢎ
caɽtɽ࡫࢏ࢩ ɽcenario ɽimulationɽ࡫ and climate cǠanǌe proǿec-
tions. These integrated systems are essential not only for a 
better understanding of the current status of key biogeo-
chemical and ecosystem processes in the ocean and how 
tǠeˊ are cǠanǌinǌ࡫ Źut alɽo to proʽide ɽtaȇeǠolderɽ࡫ policˊ 
makers and environmental agencies with indicators of ocean 
ǠealtǠ in order to taȇe appropriate mitiǌation࡫ adaptation࡫ 
conɽerʽation࡫ and protection meaɽureɽ ǉor liʽinǌ marine or-
ganisms and their habitats but also for human health.

“A predicted ocean whereby society has the capacity to 
underɽtand current and ǉuture ocean conditionɽ࡫ ǉorecaɽt 
change and impact on human wellbeing and livelihoods” is 
an expected outcome of the United Nations Decade of Ocean 
Science ǉor SuɽtainaŹle 7eʽelopmentࢎ ߿ࠂ߿ࠁ࢚ࠀࠁ߿ࠁ ࡫RˊaŹinin et 
al࡫࢏ࠈࠀ߿ࠁ ࡫ࡲ ɽupported alɽo Źˊ tǠe SuɽtainaŹle 7eʽelopment 
eoalɽ ࢎ ࠃࠀ�iǉe Źeloˁ ˁater7ࢎ ࠇ ࡫࢏ecent ˁorȇ and economic 
ǌroˁtǠ࡫࢏ and ࢎ ࠈznduɽtr ࡲ࢏innoʽation and inǉraɽtructure ́࡫

9.1.2. Fundamental theoretical background

9.1.2.1. Biogeochemical modelling

álanȇton ࢎincludinǌ pǠˊtoplanȇton and ˖ooplanȇton࢏ are or-
ǌaniɽmɽ ˁǠicǠ are carried Źˊ tideɽ and currentɽ࡫ or do not 
swim well enough to move against them. They form the base 
of the marine ecosystem and are a central component of the 
BGC models that simulate the cycling of elements through 
seawater and plankton. 

¡oɽt modelɽ taȇe an ࢨ¥áZ7ࢩ approacǠ࡫ ɽimulatinǌ:

• Nutrients: substances which organisms require for growth.
• Phytoplankton: microscopic algae which obtain ener-
gy from sunlight through photosynthesis.
• Zooplankton: planktonic animals which obtain energy 
by eating other organisms.
• Detritus: dead and excreted organic matter.

EacǠ oǉ tǠeɽe iɽ repreɽented Źˊ one or more ɽtate ʽariaŹleɽ࡫ 
depending on the complexity of the model. Rather than con-
ɽiderinǌ indiʽidual orǌaniɽmɽ࡫ ɽtate ʽariaŹleɽ repreɽent con-
centrations of elements such as nitrogen or carbon. They are 
often called tracers because they are transported and dif-
fused by ocean dynamics.

�ɽ ˁitǠ pǠˊɽical modelɽ࡫ %e- modelɽ are diɽcreti˖ed on a ǌrid 
covering the region of interest and require suitable initial and 
Źoundarˊ conditionɽ ǉor eacǠ ɽtate ʽariaŹleࡲ �t eacǠ ǌrid point࡫ 
the evolution of a state variable C is given by the equation:

࢏ࠀࡲࠈࢎ

where ∇ ∙ (CU) and DC are the advection and diffusion terms 
equivalent to those used for temperature and salinity in 
physical models (please refer to Chapter 5ࡲ࢏ ∇ is the gener-
aliɽed deriʽatiʽe ʽector operator࡫ t iɽ tǠe time࡫ U the vector 
ʽelocit -and DC is the parameterization of small-scale phys ́࡫
ics for the tracer. The SMS(C) stands for source-minus-sink 
terms for the tracer C and represents the BGC processes 
simulated by the model. Each 1D water column is normally 
treated independentlˊ࡫ ˁitǠ lateral interactionɽ limited to 
advection and diffusion. Most BGC models are formulated to 
conserve mass. 
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Figure 9.3.  ScǠematic oǉ a Źaɽic ¥áZ7 model conɽiderinǌ ǉour ɽtate ʽariaŹleɽ࡫ one ǉor eacǠ compartmentࡲ  

Unlike the Navier-Stokes equations for physical models (Chap-
ter 5࡫࢏ tǠere iɽ no ȇnoˁn ɽet oǉ laˁɽ defininǌ Źioloǌical Źe-
Ǡaʽiourࡲ znɽtead࡫ empirical relationɽǠipɽ are uɽed to deɽcriŹe 
observed processes such as growth and mortality.

The basic source-minus-sink terms usually modelled in a 
¥áZ7 model ࢎbiǌure ࢏ࠂࡲࠈ are:

• Phytoplankton growth or Primary production: the 
creation of organic matter through photosynthesis. It 
iɽ a ǉunction oǉ pǠˊtoplanȇton concentration࡫ nutrient 
aʽailaŹilitˊ࡫ and liǌǠt aʽailaŹilitˊࡲ zt can alɽo Źe reǌu-
lated by temperature.
• Grazing: zooplankton eating phytoplankton and detritus.
• Mortality: deatǠ tǠrouǌǠ natural cauɽeɽ࡫ eࡲǌࡲ ʽiruɽ-
eɽ࡫ predation Źˊ ǠiǌǠer tropǠic leʽelɽ ࢎfiɽǠ and marine 
mammalɽ࡫࢏ etcࡲ

• Messy feeding: ˖ooplanȇton ǌra˖e ineǉficientl  and a ́࡫
proportion of organic matter enters the nutrient or de-
tritus pool rather than being ingested by zooplankton.
• Remineralisation: bacteria break down the organic 
matter in detrituɽ࡫ ˁǠicǠ iɽ conʽerted Źacȇ to nutrientɽࡲ
• Sinking: detritus sinks through the water column due 
to gravity.

zn tǠiɽ caɽe࡫ tǠe diǉǉerential eɩuationɽ ǉor pǠˊtoplanȇton ࢎP࡫࢏ 
zooplankton (Z࡫࢏ detrituɽ ࢎD࡫࢏ and nutrientɽ ࢎN࢏ are aɽ ǉolloˁɽ:

࢏ࠁࡲࠈࢎ

where phytoplankton evolution depends on primary produc-
tion࡫ ǌra˖inǌ and mortalitˊࡷ

࢏ࠂࡲࠈࢎ
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where zooplankton evolution depends on grazing and mortality;

 
 ࢏ࠃࡲࠈࢎ

ˁǠere detrituɽ eʽolution dependɽ on mortalit  ˊmeɽɽ ࡫ǌra˖inǌ ́࡫
ǉeedinǌ࡫ remineraliɽation and ɽinȇinǌࡷ

࢏ࠄࡲࠈࢎ

ˁǠere nutrientɽ eʽolution dependɽ on primarˊ production࡫ 
meɽɽˊ ǉeedinǌ࡫ and remineraliɽationࡲ

µP is the growth rate of phytoplankton due to photosynthe-
sis; mP

 and mz are the mortality rates of phytoplankton and 
zooplankton; GP and GD are the grazing rates of zooplankton 
on phytoplankton and detritus; αD and αN represent the effi-
ciency of the grazing; (1-αD࢏ and 1ࢎ-αN࢏ tǠe non࢚aɽɽimilated 
fractions of grazing by zooplankton that return to detritus 
and nutrients; remD is the remineralisation rate of detritus 
and wD is the sinking speed of detritus.

þǠe eˉact eɩuationɽ uɽed diǉǉer Źetˁeen modelɽ࡫ tǠe 
ones given above are common examples. Other process-
eɽ are oǉten conɽidered aɽ ˁell࡫ notaŹlˊ reɽpiration࡫ eˉ-
cretion࡫ and eǌeɽtion࡫ ˁǠicǠ cauɽe loɽɽ oǉ orǌanic matterࡲ 
¶ǉ courɽe࡫ additional proceɽɽeɽ maˊ Źe included in more 
complex models. 

The processes can be modelled using different mathematical 
ǉormɽ࡫ oǉten ˁitǠ parameter ʽalueɽ ˁǠicǠ are uncertain and 
can be tuned. While sinking and mortality rates are usually 
ɽinǌle parameterɽ ࢎlinear ǉunctionɽ࡫࢏ pǠˊtoplanȇton ǌroˁtǠ 
rate requires multiple parameters. µP is usually a function of 
nutrientɽ࡫ liǌǠt and temperature:

࢏ࠅࡲࠈࢎ

µ P 
max

 iɽ tǠe maˉimum ǌroˁtǠ rate࡫ f (T) is the temperature 
eǉǉect࡫ f (I) and f (N) are the limitation terms due to light and 
nutrientɽ7 ࡲiǉǉerent ǉormulationɽ eˉiɽt ǉor eacǠ oǉ tǠeɽe termɽ࡫ 
but usually NPZD-type models characterise nutrient limitation 
of phytoplankton growth rate using Michaelis-Menten kinetics:

࢏ࠆࡲࠈࢎ

K is known as the half-saturation constant for nutrient 
uptaȇe࡫ and N is the nutrient concentration. If nutrient is 
plentiǉullˊ aʽailaŹle࡫ tǠen N/ (K+N࢏ ≈1 and phytoplankton 
growth is not limited by the nutrient.

The state variables of NPZD models represent concentrations 
oǉ a ǌiʽen cǠemical element࡫ oǉten nitroǌen࡫ ˁitǠ otǠer ele-
ments such as carbon derived using constant stoichiometry 

Źetˁeen carŹon࡫ nitroǌen and pǠoɽpǠoruɽ࡫ iࡲeࡲ tǠe Redfield 
ratio oǉ ࢎ ࠀ:ࠅࠀ:ࠅ߿ࠀRedfieldࡲ࢏ࠃࠂࠈࠀ ࡫ 

More complex models include additional variables for each 
compartmentࡲ áǠˊtoplanȇton can Źe ɽplit into ábþɽ࡫ ǌroupinǌ 
together species which perform a similar function within the 
ecoɽˊɽtem ࢎ�e æuƢrƢ et alࡲ࢏ࠄ߿߿ࠁ ࡫ࡲ ábþɽ are oǉten Źaɽed on 
orǌaniɽm ɽi˖eࡲ zt iɽ alɽo common to ɽeparate out diatomɽ࡫ 
which form silicate shells and play an important role in the 
ɽinȇinǌ oǉ carŹonࡲ zn modelɽ࡫ ábþɽ are diɽtinǌuiɽǠed Źˊ diǉ-
fering parameters for traits such as maximum phytoplankton 
ǌroˁtǠ rateɽ࡫ ǌra˖inǌ࡫ and nutrient aǉfinit  Zooplanȇton can ࡲ́
alɽo Źe ɽplit into ǉunctional tˊpeɽ࡫ aǌain oǉten Źaɽed on ɽi˖e࡫ 
with different feeding preferences. Note that the current par-
adigm neglects the fact that many plankton are mixotrophs: 
they both photosynthesize and eat other organisms (Flynn et 
alࡷࠂࠀ߿ࠁ ࡫ࡲ eliŹert et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

ĪariaŹle ɽtoicǠiometrˊ ࢎelemental ratioɽ࢏ can alɽo Źe intro-
duced. Each PFT is then described by separate state variables 
ǉor eacǠ element࡫ ɽucǠ aɽ nitroǌen࡫ carŹon࡫ and pǠoɽpǠoruɽࡲ 

Chla is often included into BGC models as it is the main photo-
ɽˊntǠetic piǌment ǉound in pǠˊtoplanȇton࡫ and meaɽurement 
of its concentration in water is used as an indicator of the phy-
toplankton biomass. Chla can be represented as a constant 
ratio to tǠe carŹon Źiomaɽɽ࡫ or a ʽariaŹle ratio dependinǌ on 
nutrient࡫ liǌǠt leʽelɽ࡫ and temperature ࢎeeider et alࡲ࢏ࠆࠈࠈࠀ ࡫ࡲ

Most models incorporate dissolved inorganic nitrogen as a 
nutrient࡫ ˁǠicǠ includeɽ nitrate and ammoniumࡲ áǠoɽpǠate 
and iron maˊ Źe modelled too࡫ and ɽilicate iǉ diatomɽ are a 
PFT. Nutrient inputs from rivers and the atmosphere can also 
Źe ɽpecified7 ࡲetrituɽ maˊ Źe ɽplit into diǉǉerent ɽi˖eɽ࡫ ˁitǠ 
diǉǉerent ɽinȇinǌ rateɽ࡫ and into diǉǉerent elementɽࡲ Some 
modelɽ eˉplicitlˊ ɽimulate Źacteria and ʽiruɽeɽ࡫ ratǠer tǠan 
just parameterising their effects.

%eɽideɽ ¥áZ7 ʽariaŹleɽ࡫ modelɽ can alɽo include otǠer re-
lated proceɽɽeɽ࡫ ɽucǠ aɽ tǠe oˉˊǌen and carŹon cˊcleɽࡲ þǠe 
carbon cycle is usually represented by the state variables DIC 
and total alȇalinit  tǠe latter Źeinǌ tǠe capacitˊ oǉ ɽeaˁater ́࡫
to neutraliɽe an acidࡲ brom tǠeɽe and otǠer ̔ ariaŹleɽ࡫ ɩuanti-
tieɽ ɽucǠ aɽ pq and air࢚ɽea -¶ࠁ ˫uˉ can Źe calculated ࢎZeeŹe 
and ĭolǉ࢚eladroˁࡲ࢏ࠀ߿߿ࠁ ࡫

BGC models are closely related to higher trophic level models 
or ecosystem models. The latter require the underlying bio-
ǌeocǠemiɽtr -and %e- modelɽ reɩuire at leaɽt ɽome parame ́࡫
teriɽation oǉ tǠe ecoɽˊɽtem࡫ iࡲeࡲ tǠe eˉplicit repreɽentation oǉ 
part oǉ tǠe liʽinǌ component oǉ tǠe ocean ࢎeࡲǌࡲ pǠˊtoplanȇton࡫ 
˖ooplanȇton࢏ ˁitǠ ˖ooplanȇton mortalitˊ aɽ a cloɽure term࡫ 
parameterising the predation of zooplankton by higher tro-
pǠic leʽelɽ ɽucǠ aɽ fiɽǠ and top predatorɽ ࢎɽee Section ࡲ࢏ࠇࡲࠁࡲࠈ
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Adding complexity to BGC models means that less important 
proceɽɽeɽ are neǌlected or amalǌamated࡫ Źut alɽo increaɽeɽ 
the uncertainties associated with approximated formulations. 
þǠere iɽ no conɽenɽuɽ on optimal ɽtructure and compleˉit  ́࡫
ˁǠicǠ ˁill ʽarˊ dependinǌ on tǠe purpoɽe ࢎbulton et alࡲ࢏ࠂ߿߿ࠁ ࡫ࡲ 
�ddinǌ eˉtra ʽariaŹleɽ alɽo increaɽeɽ computational coɽt࡫ 
split between the computation of transport (advection and 
diǉǉuɽion࢏ ǉor eacǠ ɽtate ʽariaŹle and tǠe computation oǉ tǠe 
non-linear functions relating the state variables of the BGC 
modelࡲ zn an operational conteˉt࡫ tǠe Źalance Źetˁeen mod-
el complexity and computational costs is critical and must be 
carefully evaluated. BGC models should be as simple as possi-
Źle and aɽ compleˉ aɽ neceɽɽarˊ to anɽˁer ɽpecific ɩueɽtionɽࡲ

9.1.2.2. Model calibration

�ɽ alreadˊ mentioned࡫ ŹioǌeocǠemical modelɽ are Źaɽed 
on empirical relationships to describe the dynamics of bio-
logical processes. Observational data are then essential for 
tuninǌ࡫ adǿuɽtinǌ or reʽiɽinǌ tǠe ǉormulationɽ࡫ iࡲeࡲ maȇinǌ tǠe 
model reɽultɽ matcǠ tǠe oŹɽerʽed diɽtriŹutionɽ and ˫uˉeɽ 
of inorganic and organic quantities. Model calibration can be 
perǉormed ࡵŹˊ Ǡand࡫ࡵ iࡲeࡲ Źˊ adǿuɽtinǌ certain parameterɽ oǉ 
the biogeochemical models until the models show a "good" 
fit to tǠe oŹɽerʽed tracer fieldɽ࡫ or Źˊ uɽinǌ oŹǿectiʽe optimi-

ɽation metǠodɽ ࢎ�rieɽt et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ þǠe reɽultinǌ ɽet oǉ Źio-
geochemical parameters is often closely linked to the ocean 
circulation࡫ miˉinǌ࡫ and ʽentilation deriʽed ǉrom tǠe pǠˊɽical 
model uɽed࡫ ˁitǠ itɽ ɽpecificitieɽ and deǉaultɽࡲ 

9.1.2.3. Physical-Biogeochemical coupling

¶cean pǠˊɽicɽ adʽectɽ and diǉǉuɽeɽ %e- model ʽariaŹleɽ࡫ 
thus redistributing inorganic and organic amounts. In ad-
dition࡫ ɽome %e- proceɽɽeɽ depend on pǠˊɽical conditionɽ 
ɽucǠ aɽ temperature or ɽalinitˊ࡫ particularlˊ crucial ǉor tǠe 
carŹon cˊcleࡲ þǠuɽ࡫ tǠere iɽ a ʽerˊ ɽtronǌ linȇ Źetˁeen tǠe 
pǠˊɽical conditionɽ and tǠe %e-࡫ ˁǠicǠ maȇeɽ tǠe %e- mod-
els closely dependent on the physical models. 

Vertical motions are particularly critical to bring nutrients from 
nutrient-rich deep waters into the uppermost layer that re-
ceives the sunlight needed for photosynthesis and marine life. 
Two critical layers together regulate phytoplankton production:

• The mixed layer is the upper layer of the ocean that 
interacts with the atmosphere. It is assumed to be mixed 
and homogeneous through convective/turbulent pro-
ceɽɽeɽ࡫ ǌenerated Źˊ ˁindɽ࡫ ɽurǉace Ǡeat ˫uˉeɽ࡫ or pro-
ceɽɽeɽ modiǉˊinǌ ɽalinit  tǠe deeper ࡫þǠe deeper it iɽ ࡲ́
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Figure 9.4.  ScǠematic repreɽentation oǉ tǠe interplaˊ Źetˁeen miˉed laˊer deptǠ ࢎˊelloˁ line࢏ and upper࢚ ocean 
eupǠotic ˖one ࢎliǌǠt Źlue area࢏ on tǠe initiation oǉ pǠˊtoplanȇton Źloom ࢎmodified ǉrom 7allࡶ¶lmo et alࡲ࢏ࠅࠀ߿ࠁ ࡫ࡲ
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pǠˊtoplanȇton are miˉed࡫ ˁǠicǠ ˁill taȇe tǠem aˁaˊ 
from the light required for photosynthesis. Deep mixing 
also replenishes near-surface nutrient stocks.

• The euphotic zone is the layer from the surface down 
to the depth at which irradiance is 1% of the surface 
irradianceࡲ þǠe deeper tǠe eupǠotic deptǠ࡫ tǠe deeper 
the layer in which photosynthesis and phytoplankton 
production can occur. It extends from a few metres in 
turbid estuaries to approximately two hundred metres 
in the open ocean. 

The mixed layer may develop within the euphotic layer (in 
ɽtratiǉied ɽituationɽ࡫࢏ or oʽer a ǌreater tǠicȇneɽɽ oǉ up to 
ɽeʽeral Ǡundred metreɽ ࢎin ˁell࢚miˉed ɽituationɽࡲ࢏ þǠe inter-
play between these two critical layers controls the plankton 
exposure to sunlight and the coincident exposure to nutri-
entɽ࡫ tǠuɽ reǌulatinǌ pǠˊtoplanȇton production ࢎbiǌure ࡲ࢏ࠃࡲࠈ 
Exact mechanisms are still debated. Please refer to Ford et al. 
ࡲǉor more detailɽ ࢏ࠇࠀ߿ࠁࢎ

zn turn࡫ pǠˊtoplanȇton aŹundance maˊ ǉeed Źacȇ to pǠˊɽ-
icɽ࡫ Źˊ aŹɽorŹinǌ radiation in tǠe ɽurǉace laˊerɽ and tǠere-
fore affecting heat penetration into the water column (Len-
ǌaiǌne et alࡲ࢏ࠆ߿߿ࠁ ࡫ࡲ

9.1.2.4. From open ocean to coastal ecosystems

Different considerations are generally needed for open ocean 
and coaɽtal ecoɽˊɽtemɽࡲ zn tǠe open ocean࡫ tǠe ɽeaɽonal cˊ-
cle iɽ ɩuite ˁell defined and recurrinǌ ࢎbiǌure ࡲ࢏ࠄࡲࠈ Seaɽonal 
increases in temperature and solar radiation drive the phyto-
plankton spring bloom. The peak persists for a few weeks to 
months until nutrient limitation and grazing cause the bloom 
to collapse. A secondary biomass peak can develop in late 
summer or autumn.

zn contraɽt࡫ coaɽtal ecoɽˊɽtemɽ can Źe ʽerˊ compleˉ࡫ ɽuŹ-
ǿect to a ɽucceɽɽion oǉ Źloomɽ Ǡaʽinǌ diǉǉerent oriǌinɽ࡫ tǠuɽ 
reɩuirinǌ additional model compleˉit  orrect ɽpecification- ࡲ́
oǉ riʽer inputɽ alɽo Źecomeɽ more criticalࡲ burtǠermore࡫ tǠe 
eɩuationɽ in Section ࠀࡲࠁࡲࠀࡲࠈ are ǉor tǠe pelaǌic ࢎˁater column࢏ 
ecoɽˊɽtemࡲ zn ɽǠalloˁ ˁaterɽ࡫ ɽucǠ aɽ ɽǠelǉ ɽeaɽ࡫ it Źecomeɽ 
important to include tǠe ŹentǠic ࢎɽea˫oor࢏ ecoɽˊɽtem into 
tǠe %e- modelɽࡲ þǠiɽ reɩuireɽ tǠe addition oǉ eˉtra ̔ ariaŹleɽ࡫ 
tǠouǌǠ tǠeˊ do not need to Źe adʽected or diǉǉuɽedࡲ binall  ́࡫
coaɽtal ˁaterɽ are oǉten turŹid࡫ and tǠe eǉǉect oǉ ɽedimentɽ 
and coloured dissolved organic matter on light and there-
fore primary production should be included. Dedicated opti-
cal models are sometimes used for this purpose (Gregg and 
Rouɽɽeauˉࡲ࢏ࠅࠀ߿ࠁ ࡫

9.1.2.5. Potential predictability of ocean biogeochemistry

The potential predictability of ocean biogeochemistry varies 
considerably depending on the scales and quantities of inter-
eɽtࡲ � lot oǉ ʽariaŹilitˊ iɽ driʽen Źˊ pǠˊɽicɽ࡫ ˁitǠ cǠanǌeɽ in miˉ-
inǌ and ɽtratification aǉǉectinǌ liǌǠt and nutrientɽ and tǠereǉore 
primary production. When these physics changes can be pre-
dicted࡫ eࡲǌࡲ cǠanǌeɽ in ɽtratification ˁitǠ a ˁarminǌ climate and 
interannual variability related to phenomena such as the El 
¥iȵo SoutǠern ¶ɽcillation࡫ aɽɽociated larǌe࢚ɽcale cǠanǌeɽ to 
ocean ŹioǌeocǠemiɽtrˊ can alɽo Źe predictedࡲ Similarl -cǠanǌ ́࡫
eɽ to tǠe ocean carŹon cˊcle and acidification ˁitǠ increaɽinǌ 
atmospheric CO2 concentrations can be predicted. When con-
ɽiderinǌ local reǌionɽ andࡸor ɽǠorter time ɽcaleɽ࡫ ŹotǠ pǠˊɽicɽ 
and biogeochemistry become harder to be accurately predicted.

burtǠermore࡫ ʽariouɽ ŹioǌeocǠemical ɩuantitieɽ cǠanǌe at 
very different rates. Phytoplankton react quickly to changes 
in light and nutrient availability and can double in concen-
tration oʽer a daˊ ࢎ�aˁɽࡲ࢏ࠂࠀ߿ࠁ ࡫ Zooplanȇton ˁill eˉǠiŹit a 
ɽliǌǠtlˊ more laǌǌed reɽponɽe to tǠeɽe cǠanǌeɽࡲ ¡eanˁǠile࡫ 
nutrient concentrationɽ ˁill tˊpicallˊ cǠanǌe more ɽloˁlˊ࡫ 
and tǠe carŹon cˊcle eʽen more ɽloˁlˊ࡫ altǠouǌǠ ɽurǉace 
concentrationɽ ࢎoǉ nutrientɽ and carŹon࢏ can cǠanǌe rapidl  ́࡫
for example during a storm. These different rates of change 
have implications for the scales of predictability.

bor accurate predictionɽ࡫ it iɽ important to initialiɽe mod-
elɽ uɽinǌ data aɽɽimilation ࢎɽee Section ࡲ࢏ࠄࡲࠁࡲࠈ �t ɽeaɽon-
al࢚to࢚decadal time ɽcaleɽ࡫ predictaŹilitˊ iɽ dominated Źˊ 
pǠˊɽicɽ࡫ and tǠiɽ muɽt Źe accuratelˊ initialiɽed and ɽimulat-
edࡲ áǠˊɽicɽ remainɽ important at ɽǠorter time ɽcaleɽ࡫ Źut iɽ 
eɽɽential to initialiɽe nutrient concentrationɽ correctl  aɽ tǠiɽ ́࡫
will help to determine the primary productivity. For short-
ranǌe predictionɽ࡫ pǠˊtoplanȇton concentrationɽ ɽǠould Źe 
initialiɽed࡫ tǠouǌǠ tǠe memorˊ oǉ tǠe pǠˊtoplanȇton ̔ ariaŹleɽ 
maˊ Źe aɽ ɽǠort aɽ a ǉeˁ daˊɽ࡫ ǌiʽen tǠat tǠeˊ react to cǠanǌeɽ 
in nutrients and mixing. Accurate model formulations and pa-
rameteriɽationɽ are alɽo reɩuired࡫ otǠerˁiɽe tǠe model ˁill 
react incorrectly to the data assimilation.

Figure 9.5.  Seasonal cycle of phytoplankton 
relatiʽe to ʽariationɽ in ɽunliǌǠt࡫ nutrientɽ࡫ and 
zooplankton (Copyright: 2004 Pearson Prentice 
qall࡫ zncࡲ࢏
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Green Ocean modelling for operational oceanography is built 
in the same way as its Blue equivalent. The operational suite 
ǉolloˁɽ almoɽt tǠe ɽame arcǠitecture ࢎɽee biǌure ࢏ࠀࡲࠃ and in-
ǉormation ˫oˁɽ ǉrom marine oŹɽerʽation data up to end࢚uɽ-
er products enhancing the initial information. Each compo-
nent includeɽ a reɽearcǠ ɽtaǌe࡫ a deʽelopment ɽtaǌe࡫ and an 
operational stage. This Chapter mainly focuses on the last 
ɽtaǌe࡫ in ˁǠicǠ tǠe ɽˊɽtem iɽ in operationࡲ

þǠe modellinǌ component includeɽ tǠe %e- model࡫ data aɽ-
ɽimilation࡫ and enɽemŹle modellinǌ࡫ eˉecuted ǉor analˊɽiɽ 
and to forecast BGC conditions. The data include upstream 
data ɽucǠ aɽ pǠˊɽical conditionɽ࡫ atmoɽpǠeric ǉorcinǌ࡫ eˉter-
nal inputs of chemical compounds provided at interfaces 
 oŹɽerʽational data ǉrom ࡫࢏and ɽea˫oor ࡫land ࡫atmoɽpǠereࢎ
ɽatelliteɽ࡫ and in࢚ɽitu meaɽurementɽ inteǌrated into tǠe ɽˊɽ-
tems via data assimilation methods. The data are also used 
for validation tasks: the near-real time evaluation of the 
forecast accuracy and the delay mode evaluation of the 
model ɽˊɽtemࡲ binallˊ࡫ tǠe model outputɽ and end࢚uɽer 
products are prepared by respecting certain standards of 
ǉormat࡫ unitɽ࡫ nameɽ࡫ etcࡲ ǉor deliʽerˊ to uɽerɽ and arcǠiʽinǌࡲ

9.2.1. Architecture singularities

zn tǠiɽ ɽection࡫ ˁe preɽent tǠe main arcǠitecture ɽinǌulari-
ties of OOFS dedicated to the production of ocean biogeo-

chemistry and marine ecosystems information. As most sys-
tems describing the “Green Ocean” in operation today are 
leɽɽ adʽanced tǠan tǠeir ࢨ%lue ¶ceanࢩ eɩuiʽalent࡫ tǠe ࢨide-
al” design proposed here includes some features that are 
ɽtill at tǠe ɽtaǌe oǉ reɽearcǠ or deʽelopmentࡲ ĵet࡫ tǠeˊ ɽǠould 
be kept in mind for the construction of future systems.

9.2.1.1. Physical, optical, and biogeochemical components

�ɽ introduced in Section ࡫ࠁࡲࠀࡲࠈ tǠe ɽpace࢚time eʽolution oǉ tǠe 
%e- ɩuantitieɽ iɽ driʽen Źˊ pǠˊɽical fieldɽ tǠrouǌǠ Ǡori˖ontal 
and ʽertical adʽection࡫ lateral diǉǉuɽion࡫ and ʽertical miˉinǌࡲ Īer-
tical motions are particularly important as they supply nutrients 
to tǠe liǌǠted upper ocean࡫ alloˁinǌ pǠotoɽˊntǠeɽiɽ to occurࡲ 

þǠe limitation oǉ pǠotoɽˊntǠeɽiɽ Źˊ liǌǠt tǠuɽ reɩuireɽ a fine rep-
resentation of the penetration of spectral irradiance in the upper 
ocean࡫ aɽ it iɽ aŹɽorŹed and ɽcattered ˁitǠin tǠe ˁater columnࡲ 
Light penetration used to be managed by very simple optical 
ɽcǠemeɽ࡫ Źut it iɽ noˁ increaɽinǌlˊ manaǌed Źˊ adʽanced 
bio-optical modules embedded into the physical-biogeochemi-
cal model ɽˊɽtemɽ࡫ to ŹotǠ compute pǠotoɽˊntǠetic actiʽitˊ and 
to make the link with key observations such as spectral irradi-
ances from ocean colour missions. The evolution of ecosystem 
ʽariaŹleɽ in tǠe tropǠic cǠain iɽ driʽen Źˊ pǠˊɽicɽ࡫ opticɽ࡫ and 
ŹioǌeocǠemiɽtrˊ tǠrouǌǠ primarˊ production࡫ ˁǠicǠ under-
pinɽ tǠe ˁǠole marine ecoɽˊɽtem ࢎɽee Section ࡲ࢏ࠇࡲࠁࡲࠈ

9.2.  
Biogeochemical forecast and multi-year systems

Figure 9.6.   ScǠematic oǉ a pǠˊɽical࢚ŹioǌeocǠemical couplinǌ ࢎleǉt࢏ and neɽtinǌ ࢎriǌǠtࡲ࢏
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Figure 9.7.   Chronology of oceanographic observation platforms to measure marine biogeochemistry (adapt-
ed ǉrom -Ǡai et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ

þǠe pǠˊɽical fieldɽ can come ǉrom ɽimulationɽ oǉ tǠe ocean 
dˊnamicɽ ࢎreanalˊɽeɽ࡫ noˁcaɽtɽ or ǉorecaɽtɽ࢏ produced in-
dependentlˊ Źˊ tǠe %e- modellinǌ ɽuiteࡲ ¥eʽertǠeleɽɽ࡫ tǠe 
pǠˊɽical fieldɽ muɽt re˫ect tǠe eɽɽential dˊnamical proper-
tieɽ ǉor tǠe ŹioǌeocǠemiɽtrˊ࡫ ɽucǠ aɽ tǠe riǌǠt miˉinǌ rate࡫ 
tǠe riǌǠt ʽertical ʽelocitˊ ɽtatiɽticɽ࡫ and tǠe riǌǠt pǠaɽinǌ 
with mesoscale structures and frontal positions (Berline et 
alࡲ࢏ࠆ߿߿ࠁ ࡫ࡲ

�ltǠouǌǠ ɽome ǉeedŹacȇ ǉrom Źioloǌˊ to pǠˊɽicɽ maˊ eˉiɽt࡫ 
ɽucǠ aɽ ɽelǉ࢚ɽǠadinǌ ࢎqernande˖ et al࢏ࠆࠀ߿ࠁ ࡫ࡲ or pǠˊtoplanȇ-
ton Ǡeat releaɽe࡫ tǠeir eǉǉectɽ are ǌenerallˊ limited to moder-
ate modificationɽ oǉ tǠe upper࢚ocean Ǡeat Źudǌet and aɽɽo-
ciated ʽertical ɽtructure oǉ tǠe tǠermoclineࡲ þǠereǉore࡫ tǠe 
physical and BGC modelling components are usually linked 
Źˊ ࢨone࢚ˁaˊࢩ couplinǌ࡫ reɽultinǌ in ɽucceɽɽiʽe model opera-
tionɽ ࢎbiǌure ࡲ࢏ࠅࡲࠈ �ɽ a reɽult oǉ tǠe ࢨone࢚ˁaˊࢩ approˉimation࡫ 
tǠe couplinǌ can Źe implemented in ࢨonlineࢩ mode࡫ iࡲeࡲ tǠe 
physical and biogeochemical models run simultaneously at 
each time step: the temporal update of the physical model is 
perǉormed firɽt࡫ Źeǉore Źeinǌ uɽed ǉor tǠe update oǉ tǠe Źio-
ǌeocǠemical componentࡲ �lternatiʽelˊ࡫ tǠe couplinǌ can Źe 

implemented in ࢨoǉ˫ineࢩ mode ˁǠere tǠe pǠˊɽicɽ iɽ comput-
ed beforehand and stored at lower frequency (e.g. each day/
ˁeeȇ࢏ and tǠen uɽed aɽ inputɽ ǉor tǠe Źioloǌical model ࢎbord 
et alࡲ࢏ࠇࠀ߿ࠁ ࡫ࡲ

Such systems are usually less expensive in terms of compu-
tational reɽourceɽࡲ qoˁeʽer࡫ tǠe practicalitˊ oǉ tǠe ࢨoǉ˫ineࢩ 
coupling approach can be questioned with respect to vertical 
ʽiɽcoɽitˊ and diǉǉuɽiʽitˊ coeǉǉicientɽ࡫ ˁǠicǠ tˊpicallˊ ʽarˊ 
ˁitǠ ɽǠort time ɽcaleɽ ࢎगǠourɽ࢏ compared to tǠe ɽtoraǌe rate 
oǉ ࢨoǉ˫ineࢩ pǠˊɽical fieldɽ ࢎtˊpicallˊ a ǉeˁ daˊɽࡲ࢏ þǠiɽ can Źe 
an issue in an integrated perspective that includes data as-
similation. Burning questions underlying the coupling strat-
egy for assimilative systems are still the subject of long-last-
inǌ reɽearcǠ eǉǉortɽ Źˊ tǠe communitˊ ࢎbennel et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

Regional models with lateral open boundaries also require 
values of the model state variables at boundaries. A conve-
nient ˁ aˊ iɽ nudǌinǌ to fiˉed or climatoloǌical data ǉrom ǌloŹ-
al reanalˊɽiɽ or dataɽetɽ࡫ Źut a more roŹuɽt approacǠ iɽ to 
nest high-resolution regional ocean models into larger-do-
main ࢎand uɽuallˊ loˁer࢚reɽolution࢏ modelɽ ࢎɽee biǌure ࡲ࢏ࠅࡲࠈ 
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�ɽ ǉor tǠe couplinǌ Źetˁeen pǠˊɽicɽ and ŹioǌeocǠemiɽtr  tǠe ́࡫
couplinǌ Źetˁeen confiǌurationɽ neɽted in ɽpace can Źe 
 ˁitǠ tǠe inner model Ǡaʽinǌ no in˫uence on tǠe ࡫ࢩˊone࢚ˁaࢨ
outer model࡫ or ࢨtˁo࢚ˁaˊ࡫ࢩ in ˁǠicǠ tǠe inner model proʽideɽ 
information to the outer model. “One-way” coupling is mainly 
uɽed in %e- operational ɽˊɽtemɽ ǉor diǉǉerent reaɽonɽ࡫ aɽ it 
offers the possibility to run the BGC model either in “online” 
or ࢨoǉ˫ineࢩ mode ˁitǠ tǠe pǠˊɽicɽ࡫ ˁǠile tǠe ࢨtˁo࢚ˁaˊࢩ neɽt-
ing requires by nature an “online” coupling between the 
pǠˊɽicɽ and tǠe %e-࡫ maȇinǌ tǠe operation oǉ ɽucǠ coupled 
systems more complex and time-consuming.

bor a ɽound repreɽentation oǉ tǠe Źioloǌ  a ɽpecific deɽiǌn ́࡫
of the vertical discretization in the upper ocean is needed. 
The strong vertical gradients of the physical and biological 
variables typically require vertical spacing between horizon-
tal leʽelɽ ग ࠀ metreࡲ Reǌardinǌ tǠe Ǡori˖ontal ǌrid࡫ it iɽ not 
always required to use the same numerical grid for physics 
and for biology. A coarsening approach that preserves the 
essential features of the resolved dynamics has been imple-
mented in some systems to feed the biological equations at 
loˁer reɽolution࡫ ˁǠile ɽaʽinǌ numerical reɽourceɽ ࢎ%ertǠet 
et alࡷࠈࠀ߿ࠁ ࡫ࡲ %ricaud et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ 

9.2.1.2. Propagation of uncertainties

The forward integration of the discretized equations involved 
in the different modelling steps leads to results that are fun-
damentally uncertain. It is necessary to quantify this uncer-
taint  ŹotǠ to proʽide tǠe uɽer ˁitǠ uɽeǉul inǉormation ǉor ́࡫
decision making and for merging the forecast with future 
oŹɽerʽationɽ࡫ ˁǠicǠ are alɽo intrinɽicallˊ uncertainࡲ

The main possible sources of uncertainty in biogeochemical/
ecosystem models are the following:

• initial conditions of the state variables;
• eˉternal data inʽolʽed in tǠe ǉorcinǌɽ࡫ ɽucǠ aɽ doˁn-
ˁard radiation࡫ cloud coʽer࡫ etcࡷࡲ
• input physical data used to constrain the evolution 
eɩuation oǉ tǠe ŹioǌeocǠemicalࡸ ecoɽˊɽtem ʽariaŹleɽ࡫ 
ɽucǠ aɽ currentɽ࡫ temperature࡫ ʽertical eddˊ ʽiɽcoɽit ࡲetc ́࡫
• parameterɽ inʽolʽed in tǠe repreɽentation oǉ optical࡫ 
BGC and ecosystem processes;
• numerical schemes and numerical approximations 
ࡷ࢏ɽucǠ aɽ coarɽeninǌ or oǉ˫ine inteǌrationࢎ
• unreɽolʽed࡫ ɽuŹ࢚ǌrid ɽcale proceɽɽeɽ tǠat maˊ induce 
bulk effects as a result of non-linearities.

þǠeɽe uncertaintieɽ can Źe ɩuantified Ǡeuriɽticallˊ or can Źe 
explicitly considered by introducing stochastic parameter-
i˖ationɽ in tǠe model eɩuationɽ࡫ aɽ propoɽed Źˊ earnier et 
alࡲ࢏ࠅࠀ߿ࠁࢎ ࡲ ¡ultiple ǉorˁard inteǌrationɽ can tǠen Źe pro-
duced to generate ensembles that provide an approximation 
of the spread of the plausible solutions. A sample of the pri-

or probability distribution of the forecast is then generated 
Źˊ tǠe diǉǉerent enɽemŹle memŹerɽ ࢎSantana࢚balcon et al࡫ࡲ 
 reǉerredࢎ tǠe ǉorˁard inteǌration module ࡫�ɽ a reɽult ࡲ࢏߿ࠁ߿ࠁ
aɽ Step ࢨ ࠁborecaɽtࢩ in biǌure ࢏ࠀࡲࠃ ɽǠould Źe deɽiǌned in ɽucǠ 
a way that it can be called n times (with n = a few tens to 
Ǡundredɽ࢏ in parallel or in ɽeɩuenceࡲ áleaɽe reǉer to Section 
9.2.4 for more details on Ensemble modelling.

9.2.1.3. BGC Data singularities

Biogeochemical variables very often have non-Gaussian 
statistical properties. This can be explained by the nature 
of these variables (generally concentrations that repeated-
ly take values close to 0 or biomasses that can vary by sev-
eral orderɽ oǉ maǌnitude࡫࢏ ˁǠicǠ iɽ related to tǠe non࢚lin-
earities of the processes involved. Non-Gaussian behaviour 
requires special attention at the time of validation when 
comparinǌ model ʽariaŹleɽ to oŹɽerʽationɽ࡫ uɽinǌ metricɽ 
calculated on log-transformed data or non-parametric 
metricɽ ࢎpleaɽe reǉer to Section ࠅࡲࠁࡲࠈ ǉor more detailɽࡲ࢏  

Figure 9.8.  Examples of Chla ocean colour 
global multi sensor products available on the Co-
pernicus Marine Service. They are daily products 
ǉor ࠀɽt ¡aˊ ࠈࠀ߿ࠁ: a࢏ ¶-࢚--z productࡷ Ź࢏ -operni-
cuɽ࢚eloŹ-olour leʽel ࠂ productࡷ and c࢏ -oper-
nicuɽ࢚eloŹ-olour ࢨ-loud breeࢎ ࢩinterpolated࢏ 
product ࢎǉrom earneɽɽon et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ
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zn addition࡫ tǠe aɽɽimilation metǠodɽ applicaŹle to larǌe 
ɽˊɽtemɽ࡫ eࡲǌࡲ EnɽemŹle �alman bilterɽ࡫ are tˊpicallˊ adapted 
to eauɽɽian diɽtriŹutionɽ: aɽ a reɽult࡫ it iɽ neceɽɽarˊ to inɽert 
a so-called anamorphic transformation – a function match-
ing the quantiles of the variable distribution to those of a 
standard Gaussian – between the outputs of the ensemble 
forward integration and the observational update step. This 
can be done in different ways: by prescribing a priori a given 
tranɽǉormation ࢎeࡲǌࡲ loǌ࢚normal or truncated eauɽɽian࡫࢏ or 
by constructing the transformation from the ensemble in-
formation as proposed by Simon and Bertino (2009 and 
 �t tǠe end oǉ tǠe analˊɽiɽ ࡲ࢏ࠁࠀ߿ࠁࢎ ࡲand %ranȇart et al ࢏ࠁࠀ߿ࠁ
ɽtep࡫ tǠe inʽerɽe tranɽǉormation muɽt Źe applied to com-
plete the assimilation cycle and prepare a new initialization.

Another issue comes from the highly heterogeneous distri-
Źution oǉ tǠe ŹioǌeocǠemical data in ɽpace and time࡫ moɽt oǉ 
ˁǠicǠ cominǌ ǉrom ɽatelliteɽ ࢎocean colour࢏ and ǉairlˊ diɽ-
persed BGC-Argo profilers. The spatial scales captured by 
tǠeɽe oŹɽerʽational data are tǠereǉore ʽerˊ diǉǉerent࡫ reɩuir-
ing special care within biogeochemical data assimilation sys-
tems for localization at the analysis stage. The transforma-
tion in tǠe bourier ɽpace can tǠen proʽe Źeneficial to carrˊ 
out tǠiɽ ɽtep࡫ aɽ propoɽed Źˊ þiɽɽier et alࡲ࢏ࠈࠀ߿ࠁࢎ ࡲ þǠe arcǠi-
tecture of an operational chain dedicated to biogeochemis-

try should therefore include a step to perform the observa-
tional update in a transformed space.2

9.2.2. Input data: available sources  
and data handling

This Section provides a general description and technical in-
formation on the data used to both drive and validate a bio-
geochemical forecasting system. Observational data are re-
quired at different stages of an OOFS: 

• 7ata iɽ firɽt uɽed to ɽet࢚up tǠe model confiǌuration: 
initial and lateral conditionɽ࡫ pǠˊɽical ǉorcinǌ࡫ atmo-
ɽpǠeric ɽurǉace ǉorcinǌ࡫ and eˉternal inputɽࡲ 
• Data is essential for calibrating the formulations of 
tǠe %e- proceɽɽeɽ࡫ iࡲeࡲ maȇinǌ tǠe model reɽultɽ to 
matcǠ tǠe oŹɽerʽed diɽtriŹutionɽ and ˫uˉeɽࡲ 
• Then data is used to evaluate the model product quality.
• binall  oŹɽerʽational inǉormation iɽ incorporated into ́࡫
the numerical models using data assimilation methods 
with the objective to improve predicted model states.

2. https://marine.copernicus.eu/access-data/ocean-mon-
itoring-indicators/north-atlantic-ocean-chlorophyll-time-
series-and-trend

Figure 9.9.   ¥ortǠ �tlantic ¶cean time ɽerieɽ and trend ࢏ࠈࠀ߿ࠁ࢚ࠆࠈࠈࠀࢎ oǉ ɽatellite cǠloropǠˊllࡲ %lue dotɽ: dailˊ 
regional average time series; green line: deseasonalized time series; blue line: linear trend (source: Copernicus 
Marine Service at 🔗2ࡲ࢏
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9.2.2.1. Physical conditions

Reɩuired fieldɽ are currentɽ࡫ temperature࡫ ɽalinitˊ࡫ ʽertical 
diǉǉuɽiʽitˊ coeǉficient ࡫࢏˖�ࢎ and ¡�7ࡲ þǠeˊ are proʽided Źˊ a 
physical model to the BGC model with which it is coupled in 
eitǠer ࢨonlineࢩ or ࢨoǉ˫ineࢩ mode ࢎɽee Section ࠀࡲࠁࡲࠈ ǉor de-
tailɽࡲ࢏ �dʽection and diǉǉuɽion routineɽ are uɽuallˊ ɽǠared 
with the physical model. A list of physical-BGC coupled sys-
tems is available in Section 9.2.9.

9.2.2.2. Observational data

Ocean-observing platforms to measure marine BGC encom-
paɽɽ ɽǠip࡫ moorinǌ࡫ and remote ɽenɽinǌ oŹɽerʽationɽࡲ � ǌood 
oʽerʽieˁ oǉ tǠe eʽolution and diʽerɽification oǉ platǉormɽ 
oʽer tǠe paɽt centurˊ iɽ ǌiʽen Źˊ -Ǡai et al࢏߿ࠁ߿ࠁࢎ ࡲ ǉrom ˁǠicǠ 

iɽ taȇen biǌure ࡲࠆࡲࠈ �monǌ tǠe traditional oŹɽerʽinǌ ɽˊɽtemɽ࡫ 
ɽatelliteɽ repreɽented a reʽolution࡫ proʽidinǌ a continuouɽ 
spatiotemporal coverage of sea surface variables. More re-
centl -autonomouɽ moŹile platǉormɽ meaɽure ocean ʽari ́࡫
ables through the water column. They cover a wide range of 
ɽpatial and temporal ɽcaleɽ࡫ fillinǌ tǠe oŹɽerʽational ǌapɽࡲ

9.2.2.2.1. Remote sensing observations

Remote sensing-derived Chla data have a good spatial cover-
age of the entire ocean in near-real time and reprocessed 
time series for global and regional mapped products. They 
are aʽailaŹle tǠrouǌǠ operational ɽerʽiceɽ࡫ ɽucǠ aɽ tǠe -oper-
nicus Marine Service (🔗3ࡷ �e þraon et alࡲ࢏ࠆࠀ߿ࠁ ࡫ࡲ biǌure ࠇࡲࠈ 

3. https://marine.copernicus.eu/

Figure 9.10. Spatial coʽeraǌe oǉ cǠloropǠˊll ࢎtop leǉt࡫࢏ oˉˊǌen ࢎtop riǌǠt࡫࢏ nitrate ࢎŹottom leǉt࢏ and pǠoɽpǠate 
 ߿ࠈࠈࠀ ǉrom ࡫ॽ cellɽࠀˉॽࠀ m ˁater deptǠ in ߿߿ࠀ oǉ profileɽ in tǠe upper ࢏¥ࢎ ɽǠoˁn aɽ tǠe numŹer ࡫࢏Źottom riǌǠtࢎ
to ࡲ߿ࠁ߿ࠁ þo ɽǠoˁ ǌapɽ more clearl  ˁǠite ࡫࢏ǠiǌǠ ɽamplinǌࢎ to liǌǠt ࢏loˁ ɽamplinǌࢎ colour ɽǠadinǌ iɽ ǉrom darȇ ́࡫
colour indicateɽ no ɽamplinǌ ࢎǉrom �accard et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ
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presents some Chla products and their spatial coverage. Fig-
ure 9.9 illustrates the long time series available. Remote 
sensing derived PFTs and optical properties are also starting 
to be distributed on the same portal.

9.2.2.2.2. In-situ observations

The Copernicus Marine Service collects and distributes in-situ 
oŹɽerʽationɽ ǉrom a ʽarietˊ oǉ platǉormɽ࡫ includinǌ manual 
-þ7࢚¶ࠁ meaɽurementɽ࡫ %e-࢚ �rǌo profilinǌ ˫oatɽ࡫ ǉerrˊŹoˉ ɽˊɽ-
temɽ࡫ ǌliderɽ and moored Źuoˊɽ࡫ ǌatǠered Źˊ ǌloŹal ɽˊɽtemɽ 
ɽucǠ aɽ tǠe Euroe¶¶S࡫ Sea7ata¥et7¶¥ ࡫-ɽ࡫ and tǠe �-¶¡¡ࡲ þˁo 
tˊpeɽ oǉ productɽ are proʽided: ࢏ࠀ ¥Rþ productɽ automaticallˊ 
quality controlled within 24 hours from acquisition for forecast-
inǌ actiʽitieɽ and ࢏ࠁ tǠe reproceɽɽed ࢎor multi࢚ˊear࢏ productɽ ǉor 
reanalysis activities. The main biogeochemical variables avail-
aŹle are diɽɽolʽed oˉˊǌen concentration࡫ nutrientɽ ࢎnitrate࡫ ɽili-

cate and pǠoɽpǠate࡫࢏ -Ǡla࡫ ˫uoreɽcence࡫ and pqࡲ þǠe ɽpatial 
diɽtriŹution oǉ all cǠloropǠˊll࡫ oˉˊǌen࡫ nitrate and pǠoɽpǠate 
ɽampleɽ oǉ tǠe reproceɽɽed product ࢎǉrom ߿ࠈࠈࠀ to ࢏߿ࠁ߿ࠁ are 
shown in. Figure 9.10.

Special attention should be paid to autonomous robotic under-
ˁater ʽeǠicleɽࡲ �rǌo profilinǌ ˫oatɽ driǉt ǉreelˊ ˁitǠ tǠe currentɽ 
and meaɽure ocean ʽariaŹleɽ tǠrouǌǠ tǠe ˁater column࡫ reacǠ-
inǌ up to ߿߿߿ࠁ m࡫ ˁǠile ǌliderɽ can Źe proǌrammed to ɽample 
alonǌ a predetermined patǠ࡫ maȇinǌ tǠe ǉormer more ɽuited to 
the open ocean and the latter more suitable for observation at 
various depths in coastal and shallow oceans. After cycling verti-
call ˫ ŹotǠ ́࡫ oatɽ and ǌliderɽ tranɽmit tǠeir data to orŹitinǌ ɽatel-
liteɽ once tǠeˊ Ǡaʽe reacǠed tǠe ɽurǉace࡫ proʽidinǌ continuouɽ 
monitoring and real-time data to operational centres.

þǠe znternational %ioǌeocǠemical࢚�rǌo ࢎ%e-࢚ �rǌo࢏ proǌram iɽ 
revolutionising marine biogeochemistry by establishing a glob-
al࡫ ǉull࢚deptǠ࡫ and multidiɽciplinarˊ ocean oŹɽerʽation netˁorȇ࡫ 
acɩuirinǌ profileɽ in reǌionɽ oǉ tǠe ǌloŹal ocean tǠat preʽiouɽlˊ 
ˁere oŹɽerʽationallˊ ɽparɽe ࢎRuɽɽell et alࡲ࢏ࠃࠀ߿ࠁ ࡫ࡲ þǠeˊ meaɽure 
oˉˊǌen࡫ -Ǡla࡫ nitrate࡫ pq࡫ ɽuɽpended particleɽ࡫ and doˁnˁellinǌ 
irradianceࡲ Since tǠeir deploˊment in ࠂࠁࠅࠀ ࡫ࠁࠀ߿ࠁ ˫oatɽ Ǡaʽe ac-
ɩuired aŹout ߿߿߿߿ࠄࠁ profileɽ ࢎbiǌure ࡫࢏ࠀࠀࡲࠈ tǠe maǿor part Źeinǌ 
oˉˊǌenࡲ þǠe aim iɽ to Ǡaʽe ߿߿߿ࠀ actiʽe profilinǌ ˫ oatɽ meaɽurinǌ 
simultaneously the six essential variables mentioned above 
 �t ࡲ࢏߿ࠁ߿ࠁ ࡫ࡲǠai et al- ࡷࠅࠀ߿ࠁ ࡫ioǌeocǠemical࢚�rǌo álanninǌ eroup%ࢎ
tǠe time Źeinǌ߿ࠀࠃ ࡫ ˫ oatɽ are operational around tǠe ˁ orld ࢎbiǌ-
ure ࡲ࢏ࠁࠀࡲࠈ �n eˉample oǉ time ɽerieɽ iɽ preɽented in biǌure ࡲࠂࠀࡲࠈ 
BGC-Argo data are publically available in near real-time after an 
automated ɩualitˊ control࡫ and in ɽcientificallˊ ɩualitˊ con-
trolled ǉorm࡫ delaˊed mode data࡫ ˁitǠin ɽiˉ montǠɽ oǉ collec-
tion࡫ ʽia tˁo eloŹal 7ata �ɽɽemŹlˊ -enterɽ ࢎ-orioliɽ in brance 
and čS࢚e¶7�E in čSࢎ ࢏��rǌoࡲ࢏4�� ࡷࠁࠁ߿ࠁ ࡫ þǠeˊ are alɽo aʽailaŹle 
through the Copernicus Marine Service (🔗5ࡲ࢏

4. https://www.seanoe.org/data/00311/42182/
5. https://marine.copernicus.eu/

Figure 9.11. Spatial coʽeraǌe oǉ oˉˊǌen ࢎtop࡫࢏ 
-Ǡla ࢎmiddle࡫࢏ and nitrate ࢎŹottom࢏ ǉrom tǠe 
ɽtart oǉ tǠe %e-࢚�rǌo proǌramࠁ߿ࠁ࡫߿ࠂࠁ ࡲ profileɽ oǉ 
oˉˊǌenࠆࠃࠈ࡫ࠃࠈ ࡫ profileɽ oǉ -Ǡla࡫ and ࠈࠂࠈ࡫ࠈࠃ profileɽ 
of nitrate have been acquired by October 2021 
 perɽonal communication uɽinǌ ࡫arʽal- ࡲɽource: þࢎ
data ǉrom tǠe -opernicuɽ ¡arine Serʽiceࡲ࢏
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Figure 9.12. �ocation oǉ operational %e-࢚�rǌo ˫oatɽ in �uǌuɽt ࡲ࢏6��ࢎ ࠀࠁ߿ࠁ

6

6. www.ocean-ops.org

Figure 9.13. þime eʽolution oǉ -Ǡla ࢎtop leǉt࡫࢏ oˉˊǌen ࢎtop riǌǠt࢏ and nitrate ࢎŹottom࢏ alonǌ a %e-࢚�rǌo ˫oat 
trajectory in the North-East Atlantic.
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9.2.2.3. Climatologies, databases, and atlases

Databases and atlases are collections of uniformly format-
ted࡫ ɩualitˊ controlled࡫ and puŹliclˊ aʽailaŹle ocean ɽurǉace 
or ʽertical profile dataࡲ -limatoloǌieɽ are mapped data prod-
uctɽ࡫ produced ǉrom dataŹaɽeɽ and atlaɽeɽ࡫ repreɽentinǌ tǠe 
mean annual࡫ ɽeaɽonal࡫ or montǠlˊ larǌe࢚ɽcale cǠaracteriɽ-
tics of the distribution of a quantity. They can be used to 
create initial and/or boundary conditions for ocean BGC 
modelɽ࡫ eʽaluate numerical ɽimulationɽ࡫ and corroŹorate 
satellite data.

þǠe e�¶7�á proʽideɽ a climatoloǌˊ ࢎe�¶7�áʽ࢏߿ࠁ߿ࠁࡲࠁ oǉ ocean 
ŹioǌeocǠemical ʽariaŹleɽ oǉ oˉˊǌen࡫ pǠoɽpǠate࡫ nitrate࡫ ɽili-
cate࡫ diɽɽolʽed inorǌanic carŹon࡫ total alȇalinit  and pq on a ́࡫
uniform 1° longitude/latitude grid. The product is described in 
¶lɽen et al࢏߿ࠁ߿ࠁࢎ ࡲ and iɽ puŹliclˊ aʽailaŹle at 🔗7.8

The latest version of the WOA delivered in 2018 provides an 
annual࡫ ɽeaɽonal࡫ and montǠlˊ climatoloǌˊ oǉ oˉˊǌen and 
macronutrientɽ ࢎpǠoɽpǠate࡫ ɽilicate࡫ and nitrate࢏ on a ࠀॽ lon-
ǌitudeࡸlatitude ǌrid ࢎbiǌure ࡲ࢏ࠃࠀࡲࠈ 

7. https://www.glodap.info
8. https://www.ncei.noaa.gov/products/world-ocean-atlas

zt iɽ deɽcriŹed in earcia et alࠇࠀ߿ࠁࢎ ࡲaŹ࢏ and iɽ puŹliclˊ aʽail-
able at 🔗8. It is based on the latest major release of the 
ĭ¶7 deɽcriŹed in %oˊer et alࡲ࢏ࠇࠀ߿ࠁࢎ ࡲ

þǠe S¶-�þ proʽideɽ ɽurǉace ocean ǉ-¶࠭ ࢎǉuǌacitˊ oǉ carŹon 
dioˉide࢏ oŹɽerʽationɽࡲ9�� ࡫ þǠe lateɽt S¶-�þ ࢎʽerɽion ࢏߿ࠁ߿ࠁ 
has 28.2 million observations from 1957 to 2020 for the global 
oceans and coastal seas. 

The EMODnet portal provides access to temporal and spatial 
diɽtriŹution oǉ marine cǠemiɽtrˊ data in European ɽeaɽ10�� ࡫.

9.2.2.4. Atmospheric surface forcing

Atmospheric surface conditions drive biogeochemical quan-
titieɽ and proceɽɽeɽ࡫ ɽucǠ aɽ pǠotoɽˊntǠeɽiɽ and air࢚ɽea eˉ-
cǠanǌeɽ oǉ ǌaɽ elementɽ ࢎoˉˊǌen࡫ carŹonࡲ࢏ þˊpical ɽurǉace 
data inputɽ include ˁind࡫ ɽolar radiation࡫ and tǠe eʽapora-
tion࢚precipitation ˫uˉࡲ þǠeˊ can Źe oŹtained ǉrom an opera-
tional ˁeatǠer prediction ɽˊɽtem࡫ ʽia tǠe -opernicuɽ -limate 
Change Service (🔗11ࡲ࢏

9. https://www.socat.info/
10. https://emodnet.eu/en/chemistry
11. https://climate.copernicus.eu/

Figure 9.14. ¥itrate࡫ pǠoɽpǠate࡫ and ɽilicate concentrationɽ at ɽea ɽurǉace and diɽɽolʽed oˉˊǌen concentra-
tion at ߿߿ࠁ m deptǠ࡫ all in mmol m-3 ࢎǉrom ĭ¶� climatoloǌˊࡲ࢏
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9.2.2.5. External inputs

External inputs of carbon and nutrients are provided to ma-
rine biogeochemical systems from observations or models. 
�ltǠouǌǠ tǠeɽe inputɽ are currentlˊ ɽimplified in current ɽˊɽ-
temɽ ࢎǉrom climatoloǌieɽ࡫࢏ tǠe optimal ɽolution ˁould Źe to 
connect ocean operational systems with atmospheric and 
land operational systems. The link between the Copernicus 
Marine Service and the Copernicus Atmosphere and Land 
Serʽiceɽ ࢎreɽpectiʽel ࡲiɽ currentlˊ diɽcuɽɽed ࢏and 🔗13 12�� ́࡫

9.2.2.6. Units

Special attention should be paid to the units of the BGC 
quantities because there is no standardisation among the 
diǉǉerent ɽcientific communitieɽࡲ ¡odel data are uɽuallˊ ar-
cǠiʽed in tǠe unitɽ ɽpecified Źˊ tǠe Sz čnitɽ Źut inɽtrumentɽ 
ǉreɩuentlˊ do not meaɽure data in Sz čnitɽ࡫ maȇinǌ conʽer-
ɽion neceɽɽar  diɽɽolʽed oˉˊǌen concentration ࡫bor eˉample ࡲ́
in the seawater can be found in many different units (e.g. mg 
l-1࡫ ml l-1࡫ μmol l-1࡫ μmol kg-1࡫ mmol m-3࡫ μM࡫࢏ ˁitǠ tǠe Sz 
Units being mole per cubic metre (symbol mol m-3ࡲ࢏

It is worth noting the equivalences:

μmol l-1 = mmol m-3 =  μM

1 l = 10-3 m3 ≈ 1.025 kg

and the conversions:

μg l-1 = μmol l-1 × MW

μl l-1 = μmol l-1 × MV

g l-1 ≈ g kg-1 × 1.025

To convert a quantity in sea water from mole concentration 
 ĭ in¡ࢎ multiplˊ Źˊ ¡olar ˁeiǌǠt ࡫࢏in ǌramɽࢎ to maɽɽ ࢏in molࢎ
g mol-1ࡷ࢏ ǉrom mole concentration ࢎin mol࢏ to ʽolume ǉraction 
 eˉpreɽɽed ࡷ࢏Ī in l mol-1¡ࢎ multiplˊ Źˊ ¡olar ʽolume ࡫࢏in litreࢎ
per unit maɽɽ ࢎin ǌram࢏ to ʽolume ࢎin litre࡫࢏ multiplˊ Źˊ den-
sity (in kg l-1ࠄࠁ߿ࡲࠀ ࡲ࢏ iɽ an approˉimate Źut ǌeneral ʽalue ǉor 
the density of seawater.

9.2.3. Modelling component

9.2.3.1. Numerical and discretisation choices

Marine biogeochemical models describe the cycling of es-
ɽential elementɽ ࢎeࡲǌ࡫ࠁ¶ ࡫¥ ࡫- ࡲ á࡫ and Si࢏ tǠrouǌǠ tǠe loˁer 
tropǠic leʽelɽ࡫ uɽuallˊ ǉrom Źacteria up to meɽo˖ooplanȇtonࡲ 

12. https://atmosphere.copernicus.eu/
13. https://land.copernicus.eu/

Their complexity (i.e. number of state variables and process-
eɽ࢏ diǉǉerɽ dependinǌ on tǠe ɽcientific ɩueɽtion under inter-
eɽt࡫ tǠe inǉormation aʽailaŹle ǉor tǠeir parameteri˖ation and 
implementation࡫ and tǠe inʽeɽtiǌated time and ɽpace ɽcaleɽࡲ 
BGC models consist of a set of evolution equations (e.g. dif-
ǉerential eɩuationɽ࢏ eˉpreɽɽinǌ tǠe maɽɽ Źalance oǉ eacǠ 
model component ࢎeࡲǌࡲ ɽtate ʽariaŹleࡲ࢏ þǠeɽe maɽɽ Źalance 
equations include local sources and sinks associated with 
ŹioǌeocǠemical proceɽɽeɽ ࢎeࡲǌࡲ pǠotoɽˊntǠeɽiɽ࡫ reɽpiration࡫ 
and nitriǉication࡫࢏ tropǠic interactionɽ ࢎeࡲǌࡲ predation࡫࢏ tǠe 
transport by physical processes in the three directions of 
ɽpace Źˊ adʽection ࢎeࡲǌࡲ tranɽport Źˊ tǠe main current࡫࢏ and 
diffusion (i.e. unresolved processes that are parameterized 
on tǠe model oǉ tǠe bicȇࢫɽ laˁ oǉ diǉǉuɽionࡲ࢏ �ɽ ǉor pǠˊɽical 
modelɽ࡫ ŹioǌeocǠemical modelɽ cannot Źe ɽolʽed analˊtical-
ly and require a numerical model for their integration. A nu-
merical ǌrid Ǡaɽ to Źe defined and tǠe ɽi˖e oǉ tǠe ǌrid cellɽ 
ˁill define tǠe ɽpatial ɽcaleɽ tǠat can Źe ɽolʽed ࢎit iɽ uɽuallˊ 
assumed that the length scale of the solved processes equals 
tˁice tǠe ɽi˖e oǉ tǠe ǌridࡲ࢏ eiʽen tǠat tǠe ʽertical ɽcaleɽ oǉ 
variations are much smaller than the horizontal ones due to 
tǠe rapid eˉtinction oǉ tǠe liǌǠt field࡫ tǠe ɽi˖e oǉ tǠe ʽertical 
mesh is usually of the order of metres in the upper layer. The 
numerical scheme for time steps and time integration has to 
be carefully chosen in order to avoid generating negative 
concentrations. The choices may be identical to the physical 
model to ˁǠicǠ it iɽ coupled࡫ or diǉǉerentࡲ ¥umerical and diɽ-
cretization techniques are described in Chapter 5 and bio-
geochemical singularities are discussed in Section 9.2.1.

Whether the processes can be resolved or not in models will 
depend on the grid resolution used to solve the numeric. Fig-
ure ࠄࠀࡲࠈ ɽǠoˁɽ tǠe ɽpatial and temporal ɽcale oǉ ɽpecific Źio-
geochemical processes. 

Regional and global scale models are able to capture the me-
soscale signals with temporal scales of the order of a month 
and spatial scales of the order of 50-100 km. Coastal models 
Ǡaʽe to ɽolʽe tǠe ǠiǌǠ ǉreɩuencˊ ɽiǌnal at dailˊ and ࢎɽuŹ࢚࢏me-
ɽoɽcale࡫ Źut at tǠiɽ ɽtaǌe tǠeˊ are aŹle to ɽolʽe tǠe dˊnamicɽ 
of the system at weekly to monthly scales.

9.2.3.2. The different biogeochemical models

zn marine ŹioǌeocǠemiɽtr  tǠe ɽpecificitˊ lieɽ mainlˊ in tǠe ́࡫
diʽerɽitˊ oǉ enʽironmentɽ࡫ ecoɽˊɽtemɽ࡫ and proceɽɽeɽࡲ þǠe 
choice of a BGC model will thus depend on the study area 
and the topic of interest.

Models of marine biogeochemistry and of the lower trophic lev-
els in the marine food web are usually of the NPZD type (see 
Section ࠁࡲࠀࡲࠈ ǉor more detailɽ࡫࢏ ˁǠicǠ reɽolʽe communitˊ ɽtruc-
ture Źˊ tǠe eˉplicit repreɽentation oǉ a ǉeˁ planȇton ǌroupɽ࡫ in 
accordance with their function in the ecosystem. Another ap-
proach is to let the community structure emerge from a wide 
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Figure 9.15. Time and space overlapping scales of major ocean processes. Main processes modelled by biogeo-
cǠemical modelɽ are outlined in red ࢎadapted ǉrom 7icȇe ࡲ࢏ࠀࠈࠈࠀ ́࡫

ranǌe oǉ poɽɽiŹilitieɽࡲ bor eˉample࡫ tǠe 7�Rĭz¥ model ࢎbolloˁɽ 
et al࢏ࠆ߿߿ࠁ ࡫ࡲ includeɽ a larǌe numŹer ࢎtenɽ or Ǡundredɽ࢏ oǉ ábþɽ 
whose physiological characteristics are stochastically deter-
mined ࢎtǠe parameterɽ are preɽcriŹed randomlˊ࡫࢏ alloˁinǌ tǠe 
fitteɽt to emerǌe in tǠe reɽultinǌ ecoɽˊɽtemࡲ

Some of the most used models in OOFS are summarised below:

• qad¶-- ࢎáalmer and þotterdellࡲ࢏ࠀ߿߿ࠁ ࡫
• ¡E7čS� ࢎĵool et alࡲ࢏ࠂࠀ߿ࠁ ࡫ࡲ
• ázS-ES ࢎ�umont et alࡲ࢏ࠄࠀ߿ࠁ ࡫ࡲ ztɽ deʽelopment iɽ led Źˊ 
the Pisces Community gathering eight international re-
search institutes/laboratories. The model can be down-
loaded from the NEMO and CROCO modelling systems 
into which it is embedded (🔗14 and 🔗15ࡲ࢏
• ERSE¡ ࢎ%aretta et alࡷࠄࠈࠈࠀ ࡫ࡲ %utenɽcǠɃn et al࡫ࡲ 
 ztɽ deʽelopment iɽ led Źˊ tǠe álˊmoutǠ ¡arine ࡲ࢏ࠅࠀ߿ࠁ
Laboratory and the code is available at 🔗16.
• %b¡ ࢎĪicǠi et alࡲ࢏ࠄࠀ߿ࠁ ࡫ࡲ ztɽ deʽelopment iɽ led Źˊ a con-

14. http://www.nemo-ocean.eu
15. https://www.croco-ocean.org
16. https://www.pml.ac.uk/Modelling/Home

ɽortium oǉ fiʽe memŹerɽ and tǠe code iɽ aʽailaŹle at 🔗17.
• ¥¶RĭE-¶¡ ࢎSȇoǌenࡷࠂࠈࠈࠀ ࡫ Sȇoǌen and Sɛilandࡲ࢏ࠇࠈࠈࠀ ࡫ 
NORWECOM is the result of the cooperation between 
ɽeʽeral ¥orˁeǌian inɽtitutionɽ࡫ ǉor more inǉormation 
see http://www.ii.uib.no/~morten/norwecom.html.
• E-¶S¡¶ 7ࢎaeˁel and ScǠrum࢏ࠂࠀ߿ࠁ ࡫ iɽ deʽeloped Źˊ 
Hereon with contributions from the Nansen Centre and 
otǠer collaŹoratorɽ࡫ ɽee 🔗18.
• ERe¶¡ ࢎ¥eumannࡲ࢏߿߿߿ࠁ ࡫ zt ˁaɽ deʽeloped at z¶ĭ࡫ 
Germany. 
• %�¡q%z ࢎerƢǌoire et alࡷࠇ߿߿ࠁ ࡫ࡲ erƢǌoire and Soetaert࡫ 
ࡲ࢏ࠅࠀ߿ࠁ ࡫ࡲapet et al- ࡷ߿ࠀ߿ࠁ
• S-¶%z࡫ deɽcriŹed in Eilola et al࢏ࠈ߿߿ࠁࢎ ࡲ and �lmrotǠ࢚Roɽell 
et alࡲ࢏ࠄࠀ߿ࠁࢎ ࡲ

čɽuall -tǠeɽe modelɽ are tǠe reɽult oǉ tǠe collaŹoration Źe ́࡫
tween different national and international research/academic 
inɽtituteɽ and laŹoratorieɽ࡫ orǌaniɽed in ǉormal or inǉormal 
conɽortiaࡲ þǠeˊ are ɽǠared Źˊ ɽeʽeral operatorɽࡲ zn moɽt caɽeɽ࡫ 
the code is available under open-source licences.

17. https://bfm-community.github.io/www.bfm-community.eu/
18. https://www.hereon.de/institutes/coastal_systems_
analysis_modeling/matter_transport_ecosystem_dynamics/
models/index.php.en
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¡odelɽ Ǡaʽe Źeen deʽeloped to Źe applied to reǌional࡫ 
ɽǠelǉ࢚ɽea࡫ Źaɽin࡫ or ǌloŹal ocean ɽcaleࡲ þǠe leʽel oǉ compleˉ-
ity differs depending on the application (biogeochemical cy-
clinǌ or ecoloǌical applicationࡲ࢏ þǠe modelɽ mainlˊ diǉǉer in 
tǠe ŹioǌeocǠemical cˊcleɽ oǉ maǿor elementɽ࡫ tǠe numŹer oǉ 
nutrientɽ࡫ tǠe numŹer oǉ autotropǠic and ǠeterotropǠic ábþɽ࡫ 
tǠe compleˉitˊ in proceɽɽ ǉormulation࡫ aɽ ˁell aɽ in tǠe con-
sideration of the benthic component. See refer to Gehlen et 
al࢏ࠄࠀ߿ࠁࢎ ࡲ ǉor a detailed deɽcription oǉ tǠeɽe modelɽࡲ

The practical ability to switch between different physical and 
biogeochemical models is desirable to compare models and 
upgrade them smoothly. This ability is offered by the FABM  
-amonǌ otǠ ࡫¡¶-and it Ǡaɽ Źeen uɽed in ¥E¡¶ and qĵ ࢏19��)
er ocean/lake models programmed in Fortran. 

9.2.3.3. Connections Ocean-Earth systems

Several kinds of models are used for a range of environ-
mentɽ࡫ Źut diǉǉerent conɽiderationɽ are needed ǉor open 
ocean࡫ reǌional࡫ and coaɽtal oceanࡲ ¡oʽinǌ ǉrom tǠe open to 
the coastal ocean is often accompanied by an increase in the 
spatial resolution and complexity of the model.

Regional models of coastal ecosystems can be very complex. 
Their dynamics is essentially driven by the boundary conditions 
with the open sea and at the air-sediment-land interface. 

 

19. https://bolding-bruggeman.com/portfolio/fabm/

 
bor tǠe ocean࡫ atmoɽpǠere࡫ riʽerɽ࡫ and ɽedimentɽ are ɽiǌniǉ-
icant ɽourceɽ oǉ carŹon and Źioactiʽe nutrientɽ࡫ ɽucǠ aɽ ni-
troǌen࡫ pǠoɽpǠoruɽ࡫ iron࡫ and ɽilicateࡲ ¡odel perǉormanceɽ 
can be hampered by the quality of these boundary condi-
tions. Coastline and topography are also important to trigger 
high-frequency physical processes. 

-onnectionɽ ˁitǠ tǠe ɽurroundinǌ ɽˊɽtemɽ ࢎbiǌure ࢏ࠅࠀࡲࠈ tǠat 
need to be carefully considered include: 

• Connection with land. Rivers exchange freshwater as 
well as inorganic and organic material with the ocean. 
Coastal marine ecosystems have been subject to con-
ɽideraŹle modification in recent decadeɽࡲ þǠe conɽider-
able nutrient load in river discharges is due to human 
actiʽitieɽ on tǠe land ࢎeࡲǌࡲ aǌriculture࡫ deǉoreɽtation࡫ 
ˁaɽte diɽcǠarǌe࡫ etcࡲ࢏ࡲ SucǠ inputɽ are critical ǉor coaɽt-
al ecosystem studies.

• Connection with the atmosphere. Atmospheric trans-
port and deposition are a source of chemical com-
poundɽ ࢎeࡲǌࡲ carŹon dioˉide࡫ nitroǌen࡫ oˉˊǌen࡫ iron࡫ 
and pǠoɽpǠoruɽ࢏ to tǠe ocean࡫ aǉǉectinǌ marine Źio-
ǌeocǠemiɽtrˊ ࢎeࡲǌࡲ ɽource oǉ nutrientɽ࡫ in˫uence on pq࡫ 
etcࢎ ࢏ࡲ�riɽǠnamurtǠˊ et alࡲ࢏߿ࠀ߿ࠁ ࡫ࡲ 

Figure 9.16. -onnectionɽ ˁitǠ interǉaceɽ ࢎmodified ǉrom ĭarner et alࡲ࢏߿ࠀ߿ࠁ ࡫ࡲ
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• -onnection ˁitǠ tǠe ɽea˫oorࡲ EˉcǠanǌeɽ Źetˁeen tǠe 
sediments and the ocean can be represented in a very 
basic way: they consist of the deposition of non-living 
orǌanic material࡫ reɽuɽpenɽion࡫ and releaɽe oǉ inorǌan-
ic nutrients from the sediments. But for a more robust 
approach it should be used an additional module rep-
reɽentinǌ ࢎɽemi࢚࢏ eˉplicitlˊ tǠe diaǌeneɽiɽ࡫ ŹentǠic eco-
ɽˊɽtem࡫ aɽ ˁell aɽ ŹioturŹation࡫ diǉǉuɽion࡫ Źio࢚irriǌation 
effects into the upper sediments and sediment trans-
portࡲ � couplinǌ ˁitǠ tǠe ˁaʽeɽ iɽ ɽometimeɽ realiɽed࡫ 
e.g. using climatology. 

• Connection with the open ocean. Open ocean and 
coastal ecosystems are intimately linked as they ex-
cǠanǌe maɽɽ࡫ ˫uˉeɽ࡫ and materialɽ ˁitǠ eacǠ otǠerࡲ þǠe 
best possible knowledge of open boundary conditions 
is essential for coastal modelling.

• The sea ice algae contribute between 4 and 26% of the 
primary production in the sea ice covered regions of the 
�rctic ¶cean ࢎSpindlerࡷࠃࠈࠈࠀ ࡫ eradinǌer7 ࡷࠈ߿߿ࠁ ࡫upontࡲ࢏ࠁࠀ߿ࠁ ࡫

Connections listed above are not always optimally imple-
mented in current ¶¶bSࡲ Riʽerɽ࡫ atmoɽpǠere࡫ and ɽediment 
eˉcǠanǌeɽ are oǉten introduced in a ɽimplified ˁaˊ uɽinǌ cli-
matologies or simplified exchanges. More refined interac-
tionɽ࡫ includinǌ additional numerical moduleɽ or interannual 
oŹɽerʽational data࡫ are currentlˊ deʽelopinǌ࡫ and connec-
tions with surrounding systems should be considered for the 
construction of future systems.

9.2.4. Ensemble modelling

A forecasting system is literally designed to give an expectation 
oǉ ǉuture conditionɽ࡫ Ǡaʽinǌ ɽome ȇnoˁledǌe oǉ preɽent condi-
tions. The expectation is also a judiciously named statistic de-
fined Źˊ tǠe mean oǉ all poɽɽiŹle outcomeɽࡷ ǉor eˉample࡫ tǠe 
expected primary production at a given location next week 
(time t1) can be expressed as the mean of all possible values at 
the same time and location <x(t1)> = ∫x(t1)dx. If we make next 
week’s primary production a function of today’s primary pro-
duction x1=f(x0)࡫ tǠe ǉunction f() implicitly includes all the other 
variables than primary production at present time such as nu-
trientɽ࡫ ɽolar actiʽit  ĭe oŹtain a neˁ eˉpreɽɽion ࡲetc ࡫currentɽ ́࡫
for the expected forecast value (using the notation <.> for the 
eˉpected ̔ alue࢏ <x(t1)> = ∫f(x(t0))dx. The function f() is unfortu-
nately not a linear function because it represents the Michae-
liɽ࢚¡enten eɩuationɽ ࢎɽee Section ࡫࢏ࠊࡲࠋࡲࠊࡲࠒ ˁǠicǠ aǉter time inte-
gration become exponentials: if the concentration of plankton 
douŹleɽ toda -ou maˊ eˉpect a lot more tǠan tˁice tǠe planȇˊ ́࡫
ton next week in a period of multiplicative growth. This means 
that one cannot swap the above integral and the f() ǉunction࡫ 
even if x1 = f(x0) iɽ true࡫ <x1>=f(<x0>) is generally false and will 
ineluctably generate a biased expectation: too high or too low 
depending on the convexity of the f() function.

One general workaround for this problem is the use of an 
enɽemŹle oǉ ɽimulationɽࡲ �ɽɽuminǌ tǠat onlˊ a finite num-
ber of N poɽɽiŹle outcomeɽ iɽ aʽailaŹle࡫ <x(t1)> becomes 
an arithmetic average instead of an integral: <x(t1)> ≅ 1/N 
Σ(XN(T1))࡫ ˁ itǠ ̄ n Źeinǌ a memŹer oǉ tǠe enɽemŹle: oǉ tǠe N 
poɽɽiŹle outcomeɽ࡫ ˁǠicǠ are aɽɽumed independent ǉrom 
eacǠ otǠer and identicallˊ diɽtriŹuted࢏ zǉ ɽampleɽ are liȇe 
tǠiɽ࡫ tǠe aritǠmetic aʽeraǌe ˁill conʽerǌe to tǠe inteǌral aɽ 
N tends to infinity. 

But why should one consider different possible outcomes 
when there is only one reality? The point is to manage uncer-
taintieɽ࡫ ˁǠicǠ Ǡaʽe more diʽerɽe oriǌinɽ in ŹioǌeocǠemical 
modellinǌ tǠan in pǠˊɽical or ˁaʽe modelɽ࡫ in particular tǠe 
dependence on ocean physics is strong. Among the input data 
ɽourceɽ liɽted in Section ࡫ࠁࡲࠁࡲࠈ tǠe ǉolloˁinǌ Źear uncertaintieɽ 
that have an impact on biogeochemical model results:

• The seasonal restratification is critical. A too shal-
low mixed layer will confine the organisms near the 
surface and expose them to stronger lights than they 
should and exaggerate the bloom dynamics. A too shal-
low mixed layer will warm up too much and make the 
ǌroˁtǠ conditionɽ artificiallˊ ǉaʽouraŹleࡲ � late ɽǠoalinǌ 
of the mixed layer in spring would lead to a delayed 
Źloom in tǠe ɽimulation࡫ leadinǌ to ɽtronǌ errorɽ in ɽur-
face Chla when comparing with observations. 

• A good representation of winter mixing is also a de-
ɽiraŹle ǉeature oǉ tǠe pǠˊɽical model࡫ aɽ it Źrinǌɽ deep 
nutrients closer to the surface and makes them avail-
able for primary production.

• þǠe ocean temperature in˫uenceɽ tǠe ǌroˁtǠ oǉ mi-
croorǌaniɽmɽ࡫ ɽo tǠe ɽimulated temperature ɽǠould 
be accurate.

• The transport of nutrients from the rivers to the open 
ocean Źˊ ocean currentɽ࡫ or oǉ anˊ Źioloǌical material 
ǉrom one oceanic reǌion to anotǠer࡫ reɩuireɽ accurate 
current simulations. 

• The availability of light is fundamental for the ocean 
ecosystem. The amount of light reaching the surface of 
the ocean (i.e. how much light has been attenuated by the 
atmoɽpǠere࡫ tǠe cloudɽ࡫ tǠe ˁater࡫ or ɽea ice࢏ iɽ uncertainࡲ 

• The initial conditions of the biogeochemical model 
are often based on very scarce climatologies of nutri-
entɽ࡫ ɽome erroneouɽ ʽalueɽ maˊ remain in tǠe model 
during very long simulations.

• Nutrient inputs from rivers and atmospheric deposi-
tion are highly uncertain as well.
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�ll tǠe aŹoʽe are eˉtrinɽic ɽource oǉ errorɽ࡫ ˁǠicǠ can Źe 
accounted for by randomly perturbing various inputs of the 
biogeochemical model: perturbations of the downwelling 
shortwave radiations would account for uncertainties in light 
conditionɽ࡫ an enɽemŹle oǉ pǠˊɽical model outputɽ ˁould 
account as well for the errors in the physical variables if the 
model iɽ coupled oǉǉlineࡲ zn tǠe caɽe oǉ ࢨonlineࢩ couplinǌ࡫ tǠe 
mixed layer depths can also be changed by adding perturba-
tions to the surface winds and surface heat fluxes. There are 
various ways of generating random perturbations in 2 or 3 
dimensions: a spectral method has been used in Natvik and 
Eʽenɽen ࢏ࠂ߿߿ࠁࢎ and ǉolloˁinǌ ˁorȇɽ࡫ Źut one could alterna-
tively use an atmospheric ensemble prediction system or an 
empirical mode decomposition of atmospheric reanalysis 
dataࡲ þǠe ǌoal iɽ to ǌenerate an enɽemŹle oǉ ɽimulationɽ࡫ 
whose members differ slightly from each other because of 
the random perturbations they have received as input. 

Intrinsic sources of errors have also been mentioned in Sec-
tion ࡲࠀࡲࠁࡲࠈ �monǌ tǠem࡫ tǠe %e- model parameterɽ cannot Źe 
known with much certainty and can also be randomised. To 
do tǠiɽ࡫ one needɽ to imaǌine tǠeir proŹaŹilitˊ diɽtriŹution࡫ 
including their minimum and maximum admitted values. The 
random parameters may be fixed global values or values 
ʽarˊinǌ continuouɽlˊ in ɽpace ࢎSimon et al࢏ࠄࠀ߿ࠁ ࡫ࡲ or diɽcrete-
l -tǠe �onǌǠurɽt proʽincࢎ accordinǌ to deɽiǌnated proʽinceɽ ́࡫
eɽ in 7oron et alࡲ࢏ࠀࠀ߿ࠁ ࡫ࡲ þime࢚ʽarˊinǌ parameterɽ alɽo maȇe 
sense since they may reflect neglected processes like popu-
lation ɽǠiǉtɽࡲ þo tǠiɽ eǉǉect࡫ an auto࢚reǌreɽɽiʽe proceɽɽ iɽ rec-
ommended in earnier et alࡲ࢏ࠅࠀ߿ࠁࢎ ࡲ 

¶tǠer intrinɽic ɽourceɽ oǉ errorɽ can Źe diǉǉicult to control࡫ ǉor 
example the noise caused by numerical advection schemes of 
tǠe model or otǠer model Źiaɽeɽࡲ zǉ tǠeɽe are not too ɽeʽere࡫ it 
is desirable to emulate these uncontrollable errors by exag-
ǌeratinǌ tǠe amplitude oǉ otǠer errorɽ tǠat can Źe controlled࡫ 

Figure 9.17. Scatter plotɽ illuɽtratinǌ ɽecond࢚order ɽtatiɽticɽ ǉrom ʽariouɽ tˊpeɽ oǉ enɽemŹleɽ oǉ ɽi˖e ࡲ߿߿ࠀ a࢏ 
tˁo independent random eauɽɽian ʽectorɽ ˉ and ́ࡲ Ź࢏ tǠeir eˉponentialɽࡲ c࢏ ɽame aɽ ࢎa࢏ Źut addinǌ one outlier 
at ࡲ࢏߿ࠀ࡫߿ࠀࢎ d࢏ miˉture oǉ independent eauɽɽian ʽectorɽ࡫ ˁitǠ an oǉǉɽet oǉ ࡲ߿ࠀ þǠe correlationɽ Źetˁeen tǠe tˁo 
variables are indicated in the legend. 
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e.g. increasing the level of noise in the wind forcing (extrinsic 
error࢏ to compenɽate ǉor a Źiaɽ in tǠe model miˉinǌ ɽcǠeme 
 ɽǠould Źe to correct ࡫Ǡoˁeʽer ࡫þǠe preǉerred action ࡲ࢏intrinɽicࢎ
tǠe Źiaɽeɽ at tǠeir oriǌin࡫ iǉ tǠiɽ iɽ poɽɽiŹleࡲ

zt iɽ intereɽtinǌ to ȇeep tracȇ oǉ tǠe perturŹationɽ applied࡫ ɽo 
that the differences between ensemble members can be ex-
plained by the sensitivity to the input parameters. A con-
trario࡫ earnier et al࢏ࠅࠀ߿ࠁࢎ ࡲ alɽo directlˊ perturŹ tǠe concentra-
tionɽ oǉ ŹioǌeocǠemical tracerɽ࡫ in ˁǠicǠ caɽe tǠe diǉǉerenceɽ 
between ensemble members can no longer be attributed to 
input parameters alone.

An ensemble of simulations is thus a way to obtain unbiased 
eˉpectationɽ࡫ deǉined aɽ a ǉirɽt࢚order ɽtatiɽtical moment࡫ Źut 
it also provides other higher order statistics as well. One sta-
tistic that is critical for data assimilation is the variance-co-
ʽariance matriˉ࡫ a ɽecond࢚order ɽtatiɽticࡲ zn particular࡫ tǠe 
statistics based on an ensemble can provide all empirical 
cross-covariances between observations and unobserved 
model ʽariaŹleɽ࡫ ˁǠicǠ are an eɽɽential inǌredient oǉ all data 
aɽɽimilation metǠodɽ ࢎ-arraɽɽi et alࡲ࢏ࠇࠀ߿ࠁ ࡫ࡲ

qoˁeʽer࡫ tǠe ʽariance and coʽariance eɽtimated ǉrom en-
sembles are sensitive to outliers and may be wrongly esti-
mated in case of ill-behaved ensembles. This is illustrated on 
Figure 9.17 with a synthetic example. Figure 9.17a shows the 
ɽcatterplot oǉ tˁo independent eauɽɽian ʽariaŹleɽ࡫ ˉ and ́࡫ 
tǠat diɽplaˊ a loˁ correlation࡫ aɽ eˉpectedࡲ þǠe eˉponential 
of these values in Figure 9.17b shows a negative relationship 
due to tǠe eˉponential ɽtretcǠinǌ oǉ randomlˊ ǠiǌǠ ʽalueɽ࡫ 
which is not desirable neither for interpretation nor for as-
similation. Figure 9.17c illustrates that the correlation can be 
very sensitive to the introduction of a single outlier. Figure 
9.17d shows that a clustered ensemble can make the correla-
tion artiǉiciallˊ ǠiǌǠ࡫ eɽɽentiallˊ maȇinǌ tˁo Ǡundred mem-
bers equivalent to a two-members ensemble only. 

9.2.5. Data assimilation systems

The assimilation of biogeochemical data into marine models 
aims at estimating the “true” value of biogeochemical quanti-
ties in real ocean ecosystems. These quantities are either key 
-paࢨ or ࢏tǠe pǠˊtoplanȇton Źiomaɽɽ ࡲǌࡲeࢎ oǉ tǠe ocean ࢩɽtateɽࢨ
rameters” characterising the functioning of the ecosystem (e.g. 
tǠe maˉimum pǠˊtoplanȇton ǌroˁtǠ rateࡲ࢏ þǠeˊ are eɽtimated 
by merging model guesses with field observations (e.g. model 
predictions and satellite observations of the phytoplankton 
Źiomaɽɽࡲ࢏ SucǠ merǌinǌ ˁeiǌǠtɽ tǠe errorɽ oǉ ŹotǠ tǠe model 
and tǠe oŹɽerʽation࡫ looȇinǌ ǉor tǠe ࢨtrueࢩ ʽalue tǠat ࢎideallˊ࢏ 
lies in their proximity. Operational oceanography aims at esti-
mating these “true” biogeochemical quantities to evaluate 
trends of ocean biogeochemistry in the past (in ocean biogeo-
cǠemiɽtrˊ reanalˊɽiɽ࡫࢏ or to ɽet initial ʽalueɽ ǉor ŹioǌeocǠemi-
cal model prediction in future forecasts.

The theory and methods behind data assimilation are described 
thoroughly in Chapter 4࡫ ˁǠile tǠe ŹioǌeocǠemical model com-
ponents have been described in the previous sections of this 
chapter. The following section provides a synthesis on how these 
ingredients can be combined in modern operational biogeo-
chemical systems. Comprehensive reviews of the subject were 
puŹliɽǠed recentlˊ Źˊ bennel et al࢏ࠈࠀ߿ࠁࢎ ࡲ and bord et alࡲ࢏ࠇࠀ߿ࠁࢎ ࡲ

9.2.5.1. Biogeochemical state and parameter estimation

Most of the modern BGC OOFS apply DA to improve model sim-
ulations of biogeochemical state variables rather than biogeo-
cǠemical parameterɽ ࢎbennel et alࡲ࢏ࠈࠀ߿ࠁ ࡫ þǠe main reaɽon ǉor 
this bias is the straighter link between model state variables 
and ecoɽˊɽtem indicatorɽ tǠat intereɽt end࢚uɽerɽ in tǠe polic  ́࡫
manaǌement࡫ and Źlue ǌroˁtǠ ɽectorɽࡲ bor eˉample࡫ tǠe ¡b-ɽ 
of the Copernicus Marine Service provide assimilative reanal-
ˊɽiɽ and ǉorecaɽtɽ oǉ nutrientɽ࡫ pǠˊtoplanȇton Źiomaɽɽ and 
oxygen concentrations (linked to coastal productivity and eu-
tropǠication࡫࢏ and ˁater aciditˊ ࢎpq࡫ linȇed to ocean acidiǉica-
tion and climate cǠanǌeࡲ࢏ �ll tǠeɽe ɽtate ʽariaŹleɽ are linȇed 
to tǠe SuɽtainaŹle 7eʽelopment eoal ࢎ ࠃࠀ�iǉe Źeloˁ ˁater࢏ 
and are targets of marine policy (e.g. the European Union Ma-
rine Strateǌˊ brameˁorȇ 7irectiʽeࡲ࢏

qoˁeʽer࡫ tǠe ʽariaŹleɽ tarǌeted Źˊ %e- 7� ɽˊɽtemɽ are not 
neceɽɽarilˊ aɽɽimilated into tǠe modelࡲ zn ǉact࡫ moɽt oǉ tǠe 
above-mentioned centres assimilate ocean colour chlorophyll 
onl  and none oǉ tǠem ࡫aɽ a proˉˊ oǉ pǠˊtoplanȇton Źiomaɽɽ ́࡫
assimilates pH. It is assumed that a non-assimilated variable 
can be corrected towards its true value since it is linked to the 
aɽɽimilated ̔ ariaŹle࡫ eࡲǌࡲ pq iɽ improʽed tǠrouǌǠ itɽ relation to 
the phytoplankton biomass via photosynthesis/respiration 
tǠat modiǉˊ diɽɽolʽed inorǌanic carŹon 7ࢎz-࢏ concentration 
and alȇalinitˊ in tǠe ˁater column࡫ and tǠuɽ p-¶ࠁ and pqࡲ 
These corrections of non-assimilated variables can happen 
directly in the assimilative analysis step when using multivar-
iate aɽɽimilation metǠodɽ ࢎ-iaʽatta et alࡲ࢏ࠀࠀ߿ࠁ ࡫ࡲ þǠeˊ can alɽo 
happen indirectly during the model simulation of the ecosys-
tem proceɽɽeɽ: in principle࡫ an improʽed eɽtimation oǉ tǠe 
phytoplankton biomass should quantify better the air-sea CO2 
ǉluˉeɽ and Ǡence tǠeir impact on pqࡲ qoˁeʽer࡫ tǠe improʽe-
ment of non-assimilated variables is a strong assumption that 
needs to be thoroughly verified via comparison with indepen-
dent dataɽetɽ ࢎɽee Section ࡲ࢏ࠅࡲࠁࡲࠈ

Some operational centres use BGC DA to estimate biogeo-
cǠemical model parameterɽ࡫ on tǠeir oˁn or concurrentlˊ 
with the model state variables (e.g. in a multivariate analysis 
conǉiǌurationࡲ࢏ bor eˉample࡫ tǠe �rctic ¡b- eɽtimateɽ rateɽ oǉ 
pǠˊtoplanȇton ǌroˁtǠ and mortalit  and tǠiɽ improʽeɽ tǠe ́࡫
simulation of the phytoplankton biomass that is a target 
ʽariaŹle oǉ tǠe operational ɽˊɽtem ࢎSimon et alࡲ࢏ࠄࠀ߿ࠁ ࡫ࡲ þǠe 
parameterɽ can Źe eɽtimated aɽ ʽariaŹleɽ in time and ɽpace࡫ 
to somehow represent the variability of the real system 
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which cannot be formulated in the mechanistic equations of 
tǠe modelࡲ bor eˉample࡫ tǠe ʽariaŹilitˊ oǉ tǠe pǠˊtoplanȇton 
species that are represented in biogeochemical models are 
oǉten ǉorced into ǉeˁ ǉunctional ǌroupɽࡲ zn practice࡫ tǠe ɽpa-
tial-temporal variability of a given biogeochemical parame-
ter iɽ oǉten repreɽented aɽ a random ʽariaŹle࡫ ˁitǠ predeǉined 
statistical distribution. Its fluctuations are computed through 
the minimization of a cost-function between model predic-
tion and ǉield oŹɽerʽationɽ oǉ a ɽtate ʽariaŹle࡫ ˁǠicǠ iɽ linȇed 
to the parameter and assimilated into the model. BGC DA for 
parameter estimation has an enormous potential to improve 
our underɽtandinǌ oǉ marine ecoɽˊɽtemɽ࡫ tǠeir model repre-
ɽentation࡫ and tǠe operational prediction oǉ tarǌet ʽariaŹleɽࡲ 
qoˁeʽer࡫ it iɽ alɽo cǠallenǌinǌ࡫ mainlˊ due to tǠe ɽcarcitˊ oǉ 
data to define realistic statistical distributions for the pa-
rameter variability and assess the reliability of the estimated 
parameter ǉluctuationɽࡲ ScǠartau et al࢏ࠆࠀ߿ࠁࢎ ࡲ proʽided an 
excellent review of these opportunities and challenges.

9.2.5.2. Assimilated observational products

Most of the modern BGC OOFS assimilate ocean colour Chla 
into tǠeir model ɽˊɽtemɽ ࢎbennel et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ þǠat iɽ Źecauɽe 
tǠiɽ ɽatellite product: i࢏ ɩuantiǉieɽ tǠe Źiomaɽɽ oǉ a central 
component oǉ ŹioǌeocǠemical modelɽ ࢎpǠˊtoplanȇtonࡷ࢏ ii࢏ 
proʽideɽ data tǠat are ǌenerallˊ ɽˊnoptic ࢎग߿߿ࠀ ȇm࡫࢏ ǠiǌǠ reɽ-
olution ࢎग߿߿ࠀ m࡫࢏ and ǉreɩuent ࢎगdailˊࡷ࢏ and iii࢏ Ǡaɽ a timelˊ 
and free access (e.g. through the Copernicus Marine Service; 
 tǠorouǌǠ diɽcuɽɽion on tǠe uɽe oǉ ocean colour in � ࡲ࢏20��
biogeochemical modelling and assimilation is provided in 
tǠe report oǉ tǠe z¶--e ࢎz¶--eࡲ࢏߿ࠁ߿ࠁ ࡫ qere it iɽ ˁortǠ men-
tioninǌ tǠat࡫ aǉter tǠe ɽeminal aɽɽimilation oǉ ocean colour 
Źˊ zɽǠi˖aȇa ࡫࢏߿ࠈࠈࠀࢎ ŹioǌeocǠemical reanalˊɽeɽ ˁere produced 
by assimilating ocean-colour total Chla in the global ocean 
 ࡫ࡲbontana et alࢎ in an ocean Źaɽin ࡫࢏ࠇ߿߿ࠁ ࡫erǌer and ereǌǌ¥ࢎ
 iaʽatta et-ࢎ and in coaɽtal and ɽǠelǉ࢚ɽeaɽ ecoɽˊɽtemɽ ࡫࢏ࠂࠀ߿ࠁ
alࡲ࢏ࠅࠀ߿ࠁ ࡫ࡲ ¡ore recent contriŹutionɽ include tǠe decadal 
global ocean ecosystem reanalyses by Ford and Barciela 
-oŹtained Źˊ aɽɽimilatinǌ diǉǉerent ocean colour prod ࡫࢏ࠆࠀ߿ࠁࢎ
uctɽ ǉor ࠆࠈࠈࠀ to ࡫ࠁࠀ߿ࠁ and tǠe one Źˊ ereǌǌ and Rouɽɽeauˉ 
ˁ ࡫࢏ࠈࠀ߿ࠁࢎ Ǡo eɽtimated ǌloŹal trendɽ oǉ primarˊ production Źˊ 
assimilating ocean colour for 1998-2015. Besides the well-es-
tablished assimilation of total Chla from ocean-colour (e.g. 
qu et al࡫࢏ࠁࠀ߿ࠁ ࡫ࡲ innoʽatiʽe applicationɽ Ǡaʽe aɽɽimilated ɽur-
face ocean colour products for: spectral diffuse attenuation 
coeǉǉicientɽ ࢎ-iaʽatta et al࡫࢏ࠃࠀ߿ࠁ ࡫ࡲ ɽi˖e࢚ǉractionated -Ǡla and 
á¶- ࢎĴiao and briedricǠɽ࡫࢏ࠃࠀ߿ࠁ ࡫ remote ɽenɽinǌ reǉlectance 
 and ŹotǠ pǠˊtoplanȇton ǉunctional tˊpe ࢏ࠅࠀ߿ࠁ ࡫ࡲ�oneɽ et alࢎ
-Ǡla and ɽpectral aŹɽorption ࢎ-iaʽatta et alࠇࠀ߿ࠁ ࡫ࡲ and ࡷࠈࠀ߿ࠁ 
Sȇaȇala et alࠇࠀ߿ࠁ ࡫ࡲ and ࡷ߿ࠁ߿ࠁ áradǠan et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ Surǉace 
data oǉ partial preɽɽure oǉ -¶ࢎ ࠁp-¶࢏ࠁ ǉrom ɽǠipɽ oǉ opportu-
nity were used in the reanalysis of air-sea CO2 fluxes in the 
ǌloŹal ocean ࢎĭǠile et alࡲ࢏ࠁࠀ߿ࠁ ࡫ࡲ 

20. https://marine.copernicus.eu/

%ioǌeocǠemical data are ɽparɽe ǉor tǠe ocean interior࡫ Źut 
they can be useful to constrain vertical gradients that are 
extremely important in the functioning of marine ecosys-
temɽࡲ bor eˉample࡫ ŹioǌeocǠemical ɽimulationɽ ˁere im-
proʽed Źˊ aɽɽimilatinǌ ʽertical oŹɽerʽationɽ oǉ nutrientɽ࡫ 
oˉˊǌen࡫ and p-¶ࠁ data at ǉiˉed ɽtationɽ ࢎ�llen et alࡷࠂ߿߿ࠁ ࡫ࡲ 
þorreɽ et alࡷࠅ߿߿ࠁ ࡫ࡲ eǠaramti et alࡲ࢏ࠆࠀ߿ࠁ ࡫ࡲ þǠe increaɽinǌ num-
ber of autonomous underwater vehicles and floats observing 
biogeochemistry in the global ocean is an opportunity for the 
development of operational oceanography (see also Section 
 þǠe aɽɽimilation oǉ ɽucǠ data in tǠe ˁater column can ࡲ࢏ࠁࡲࠁࡲࠈ
complement the assimilation of ocean colour at the surface of 
tǠe oceanࡲ bor eˉample࡫ ǌlider data oǉ -Ǡla and á¶- ˁere aɽ-
ɽimilated Źˊ �auǉman ࡫࢏ࠆࠀ߿ࠁࢎ ˁǠile Sȇaȇala et alࠀࠁ߿ࠁࢎ ࡲa࢏ aɽɽim-
ilated glider Chla and oxygen data along with ocean colour data 
in an operational model of the European North West Shelf 
Seaɽࡲ Recentl  tǠe aɽɽimilation oǉ %e-࢚�rǌo ǉloat data led to ́࡫
improvements in the simulation of subsurface biogeochemis-
trˊ in reǌional ɽeaɽ ࢎĪerdˊ and ¡a˖loǉǉࡷࠆࠀ߿ࠁ ࡫ ĭanǌ et al࡫࢏߿ࠁ߿ࠁ ࡫ࡲ 
aɽ ˁell aɽ in tǠe ǌloŹal ocean ࢎ-arroll et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ ¶SSE analˊ-
ses have shown the potential of improving the ocean biogeo-
chemical simulations by combining the assimilation of the 
planned ߿߿߿ࠀ %e-࢚�rǌo ǉleet ˁitǠ ocean colour aɽɽimilation࡫ 
ˁitǠ ŹotǠ ʽariational data aɽɽimilation metǠodɽ ࢎbord࢏ࠀࠁ߿ࠁ ࡫ 
and ɽtocǠaɽtic enɽemŹle approacǠeɽ ࢎeermineaud et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ 
The Mediterranean MFC pioneered the assimilation of the 
%e-࢚�rǌo ǉloat ǉor operational oceanoǌrapǠˊ ࢎ-oɽɽarini et al࡫ࡲ 
-þǠiɽ application iɽ demonɽtratinǌ remarȇaŹle adʽantaǌ ࡲ࢏ࠈࠀ߿ࠁ
es for the prediction of the subsurface phytoplankton dynam-
icɽ and ŹioǌeocǠemiɽtr  ˁitǠ reɽpect to tǠe aɽɽimilation oǉ ́࡫
ocean colour alone. It also pointed out the current main chal-
lenǌeɽ in uɽinǌ tǠe %e-࢚�rǌo ǉloat data operationallˊ: i࢏ tǠe 
aʽailaŹilitˊ oǉ ɩualitˊ࢚controlled data in near࢚real timeࡷ ii࢏ tǠe 
relatiʽelˊ loˁ numŹer oǉ ǉloatɽ aʽailaŹle currentl -ˁǠicǠ im ́࡫
plies that the impact of their assimilation is spatially con-
ɽtrainedࡷ and iii࢏ potential Źiaɽeɽ Źetˁeen tǠe aɽɽimilated ǉloat 
and satellite data (e.g. the Chla concentrations derived for re-
mote ɽenɽitiʽe reǉlectance and in࢚ɽitu ǉluoreɽcenceࡲ࢏

9.2.5.3. Biogeochemical data assimilation methods

The general theory and application of data assimilation meth-
ods were presented in Chapter 5. For the assimilation of bio-
ǌeocǠemical data࡫ current operational ɽˊɽtemɽ are uɽinǌ tˁo 
metǠodɽ ࢎbennel et alࡷࠈࠀ߿ࠁ ࡫ࡲ ¡oore et al࢏ࠈࠀ߿ࠁ ࡫ࡲ:

a. EnɽemŹle metǠodɽ࡫ ˁǠicǠ uɽe an enɽemŹle oǉ ocean 
model simulations or states to represent the evolution 
of the physical and biogeochemical state variables and 
their uncertainty.

b. Īariational metǠodɽ࡫ ˁǠicǠ correct tǠe model ɽimu-
lation towards the observation by minimising the dif-
ferences between the observation and the model esti-
mate of the variable.
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Hybrid ensemble/variational assimilation methods have been 
applied ɽucceɽɽǉullˊ ˁitǠ pǠˊɽical ocean modelɽ ࢎeࡲǌ࡫ࡲ Storto 
et al࢏ࠇࠀ߿ࠁ ࡫ࡲ and are currentlˊ Źeinǌ deʽeloped ǉor tǠe aɽɽimi-
lation of biogeochemical data in operational systems of the 
Copernicus Marine Service (EU H2020 SEAMLESS project: 🔗21ࡲ࢏ 

There is no “best” method for the assimilation of biogeo-
cǠemical dataࡲ þǠe cǠoice dependɽ mainlˊ on: i࢏ tǠe tarǌet 
ʽariaŹle ࢎor parameter࢏ oǉ tǠe aɽɽimilatiʽe ɽimulationࡷ ii࢏ 
tǠe data Źeinǌ aɽɽimilatedࡷ and iii࢏ tǠe computational re-
ɽourceɽ࡫ ˁǠicǠ can Źecome a maǿor iɽɽue ˁǠen uɽinǌ Źio-
geochemical models with a large number of variables. For 
eˉample࡫ an enɽemŹle metǠod miǌǠt Źe preǉeraŹle iǉ tǠe 
tarǌet ʽariaŹle ࢎeࡲǌࡲ nitrate࢏ iɽ diǉǉerent ǉrom tǠe aɽɽimilat-
ed ʽariaŹle ࢎeࡲǌࡲ ocean colour -Ǡla࢏ Źecauɽe one can eˉploit 
multivariate analyses that take the dynamical model error 
covariances into account. If the number of CPUs is a con-
cern࡫ eǉǉicient ʽariational metǠodɽ miǌǠt Źe tǠe Źeɽt 
cǠoice࡫ iǉ adeɩuate inǉormation aŹout tǠe model error co-
variances is available.

�ɽ ǉar aɽ enɽemŹle metǠodɽ are concerned࡫ ɽince tǠe intro-
duction oǉ tǠe oriǌinal En�b ࢎEʽenɽen࡫࢏ࠃࠈࠈࠀ ࡫ diǉǉerent ǉlaʽourɽ 
oǉ tǠe ǉilter Ǡaʽe Źeen deʽeloped ࢎĪetra࢚-arʽalǠo et al࢏ࠇࠀ߿ࠁ ࡫ࡲ 
and applied with operational biogeochemical systems (Fennel 
et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ bor eˉample࡫ ŹotǠ tǠe reanalˊɽiɽ ɽˊɽtem oǉ tǠe 
�rctic ¶cean ࢎSimon et al࢏ࠄࠀ߿ࠁ ࡫ࡲ and tǠe operational ɽˊɽtem oǉ 
tǠe ereat %arrier Reeǉ ࢎ�oneɽ et al࢏ࠅࠀ߿ࠁ ࡫ࡲ uɽe tǠe 7En�b ࢎSaȇoʽ 
and ¶ȇeࡲ࢏ࠇ߿߿ࠁ ࡫ zn tǠe %altic ¡b-࡫ ˁorȇ iɽ in proǌreɽɽ to applˊ 
tǠe local ESþ�b ࢎ¥erǌer et al࡫࢏ࠁࠀ߿ࠁ ࡫ࡲ ˁǠile tǠe eloŹal ¡b- iɽ 
Źaɽed on tǠe SEE� ࢎáǠam et alࡲ࢏ࠇࠈࠈࠀ ࡫ࡲ qoˁeʽer࡫ tǠe propaǌa-
tion of an ensemble of model states implies a high computa-
tional cost. To ensure that the EnKFs perform adequately with 
aǉǉordaŹle enɽemŹle ɽi˖eɽ ࢎiࡲeࡲ Źetˁeen ߿ࠀ and ࡫࢏߿߿ࠁ practical 
adaptations like “localization” have been adopted (Houteka-
mer and ¡itcǠellࡲ࢏ࠇࠈࠈࠀ ࡫ �ocali˖ation approacǠeɽ correct tǠe 
model simulation towards the observation just around the 
point where the observation was taken. “How much around” 
-dependɽ alɽo on tǠe ɽpatial ʽari ࢏tǠe locali˖ation ɽcale ࡲeࡲiࢎ
ability of the variable that is observed.

Examples of variational methods for biogeochemistry used 
by some operational centres include: the 3D-Variational as-
similative system for the European North West Shelf Seas 
 ࡷࠈ߿߿ࠁ ࡫ࡲoǌenɽen et al¡ࢎ uɽinǌ ¥E¡¶Īar ࢏ࠇࠀ߿ࠁ ࡫ࡲSȇaȇala et alࢎ
ĭaterɽ et al࢏ࠄࠀ߿ࠁ ࡫ࡲ and ǉor tǠe ¡editerranean Sea uɽinǌ 
 7࢚Īariationalࠃ tǠe ࡷ࢏ࠈࠀ߿ࠁ and ࠃࠀ߿ࠁ ࡫ࡲþeru˖˖i et alࢎ 7Īar%ioࠂ
ɽˊɽtem oǉ tǠe --S ࢎSonǌ et alࡲ࢏ࠅࠀ߿ࠁ ࡫ࡲ zn all tǠe aŹoʽe caɽeɽ࡫ 
tǠe aɽɽimilated ʽariaŹle iɽ ocean colour -Ǡla concentrationɽ࡫ 
but a limited number of other model variables are also up-
dated by means of functional links such as background Ch-
la-to-nutrients ratios of the phytoplankton cells.

21. https://seamlessproject.org/

A particular issue for biogeochemical data assimilation meth-
ods is the non-Gaussianity of the distributions of the biogeo-
cǠemical ʽariaŹleɽ ࢎ-ampŹell࡫࢏ࠄࠈࠈࠀ ࡫ ˁǠicǠ iɽ related to tǠe 
non࢚linearitˊ oǉ tǠe ecoɽˊɽtem proceɽɽeɽࡲ zn ǉact࡫ moɽt oǉ tǠe 
traditional methods assume that these distributions are 
eauɽɽianࡲ þǠe uɽe oǉ loǌaritǠm oǉ tǠe concentrationɽ࡫ in par-
ticular ǉor -Ǡla aɽɽimilation ࢎ¥erǌer and ereǌǌ࢏ࠆ߿߿ࠁ ࡫ and 
eauɽɽian anamorpǠoɽiɽ ࢎ%ertino et al࡫࢏ࠂ߿߿ࠁ ࡫ࡲ Ǡaɽ Źeen 
demonstrated to handle the issue by bringing distributions 
closer to Gaussian before the assimilation of the data. This 
approach is currently exploited in operational systems of the 
-opernicuɽ ¡arine Serʽice࡫ eࡲǌࡲ in tǠe centreɽ ǉor tǠe Europe-
an ¥ortǠ ĭeɽt SǠelǉ Seaɽ࡫ �rctic and eloŹal oceanɽ ࢎSimon et 
alࡷࠄࠀ߿ࠁ ࡫ࡲ Sȇaȇala et alࡷࠇࠀ߿ࠁ ࡫ࡲ �amourouˉ et al࡫ࡲ in prepࡲ࢏ࡲ

9.2.5.4. Current challenges and opportunities

State-of-the-art operational centres are using BGC DA to pro-
vide better model output products to their users. It is expect-
ed that this use will expand further in the future thanks to 
current research and developments that are addressing the 
BGC DA challenges and opportunities described below (see 
alɽo bennel et al࡫ࠈࠀ߿ࠁ ࡫ࡲ and tǠe Eč q߿ࠁ߿ࠁ SE�¡�ESS proǿect  
-ɽpeciǉicallˊ dedicated to tǠe adʽancement oǉ opera ࢏22��)
tional ŹioǌeocǠemical data aɽɽimilation ɽˊɽtemɽࡲ࢏

%eǉore applˊinǌ anˊ %e- 7� metǠod࡫ tǠe pǠˊɽical࢚ŹioǌeocǠem-
ical modelɽ at Ǡandɽ need to Źe improʽed aɽ mucǠ aɽ poɽɽiŹle࡫ 
eࡲǌࡲ tǠrouǌǠ implementation oǉ tǠe moɽt releʽant proceɽɽeɽ࡫ 
improʽed parameteri˖ationɽ࡫ corroŹoration oǉ eɩuationɽ࡫ and 
ɽimulation Źˊ uɽinǌ laŹoratorˊ and ǉield dataࡲ zn ǉact࡫ Źioǌeo-
chemical data assimilation cannot fix (and actually might dete-
riorate࢏ anˊ ɽˊɽtematic ǉlaˁ oǉ tǠe applied ecoɽˊɽtem modelɽ 
ࡲ࢏ࠀࠀ߿ࠁ ࡫ࡲiaʽatta et al-ࢎ

It is expected that the integrated assimilation of data from 
the expanding fleets of in-situ autonomous observing sys-
tems (e.g. BGC-Argo floats in the open ocean and gliders in 
ɽǠelǉ࢚ɽeaɽ and coaɽtal areaɽ࡫࢏ alonǌ ˁitǠ tǠe traditional ɽur-
ǉace ocean colour data࡫ ˁill maȇe poɽɽiŹle to conɽtrain Źetter 
a larger number of model variables and parameters of opera-
tional modelɽ ࢎ-oɽɽarini et alࡷࠈࠀ߿ࠁ ࡫ࡲ Sȇaȇala et alࠀࠁ߿ࠁ ࡫ࡲaࡲ࢏

zn current applicationɽ࡫ tǠe aɽɽimilation oǉ pǠˊɽical data into 
ecosystem models can cause the deterioration of the bio-
geochemical simulations due to the breaking of physical bal-
ances and of their consistency with the biogeochemical 
ǉieldɽ ࢎ�nderɽon et alࡲ࢏߿߿߿ࠁ ࡫ࡲ zn modelɽ oǉ tǠe eɩuatorial 
ocean࡫ tǠe aɽɽimilation oǉ temperature and ɽalinitˊ proǉileɽ࡫ 
or ɽea ɽurǉace ǠeiǌǠt࡫ can perturŹ tǠe Źalance Źetˁeen preɽ-
ɽure ǌradientɽ and tǠe ˁind ɽtreɽɽ࡫ ǌeneratinǌ unoŹɽerʽed 
currentɽ and ɽpuriouɽ ʽertical ʽelocitieɽ ࢎĭaterɽ et alࡷࠆࠀ߿ࠁ ࡫ࡲ 
áarȇ et alࡲ࢏ࠇࠀ߿ࠁ ࡫ࡲ zn turn࡫ tǠiɽ can reɽult in unrealiɽtic upˁell-

22. www.seamlessproject.org
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ing of nutrients and excessive recreation of the water col-
umn࡫ deterioratinǌ ŹioǌeocǠemical model productɽ ࢎeࡲǌࡲ oˉ-
ˊǌen and primarˊ productionࡲ࢏ þǠe comŹined aɽɽimilation oǉ 
physical and biogeochemical data is a promising approach to 
addreɽɽ tǠe aŹoʽe iɽɽue࡫ and preɽerʽe tǠe conɽiɽtencˊ Źe-
tween the physical and biogeochemical simulations (Ander-
ɽon et alࡷ߿߿߿ࠁ ࡫ࡲ ¶urmiưreɽ et alࡷࠈ߿߿ࠁ ࡫ࡲ Sonǌ et alࡷࠅࠀ߿ࠁ ࡫ࡲ ĵu et 
alࡲ࢏ࠇࠀ߿ࠁ ࡫ࡲ čɽinǌ Źio࢚optical moduleɽ࡫ ˁǠicǠ proʽide ǉeedŹacȇ 
from biology to ocean physics in “two-way” coupling interac-
tionɽ࡫ modelɽ are eˉpected to preɽerʽe eʽen Źetter ɽucǠ con-
ɽiɽtenc -in ŹotǠ ɽimulation and aɽɽimilation ɽtepɽ oǉ opera ́࡫
tional ɽˊɽtemɽ ࢎSȇaȇala et alࠀࠁ߿ࠁ ࡫ࡲŹࡲ࢏ þǠe opportunitˊ ǉor tǠe 
combined assimilation of physical and biogeochemical data 
is increasing along with the growing number of BGC-Argo floats 
and gliders mounting multivariate sensors in the ocean (Ska-
ȇala et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ

The steady expansion of computing capability will facilitate 
the use of ensemble methods (including hybrid ensem-
Źle࢚ʽariational metǠodɽ࢏ to Źetter repreɽent tǠe dˊnamicɽ oǉ 
tǠe ŹioǌeocǠemical model errorɽࡲ ¥eʽertǠeleɽɽ࡫ tǠiɽ eʽolu-
tion should be accompanied by the use of new stochastic 
ensemble generation methods that can represent the actual 
model uncertaintˊ ࢎSantana࢚balcon et al࡫࢏߿ࠁ߿ࠁ ࡫ࡲ and tǠe 
careful consideration of potential non-linearity/non-Gaussi-
anity issues that can weaken the applicability of traditional 
data aɽɽimilation metǠodɽࡲ þo addreɽɽ tǠeɽe iɽɽueɽ࡫ neˁ 7� 
metǠodɽ ɽucǠ aɽ particle ǉilterɽ ࢎʽan �eeuˁen࢏߿ࠀ߿ࠁ ࡫ Ǡaʽe 
been applied to coupled physical-biogeochemical models 
-and miǌǠt Źe uɽed in operational ɽˊɽ ࢏ࠂࠀ߿ࠁ ࡫ࡲattern et al¡ࢎ
tems in the future.

binallˊ࡫ �rtiǉicial zntelliǌenceࡸ¡acǠine �earninǌ metǠodɽ 
have supported data assimilation with geophysical models 
and will likely become relevant components of future oper-
ational biogeochemical data assimilation systems (Mattern 
et alࡲ࢏ࠁࠀ߿ࠁ ࡫ࡲ

9.2.6. Validation strategies 

The validation methodology is built upon four classes of met-
rics that have been defined by the GODAE/OceanPredict com-
munitˊ ࢎbiǌure ࢏߿ࠂࡲࠃ to monitor tǠe ɩualitˊ oǉ ocean analˊɽeɽ 
and ǉorecaɽtɽ in pǠˊɽicɽ ࢎSection ࢏ࠆࡲࠄ and are uɽed and ɽup-
ported by the broader biogeochemical community. These met-
rics gather a complete range of statistics and comparisons in 
ɽpace and time to properlˊ aɽɽeɽɽ tǠe conɽiɽtenc -repreɽen ́࡫
tatiʽeneɽɽ࡫ accurac  and roŹuɽtneɽɽ oǉ ocean ࡫perǉormance ́࡫
model outputs. They are classified as follows (for a more de-
tailed deɽcription ɽee qernande˖ et alࠈ߿߿ࠁ ࡫ࡲ and Chapter 4࢏:

• Class 1: metricɽ aim to proʽide a ǌeneral oʽerʽieˁ࡫ 
they are typically spatial maps or vertical profiles.
• Class 2: metrics correspond to virtual moorings or 
sections of the model domain.

• Class 3: metricɽ are deriʽed ɩuantitieɽ࡫ ɽucǠ aɽ in-
tegrated quantities.
• Class 4: metrics are model-observation match-ups 
products.

%aɽed on tǠiɽ metǠodoloǌˊ࡫ tǠe ʽalidation ɽtrateǌˊ oǉ Źio-
ǌeocǠemical operational ɽˊɽtemɽ conɽiɽtɽ oǉ tˁo pǠaɽeɽ: i࢏ 
tǠe near࢚real time eʽaluation oǉ tǠe ǉorecaɽt accuracˊࡷ and ii࢏ 
the delay mode evaluation of the model system. 

9.2.6.1. Near-real time evaluation

The NRT validation aims to provide information about the qual-
ity of the forecasts and relies on the availability of NRT observa-
tions (e.g. data from satellite and from autonomous underwater 
ɽenɽorɽ ɽucǠ aɽ %e-࢚�rǌo ǉloatɽ࡫ %e-࢚ǌliderɽ࡫ and moorinǌɽ 
eɩuipped ˁitǠ ŹioǌeocǠemical ɽenɽorɽࡲ࢏ � ʽalidation iɽ deǉined 
aɽ ɽemi࢚independent ࢎindependent࢏ ˁ Ǡen tǠe oŹɽerʽationɽ are 
 ࡲaɽɽimilated in a ɽeɩuence oǉ analˊɽiɽ and ǉorecaɽt cˊcleɽ ࢏notࢎ
zn ǉact࡫ an oŹɽerʽation ǉrom a continuouɽlˊ recordinǌ ɽenɽor࡫ 
eʽen iǉ not ́ et aɽɽimilated࡫ ɽǠareɽ ɽome leʽel oǉ correlation ˁ itǠ 
already assimilated observations from the same sensor.

The forecast validation is commonly based on temporal and 
spatial match-ups of forecast model outputs and observa-
tionɽ ࢎiࡲeࡲ e¶7�E -laɽɽ ࠃ metricɽ࡫࢏ and on tǠe computation oǉ 
statistical skill metrics such as average difference (also re-
ǉerred to aɽ aʽeraǌe miɽǉit or Źiaɽ࡫࢏ aʽeraǌe aŹɽolute diǉǉer-
ence࡫ R¡S 7iǉǉerence ࢎR¡S7࡫࢏ correlation indeˉ࡫ and model 
eǉǉiciencˊ ࢎStoˁ et alࡲ࢏ࠈ߿߿ࠁ ࡫ࡲ Sȇillǉulneɽɽ oǉ ǉorecaɽtɽ can Źe 
compared in terms of persistence (i.e. comparison with pre-
ʽiouɽ daˊ ǉorecaɽt࢏ or ˁitǠ ɽȇill perǉormance aǌainɽt a reǉer-
ence climatology. Skill statistics are often reported for vari-
ouɽ ǉorecaɽt lenǌtǠɽ ࢎiࡲeࡲ numŹer oǉ daˊɽ in tǠe ǉutureࡲ࢏ 

Two examples are presented in the following figures. Figure 
 ɽiˉ daˊɽ oǉ ǉorecaɽt and compare ࡫ɽǠoˁɽ model analˊɽiɽ ࠇࠀࡲࠈ
surface Chla model estimates to satellite observations for 
the European North West Shelf Seas system. Successive daily 
forecast values quickly diverge from the satellite product 
durinǌ ɽprinǌ and ɽummer montǠɽ࡫ ǠiǌǠliǌǠtinǌ tǠe ɽtronǌ 
effect of data assimilation during the production period. 
7urinǌ ˁinter࡫ tǠe ɽatellite coʽeraǌe decreaɽeɽ and tǠe ocean 
colour error increaɽeɽ࡫ inducinǌ a neǌatiʽe ǉorecaɽt Źiaɽࡲ

Figure 9.19 shows statistics for 1st and 6th forecast day in the 
Arctic Ocean. The onset of the spring bloom in the model is 
ɽiǌniǉicantlˊ delaˊed࡫ Źut ǉrom tǠe middle oǉ ¡aˊ onˁardɽ࡫ 
the model results are close to the observations. The quality 
barely changes as the length of the forecast period increas-
eɽ࡫ eˉcept durinǌ tǠe ɽprinǌ Źloom ࢎtǠe ǉirɽt ˁeeȇɽ oǉ tǠe 
time ɽerieɽ࢏ in ˁǠicǠ tǠe Źiaɽ iɽ ɽiǌniǉicantlˊ ɽmaller ǉor a 
ǉorecaɽt ranǌe oǉ one da  tǠe ࡫at tǠiɽ ɽtaǌe ࡫ɽuǌǌeɽtinǌ tǠat ́࡫
model is unable to support increased concentrations after 
the assimilation events.
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Figure 9.18. Time series of surface Chla concentration for European North West Shelf Seas average. Day 0 
iɽ tǠe analˊɽiɽ da  Satellite ocean colour ࡲare ǉorecaɽt daˊɽ ࠅ࢚ࠀ and daˊɽ ࡫ˁitǠ aɽɽimilation oǉ ɽatellite -Ǡla ́࡫
values are shown in red for comparison and error in the pink shaded area. The number of grid point matchups 
iɽ ɽǠoˁn in oranǌe ࢎǉrom ¡cEˁan et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ

Figure 9.19. Time series for bias and root mean 
ɽɩuare ࢎR¡S࢏ diǉǉerenceɽ Źetˁeen tǠe �rctic 
Ocean model system and ocean colour satel-
lite ǉor ࠀɽt ࢎtop࢏ and ࠅtǠ ࢎŹottom࢏ ǉorecaɽt da  ࡲ́
Statiɽticɽ are ǌiʽen ǉor tǠe ʽariouɽ reǌionɽ࡫ loǌ߿ࠀ 
transformation has been applied (from Melsom 
and ĵumruȇtepeࡲ࢏ࠀࠁ߿ࠁ ࡫

A different class of metrics can be used to evaluate the ca-
pacitˊ oǉ tǠe ǉorecaɽt ɽˊɽtem to reproduce ɽpecific eʽentɽ࡫ 
ɽucǠ aɽ alǌal Źloomɽࡲ zn tǠiɽ caɽe࡫ tǠe ɽȇill metricɽ are Źaɽed 
on a binary discriminator test with a threshold (i.e. greater or 
loˁer tǠan a ǌiʽen ʽalue oǉ -Ǡla concentration࢏ and a ˊeɽࡸno 
deciɽionࡲ bor eˉample࡫ tǠe R¶- ࢎ%roˁn and 7aʽiɽ࢏ࠅ߿߿ࠁ ࡫ com-
pares two independent information sets (i.e. forecast and 
oŹɽerʽation࢏ ˁitǠ reɽpect to a tǠreɽǠold ʽalueࡲ bor eacǠ cou-
ple oǉ ˊeɽࡸno deciɽionɽ tǠere are ǉour poɽɽiŹle outcomeɽ࡫ 
eitǠer correctlˊ poɽitiʽe or correctlˊ neǌatiʽe࡫ and tˁo model 
failures for incorrectly positive and incorrectly negative. Re-
sults of such metrics are plotted in contingent tables (Stow 
et alࡲ࢏ࠈ߿߿ࠁ ࡫ࡲ

An example of the use of the ROC to characterise Chla in 
termɽ oǉ eʽentɽ iɽ preɽented in biǌure ࡫߿ࠁࡲࠈ uɽinǌ tǠe ¡edi-
terranean Sea ɽˊɽtemࡲ þǠe tǠreɽǠold iɽ defined aɽ tǠe ࠄࠆtǠ 
percentile of surface concentration and identifies surface 
bloom occurrence.

Since biogeochemical variables are often not Gaussian dis-
tributed (e.g. surface Chla distribution resembles a log-nor-
mal denɽitˊ diɽtriŹution࡫࢏ ǉorecaɽt ɽȇill perǉormance metricɽ 
can be computed on log-transformed data or using non-para-
metric ɽtatiɽticɽ࡫ ǉor eˉample median oǉ tǠe miɽfit ࢎiࡲeࡲ model 
minuɽ oŹɽerʽation࢏ inɽtead oǉ Źiaɽ࡫ interɩuartile ranǌe oǉ tǠe 
miɽfitɽ inɽtead oǉ R¡S7࡫ and Spearman correlation inɽtead 
oǉ áearɽon oneࡲ qoˁeʽer࡫ ˁǠile data tranɽǉormation ࢎɽucǠ aɽ 
tǠe loǌ࢚tranɽǉormation࢏ preɽerʽeɽ tǠe ɽtatiɽtical roŹuɽtneɽɽ 
oǉ metricɽ࡫ it reɽultɽ in metric ʽalueɽ tǠat maˊ Źe diǉficult to 
underɽtand Źˊ uɽerɽ࡫ tǠuɽ reducinǌ tǠe Źenefit oǉ tǠe ʽalida-
tion inǉormation ࢎqernande˖ et alࡲ࢏ࠈ߿߿ࠁ ࡫ࡲ
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Figure 9.20. Time series of surface Chla concentration for European North West Shelf Seas average. Day 0 
iɽ tǠe analˊɽiɽ da  Satellite ocean colour ࡲare ǉorecaɽt daˊɽ ࠅ࢚ࠀ and daˊɽ ࡫ˁitǠ aɽɽimilation oǉ ɽatellite -Ǡla ́࡫
values are shown in red for comparison and error in the pink shaded area. The number of grid point matchups 
iɽ ɽǠoˁn in oranǌe ࢎǉrom ¡cEˁan et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ

Real time skill statistics are reported in web pages which are 
continuously updated (e.g. the validation dashboard of the Co-
pernicus Marine Service: 🔗23ࡲ࢏ zndeed࡫ time ɽerieɽ oǉ tǠe ʽali-
dation metrics monitor the quality of the operational biogeo-
chemical system and alert for quality degradation of the 
model outputs. Possible deviation from the nominal quality of 
tǠe ǉorecaɽt productɽ࡫ ˁǠicǠ iɽ ɽpecified in tǠe delaˊ mode 
ʽalidation࡫ miǌǠt Źe due to model ǉailure to capture ɽpecific 
eʽentɽ࡫ deǌradation oǉ upɽtream input data ࢎeࡲǌࡲ aɽɽimilated 
oŹɽerʽationɽ࡫࢏ model internal Źiaɽeɽ࡫ Źut alɽo to tǠe daˊ࢚to࢚
daˊ ˫uctuation in tǠe numŹer oǉ aʽailaŹle oŹɽerʽationɽࡲ

9.2.6.2. Delay mode evaluation

The DM validation conveys a more comprehensive and de-
tailed evaluation of the model capability to reproduce the 
spatial and temporal scales of variability of marine biogeo-
chemistry. DM validation assesses the reliability of the mod-
el reɽultɽ conɽiderinǌ tǠe uɽer needɽ and reɩuirementɽ࡫ 
measures the strengths and weaknesses of the model sys-
tem ǉor ǉuture deʽelopmentɽ࡫ and defineɽ tǠe nominal ɩual-
ity level to which the forecast skill performance can be com-
pared ࢎqernande˖ et alࡲ࢏ࠇࠀ߿ࠁ ࡫ࡲ 

9.2.6.2.1. Common graphical representations

Results of the model performances assessment are generally 
provided in a variety of graphical representations that can be 
complementarˊ eacǠ otǠer࡫ moɽt common repreɽentationɽ are:

23. https://pqd.mercator-ocean.fr/

• Spatial maps represent the spatial distribution of a 
ǌiʽen ʽariaŹle and ǠiǌǠliǌǠt tǠe modelࡶɽ aŹilitˊ to re-
produce ǌloŹal patternɽ࡫ ɽpatial ǌradientɽ࡫ and Źaɽin 
inter-difference. The bias and RMSD maps between pre-
dicted and observed values identify the regions of high 
and low model uncertainty. 

• Scatter plots compare the predicted values with the 
observed values in the form of a collection of pair-val-
ueɽ ࢎiࡲeࡲ pointɽ in a model ʽɽ oŹɽerʽation ǌrapǠࡲ࢏ zǉ tǠe 
pointɽ are coloured࡫ one additional inǉormation can Źe 
displayed. Scatterplots are useful to identify relation-
ships between the predicted and observed values. 

• Īertical profileɽ compare tǠe ʽertical ɽtructure oǉ tǠe 
predicted values with the observed values: surface val-
ueɽ࡫ ʽertical ǌradient࡫ and deep contentࡲ þǠe ɽǠape oǉ 
tǠe profileɽ ǌiʽeɽ indicationɽ oǉ tǠe pǠˊɽical and Źio-
geochemical dynamics at work.

• Time series graphs represent the evolution of predict-
ed values with the observed values as a function of time. 
Such representation allows analysis if temporal dynam-
icɽ ࢎɽucǠ aɽ ɽeaɽonal ̔ ariaŹilit ̔ interannual ́࡫ ariaŹilitˊ or 
trendɽ࢏ are captured Źˊ tǠe modelࡲ 

• qoʽmɃller diaǌramɽ are latitudeࡸlonǌitudeࡸdeptǠ ̔ er-
sus time diagrams displaying the evolution of a variable. 
They are more powerful than the time series graphs be-
cauɽe tǠeˊ oǉǉer an additional dimenɽion࡫ alloˁinǌ to 
study how models reproduce spatial or vertical dynamics 
over time.
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• Taylor diagrams display simultaneously information 
on model࢚oŹɽerʽationɽ ɽȇill ǉor tǠree metricɽ ࢎþaˊlor࡫ 
 ࡫tǠe R¡S7 ࢏ࠁ ࡫tǠe áearɽon correlation coeǉficient ࢏ࠀ :࢏ࠀ߿߿ࠁ
and ࢏ࠂ tǠe S7ࡲ R¡S7 and S7 are uɽuallˊ normaliɽed 
(RMSD and the model SD are divided by the SD of the 
oŹɽerʽationɽ࢏ to repreɽent all metricɽ ˁitǠ diǉǉerent 
unitɽ into a ɽinǌle diaǌram ࢎnormaliɽed þaˊlor diaǌramࡲ࢏ 
þǠe áearɽon correlation coeǉficient Źetˁeen tǠe model 
and the observations is given by the azimuthal position. 
The normalised SD is proportional to the radial distance 
from the origin. The normalised RMSD is proportional to 
the distance from the reference point. The observational 
reference is indicated along the x-axis and corresponds 
to the normalised SD and correlation equal to 1. Such di-
agrams are used to compare different model versions or 
to summarise the model performance for different vari-
aŹleɽ in a ɽinǌle and compact diaǌram ࢎ�olliǉǉ et alࡲ࢏ࠈ߿߿ࠁ ࡫ࡲ

9.2.6.2.2. Evaluation of different system versions

zn tǠe ǉrame oǉ tǠe continuouɽ improʽement principle࡫ anˊ 
upgraded and novel version of an operational biogeochemi-
cal system should show advancements with respect to the 
previous one in terms of model characteristics (e.g. addition 

oǉ neˁ modelled ʽariaŹleɽ and proceɽɽeɽ࢏ and ɩualitˊ oǉ tǠe 
results. Updates of model formulations and upstream input 
data contribute to reduce the system uncertainty with re-
spect to a standard skill performance framework allowing 
versioning comparison. Figures 9.21 and 9.22 show how met-
rics can be used to compare different versions of a system.

Figure 9.21 compares daily surface Chla for two model versions 
of the European North West Shelf Seas system using regional-
lˊ࢚aʽeraǌed time ɽerieɽ ࢎe¶7�E -laɽɽ ࠃ metricɽࡲ࢏ þǠe neˁ 
product ࢎĪࠀࠀ in biǌure ࢏ࠀࠁࡲࠈ iɽ conɽtrained Źˊ data aɽɽimilation 
ˁǠile tǠe preʽiouɽ product ࢎĪ߿ࠀ in biǌure ࢏ࠀࠁࡲࠈ ˁaɽ notࡲ þǠe 
new version shows a better match with satellites during the 
ǌroˁinǌ ɽeaɽon࡫ ˁitǠ loˁer ɽummer peaȇ and earlier ɽprinǌ 
Źloom࡫ altǠouǌǠ tǠere are diǉǉerenceɽ amonǌ reǌionɽࡲ 

zn biǌure ࡫ࠁࠁࡲࠈ tǠe þaˊlor diaǌram ɽummariɽeɽ tǠe ɩualitˊ im-
provement for different system versions of the Irish-Bis-
caˊ࢚zŹeria ¡b-ࡲ -Ǡla࡫ nutrientɽ࡫ oˉˊǌen࡫ and carŹon ʽariaŹleɽ 
are compared to ocean colour࡫ ĭ¶� and e�¶7�á ࢎe¶7�E -laɽɽ 
-þǠe eʽolution oǉ tǠe ɽˊɽtem ɽǠoˁɽ an improʽe ࡲ࢏metricɽ ࠃ
ment in almoɽt all ʽariaŹleɽ࡫ and particularlˊ in carŹon࢚relat-
ed variables. This improvement is due to more realistic initial 
and boundary conditions in the latest version of the system.

Figure 9.21. þime ɽerieɽ oǉ dailˊ ɽurǉace -Ǡla ǉor reǌionɽ oǉ tǠe European ¥ortǠ ĭeɽt SǠelǉ Seaɽ࡫ ǉrom tǠe 
neˁ product ࢎĪ࡫࢏ࠀࠀ tǠe preʽiouɽ ʽerɽion ࢎĪ࡫࢏߿ࠀ and ocean colour ɽatellite ࢎǉrom ¡cEˁan et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ
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Figure 9.22. Taylor diagram summarising the quality improvement of the operational system of the Irish-Bis-
caˊ࢚zŹeria ¡b- ࢎpart oǉ tǠe -opernicuɽ ¡arine Serʽiceࡲ࢏ 

9.2.6.2.3. Spatial and temporal evaluation

The DM validation is commonly built to test the pre-opera-
tional system for a medium/long simulation using higher 
quality observation datasets. They can include the same ob-
servation data of the NRT validation but characterised by a 
ǠiǌǠer ɩualitˊ cǠecȇ ࢎeࡲǌࡲ reproceɽɽed ocean colour product࢏ 
and an additional number of historical in-situ data collec-
tionɽ ࢎeࡲǌ࡫ ĭorld ¶cean 7ataŹaɽe࡫ S¶-�þ࡫ E¡¶7net data col-
lection࢏ tǠat࡫ Źecauɽe oǉ tǠe delaˊ mode ɩualitˊ cǠecȇ࡫ Źe-
come available a certain time after their acquisition time.

Chla derived from remote sensing is a major dataset for BGC 
OOFS. It is extensively used in DM validation to validate the 
spatial and temporal structures. Figure 9.23 shows the annu-
al average distribution of Chla from the model and satellite 
oŹɽerʽationɽ ࢎiࡲeࡲ e¶7�E -laɽɽ ࠀ metricɽࡲ࢏ þǠe larǌe࢚ɽcale 
ɽtructureɽ preɽent a ǌood aǌreement࡫ iࡲeࡲ tǠe main Źioǌeo-
ǌrapǠic proʽinceɽ oǉ �onǌǠurɽt ࢏ࠇࠈࠈࠀࢎ includinǌ oliǌotropǠic 
ǌˊreɽ ࢎloˁ leʽelɽ oǉ cǠloropǠˊll  in tǠe centre oǉ tǠe Źaɽinɽ࡫࢏ 
�ntarctic -ircumpolar -urrent࡫ tropical Źand࡫ Eaɽtern %ound-

arˊ čpˁellinǌɽ࡫ are ˁell reproduced7 ࡲiǉǉerenceɽ at tǠe re-
ǌional ɽpatial ɽcale are ǉound alonǌ tǠe eɩuatorial Źand࡫ in 
tǠe ɽoutǠern ǠiǌǠ latitudeɽ࡫ and in coaɽtal reǌionɽ aɽ ǠiǌǠ-
liǌǠted Źˊ tǠe ɽcatterplot ࢎbiǌure ࡲ࢏ࠃࠁࡲࠈ þǠe diɽtriŹution oǉ 
points shows good estimations in the open sea (for depths 
ǠiǌǠer tǠan ߿߿߿ࠀ m࢏ and undereɽtimationɽ in ɽǠalloˁ ˁaterɽ 
ࡲ࢏m ߿߿߿ࠀ ˁǠen ŹatǠˊmetrˊ iɽ loˁer tǠanࢎ

Seasonal cycle and interannual variability can be analysed 
uɽinǌ qoʽmɃller diaǌramɽࡲ biǌure ࠄࠁࡲࠈ ɽǠoˁɽ tǠe ɽeaɽonal 
cˊcle oǉ -Ǡla in tǠe ¥ortǠ �tlantic࡫ ǉrom tǠe eloŹal ¶cean 
system of the Copernicus Marine Service. The main features 
reproduced are: i࢏ a Źloom in ɽprinǌ ˁǠen tǠe miˉed laˊer࡫ 
ricǠ in nutrientɽ࡫ ɽǠoalɽ ࢎliǌǠt limitationࡷ࢏ ii࢏ a decreaɽe oǉ 
Chla concentration in summer due to a thin mixed layer very 
poor in nutrientɽ ࢎnutrient limitationࡷ࢏ iii࢏ a ɽecondarˊ Źloom 
in autumn when the mixed layer is deepening and nutrients 
are tranɽported in tǠe eupǠotic laˊerࡷ iʽ࢏ a period oǉ ˁeaȇ 
production ࢎliǌǠt limitation࢏ in ˁinterࡷ and ʽ࢏ a marȇed ɽea-
sonal cycle in the extension of the subtropical gyre (retraction 
in ˁinter and eˉtenɽion in ɽummerࡲ࢏ þǠe interannual ʽariaŹili-
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Figure 9.23. Annual mean of surface Chla averaged over the period 2009-2018 (mg Chl m-3ࡲ࢏ þop leǉt: modelࡲ 
Top right: satellite L4 observations. Bottom left: RMSD between model and satellite observations. Bottom right: 
loǌ Źiaɽ ࢎiࡲeࡲ mean diǉǉerence oǉ loǌ࢏ Źetˁeen model and oŹɽerʽationɽ ࢎǉrom �amourouˉ et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

Figure 9.24. Scatterplot comparison of 2018 
annual averaged surface Chla concentration for 
the model vs satellite observations. The colorbar 
repreɽentɽ tǠe ŹatǠˊmetrˊ ࢎm࡫࢏ ǉrom ɽǠalloˁ 
 þǠe ࡲ࢏darȇ Źlueࢎ to deep ˁater columnɽ ࢏elloˁˊࢎ
daɽǠed line iɽ tǠe line ࡫ࠀ:ࠀ tǠe plain line iɽ tǠe 
leaɽt ɽɩuare reǌreɽɽion fit ˁitǠin tǠe dataࡲ þǠe 
correlation coeǉficient R࡫ tǠe Źiaɽ࡫ tǠe R¡S7 ࢎre-
ǉerred to aɽ rmɽe࢏ and tǠe numŹer oǉ pointɽ ¥ are 
computed on the log10-transformed space (from 
�amourouˉ et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

ty of the south boundary of the oligotrophic gyre (i.e. the area 
Źetˁeen ߿ࠂॽ¥ to ߿ࠃॽ¥࢏ iɽ alɽo ˁell reproduced Źˊ tǠe modelࡲ

Long-term oceanographic monitoring stations are invaluable 
platforms to investigate temporal and spatial scales of BGC 
variability and assess BGC and ecosystem models. An exam-
ple iɽ tǠe %�þS in tǠe Sarǌaɽɽo Sea࡫ ɽituated in tǠe ¥ortǠ �t-
lantic subtropical gyre. Figure 9.26 compares the Chla mod-
elled and measured at this station. The model predicts 
reaɽonaŹlˊ ˁell tǠe ɽuŹɽurǉace -Ǡla maˉimum࡫ ˁitǠ concen-
trations slightly higher than in BATS data. The model catches 
tǠe ɽeaɽonal cˊcle࡫ ˁitǠ a Źloom durinǌ tǠe deepeninǌ oǉ tǠe 
miˉed laˊer in ˁ interࡲ zn ɽummer࡫ tǠe production in tǠe miˉed 
layer is more limited and is mainly due to the local reminer-
ali˖ation oǉ orǌanic matter ࢎreǌenerated productionࡲ࢏

Observations for a large number of variables are also avail-
able in historical in-situ collections (e.g. nutrients like ni-
trate࡫ pǠoɽpǠate࡫ ammonium࡫ ɽilicate࡫ ironࡷ and carŹonate 
ɽˊɽtem ʽariaŹleɽ liȇe diɽɽolʽed inorǌanic carŹon࡫ alȇalinitˊ࡫ 
pq࡫ p-¶࡫ࠁ Źiomaɽɽ ǉor pǠˊtoplanȇton and optical ɩuantitieɽ࢏ 
contributing to enrich the state validation framework em-
bracing multiple features of the biogeochemical model. 

Figure 9.27 presents a multivariate GODAE Class 1 quantitative 
compariɽon Źetˁeen model aʽeraǌe ʽertical profileɽ and tǠe 
reǉerence E¡¶7net climatoloǌical profileɽ in tǠe ¥ortǠ ĭeɽt 
Mediterranean sub-basin. The model reproduces the average 
ʽalueɽ and ɽǠape oǉ tǠe profileɽࡷ modelled profileɽ are ˁitǠin 
tǠe ranǌe oǉ ʽariaŹilitˊ oǉ tǠe climatoloǌical profileɽࡲ
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Figure 9.25. qoʽmɃller diaǌram ࢎlatitude ʽerɽuɽ time࢏ oǉ ɽurǉace -Ǡla concentration on ࠇࠀ߿ࠁ࢚ࠈ߿߿ࠁ period 
computed ˁitǠ montǠlˊ mean fieldɽࡲ þop: modelࡲ %ottom: ɽatellite oŹɽerʽationɽ ࢎǉrom �amourouˉ et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

Figure 9.26. qoʽmɃller diaǌram ࢎdeptǠ ʽerɽuɽ time࢏ oǉ -Ǡla concentration ࢎmǌ -Ǡl ࡲm࢚࢏ࠂ in tǠe laˊer ߿߿ࠂ࢚߿ 
m at %�þS ɽtation࡫ oʽer tǠe period ࡲࠆࠀ߿ࠁ࢚ࠇ߿߿ࠁ þop: modelࡲ %ottom: Źottle data at %�þS ɽtation ࢎǉrom �amou-
rouˉ et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ
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Figure 9.27. -ompariɽon Źetˁeen ˁeeȇlˊ ࢎǌreˊ lineɽ࢏ and annual ࢎŹlacȇ lineɽ࢏ ʽertical profileɽ ǉrom tǠe model 
run ǉor ¥ortǠ ĭeɽt ¡editerranean ɽuŹ࢚Źaɽin in ࢎ ࠈࠀ߿ࠁpart oǉ tǠe -opernicuɽ ¡arine Serʽice࢏ and climatoloǌical 
profileɽ oǉ nutrientɽ࡫ diɽɽolʽed oˉˊǌen࡫ and carŹon ʽariaŹleɽ retrieʽed or deriʽed ǉrom Emod¥Eþ dataɽet ࢎred 
dotɽ ǉor meanɽ and daɽǠed lineɽ ǉor ɽtandard deʽiationɽࢎ ࢏ǉrom Salon et alࡷࠈࠀ߿ࠁ ࡫ࡲ beudale et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ

9.2.6.2.4. Process-oriented evaluation

Besides the already mentioned direct skill error calculation 
-ɽpatial cor ࡲǌࡲeࢎ and pattern aɽɽeɽɽmentɽ ࢏R¡S7 ࡫Źiaɽ ࡲǌࡲeࢎ
relation Źetˁeen model and oŹɽerʽational mapɽ7 ࡫࢏¡ ʽali-
dation is enriched by process-oriented metrics (i.e. quanti-
ties derived from state variables that describe the results of 
particular proceɽɽeɽ࢏ and tǠeoretical deriʽed ɩuantitieɽ࡫ 
ɽucǠ aɽ ɽtoicǠiometric indicatorɽ ¥:á7 ࡫¶-:á¶-࡫ -Ǡla:á¶-࡫ 
ˁǠicǠ contriŹute to aɽɽeɽɽ tǠe fit࢚ǉor࢚purpoɽe oǉ tǠe model 
ǉunctioninǌࡲ �monǌ proceɽɽ࢚oriented metricɽ࡫ it iɽ ˁortǠ 
mentioning those deriving from the use of the continuously 
ǌroˁinǌ amount oǉ aʽailaŹle %e-࢚�rǌo ˫oatɽ and ǌlider pro-
fileɽࡲ ¡etricɽ are Źaɽed on tǠe deptǠ࡫ ɽlope࡫ and amplitude oǉ 
ɽeʽeral particular ŹioǌeocǠemical ǉeatureɽ࡫ ɽucǠ aɽ tǠe deep 
-Ǡla maˉimum࡫ nitracline࡫ and oˉˊǌen minimum ˖oneɽࡲ þǠeˊ 
are aɽɽociated ˁitǠ tǠe Źioloǌical carŹon pump࡫ tǠe air࢚ɽea 
-and proʽide an innoʽa ࡫oˉˊǌen leʽelɽ ࡫oceanic pq ࡫ˉu˫ ࠁ¶-
tive framework that evaluates the model capability to repro-
duce tǠe interaction oǉ pǠˊɽical ࢎeࡲǌࡲ ʽertical miˉinǌ࢏ and 

ŹioǌeocǠemical ࢎeࡲǌࡲ pǠˊtoplanȇton ǌroˁtǠ and uptaȇe࢏ pro-
ceɽɽeɽ tǠat ɽǠape ʽariaŹle ʽertical profileɽ ࢎSalon et alࡷࠈࠀ߿ࠁ ࡫ࡲ 
¡iǌnot et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ 

These metrics are currently used for DM validation but could 
also be easily implemented for NRT validation by routinely 
comparinǌ tǠe ǉorecaɽt ɽȇill ˁitǠ pre࢚operationallˊ defined 
seasonal benchmarks and thus highlighting possible anoma-
lieɽࡲ bor eˉample࡫ Salon et al࢏ࠈࠀ߿ࠁࢎ ࡲ uɽed ɽucǠ metricɽ to 
eʽaluate tǠe ɽˊɽtem oǉ tǠe ¡editerranean Sea ࢎbiǌure ࡫࢏ࠇࠁࡲࠈ 
ˁǠile ¡iǌnot et al࢏ࠀࠁ߿ࠁࢎ ࡲ applied tǠem to eʽaluate tǠe ɽˊɽ-
tem oǉ tǠe eloŹal ¶cean ࢎbiǌure ࠈࠁࡲࠈ and ࡫࢏߿ࠂࡲࠈ ŹotǠ part oǉ 
the Copernicus Marine Service. 

Figure 9.28 shows how the time evolution of the vertical pro-
files matches up with the observations as well as several 
ɩuantitatiʽe metricɽ alonǌ tǠe correɽpondinǌ ˫oat traǿectorˊ 
in the Mediterranean Sea. Temporal succession of the winter 
ʽerticallˊ miˉed Źloomɽ࡫ tǠe onɽet࡫ tǠe time eʽolution࡫ and 
tǠe deptǠ oǉ tǠe 7-¡࡫ ˁǠicǠ tˊpicallˊ eɽtaŹliɽǠeɽ durinǌ tǠe 
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Figure 9.28. þime eʽolution oǉ tˁo %e-࢚�rǌo ˫oatɽ in ¡editerranean Sea ǉor -Ǡla ࢎleǉt࢏ and nitrate ࢎriǌǠtࡲ࢏ a࢏: 
traǿectorˊ oǉ tǠe %e-࢚�rǌo ˫oatࡷ Ź࢏: qoʽmɃller diaǌramɽ ࢎdeptǠ ʽerɽuɽ time࢏ oǉ -Ǡla and nitrate concentration 
ǉrom ˫oat dataࡷ c࢏: model outputɽ matcǠed࢚up ˁitǠ ˫oat poɽitionࡲ ¡etricɽ ǉor model ࢎɽolid line࢏ and ˫oat data 
 correlation Źetˁeen ʽertical :࢏ǉ ࡷm ʽerticallˊ aʽeraǌed concentration ߿߿ࠁࢗ߿ :࢏e ࡷɽurǉace concentration :࢏d :࢏dotɽࢎ
profileɽࡷ ǌ࢏: deptǠ oǉ tǠe deep cǠloropǠˊll maˉimum ࢎŹlue࢏ and deptǠ oǉ tǠe miˉed laˊer Źloom in ˁinter ࢎred࢏ 
to tǠe leǉt࡫ and deptǠ oǉ tǠe nitracline ࠁࢎ calculation metǠodɽ࢏ to tǠe riǌǠt ࢎǉrom Salon et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ

ɽtratified ɽeaɽon࡫ are conɽiɽtent in tǠe ĭeɽtern ¡editerra-
nean Sea ࢎbiǌure ࡫ࠇࠁࡲࠈ leǉtࡲ࢏ þǠe analˊɽiɽ iɽ completed Źˊ -Ǡla 
profileɽ࡫ nitrate content࡫ and nitrate࢚Źaɽed metricɽ ࢎbiǌure 
ࢗtǠat alloˁ to eʽaluate tǠe ȇeˊ coupled pǠˊɽical ࢏riǌǠt ࡫ࠇࠁࡲࠈ
biogeochemical processes (i.e. water column nutrient con-
tent࡫ nitracline࡫ and eǉǉect oǉ ˁinter miˉinǌ and ɽummer 
ɽtratification on tǠe ɽǠape oǉ nitrate profileࡲ࢏ þǠe ɽǠape oǉ 
tǠe nitrate profile ࢎiࡲeࡲ correlation ʽalueɽ࡫࢏ tǠe temporal eʽo-
lution of the 0-200 m averaged values and of the nitracline 
depth are consistent for the selected float in the Eastern 
Mediterranean Sea.

biǌure ࠈࠁࡲࠈ compareɽ tǠe ɽeaɽonal time ɽerieɽ oǉ ¡�7࡫ ɽur-
ǉace -Ǡla࡫ࠂ¶¥ ࡫ Si and á¶ࠃ in tǠe ¥ortǠ �tlantic durinǌ tǠe 
-deriʽed ǉrom tǠe %e-࢚�rǌo ˫oatɽ oŹɽerʽa ࡫ࢩɽprinǌ Źloomࢨ
tions and from the Global Ocean system of the Copernicus 
Marine Service. The percent bias and percent RMSD are also 
represented for each metric. The model reproduces the sea-
ɽonal cˊcle oǉ ɽurǉace -Ǡla and nutrientɽ࡫ iࡲeࡲ tǠe timinǌɽ oǉ 
minima࡫ maˉima࡫ and tǠe onɽet oǉ tǠe Źloom࡫ tǠe ˁinter -Ǡla 
minimum and ˁinter nutrientɽ maˉimaࡲ qoˁeʽer࡫ tǠe ɽȇill 
metrics deteriorate in summer with the model underestimat-
ing Chla maximum and overestimating NO3 and PO4 minima. 

þǠe eloŹal ɽˊɽtem ɽȇill ǉor ࠁࠁ metricɽ ࢎ¡iǌnot et al࢏ࠀࠁ߿ࠁ ࡫ࡲ iɽ 
ɽummariɽed in tǠe þaˊlor diaǌram ࢎbiǌure ࡫࢏߿ࠂࡲࠈ ˁǠicǠ alloˁɽ 
for a rapid evaluation of strengths and weaknesses of a model 
ɽimulationࡲ bor inɽtance࡫ tǠe ǌloŹal model iɽ ɽȇilled at repro-
ducinǌ oˉˊǌen leʽelɽ࡫ cˊclinǌ oǉ nutrientɽ࡫ and 7z-࡫ Źut tǠe rep-
reɽentation oǉ -Ǡla࡫ á¶-࡫ ɽp-¶ࠁ and ɽpq needɽ to Źe improʽedࡲ 

binallˊ7 ࡫¡ ʽalidation can Źe enricǠed Źˊ additional leʽelɽ 
oǉ proceɽɽ and ɽˊɽtem ̔ alidation ࢎqipɽeˊ et alࡲ࢏߿ࠁ߿ࠁ ࡫ࡲ þǠeɽe 
aim to aɽɽeɽɽ tǠe model perǉormance࡫ to ɽimulate ǉluˉeɽ 
and rateɽ oǉ tranɽǉormation࡫ ˁǠicǠ driʽe cǠanǌeɽ in model 
ɽtate ʽariaŹleɽ࡫ and to ʽeriǉˊ emerǌent propertieɽ tǠat are 
not directly predictable by the choices made to build the 
model structure and formulations. Measuring time and 
ɽpace ʽariaŹilitˊ oǉ in࢚ɽitu ˫uˉeɽ iɽ diǉficult and ǠiǌǠlˊ re-
ɽource conɽuminǌ࡫ tǠuɽ tǠe liɽt oǉ metricɽ remainɽ reɽtrict-
ed to ǉeˁ ˫uˉeɽ࡫ ɽucǠ aɽ rate oǉ primarˊ production࡫ nutri-
ent uptaȇe࡫ ǌra˖inǌ rateɽ࡫ and ɽinȇinǌ oǉ orǌanic particleɽࡲ 
¥eʽertǠeleɽɽ࡫ tǠe ǌeneral confidence and fit࢚ǉor࢚purpoɽe in 
the underlying function of biogeochemical operational 
models can be increased by informing users about the un-
certainty of a wider range of processes featured in the 
model formulation.
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Figure 9.29. a࢏: traǿectorˊ oǉ a %e-࢚�rǌo ˫oat located in tǠe ¥ortǠ �tlanticࡲ þime ɽerieɽ deriʽed ǉrom tǠe 
%e-࢚�rǌo ࢎŹlue࢏ and tǠe model ɽimulation ࢎˊelloˁ࢏: Ź࢏: miˉed laˊer deptǠࡷ c࢏: ɽurǉace -Ǡlaࡷ dࡷ3¶¥ :࢏ e࢏: Siࡷ ǉ࢏: á¶4. 
bor eacǠ metric: ǌ࢏: ɽeaɽonal percent Źiaɽࡷ Ǡ࢏: percent R¡S7 ࢎǉrom ¡iǌnot et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ
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Figure 9.30. -ompariɽon oǉ %e-࢚�rǌo ˫oat oŹɽerʽationɽ and model ʽalueɽ ǉor ࠁࠁ metricɽ uɽinǌ a þaˊlor dia-
gram. The symbols correspond to the metrics and the colours represent the BGC processes with which they are 
aɽɽociated ࢎǉrom ¡iǌnot et alࡲ࢏ࠀࠁ߿ࠁ ࡫ࡲ

9.2.7. Output

The purpose of this section is to provide recommendations 
and guidelines about the dissemination of products and 
the delivery of services based on BGC OOFS. These recom-
mendations stem from the experience gained by some op-
erational oceanoǌrapǠˊ ɽerʽice centreɽ࡫ ˁǠicǠ deliʽer nu-
merical products and have collected users’ needs through 
tǠe Serʽice 7eɽȇ࡫ a ɽtructure dedicated to anɽˁer and man-
aǌe anˊ uɽer reɩueɽtࡲ ároductɽ and ɽerʽiceɽ࡫ ɽucǠ aɽ tǠe 
production࡫ preparation࡫ and deliʽerˊ oǉ operational ocean 
ǉorecaɽtɽ to uɽerɽ in ǉormɽ tǠat meet tǠeir needɽ࡫ are tǠe 
final ǌoal oǉ an ¶¶bSࡲ

9.2.7.1. Data formats

bolloˁinǌ tǠe communitˊ oǉ pǠˊɽical oceanoǌrapǠerɽ࡫ tǠe 
biogeochemical community has widely adopted the NetCDF 
format (🔗24࢏ and tǠe -b metadata conʽentionɽ ࢏25��ࢎ ǉor 
standard names and units. These standards are adopted by 
most operational oceanography actors (e.g. within GODAE 
¶ceanĪieˁ࡫࢏ includinǌ tǠe ǌroupɽ tǠat operate numerical 
ocean prediction ɽˊɽtemɽ࡫ and alɽo Źˊ moɽt oǉ tǠoɽe deliʽ-
ering services based on oceanic observations.

24. https://www.unidata.ucar.edu/software/netcdf/
25. https://cfconventions.org/
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9.2.7.2. Standard products

A BGC OOFS should offer users a reliable and easy access to 
ʽaluaŹle ocean inǉormation ࢎpaɽt࡫ preɽent࡫ and ǉorecaɽtࡲ࢏ EacǠ 
system operator should work to ensure that the following 
common ʽariaŹleɽ ࢎˁitǠ tǠeir acronˊm or ǉormula in Źracȇetɽ࢏ 
are produced in delayed-mode and real time bases:

• nitrate concentration [NO3ࢃ
• phosphate concentration [PO4ࢃ
• dissolved oxygen concentration [O2ࢃ
• cǠloropǠˊll࢚a concentration ࢂ-Ǡlaࢃ
• pǠˊtoplanȇton concentration ࢎeˉpreɽɽed aɽ carŹon࢏ 
ࢃ-áqĵࢂ
• net primary production of biomass (expressed as car-
Źonࢂ ࢏¥ááࢃ

zn addition to tǠe aŹoʽe ɽtandard productɽ࡫ operatorɽ ɽǠould 
alɽo maȇe aʽailaŹle tǠe ǉolloˁinǌ productɽ࡫ iǉ tǠeˊ are repre-
sented in the model:

• ɽilicate concentration ࢂSiࢃ
• iron concentration ࢂbeࢃ 
• ammonium concentration [NH4ࢃ 
• ˖ooplanȇton concentration ࢎeˉpreɽɽed aɽ carŹon࡫ maɽɽ࡫ 
or moleࢂ ࢏Z¶¶-ࢃ
• ábþɽ cǠloropǠˊll࢚a concentration ࢂábþɽࢃ
• diɽɽolʽed inorǌanic carŹon concentration 7ࢂz-ࢃ 
• total alȇalinitˊ ࢂþࢃ���
• pq ࢂpqࢃ
• surface pCO2 [spCO2ࢃ
• air-sea CO2 ˫uˉ ࢂǉ-¶2ࢃ
• liǌǠt attenuation coeǉficient ࢂ�dࢃ
• pǠotoɽˊntǠetic pǠoton ˫uˉ ࢂá�Rࢃ
• eupǠotic laˊer deptǠ ࢂZEčࢃ
• ɽeccǠiࡼdeptǠࡼoǉࡼɽeaࡼˁater ࢂZS7ࢃ

Model data are usually archived in the units specified by 
tǠe znternational Sˊɽtem oǉ čnitɽ ࢎSz čnitɽ࡫࢏ Źeinǌ mole per 
cubic metre (symbol mol m-3࢏ ǉor concentration in ɽeaˁaterࡲ

9.2.7.3. Data storage

The 2D or 3D concentrations of the modelled prognostics and 
diaǌnoɽticɽ ʽariaŹleɽ are ɽaʽed and ɽtored inɽtantaneouɽl  ́࡫
or aʽeraǌed oʽer ɽpecific time periodɽ ࢎdail ˁeeȇl ́࡫ -montǠ ́࡫
l  zt Ǡaɽ to Źe underlined tǠat to ɽtore outputɽ reɩuireɽ ࡲ࢏ࡲetc ́࡫
ɽuŹɽtantial computer diɽȇ ɽpace࡫ eɽpeciallˊ ǉor ŹioǌeocǠem-
ical models which can generate a lot of variables or derived 
quantities. This should be considered before the operational 
system is set up.

9.2.7.4. Other end-user products

¶tǠer data and inǉormation࡫ called ࢨend࢚uɽer productɽ࡫ࢩ can 
Źe deriʽed ǉrom or in addition to tǠe ɽtandard productɽ࡫ ˁitǠ 
the purpose of building indicators of the marine environ-
ment ǉor ˁater ɩualitˊ monitorinǌ࡫ pollution control ࢎeutro-
pǠication pǠenomena࡫࢏ ǉood ˁeŹ indicatorɽ࡫ etcࡲ

9.2.7.5. Applications

þǠe ɽcientific communitˊ Ǡaɽ identified ȇeˊ ʽariaŹleɽ and in-
dicators to evaluate current state and likely future condi-
tionɽ oǉ tǠe ocean࡫ ɽucǠ aɽ tǠe E¶Ī ࢎǉrom tǠe e¶¶S Eˉpert 
áanelɽ࢏ or tǠe ¶¡z  ࢎǉrom tǠe -opernicuɽ ¡arine Serʽiceࡲ࢏ 
¶ˉˊǌen࡫ cǠloropǠˊll࢚a࡫ primarˊ production࡫ nutrientɽ࡫ pq࡫ 
and -¶ࠁ air࢚ɽea ˫uˉ are monitored to ȇeep tracȇ oǉ ocean 
ǠealtǠ and cǠanǌeɽ࡫ alɽo to adʽiɽe tǠe policˊ maȇerɽࡲ þǠeɽe 
indicators provide important information also for ecosys-
tem࢚Źaɽed fiɽǠ manaǌement࡫ ɽuɽtainaŹle aɩuaculture࡫ and 
fiɽǠerieɽ reɽearcǠࡲ þǠe numŹer oǉ uɽerɽ oǉ %e- model prod-
ucts has been steadily increasing during the last years (Fig-
ure ࡫࢏ࠀࠂࡲࠈ ǠiǌǠliǌǠtinǌ tǠe ǌroˁinǌ intereɽt ǉor %e-ࡲ

9.2.8. Higher trophic levels modelling

ReɽearcǠeɽ Źˊ marine Źioloǌiɽtɽ࡫ ecoloǌiɽtɽ࡫ and fiɽǠerˊ ɽcien-
tists very often use a set of environmental variables to explain 
available observations for one species of interest and make pre-
dictions. Examples of frequently collected information include 
ǌeo࢚reǉerenced fiɽǠerˊ catcǠ data or acouɽtic࢚ deriʽed aŹun-
dance oǉ a fiɽǠ ɽpecieɽ࡫ ɽcientific ɽamplinǌ oǉ eǌǌɽ࡫ larʽae or ǿu-
ʽenileɽ࡫ ɽatellite tracȇinǌ oǉ indiʽidualɽ oǉ larǌe fiɽǠ࡫ ɽeaŹirdɽ࡫ 
turtleɽ or marine mammalɽ࡫ or ɽimplˊ ʽiɽual oŹɽerʽationɽ 
 þǠeɽe ɽtudieɽ are Źaɽed on tǠe correlation Źetˁeen ࡲ࢏ˁǠaleɽࢎ

Figure 9.31. Number of distinct users of BGC 
model products of the Copernicus Marine 
Service during the last years (courtesy of the 
Serʽice 7eɽȇࡲ࢏
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outputs of the statistical or mechanistic model developed using 
tǠe enʽironmental ʽariaŹleɽ and tǠe oŹɽerʽed ʽariaŹleɽ࡫ iࡲeࡲ tǠe 
presence or abundance of the studied species at a given stage of 
deʽelopmentࡲ Since tǠe relationɽǠipɽ are defined uɽinǌ oŹɽerʽa-
tions collected in a very dynamic environment with multiple 
ɽourceɽ oǉ ʽariaŹilitˊ in time and ɽpace࡫ it iɽ eɽɽential to uɽe en-
vironmental variables co-located with the observations. Howev-
er࡫ due to limitation in oŹɽerʽationɽ࡫ marine ɽcientiɽtɽ moɽt oǉ-
ten Ǡaʽe to aǌǌreǌate tǠeir data ɽetɽ to crude reɽolutionɽ࡫ eࡲǌࡲ Źˊ 
ɽeaɽon or ˊear in larǌe ǌeoǌrapǠical Źoˉeɽ࡫ or tǠeˊ reɽtrain tǠeir 
analˊɽeɽ to ɽatellite࢚deriʽed oceanic ʽariaŹleɽ࡫ ɽucǠ aɽ SSþ 
 and ɽea ɽurǉace ࡫࢏ࠁࠈࠈࠀ ɽinceࢎ SSq ࡫࢏ɽ߿ࠇࠈࠀ ˊaʽailaŹle ɽince earlࢎ
-Ǡla concentration ࢎɽince ࡲ࢏ࠇࠈࠈࠀ þǠe proʽiɽion oǉ tǠeɽe ɽatel-
lite-derived variables has generated large progress in the under-
standing of ecology and population dynamics of marine species. 
qoˁeʽer࡫ tǠere are ɽtill ɽome ǌapɽ in tǠe uɽe oǉ tǠeɽe ʽariaŹleɽ 
ǌiʽen tǠat: i࢏ ɽatelliteɽ meaɽure onlˊ tǠe ɽurǉace oǉ tǠe oceanࡷ 
and ii࢏ ɽurǉace -Ǡla iɽ a proˉˊ oǉ primarˊ production࡫ ˁ ǠicǠ iɽ not 
necessarily closely related to the upper trophic level animals 
tǠat ǉeed on ̟ ooplanȇton or larǌer orǌaniɽmɽ ࢎeࡲǌࡲ microneȇtonࡲ࢏ 
burtǠermore࡫ in tǠe deʽelopment pǠaɽe oǉ tǠeɽe orǌaniɽmɽ 
-tǠe ɽpatial and temporal correla ࡫࢏laɽtinǌ ǉrom daˊɽ to montǠɽࢎ
tion between primary production and these animals may be lost. 

¡odellinǌ toolɽ Ǡaʽe tǠe potential to fill tǠeɽe ǌapɽ࡫ Źˊ ɽim-
ulatinǌ tǠe marine ǉood ˁeŹ ˁitǠ primarˊ production࡫ ˖oo-
planȇton࡫ and microneȇton aɽ eɽɽential ʽariaŹleɽ to ɽupport 
qþࡲ� �ɽ eˉplained in Section ࡫ࠀࡲࠀࡲࠈ %e- and qþ� modelɽ are 
often separate models as they focus on different processes 
Źut %e- modelɽ can proʽide input ǉor qþ� modelɽ࡫ and tǠere 
are eˉampleɽ oǉ %e-࢚qþ� coupled modelɽ ࢎeࡲǌ࡫ࡲ �iŹralato and 
Solidoroࡷࠈ߿߿ࠁ ࡫ Roɽe et alࡷࠄࠀ߿ࠁ ࡫ࡲ �umont et al7 ࡷࠇࠀ߿ࠁ ࡫ࡲia˖ et 
alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ qoˁeʽer࡫ preɽentlˊ tǠe linȇ ࢎonlineࡸoǉ˫ine cou-
plinǌ࢏ iɽ neitǠer ɽtraiǌǠtǉorˁard nor ǉullˊ inʽeɽtiǌatedࡲ þǠuɽ࡫ 
HTL models currently must rely also on other sources of in-
put࡫ ɽucǠ aɽ ɽatellite and in࢚ɽitu data collectionࡲ 

-onnectionɽ࡫ cǠallenǌeɽ࡫ and eˉpectationɽ in Źridǌinǌ %e- 
and HTL modelling are discussed in the next subsections.

9.2.8.1. Essential variables

árimarˊ production࡫ ˖ooplanȇton࡫ and microneȇton are eɽ-
sential ecosystem variables for the development of applica-
tions directed to management and conservation of marine 
resources and its biodiversity. Primary production is the 
source of energy to low and mid-trophic level functional 
groups. Zooplankton are a crucial link between the primary 
producerɽ ࢎmainlˊ pǠˊtoplanȇton࢏ and tǠe microneȇton at 
tǠe mid࢚tropǠic leʽel oǉ tǠe marine ǉood ˁeŹ࡫ aɽ ˁell aɽ 
many mid-size pelagic species and some specialised large 
predatorɽ ࢎeࡲǌࡲ Źaleen ˁǠaleɽࡲ࢏ ¡icroneȇton iɽ defined Źˊ a 
ɽi˖e ranǌe Źetˁeen ࠀ and ߿ࠀ cm࡫ and include manˊ ɽpecieɽ oǉ 

fiɽǠ࡫ cruɽtaceanɽ and cepǠalopodɽ࡫ aɽ ˁell aɽ tǠe earlˊ liǉe 
ɽtaǌeɽ oǉ manˊ larǌer fiɽǠ ɽpecieɽࡲ þǠe microneȇton tǠat in-
habit permanently the lower mesopelagic depths (~ below 
 ǉeed on tǠe orǌanic matter ɽinȇinǌ in tǠe ˁater ࢏m߿߿ࠃ࢚߿߿ࠂ
columnࡲ �ll microneȇton orǌaniɽmɽ࡫ includinǌ tǠe ɽpecieɽ 
temporarilˊ occupˊinǌ tǠiɽ tropǠic leʽel and ɽi˖e ranǌe࡫ are 
the forage of larger marine species that have developed var-
ious skills to detect and feed on them. 

árimarˊ production࡫ ̟ ooplanȇton࡫ and microneȇton are tǠuɽ ȇeˊ 
inputɽ to inʽeɽtiǌate tǠe mecǠaniɽmɽ driʽinǌ fiɽǠ recruitment࡫ 
as well as movement and migration of oceanic predators.

9.2.8.2. Satellite-derived and in-situ observations

9.2.8.2.1. Primary production

þo eɽtaŹliɽǠ ˁǠicǠ mecǠaniɽmɽ control tǠe diɽtriŹution࡫ re-
cruitment࡫ and aŹundance oǉ larǌe oceanic eˉploited or pro-
tected ɽpecieɽ࡫ marine ɽcientiɽtɽ reɩuire a tǠree࢚dimenɽion-
al representation of the environment and not only surface 
observations as those provided by satellites. The existence 
of a deep Chla maximum (e.g. in tropical waters and the Arc-
tic࢏ iɽ a ǌood illuɽtration oǉ tǠe lacȇ oǉ adeɩuation Źetˁeen 
surface and subsurface. One possible solution for this prob-
lem is to extrapolate the satellite observations over the wa-
ter column according to some empirical models developed 
to eɽtimate ʽerticallˊ inteǌrated primarˊ production࡫ or ¥áá࡫ 
based on surface Chla and key variables (SST and solar radi-
ationࡲ࢏ þǠiɽ product proʽideɽ an eɽɽential ǉoundation to 
monitor ocean productiʽit  ࡫ʽariouɽ ˫aˁɽ remain ࡫qoˁeʽer ࡲ́
tǠere are caʽeatɽ ǉor ɽǠalloˁ ˁ aterɽ and tǠe �rctic࡫ aɽ ˁ ell aɽ 
diǉficultieɽ in reɽolʽinǌ perɽiɽtentlˊ cloudˊ reǌionɽࡲ qoˁeʽer࡫ 
primarˊ production can alɽo Źe proʽided Źˊ %e- modelɽ࡫ oǉ-
fering the better three-dimensional vision as opposed to the 
ɽatellite࢚Źaɽed eɽtimateɽ࡫ Źut tǠiɽ ɽolution iɽ ɽtill little uɽed 
although the improvements in BGC models (in particular 
tǠanȇɽ to tǠe uɽe oǉ data aɽɽimilation࢏ are promiɽinǌࡲ

9.2.8.2.2. Zooplankton

Zooplankton is certainly the variable on which have been de-
veloped the most advanced applications on larval recruit-
ment࡫ fiɽǠ ǠaŹitat࡫ dˊnamicɽ oǉ ɽmall and mid࢚ɽi˖e pelaǌic 
species as well as baleen whales. Despite decades of sam-
plinǌ eǉǉortɽ at ɽea࡫ ˖ooplanȇton oŹɽerʽationɽ remain limit-
ed to a few valuable long-term time series from oceano-
graphic stations and a partial global climatology from the 
compilation oǉ all aʽailaŹle data collected࡫ ˁǠicǠ repreɽentɽ 
a Ǡuǌe eǉǉort oǉ data ɽtandardiɽation ࢎ¡oriartˊ and ¶ࢫ%rien࡫ 
-onlˊ numerical modelɽ can proʽide tǠe ɽˊn ࡫þǠereǉore ࡲ࢏ࠂࠀ߿ࠁ
optic maps of zooplankton distributions needed by ecolo-
ǌiɽtɽ and fiɽǠerˊ ɽcientiɽtɽࡲ 
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9.2.8.2.3. Micronekton

¡icroneȇton ɽpecieɽ࡫ includinǌ a Ǡuǌe Źiomaɽɽ oǉ meɽope-
laǌic orǌaniɽmɽ࡫ are amonǌ tǠe larǌeɽt unȇnoˁnɽ in tǠe 
functioning of the global ocean ecosystem. This is a critical 
gap to understand the ecology of their predators for which 
there is a lot of interest in terms of resource management 
and conɽerʽationࡲ zn recent ˊearɽ࡫ climate cǠanǌe࡫ carŹon 
ɽtoraǌe in tǠe deep ocean࡫ and tǠe role oǉ diel ʽertical miǌra-
tion oǉ meɽopelaǌic ࢎand ˖ooplanȇton࢏ Ǡaʽe Źecome maǿor 
ɽcientific iɽɽueɽࡲ 

%ut࡫ eʽen more tǠan ǉor ˖ooplanȇton࡫ tǠe ɽparɽitˊ oǉ oŹɽer-
vations on a global scale and over time poses a real problem 
for modellers of higher trophic levels. The traditional ap-
proach for sampling micronekton is net trawling. Many stud-
ieɽ are ɽimplˊ ɩualitatiʽe deɽcriptionɽ oǉ ɽpecieɽ࡫ ɩuite oǉten 
used in combination with acoustic sampling to support the 
extrapolation of acoustic signal to biomass estimates. How-
eʽer࡫ Źiomaɽɽ Źaɽed on acouɽtic ɽamplinǌ࡫ eɽpeciallˊ ˁitǠ 
one ɽinǌle ǉreɩuenc -can Źe eaɽilˊ Źiaɽed Źˊ one or tˁo or ́࡫
der of magnitudes due to the very strong resonance (back-
ɽcatter࢏ oǉ ɽome orǌaniɽmɽ࡫ eࡲǌࡲ ǌelatinouɽ orǌaniɽmɽ con-
taininǌ ǌaɽ ŹuŹŹleɽ ࢎároud et al࢏ࠇࠀ߿ࠁ ࡫ࡲ or conʽerɽelˊ ʽerˊ 
ˁeaȇ reɽonance deɽpite larǌe Źiomaɽɽ࡫ eࡲǌࡲ fiɽǠ ˁ itǠout ɽˁim 
Źladder 7ࢎornan et alࡷࠈࠀ߿ࠁ ࡲ EɽcoŹar࢚bloreɽ et alࡲ࢏ࠈࠀ߿ࠁ ࡲ zn tǠe 
aŹɽence oǉ ɽuǉficient data coʽeraǌe࡫ relatiʽelˊ ɽimple model-
ling approaches are used to simulate these functional groups 
in a ǉood ˁeŹ model࡫ relˊinǌ on allometric ɽcale relation-
ɽǠipɽ࡫ firɽt macro࢚ecoloǌical principleɽ࡫ or ˫uˉeɽ Źetˁeen 
trophic boxes. 

9.2.8.3. Models of zooplankton and mid-trophic levels

9.2.8.3.1. Complexified BGC models

Improving resolution of primary production in BGC models 
Ǡelpɽ to ǌet Źetter ˖ooplanȇton predictionɽ࡫ altǠouǌǠ tǠe re-
lationship is not so straightforward. The reason is that in 
models the zooplankton component is used as the closure 
term of the biogeochemical cycles. To compensate for the 
lack in biogeochemical models of zooplankton predation by 
ǠiǌǠer tropǠic leʽelɽ࡫ a mortalitˊ ǉunction ˁitǠ a mortalitˊ 
rate increaɽinǌ rapidlˊ ࢎɩuadratic term࢏ iɽ uɽed to aʽoid nu-
merical instability at high levels of biomass. A high mortality 
rate is realistic in warm tropical waters but less for cold wa-
terɽ in ˁǠicǠ tǠe liǉeɽpan oǉ ˖ooplanȇton iɽ mucǠ lonǌer࡫ 
leading to high biomass persisting during fall. Underestimat-
ed zooplankton biomass can then have a cascading effect on 
the phytoplankton mortality. To address this issue in biogeo-
cǠemical modelɽ࡫ it maˊ Ǡelp tǠe addition oǉ a tropǠic leʽel 
ǉeedinǌ on ˖ooplanȇton࡫ eࡲǌࡲ tǠe microneȇton at tǠe interme-
diate tropǠic leʽel࡫ or a ɽimplified repreɽentation oǉ tǠe entire 
upper food web with a size spectrum approach (Zhou et al 
 eelatinouɽ orǌaniɽmɽ are alɽo increaɽinǌlˊ recoǌniɽed ࡲ࢏߿ࠀ߿ࠁ

as a key group in marine biogeochemical cycles as they need 
to be included to account for zooplankton mortality. A recent 
deʽelopment conɽiɽted in tǠe introduction oǉ a ǿellˊfiɽǠ ǉunc-
tional group in the biogeochemical model PLANKTOM (Wright 
et al࡫࢏ࠀࠁ߿ࠁ ࡫ࡲ ɽuǌǌeɽtinǌ tǠat it can Ǡaʽe a larǌe direct in˫u-
ence on the zooplankton as well as on the other groups 
tǠrouǌǠ tropǠic caɽcadeɽࡲ qoˁeʽer࡫ parameteriɽation oǉ 
physiological rates and validation of micronekton and jelly-
fiɽǠ carŹon Źiomaɽɽ are limited Źˊ tǠe deficit oǉ data on tǠeɽe 
ɽpecieɽࡲ ¡oreoʽer࡫ addinǌ mid࢚tropǠic leʽel compartmentɽ 
ˁould ɽtill increaɽe compleˉitˊ oǉ %e- modelɽ࡫ ˁǠicǠ are al-
ready complicated as including dozens of variables.

9.2.8.3.2. Spatially explicit models with transport

Models with less complexity and easier to parameterize can be 
used in the meantime. They are useful approaches comple-
mentarˊ to more compleˉ %e- modelɽ࡫ alloˁinǌ ǉaɽter teɽtinǌ 
ɽtudieɽ࡫ eࡲǌࡲ ǉor proceɽɽeɽ and neˁ ǉunctional ǌroupɽ࡫ ˁitǠ 
outputs providing useful intermediate benchmarks. These 
models do not include all the detailed biogeochemical cycles 
Źut ǉocuɽ on ǉood ˁeŹ ǉunctional ǌroupɽ࡫ ɽi˖e ɽpectrum࡫ or 
target species. The link with the lower trophic level can be as 
ɽimple aɽ an enerǌˊ tranɽǉer coeǉficient Źetˁeen primarˊ pro-
duction and each functional group. A key advantage of re-
duced complexity is the greater facility to implement quantita-
tive methods to estimate parameters using available 
oŹɽerʽationɽ࡫ ˁǠetǠer at ǌloŹal or reǌional leʽelࡲ ¥eʽertǠe-
leɽɽ࡫ ɽucǠ modelɽ ɽtill ɽimulate tǠe tranɽport Źˊ oceanic cur-
rentɽ࡫ eitǠer Źaɽed on adʽection࢚diǉǉuɽion eɩuationɽ liȇe tǠe 
ocean circulation and %e- modelɽ ࢎ¡aurˊ et alࡷࠆ߿߿ࠁ ࡫ࡲ �eǠodeˊ 
et al࡫࢏߿ࠀ߿ࠁ ࡫ࡲ or ˁitǠ mean tranɽǉerɽ Źetˁeen adǿacent ǌrid 
cellɽ and ǌeoǌrapǠical Źoˉeɽ ࢎ�ud˖iǿonˊte et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ þranɽ-
port can be also simulated using Lagrangian IBM approaches 
that keep track of individuals or meta-individuals character-
iɽed Źˊ indiʽidual ɽtate ʽariaŹleɽ ࢎˁeiǌǠt࡫ lenǌtǠ࡫ enerǌˊ ɽtor-
aǌe࡫ liǉe ɽtaǌe࡫ etc࢏ and ŹeǠaʽioural ruleɽࡲ qoˁeʽer࡫ due to 
computational coɽt࡫ tǠiɽ approacǠ iɽ ɽtill uɽuallˊ limited to 
reǌional domainɽ or ɽinǌle ɽpecieɽ 7ࢎe�nǌeliɽ and eroɽɽࡷࠁࠈࠈࠀ ࡫ 
-arlotti and ĭolǉࡷࠇࠈࠈࠀ ࡫ ¡iller et alࡷࠇࠈࠈࠀ ࡫ࡲ quɽe et alࡲ࢏ࠇࠀ߿ࠁ ࡫ࡲ 

9.2.8.3.3. Ecosystem food web and size spectrum models

Other modelling approaches are oriented towards a represen-
tation of the ecosystem food web to explore the interactions 
Źetˁeen fiɽǠerieɽ and eˉploited࡫ Źˊ࢚catcǠ࡫ or protected ɽpe-
cieɽ ࢎ-Ǡriɽtenɽen and ĭalterɽࡲ࢏ࠃ߿߿ࠁ ࡫ Zooplanȇton and 
mid࢚tropǠic leʽelɽ are oǉten defined Źˊ a ɽmall numŹer oǉ 
ǉunctional ǌroupɽ in tǠe ǉood ˁeŹ interactionɽࡲ þǠe diǉficultˊ 
comes from the rapid increase in the number of parameters as 
functional groups and species are added in the food web 
model. The increasing complexity in the network of connec-
tionɽ Źetˁeen tǠe numerouɽ ǌroupɽ࡫ ɽpecieɽ and ɽometimeɽ 
liǉe ɽtaǌeɽ oǉ ɽpecieɽ࡫ iɽ deʽeloped at eˉpenɽe oǉ tǠe ɽpatial 
description. A few approaches combine such complexity with 
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a ɽemi࢚ɽpatiallˊ eˉplicit repreɽentation࡫ iࡲeࡲ tǠrouǌǠ Źulȇ࢚tranɽ-
fer between geographical regions or cells from various sizes 
 þǠe ɽi˖e ɽpectrum iɽ an approacǠ ࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ�ud˖iǿonˊte et al ࡲǌࡲeࢎ
tǠat ɽtronǌlˊ ɽimplifieɽ tǠe ʽieˁ oǉ a marine ecoɽˊɽtemࡲ 

The size-based ecosystem modelling is a classical approach 
that is used to predict biomass distribution and size-structure 
oǉ marine conɽumerɽ ࢎɽee reʽieˁ in %lancǠard et alࡲ࢏ࠆࠀ߿ࠁ ࡫ࡲ �en-
ninǌɽ and -ollinǌridǌe ࢏ࠄࠀ߿ࠁࢎ Ǡaʽe deʽeloped tǠiɽ approacǠ at 
global scale. The model predicts rates and magnitudes of en-
erǌˊ ˫uˉ ǉrom primarˊ producerɽ to conɽumerɽ tǠat depend 
on primarˊ production࡫ tranɽǉer eǉficienc  ˊpredator and pre ́࡫
Źodˊ maɽɽ࡫ and temperatureࡲ %iomaɽɽ iɽ eɽtimated in tǠe ˁa-
ter column without considering the horizontal transport nor 
tǠe ʽertical ɽtructure࡫ and meɽopelaǌic communitieɽ are not 
eˉplicitlˊ modelledࡲ ¡aurˊ et al࢏ࠆ߿߿ࠁࢎ ࡲ Ǡaʽe deʽeloped a ɽim-
ilar size-spectrum approach but that also accounts for the in-
˫uence oǉ ɽpatial dˊnamicɽ and ʽertical diel miǌrationࡲ �u-
mont et al࢏ࠇࠀ߿ࠁࢎ ࡲ Ǡaʽe ǉullˊ coupled tǠiɽ latter model to a 
physical-biogeochemical model allowing to explore two-way 
interactions between lower and higher trophic levels of the 
pelaǌic ecoɽˊɽtemࡲ áetriȇ et alࠈࠀ߿ࠁࢎ ࡲ and ࢏߿ࠁ߿ࠁ Ǡaʽe propoɽed 
another approach that discretizes the size spectrum into a few 
ɽtaǌe࢚ɽtructured ǉunctional ǌroupɽ aɽ in 7e Rooɽ et alࡲ࢏ࠇ߿߿ࠁࢎ ࡲ 
Their demographic system at each spatial grid cell is forced 
oǉ˫ine Źˊ ̔ erticallˊ inteǌrated temperature࡫ ̔ erticallˊ inteǌrat-
ed ˖ooplanȇton Źiomaɽɽ concentrationɽ and mortalitˊ loɽɽeɽ࡫ 
Źottom temperature࡫ and detrital ˫uˉeɽ࡫ Źut tǠere iɽ no tranɽ-
port or fiɽǠ moʽementࡲ 

There is no simple solution to model end-to-end ocean eco-
ɽˊɽtemɽ ࢎbulton࢏߿ࠀ߿ࠁ ࡫ Źut ʽariouɽ approacǠeɽ tǠat re˫ect 
tǠe diǉǉerent ɽcientific ɩueɽtionɽ tǠat are inʽeɽtiǌatedࡲ þǠe 
demand for greater details in taxonomic representation and 
population dˊnamicɽ ࢎincludinǌ tranɽport࡫ recruitment࡫ and 
miǌrationɽ࢏ oǉ tarǌet ɽpecieɽ࡫ createɽ maǿor proŹlemɽ in cal-
culation࡫ eɽtimation oǉ parameterɽ࡫ and analˊɽiɽ oǉ uncer-
taintieɽ࡫ ˁǠicǠ maˊ Źe a critical iɽɽue iǉ tǠe model Ǡaɽ to 
support management and policy decisions. For these rea-
ɽonɽ࡫ to ǉormulate manaǌement adʽice ǉor ɩuotaɽ oǉ catcǠeɽ 
andࡸor eǉǉort and conɽerʽation meaɽureɽ࡫ Rb¡¶ɽ moɽtlˊ relˊ 
on ɽtandard ɽtocȇ aɽɽeɽɽment modellinǌ approacǠeɽ࡫ fitted 
to ȇeˊ tarǌet ɽpecieɽ and fiɽǠerieɽࡲ þǠeɽe modelɽ Ǡaʽe Źeen 
used since the 1960s and can integrate multiple sources of 
information to estimate the key parameters of population 
dˊnamicɽ and fiɽǠerieɽ ǉor a ɽinǌle ɽpecieɽ ࢎ¡aunder and 
áuntࡲ࢏ࠂࠀ߿ࠁ ࡫ qoˁeʽer࡫ tǠeˊ treat tǠe enʽironmental ʽariaŹilitˊ 
aɽ noiɽe tǠat iɽ remoʽed ǉrom fiɽǠinǌ data uɽinǌ ɽtandardiɽa-
tion methods or integrated as a random signal in the predict-
ed recruitment proceɽɽ࡫ and tǠuɽ tǠeˊ cannot Źe uɽed to 
project mid- to long-term changes (e.g. climate change ef-
ǉectɽ on fiɽǠerieɽࡲ࢏

9.2.8.4. Contribution from operational oceanography 

Improved BGC models with assimilation of in-situ and satel-
lite data is an approach with promising results and rapid 
proǌreɽɽࡲ þǠanȇɽ to data aɽɽimilation࡫ tǠe pǠˊɽical and Źio-
geochemical models used in operational oceanography to 
predict and forecast ocean physics and primary production 
are Źecominǌ more and more accurateࡲ -onɽeɩuentl  ˊtǠe ́࡫
are uɽed Źˊ an increaɽinǌ numŹer oǉ marine Źioloǌiɽtɽ࡫ ecol-
oǌiɽtɽ࡫ and fiɽǠerˊ ɽcientiɽtɽࡲ þǠe outputɽ oǉ ŹioǌeocǠemical 
models are also essential to explore the historical period 
Źeǉore tǠe ɽatellite era࡫ ˁǠicǠ ɽtarted in tǠe late ߿ࠆࠈࠀɽ ࢎɽee 
biǌure ࡲ࢏ࠆࡲࠈ þǠe inǉormation ǌenerated Źˊ %e- modelɽ iɽ alɽo 
needed to develop seasonal forecasting of ocean ecosys-
temɽ࡫ population dˊnamicɽ oǉ marine animalɽ࡫ and to eˉ-
plore the impact of climate change with long-term projec-
tionɽ࡫ once ǉorced Źˊ EartǠ Sˊɽtem ¡odelɽࡲ ¡anˊ %e- modelɽ 
alɽo proʽide diɽɽolʽed oˉˊǌen concentration and pq࡫ ˁǠicǠ 
are uɽeǉul ʽariaŹleɽ ǉor modellinǌ ǠaŹitatɽ oǉ fiɽǠeɽࡲ binall  ́࡫
the recent progress achieved in operational oceanography 
contributes to an overall improvement of all types of zoo-
planȇton࡫ microneȇton and ecoɽˊɽtem modelɽࡲ 

A global zooplankton and micronekton model-based product 
 iɽ deliʽered in tǠe -opernicuɽ ࢏ࠄࠀ߿ࠁ and ߿ࠀ߿ࠁ ࡫ࡲ�eǠodeˊ et alࢎ
¡arine Serʽiceࡲ ĭitǠ onlˊ ࠀࠀ parameterɽ࡫ tǠe model ɽimulateɽ 
one functional group of zooplankton and six functional groups 
oǉ microneȇton in tǠe ǌloŹal ocean࡫ ˁitǠ a ʽertical ɽtructure 
ɽimplified into tǠree laˊerɽ in tǠe ˁater column ࢎepipelaǌic࡫ 
and upper࢚ and loˁer࢚meɽopelaǌic࢏ alloˁinǌ to conɽider ʽer-
tically migrant and non-migrant mesopelagic behaviours. The 
ǉunctional ǌroupɽ are driʽen Źˊ primarˊ production࡫ eupǠotic 
deptǠ࡫ temperature࡫ and Ǡori˖ontal currentɽ ˁitǠ time oǉ de-
velopment and mortality rate linked to water temperature. The 
limited number of parameters allows implementing quantita-
tive methods to estimate their optimal values by searching for 
tǠe Źeɽt fit Źetˁeen oŹɽerʽationɽ and predictionɽ ࢎ�eǠodeˊ et 
alࡲ࢏ࠄࠀ߿ࠁ ࡫ࡲ qoˁeʽer࡫ tǠe ɽparɽitˊ oǉ direct Źiomaɽɽ oŹɽerʽationɽ 
and tǠe diǉficultˊ to conʽert tǠe ɽiǌnal oǉ acouɽtic ecǠo࢚ɽound-
ers into biomass is still an issue that requires further develop-
mentɽࡲ zn particular࡫ tǠere iɽ tǠe need to proǌreɽɽ on acouɽtic 
modelɽ ࢎ�ecǠ et alࡲ࢏ࠄࠀ߿ࠁ ࡫ࡲ 

9.2.8.5. Applications

Zooplankton and micronekton outputs produced by the Co-
pernicus Marine Service have proved to be useful variables 
along with physical and biogeochemical variables to model 
ǉeedinǌ ǠaŹitatɽ࡫ ǉeedinǌ ŹeǠaʽiour࡫ and miǌrationɽ oǉ larǌe 
oceanic protected species such as marine mammals and tur-
tleɽ ࢎeࡲǌ࡫ࡲ �Źecaɽɽiɽ et alࡷࠂࠀ߿ࠁ ࡫ࡲ �amŹert et alࡷࠃࠀ߿ࠁ ࡫ࡲ -Ǡam-
Źault et alࡷࠅࠀ߿ࠁ ࡫ࡲ RoŹertɽ et alࡷࠅࠀ߿ࠁ ࡫ࡲ ereen et alࡷ߿ࠁ߿ࠁ ࡫ࡲ 
áƢre˖࢚�orǌe et alࡷ߿ࠁ߿ࠁ ࡫ࡲ Romaǌoɽa et al߿ࠁ߿ࠁ ࡫ࡲ and ࡲ࢏ࠀࠁ߿ࠁ 
þǠeɽe applicationɽ contriŹute to tǠe ɽcientific adʽice needed 
to propoɽe marine ɽpatial manaǌement meaɽureɽ ࢎeࡲǌ࡫ࡲ ¡a-
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rine árotected �reaɽ and ¡iǌratorˊ -orridorɽ࡫࢏ tǠe planninǌ 
oǉ actiʽitieɽ at ɽeaɽ ࢎeࡲǌ࡫ࡲ oǉǉɽǠore enerǌ  militarˊ eˉerciɽeɽ ́࡫
and teɽtɽ࡫ and naʽiǌation routeɽ࡫࢏ and real࢚time operational 
toolɽ to limit tǠe interaction oǉ fiɽǠerieɽ ˁitǠ protected ɽpe-
cieɽ ࢎqoˁell et alࡷࠇ߿߿ࠁ ࡫ࡲ qoŹdaˊ et alࡷ߿ࠀ߿ࠁ ࡫ࡲ qa˖en et alࡲ 
 þǠe comŹination oǉ ˖ooplanȇton and microneȇton ࡲ࢏ࠇࠀ߿ࠁ
variables has been used in a mechanistic model of Antarctic 
ȇrill population࡫ includinǌ ǉood conditionɽ tǠat adultɽ need 
to successfully produce eggs and the density of predators 
ǉeedinǌ on ɽpaˁned eǌǌɽ ࢎereen et alࡲ࢏ࠀࠁ߿ࠁ ࡲ 

binall -ɽpatiallˊ eˉplicit population dˊnamicɽ oǉ tarǌet ɽpe ́࡫
cieɽ can Źe driʽen Źˊ tǠeɽe ʽariaŹleɽ to ɽtudˊ recruitment࡫ 
natural mortalit -and moʽementɽ linȇed to ǉeedinǌ Źe ́࡫
Ǡaʽiour and ɽpaˁninǌ miǌrationɽ oǉ fiɽǠ ࢎ�eǠodeˊ et al࡫ࡲ 
 Scutt áǠillipɽ ࡷࠃࠀ߿ࠁ ࡫ࡲqernande˖ et al ࡷࠁࠀ߿ࠁ ࡫ࡲ7ueri et al ࡷࠇ߿߿ࠁ
et alࡷࠇࠀ߿ࠁ ࡫ࡲ Senina et alࡲ࢏ࠈࠀ߿ࠁ ࡫ࡲ þǠeɽe modelɽ࡫ comŹined ˁitǠ 
quantitative methods integrating various sources of georef-
erenced data ࢎiࡲeࡲ catcǠ࡫ ɽi˖e ǉreɩuencieɽ oǉ catcǠ࡫ taǌǌinǌ 
data࡫ denɽitˊ oǉ larʽae࡫ and acouɽtic Źiomaɽɽ aŹundance࡫࢏ 
provide new tools to assess the status of exploited stocks 
-to teɽt ɽpa ࡫࢏ࠇࠀ߿ࠁ ࡫ࡲ7raǌon et al ࡷ߿ࠁ߿ࠁ and ࠇ߿߿ࠁ ࡫ࡲSenina et alࢎ
tial manaǌement ɽcenarioɽ ࢎSiŹert et al࡫࢏ࠁࠀ߿ࠁ ࡫ࡲ to deʽelop 
real time monitorinǌ applicationɽ ࢎ�eǠodeˊ et al࡫࢏ࠆࠀ߿ࠁ ࡫ࡲ and 
forecast seasonal to long-term changes along with IPCC cli-
mate ɽcenarioɽ ࢎ�eǠodeˊ et al7 ࡷࠂࠀ߿ࠁ ࡫ࡲueri et alࡷࠃࠀ߿ࠁ ࡫ࡲ %ell et 
alࠂࠀ߿ࠁ ࡫ࡲ and ࡲ࢏ࠀࠁ߿ࠁ

9.2.9. Inventories

þǠe firɽt ereen ¶cean applicationɽ oǉ operational oceanoǌra-
pǠ -and aɽɽimilation com ࡫couplinǌ ŹioǌeocǠemical modelɽ ́࡫
ponentɽ ǉrom tǠe eˉiɽtinǌ e¶7�E ɽˊɽtemɽ࡫ ˁere diɽcuɽɽed in 

%raɽɽeur et alࡲ࢏ࠈ߿߿ࠁࢎ ࡲ Some ˊearɽ later࡫ eeǠlen et al࢏ࠄࠀ߿ࠁࢎ ࡲ 
and bennel et al࢏ࠈࠀ߿ࠁࢎ ࡲ diɽcuɽɽed tǠe current ɽtate and ǉu-
ture prospects of analysis and prediction tools for ocean bio-
ǌeocǠemiɽtrˊ and ecoɽˊɽtemɽ࡫ and preɽented repreɽentatiʽe 
examples of global and regional physical–biogeochemical 
systems implemented in pre-operational or operational 
modeࡲ -urrentl -a ǉeˁ ǉorecaɽtinǌ ɽˊɽtemɽ are ǉullˊ opera ́࡫
tional࡫ iࡲeࡲ maintained Źˊ an operational centre ˁitǠ ɽtrict 
commitment to routinely provide forecasts.

Tables 9.1 and 9.2 provide initial inventories of the operation-
al ǉorecaɽtinǌ and multi࢚ˊear ɽˊɽtemɽ࡫ Źaɽed on tǠe litera-
ture mentioned above and completed in collaboration with 
the MEAP-TT working group that is one of the OceanPredict 
þaɽȇ þeamɽࡲ eeneral inǉormation iɽ ǌiʽen ǉor eacǠ ɽˊɽtem࡫ 
alonǌ ˁitǠ tˊpe ࢎǉrom ǌloŹal to coaɽtal ɽcale࡫࢏ producer࡫ reɽ-
olution࡫ implemented model࡫ data aɽɽimilation metǠod࡫ and 
product cataloǌue࡫ aɽ ˁell aɽ tǠe ˁeŹ addreɽɽ tǠat tǠe read-
er can consult for further details.

Table 9.1.  znitial inʽentorˊ oǉ %e- eloŹal ࢎe࢏ to Reǌional ࢎR࢏ to -oaɽtal ࢏-ࢎ operational ǉorecaɽtinǌ ɽˊɽtemɽࡲ

WebsiteProductsBGC Data Assimilation  
(method and data) 

PHY-BGC 
models 

ResolutionCovered 
Area 

SystemType

https://marine.
copernicus.eu 

G Global Ocean BGC 
ɽˊɽtem ࢎ¡¶z࡫ brance࢏

Global 
ocean 

1/4° PISCES coupled 
oǉ˫ine ˁitǠ 
NEMO (1/12° 
degraded to 
 ˊat dail ࢏ॽࠃࡸࠀ

frequency

SEE� metǠod࡫ uɽinǌ 
total Chla from OC 

satellite data

-Ǡla࡫ࠂ¶¥ ࡫ á¶࡫ࠃ 
Si࡫ be࡫ࠁ¶ ࡫ áqĵ-࡫ 
¥áá࡫ ɽp-¶࡫ࠁ pq࡫ 

 ࡫daˊɽ ǉorecaɽt࢚߿ࠀ
updated weekly
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WebsiteProductsBGC Data Assimilation  
(method and data) 

PHY-BGC 
models 

ResolutionCovered 
Area 

SystemType

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://marine.
copernicus.eu

R

R

R

R

R

Northwest European 
Shelf Seas BGC sys-
tem ࢎč� ¡etoǉfice࡫ 

č࢏�

TOPAZ5-ECOSMO 
Arctic Ocean system 
(Norwegian Meteo-
roloǌical znɽtitute࡫ 
Norway; Nansen 

Environmental and 
Remote Sensing 
-enter࡫ ¥orˁaˊ࢏ 

Baltic Sea system 
(Swedish Meteoro-
logical and Hydro-
loǌical znɽtitute࡫ 

Sˁeden࢏ 

Iberia-Biscay-Irish 
ɽˊɽtem ࢎ¡¶z࡫ brance 

ऋ conɽortium࢏ 

MedBFM3 model 
system (Euro Med-
iterranean Center 
on Climate Change 
 ࡫eS¶ ࡷˊztal ࡫--¡- ࢚

ztalˊ࢏ 

European 
North-
West 

shelf Seas

Arctic 
Region

Baltic Sea

Iberi-
an-Bis-

cay-Irish 
shelves 

Mediter-
ranean 

Sea 

~7 km

6 km

1 nautical 
mile

1/36° 

1/24°

ERSEM coupled 
online with 

NEMO

ECOSMO bio-
logical model 

coupled online 
to tǠe qĵ-¶¡ 
ocean physical 

model 

ERGOM coupled 
online with 

NEMO

NEMO-PISCES 
online coupled 
model; nested 
into áqĵ and 
BGC solutions 

from the Global 
MFC

%b¡ ʽࠄ model࡫ 
off-line cou-

pled with NEMO 

3D-Var NEMOVAR 
metǠod࡫ uɽinǌ total 

Chla from OC satellite 
data

Assimilates Chla 
from OC satellite 

data using a nudging 
approacǠ࡫ and ɽurǉace 

observations are 
projected downward 
in the water column 

applying an algorithm 
described by Uitz et 

alࡲ࢏ࠅ߿߿ࠁࢎ ࡲ 

_

No assimilation 

 ࡫7Ī�R࢚%z¶ metǠodࠂ
using Chla from 

satellite and vertical 
profileɽ oǉ -Ǡla and 

nitrate  from BGC-Argo

-Ǡla࡫ࠂ¶¥ ࡫ á¶࡫ࠃ 
 ࡫áá¥ ࡫-áqĵ ࡫ࠁ¶
ɽp-¶࡫ࠁ pq࡫ �d࡫ 
 ࡫daˊ ǉorecaɽt࢚ࠅ
updated daily

-Ǡla࡫ࠂ¶¥ ࡫ á¶࡫ࠃ 
Si࡫ࠁ¶ ࡫ áqĵ-࡫ 
Z¶¶-࡫ ¥áá࡫ 

ɽp-¶7 ࡫ࠁz-࡫ pq࡫ 
�d࢚߿ࠀ ࡫daˊ ǉore-

caɽt࡫ updated 
daily 

-Ǡla࡫ࠂ¶¥ ࡫ á¶࡫ࠃ 
¥q࡫ࠁ¶ ࡫ࠃ ɽp-¶࡫ࠁ 

pq࡫ ¥áá࡫ ZS7࡫ 
 ࡫daˊ ǉorecaɽt࢚ࠅ
updated twice 

daily

-Ǡla࡫ࠂ¶¥ ࡫ ¥q࡫ࠃ 
á¶࡫ࠃ Si࡫ be࡫ 

 ࡫áá¥ ࡫-áqĵ ࡫ࠁ¶
ɽp-¶7 ࡫ࠁz-࡫ pq࡫ 

ZEč࢚߿ࠀ ࡫daˊɽ 
forecast updat-
ed on a weekly 

basis 

-Ǡla࡫ áqĵ-࡫ 
Z¶¶-࡫ࠂ¶¥ ࡫ 

¥q࡫ࠃ á¶࡫ࠃ Si࡫ࠁ¶ ࡫ 
ɽp-¶࡫ࠁ pq࡫ ǉ-¶࡫ࠁ 

 ࡫áá¥ ࡫-7z ࡫���
10-day forecast 
updated daily 
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WebsiteProductsBGC Data Assimilation  
(method and data) 

PHY-BGC 
models 

ResolutionCovered 
Area 

SystemType

https://marine.
copernicus.eu

https://www.po-
seidon.hcmr.gr

http://www.na-
noos.org/prod-
ucts/j-scope/
home.php 

https://coast-
alscience.noaa.
gov/research/
stressor-im-
pacts-mitiga-
tion/hab-moni-
toring-system/ 

https://ereefs.
org.au/ereefs

www.vims.edu/
hypoxia; https://
oceansmap.
maracoos.org/
chesapeake-bay/

R

R

C

C

C

C

Black Sea system 
 ࡫čniʽerɽitˊ oǉ �ieǌeࢎ

%elǌium࢏ 

POSEIDON system 
 ࢏ereece ࡫q-¡Rࢎ

�࢚S-¶áE ǉorecaɽt 
ɽˊɽtem ࢎ�zS�¶ࢫɽ Sea-
sonal Coastal Ocean 

Prediction of the 
Ecoɽˊɽtem࡫ ǉunded 

Źˊ ¥¶࡫�� čS࢏ 

Harmful Algal Bloom 
Monitoring System 
(National Centers 
for Coastal Ocean 

Science࡫ ǉormed Źˊ 
tǠe ¥¶࡫�� čS࢏ 

Great Barrier Reef 
(Bureau of Meteo-

roloǌˊ et al࢏ࡲ 

Chesapeake Bay

Black Sea 

Mediter-
ranean 

Sea 

California 
Current 
System 

Coastal 
and lake 

regions of 
the US 

Great 
Barrier 

Reef 

Chesa-
peake 

Bay

~3km 

1/10° 

1/10° 

_ 

_ 

600m

%�¡q%z࡫ online 
coupled with 

NEMO 

ERSEM-II 
model࡫ on࢚line 
coupled with 

POM 

ROMS ocean 
model coupled 

with a BGC 
model 

_ 

CSIRO eReefs 
modeling suite 

ChesROMS-ECB

“Ocean Assimilation 
Kit” (OAK; Vanden-
Źulcȇe and %artǠ࡫ 

 ǉor aɽɽimilation ࢏ࠄࠀ߿ࠁ
of surface Chla from 

satellite 

No assimilation 

_

_

_

_

-Ǡla࡫ áqĵ-࡫ࠂ¶¥ ࡫ 
á¶࡫ࠃ Si࡫ ¥q࡫ࠃ 

 ࡫pq ࡫ࠁ¶-ɽp ࡫ࠁ¶
ǉ-¶7 ࡫��� ࡫ࠁz-࡫ 
¥áá࡫ �d࡫ á�R࡫ 

10-day forecast 
produced daily 

-Ǡla࡫ áqĵ-࡫ 
Z¶¶-࡫--�% ࡫ 

  ࡫ࠃ¶á ࡫ࠃq¥ ࡫ࠂ¶¥
4-day forecast 
updated daily 

Seasonal 
forecasts of 
sea surface 
temperature 

 -and %e ࢏SSþࢎ
variables 

Daily forecast 

A few days 
forecast 

Nowcasts and 
a few days 

forecasts of 
physical and 
BGC variables 
(focusing on 

 acidification ࡫ࠁ¶
metricɽ࡫ þ࡫ S࢏
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Table 9.2.  znʽentorˊ oǉ %e- eloŹal ࢎe࢏ to Reǌional ࢎR࢏ to -oaɽtal ࢏-ࢎ multi࢚ˊear ɽˊɽtemɽࡲ

WebsiteProductsBGC Data Assimilation  
(method and data) 

PHY-BGC 
models 

ResolutionCovered 
Area 

SystemType

https://marine.
copernicus.eu

https://www.
cls.fr/

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://marine.
copernicus.eu

G 

G

R

R

R

Global Ocean BGC 
ɽˊɽtem ࢎ¡¶z࡫ brance࢏ 

Global Ocean low 
and mid-trophic 

leʽelɽ product ࢎ-�S࡫ 
brance࢏ 

Northwest European 
Shelf Seas BGC 
system (UK Met 

¶ǉfice࡫ č࢏� 

TOPAZ-ECOSMO 
reanalysis system 
(Nansen Environ-

mental and Remote 
Senɽinǌ -enter࡫ 

¥orˁaˊ࢏ 

Baltic Sea system 
(Swedish Meteoro-
logical and Hydro-
loǌical znɽtitute࡫ 

Sˁeden࢏ 

Global 
ocean 

Global 
ocean 

European 
North-
West 

shelf Seas 

Arctic 
Region 

Baltic Sea 

1/4° 

1/12° 

~7 km

25 km 

1 nautical 
mile 

ázS-ES࡫ coupled 
oǉ˫ine ˁitǠ 

NEMO at daily 
frequency 

LMTL com-
ponent of 
SE�á¶7ĵ¡ 

dynamical pop-
ulation model࡫ 
driʽen oǉ˫ine 
Źˊ ¥E¡¶࡫ ¥áá 
from satellite 
and PISCES 

ERSE¡࡫ coupled 
online with 

NEMO 

ECOSMO bio-
logical model 

coupled online 
to tǠe qĵ-¶¡ 
ocean physical 

model 

SCOBI coupled 
to NEMO 

No assimilation 

No assimilation 

3D-Var NEMOVAR 
metǠod࡫ uɽinǌ ɽurǉace 

PFT Chla from OC 
satellite data 

Assimilates surface 
Chla a from OC 

satellite and in-situ 
nutrient profileɽ࡫ uɽinǌ 
an Ensemble Kalman 

SmootǠer ࢎEn�S࢏ 
metǠod࡫ aǉter a ǌauɽɽ-
ian anamorphosis for 
all BGC data. EnKS is 
preferred to EnKF in 

delayed mode 

LSEIK data assimila-
tion ɽcǠeme࡫ uɽinǌ 

oxygen and nutrients 

-Ǡla࡫ࠂ¶¥ ࡫ á¶࡫ࠃ 
Si࡫ be࡫ࠁ¶ ࡫ áqĵ-࡫ 
¥áá࡫ ɽp-¶࡫ࠁ pq࡫ 
1993 onwards 

 fieldɽ oǉ 7ࠁ
zooplankton 
biomass and 
six groups of 
micronekton 

Źiomaɽɽࠇࠈࠈࠀ  ࡫ 
onwards 

-Ǡla࡫ ábþɽ࡫ 
áqĵ-࡫ࠂ¶¥ ࡫ á¶࡫ࠃ 
 ࡫pq ࡫ࠁ¶-ɽp ࡫ࠁ¶
¥áá࡫ �dࠂࠈࠈࠀ ࡫ 

onwards 

-Ǡla࡫ࠂ¶¥ ࡫ 
á¶࡫ࠁ¶ ࡫ࠃ áqĵ-࡫ 
Z¶¶-࡫ �dࠆ߿߿ࠁ ࡫ 

onwards 

-Ǡla࡫ࠂ¶¥ ࡫ ¥q࡫ࠃ 
á¶ࠂࠈࠈࠀ ࡫ࠁ¶ ࡫ࠃ 

onwards 
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WebsiteProductsBGC Data Assimilation  
(method and data) 

PHY-BGC 
models 

ResolutionCovered 
Area 

SystemType

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://marine.
copernicus.eu

https://ocean.
ust.hk:8443/
SiteMapApi/
new/index.jsp

R

R

R

R

R

Iberia Biscay Irish 
ɽˊɽtem ࢎ¡¶z࡫ brance࢏ 

Global Ocean low 
and mid-trophic 

leʽelɽ product ࢎ-�S࡫ 
brance࢏ 
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BGC solutions 

from the Global 
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SE�á¶7ĵ¡ 

dynamical pop-
ulation model࡫ 
driʽen oǉ˫ine 
Źˊ ¥E¡¶࡫ ¥áá 
from satellite 
and PISCES 

%b¡ ʽࠄ model࡫ 
off-line cou-

pled with NEMO 

%�¡q%z model࡫ 
online coupled 

with NEMO 

ROMS ocean 
model coupled 

with a BGC 
model 

No assimilation 

No assimilation 

 ࡫7Ī�R࢚%z¶ metǠodࠂ
using surface Chla 

No assimilation 

No assimilation 

-Ǡla࡫ࠂ¶¥ ࡫ ¥q࡫ࠃ 
á¶࡫ࠃ Si࡫ be࡫ 

 ࡫áá¥ ࡫-áqĵ ࡫ࠁ¶
ɽp-¶7 ࡫ࠁz-࡫ 

pq࡫ ZEčࠂࠈࠈࠀ ࡫ 
onwards 

 fieldɽ oǉ 7ࠁ
zooplankton 
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six groups of 
micronekton 

Źiomaɽɽࠇࠈࠈࠀ  ࡫ 
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-Ǡla࡫ áqĵ-࡫ 
Z¶¶-࡫ࠂ¶¥ ࡫ 

¥q࡫ࠃ á¶࡫ࠃ Si࡫ࠁ¶ ࡫ 
ɽp-¶࡫ࠁ pq࡫ ǉ-¶࡫ࠁ 

 ࡫áá¥ ࡫-7z ࡫���
1999 onwards 

-Ǡla࡫ áqĵ-࡫ࠁ¶ ࡫ 
 ࡫ࠁ¶-ɽp ࡫ࠃ¶á ࡫ࠂ¶¥

pq࡫ ǉ-¶࡫��� ࡫ࠁ 
7z-࡫ ¥ááࠁࠈࠈࠀ ࡫ 

onwards 

-Ǡla࡫ áqĵ-࡫ 
Z¶¶-࡫ࠂ¶¥ ࡫ ¥q࡫ࠃ 
á¶࡫ࠁ¶ ࡫ࠃ ɽp-¶࡫ࠁ 

pq7 ࡫��� ࡫z-࡫ 
ɽmall detrituɽ࡫ 
larǌe detrituɽ࡫ 

terreɽtrial á¶¡࡫ 
and terrestri-
al DOM; 1992 

onwards
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earcia࡫ qࡲE࡫ࡲ ĭeatǠerɽ࡫ࡲ� ࡫ áaʽerࡲ- ࡫R࡫ࡲ Smolˊar࡫ z࡫ࡲ %oˊer࡫ þࡲá࡫ࡲ �ocarnini࡫ R࡫ࡲ�ࡲ Zˁenǌ࡫¡ࡲ¡ ࡫ ¡iɽǠonoʽ࡫ 
 7iɽɽolʽed :ࠂ Īolume ࡫ࠇࠀ߿ࠁ ĭorld ¶cean �tlaɽ ࡲ࢏aࠇࠀ߿ࠁࢎ ࡲRࡲ� ࡫and Reaǌan ࡫ࡲ7 ࡫Seidoʽ ࡫ࡲ�ࡲ¶ ࡫aranoʽa% ࡫ࡲĪࡲ�
¶ˉˊǌen࡫ �pparent ¶ˉˊǌen čtili˖ation࡫ and ¶ˉˊǌen Saturationࡲ� ࡲ ¡iɽǠonoʽ þecǠnical Edࡷࡲ ¥¶�� �tlaɽ 
¥ES7zS ࠇࠂ ࡫ࠂࠇppࡲ

earcia࡫ qࡲE࡫ࡲ ĭeatǠerɽ࡫ࡲ� ࡫ áaʽerࡲ- ࡫R࡫ࡲ Smolˊar࡫ z࡫ࡲ %oˊer࡫ þࡲá࡫ࡲ �ocarnini࡫ R࡫ࡲ�ࡲ Zˁenǌ࡫¡ࡲ¡ ࡫ ¡iɽǠonoʽ࡫ 
-7iɽ :ࠃ Īolume ࡫ࠇࠀ߿ࠁ ĭorld ¶cean �tlaɽ ࡲ࢏Źࠇࠀ߿ࠁࢎ ࡲRࡲ� ࡫and Reaǌan ࡫ࡲ7 ࡫Seidoʽ ࡫ࡲ�ࡲ¶ ࡫aranoʽa% ࡫ࡲĪࡲ�
ɽolʽed znorǌanic ¥utrientɽ ࢎpǠoɽpǠate࡫ nitrate and nitrateऋnitrite࡫ ɽilicateࡲ� ࡲ࢏ ¡iɽǠonoʽ þecǠnical 
Edࡷࡲ ¥¶�� �tlaɽ ¥ES7zS ࠄࠂ ࡫ࠃࠇppࡲ

earneɽɽon࡫ á࡫ࡲ ¡anǌin࡫ࡲ� ࡫ and %retaǌnon ¡ࡲ࢏ࠀࠁ߿ࠁࢎ ࡲ æualitˊ znǉormation 7ocument࡫ ¶cean -olour áro-
duction -entre࡫ Satellite ¶Źɽerʽation -opernicuɽ࢚eloŹ-olour ároductɽ࡫ https://catalogue.marine.co-
pernicus.eu/documents/QUID/CMEMS-OC-QUID-009-030-032-033-037-081-082-083-085-086-098.pdf 

earnier࡫ b࡫ࡲ %ranȇart࡫ࡲ¡ ࡲ� ࡫ %raɽɽeur࡫ áࡲ and -oɽme࡫ Eࡲ࢏ࠅࠀ߿ࠁࢎ ࡲ StocǠaɽtic parameteri˖ationɽ oǉ Źio-
geochemical uncertainties in a 1/4° NEMO/PISCES model for probabilistic comparisons with ocean 
color data. Journal of Marine Systems࡫ࠁࠆ࢚ࠈࠄ ࡫ࠄࠄࠀ ࡫ https://doi.org/10.1016/j.jmarsys.2015.10.012 

eeǠlen࡫ࡲ¡ ࡫ %arciela࡫ R࡫ࡲ %ertino࡫ࡲ� ࡫ %raɽɽeur࡫ á࡫ࡲ %utenɽcǠɃn࡫ࡲ¡ ࡫ -Ǡai࡫ b࡫ࡲ -riɽe7 ࡫ࡲ� ࡫rillet࡫ ĵ࡫ࡲ bord࡫ 
-uildinǌ tǠe capac% ࡲ࢏ࠄࠀ߿ࠁࢎ ࡲE ࡫and Simon ࡫ࡲ� ࡫Samuelɽen ࡫ࡲ- ࡫áerrucǠe ࡫ࡲá ࡫ˊ�eǠode ࡫ࡲ7 ࡫�aʽoie ࡫ࡲ7
ity for forecasting marine biogeochemistry and ecosystems: recent advances and future devel-
opments. Journal of Operational Oceanographyࠇ ࡫:ɽup࡫ࠀ ɽ࢚ࠇࠅࠀɽ࡫ࠆࠇࠀ https://doi.org/10.1080/175587
 ߿ࠄࠂࠁࠁ߿ࠀࡲࠄࠀ߿ࠁࡲĴࠅ
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eeider࡫ R࡫ࡲ�ࡲ ¡aczntˊre࡫ q࡫ࡲ�ࡲ and �ana࡫ þ7 ࡲ࢏ࠆࠈࠈࠀࢎ ࡲ¡ࡲˊnamic model oǉ pǠˊtoplanȇton ǌroˁtǠ and acclima-
tion: reɽponɽeɽ oǉ tǠe Źalanced ǌroˁtǠ rate and tǠe cǠloropǠˊll a: carŹon ratio to liǌǠt࡫ nutrient࢚limita-
tion and temperature. Marine Ecology Progress Series࡫߿߿ࠁ࢚ࠆࠇࠀ ࡫ࠇࠃࠀ ࡫ https://doi.org/10.3354/meps148187  

eermineaud࡫ࡲ- ࡫ %ranȇart࡫ࡲ¡ࡲ� ࡫ and %raɽɽeur࡫ áࡲ࢏ࠈࠀ߿ࠁࢎ ࡲ �n enɽemŹle࢚Źaɽed proŹaŹiliɽtic ɽcore approacǠ 
to compare observation scenarios: an application to biogeochemical-Argo deployments. Journal of At-
mospheric and Oceanic Technology࡫ࠅࠁࠂࠁ࢚ࠆ߿ࠂࠁ ࡫࢏ࠁࠀࢎࠅࠂ ࡫ Ǡttpɽ:ࡸࡸdoiࡲorǌࡸࠄࠆࠀࠀࡲ߿ࠀࡸ�þE-q࢚7  ࠀࡲࠁ߿߿߿࢚ࠈࠀ࢚

eǠaramtiࡲ¡ ࡫E࡫ࡲ þǿiputra࡫ࡲ� ࡫ %etǠȇe࡫ z࡫ࡲ Samuelɽen࡫ࡲ� ࡫ Sȇǿelʽan࡫ z࡫ࡲ %entɽen࡫ࡲ¡ ࡫ %ertinoࡲ࢏ࠆࠀ߿ࠁࢎ ࡲ� ࡫ En-
semble data assimilation for ocean biogeochemical state and parameter estimation at different 
sites. Ocean Modelling࡫ࠈࠇ࢚ࠄࠅ ࡫ࠁࠀࠀ ࡫ https://doi.org/10.1016/j.ocemod.2017.02.006 

eliŹert࡫ á࡫ࡲ ¡itra࡫ࡲ� ࡫ blˊnn࡫ࡲ� ࡫ qanɽen࡫ á࡫ࡲ �eonǌ࡫ q࡫ࡲ and Stoecȇerࡲ࢏ࠈࠀ߿ࠁࢎ ࡲ7 ࡫ álantɽ �re ¥ot �nimalɽ 
and �nimalɽ �re ¥ot álantɽ࡫ RiǌǠtࡳ ĭronǌ࡮ þinˊ -reatureɽ in tǠe ¶cean -an %e %otǠ at ¶nce࡮ Frontiers 
for Young Minds࡫ࠇࠃ:ࠆ ࡫ https://doi.org/10.3389/frym.2019.00048 

eradinǌer࡫ Rࡲ࢏ࠈ߿߿ࠁࢎ ࡲ Sea࢚ice alǌae: ¡aǿor contriŹutorɽ to primarˊ production and alǌal Źiomaɽɽ in 
tǠe -ǠuȇcǠi and %eauǉort Seaɽ durinǌ ¡aˊࡸ�une ࡲࠁ߿߿ࠁ Deep Sea Research Part II: Topical Studies in 
Oceanography࡫ࠁࠀࠁࠀ࢚ࠀ߿ࠁࠀ ࡫ࠅࠄ ࡫ https://doi.org/10.1016/j.dsr2.2008.10.016 

ereen࡫ࡲ%ࡲ7 ࡫ %eɽtleˊ࡫ S࡫ࡲ -orneˊ࡫ Sࡲá࡫ࡲ þreŹilco࡫ R࡫ࡲ �eǠodeˊ࡫ á࡫ࡲ and qindellࡲ࢏ࠀࠁ߿ࠁࢎ ࡲ�ࡲ¡ ࡫ ¡odelinǌ �ntarctic 
krill circumpolar spawning habitat quality to identify regions with potential to support high larval 
production. Geophysical Research Letters࡫ࠇࠃ ࡫ e߿ࠁ߿ࠁe࡫ࠅ߿ࠁࠀࠈ߿� https://doi.org/10.1029/2020GL091206   

ereen࡫ࡲ%ࡲ7 ࡫ %eɽtleˊ࡫ S࡫ࡲ þreŹilco࡫ R࡫ࡲ -orneˊ࡫ Sࡲá࡫ࡲ �eǠodeˊ࡫ á࡫ࡲ ¡c¡aǠonࡲ- ࡫R࡫ࡲ euinet࡫ࡲ- ࡫ and qindell࡫ 
 odelled mid࢚tropǠic pelaǌic preˊ ǉieldɽ improʽe underɽtandinǌ oǉ marine predator¡ ࡲ࢏߿ࠁ߿ࠁࢎ ࡲ�ࡲ¡
foraging behaviour. Ecography࡫ https://doi.org/10.1111/ecog.04939 

ereǌǌ࡫ ĭࡲĭ࡫ࡲ and Rouɽɽeauˉࡲ- ࡫S7 ࡲ࢏ࠅࠀ߿ࠁࢎ ࡲirectional and ɽpectral irradiance in ocean modelɽ: eǉǉectɽ 
on ɽimulated ǌloŹal pǠˊtoplanȇton࡫ nutrientɽ࡫ and primarˊ productionࡲ Frontiers in Marine Science࡫ 
 http://dx.doi.org/10.1088/1748-9326/ab4667 ࡫߿ࠃࠁ ࡫ࠂ

ereǌǌ࡫ ĭࡲĭ࡫ࡲ and Rouɽɽeauˉࡲ- ࡫Sࡲ࢏ࠈࠀ߿ࠁࢎ ࡲ eloŹal ocean primarˊ production trendɽ in tǠe modern ocean 
color ɽatellite record ࡲ࢏ࠄࠀ߿ࠁ࢚ࠇࠈࠈࠀࢎ Environmental Research Letters࡫ࠀࠀ߿ࠃࠁࠀ ࡫࢏ࠁࠀࢎࠃࠀ ࡫ https://doi:10.1088/1748-
9326/ab4667

erƢǌoire࡫ࡲ¡ ࡫ Raicȇ࡫ࡲ- ࡫ and Soetaertࡲ࢏ࠇ߿߿ࠁࢎ ࡲ� ࡫ ¥umerical modellinǌ oǉ tǠe central Źlacȇ ɽea ecoɽˊɽ-
tem functioning during the eutrophication phase. Progress in Oceanography࡫ࠂࠂࠂ࢚ࠅࠇࠁ ࡫ࠅࠆ ࡫ https://doi.
org/10.1016/j.pocean.2008.01.002 

erƢǌoire࡫ࡲ¡ ࡫ Soetaertࡲ࢏߿ࠀ߿ࠁࢎ ࡲ� ࡫ -arŹon࡫ nitroǌen࡫ oˉˊǌen and ɽulǉide Źudǌetɽ in tǠe %lacȇ Sea: a 
biogeochemical model of the whole water column coupling the oxic and anoxic parts. Ecological 
Modellingࡲࠀ߿ࠂࠁ࢚ࠆࠇࠁࠁ ࡫࢏ࠈࠀࢎࠀࠁࠁ ࡫

qa˖en࡫ E࡫ࡲ� ࡲ Scaleɽ࡫ࡲ�ࡲ� ࡫ ¡aˉˁell࡫ S࡫ࡲ¡ࡲ %riɽcoe࡫ࡲ�ࡲ7 ࡫ ĭelcǠ࡫ q࡫ࡲ %oǌrad࡫ S࡫ࡲ�ࡲ %aileˊ࡫ q࡫ࡲ %enɽon࡫ SࡲR࡫ࡲ 
EǌucǠi࡫ þ7 ࡫ࡲeˁar࡫ q࡫ࡲ �oǠin࡫ S࡫ࡲ -oɽtaࡲ7 ࡫á࡫ࡲ -roˁder࡫ࡲ%ࡲ� ࡫ �eˁiɽon Rࡲ࢏ࠇࠀ߿ࠁࢎ ࡲ�ࡲ � dˊnamic ocean man-
aǌement tool to reduce ŹˊcatcǠ and ɽupport ɽuɽtainaŹle ǉiɽǠerieɽࡲScience �dʽanceɽ7 ࡫࢏ࠄࢎࠃ ࡫¶z: 
10.1126/sciadv.aar3001

qernande˖࡫ b࡫ࡲ %ertino࡫ࡲ� ࡫ %raɽɽinǌton࡫ e࡫ࡲ -Ǡaɽɽiǌnet࡫ E࡫ࡲ -umminǌɽ7 ࡫ࡲ� ࡫aʽidɽon࡫ b7 ࡫ࡲreʽillon࡫ࡲ¡ ࡫ 
earric࡫ e࡫ࡲ �amacǠi࡫ࡲ¡ ࡫  �elloucǠe࡫ࡲ¡ࡲ� ࡫ ¡aǠdon࡫ R࡫ࡲ ¡artin࡫࡫�ࡲ¡ ࡫ Ratɽimandreɽˊ࡫ࡲ� ࡫ and Reǌnier࡫ 
 ࡫ࠂࠃࠀ࢚ࠇࠁࠀ :࢏ࠂࢎࠁࠁ ࡫Oceanography ࡲĪalidation and znter࢚compariɽon ɽtudieɽ ˁitǠin e¶7�E ࡲ࢏ࠈ߿߿ࠁࢎ ࡲ-
https://doi.org/10.5670/oceanog.2009.71 
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qernande˖࡫ b࡫ࡲ SmitǠ࡫ e࡫ࡲ %aetenɽ࡫ࡲ� ࡫ -oɽɽarini࡫ e࡫ࡲ earcia࢚qermoɽa࡫ z7 ࡫ࡲreʽillon࡫ࡲ¡ ࡫ ʽon ScǠucȇman࡫ 
 ɽȇill and accuracˊ in operational oceanoǌrapǠˊ: ¥eˁ cǠallenǌeɽ ࡫eaɽurinǌ perǉormanceɽ¡ ࡲ࢏ࠇࠀ߿ࠁࢎ ࡲ�
and approacǠeɽࡲ zn: ࡵ¥eˁ brontierɽ in ¶perational ¶ceanoǌrapǠˊ࡫ࡵ Eࡲ -Ǡaɽɽiǌnetࡲ� ࡫ áaɽcualࡲ� ࡫ þin-
torƢ࡫ and ࡲ� Īerron࡫ Edɽ࡫ࡲ e¶7�E ¶ceanĪieˁ7 ࡫ࠅࠈࠆ࢚ࠈࠄࠆ ࡫¶z: ࡸࠄࠁࠀࠆࠀࡲ߿ࠀǌoʽࡲࠇࠀ߿ࠁcǠࠈࠁ 

qernande˖࡫ࡲ¶ ࡫ �eǠodeˊ࡫ á࡫ࡲ Senina࡫ z࡫ࡲ EcǠeʽin࡫ Ī࡫ࡲ �ˊon࡫ á࡫ࡲ %ertrand࡫ࡲ� ࡫ eaɽpar࡫ áࡲ࢏ࠃࠀ߿ࠁࢎ ࡲ čnderɽtand-
ing mechanisms that control fish spawning and larval recruitment: Parameter optimization of an 
Eulerian model ࢎSE�á¶7ĵ¡࢚Sá࢏ ˁitǠ áeruʽian ancǠoʽˊ and ɽardine eǌǌɽ and larʽae dataࡲ Progress 
in Oceanography࡫ࠁࠁࠀ࢚ࠄ߿ࠀ ࡫ࠂࠁࠀ ࡫ http://dx.doi.org/10.1016/j.pocean.2014.03.001 

qipɽeˊࡲ¡ ࡫R࡫ࡲ eal࡫ e࡫ࡲ �rǠonditɽiɽ࡫ e࡫ࡲ%ࡲ -areˊ࡫ࡲ-ࡲ- ࡫ Elliott࡫ࡲ�ࡲ� ࡫ braɽɽlࡲࡲࡲ ࡫ࡲ� ࡲ¡ ࡫ ॷ RoŹɽonࡲ࢏߿ࠁ߿ࠁࢎ ࡲ�ࡲ% ࡫ � 
system of metrics for the assessment and improvement of aquatic ecosystem models. Environmen-
tal Modelling & Software࡫ࠆࠈࠅࠃ߿ࠀ ࡫ࠇࠁࠀ ࡫ https://doi.org/10.1016/j.envsoft.2020.104697 

qoŹdaˊ࡫ࡲ�ࡲ� ࡫ qartoǌࡲ� ࡫R࡫ࡲ þimmiɽɽ࡫ þ࡫ࡲ bieldinǌ7 ࡲ࢏߿ࠀ߿ࠁࢎ ࡲ� ࡫ˊnamic ɽpatial ˖oninǌ to manaǌe ɽoutǠern 
Źluefin tuna ࢎþǠunnuɽ maccoˊii࢏ capture in a multi࢚ɽpecieɽ lonǌline fiɽǠerˊࡲ Fisheries Oceanography࡫ 
 https://doi.org/10.1111/j.1365-2419.2010.00540.x ࡫ࠂࠄࠁ࢚ࠂࠃࠁ ࡫࢏ࠂࢎࠈࠀ

qouteȇamer࡫ á࡫ࡲ� ࡲ and ¡itcǠell࡫ q7 ࡲ࢏ࠇࠈࠈࠀࢎ ࡲ� ࡲata �ɽɽimilation čɽinǌ an EnɽemŹle �alman bilter þecǠniɩueࡲ 
Monthly Weather Review࡫ࠀࠀࠇ࢚ࠅࠈࠆ ࡫࢏ࠂࢎࠅࠁࠀ ࡫ Ǡttpɽ:ࡸࡸdoiࡲorǌࠅࠁࠀ࢏ࠇࠈࠈࠀࢎࠂࠈࠃ߿࢚߿ࠁࠄࠀࡸࠄࠆࠀࠀࡲ߿ࠀࡸऒ7:ࠅࠈࠆ߿�č�E�ऑࠁࡷ¶-ࡲ߿ࡲࠁ

qoˁell࡫ E࡫ࡲ�ࡲ �oŹaˊaɽǠiࡲ7 ࡫R࡫ࡲ áarȇer࡫ࡲ¡ࡲ7 ࡫ %ala˖ɽ࡫ eࡲq࡫ࡲ áoloʽinaࡲ࢏ࠇ߿߿ࠁࢎ ࡲ�ࡲ� ࡫ þurtleĭatcǠ: a tool to aid 
in the bycatch reduction of loggerhead turtles Caretta caretta in the Hawaii-based pelagic longline 
fishery. Endangered Species Research࡫ࠇࠆࠁ࢚ࠆࠅࠁ:ࠄ ࡫ https://doi.org/10.3354/esr00096 

qu࡫ࡲ� ࡫ bennel࡫ࡲ� ࡫ ¡atternࡲ� ࡫áࡲ and ĭilȇin7 ࡲ࢏ࠁࠀ߿ࠁࢎ ࡲ� ࡫ata aɽɽimilation ˁitǠ a local EnɽemŹle �alman 
Filter applied to a three-dimensional biological model of the Middle Atlantic Bight. Journal of Marine 
Systems࡫ࠅࠄࠀ࢚ࠄࠃࠀ ࡫ࠃࠈ ࡫ https://doi.org/10.1016/j.jmarsys.2011.11.016 

quɽe࡫ e࡫ࡲ ¡elle࡫ ĭ࡫ࡲ Sȇoǌen࡫ࡲ7ࡲ¡ ࡫ qǿɛllo࡫ SࡲS࡫ࡲ Sʽendɽen࡫ E࡫ࡲ and %udǌell࡫ ĭࡲáࡲ࢏ࠇࠀ߿ࠁࢎ ࡲ ¡odelinǌ Emerǌent �iǉe 
qiɽtorieɽ oǉ -opepodɽࡲ brontierɽ in Ecoloǌˊ and Eʽolution࡫࢏ࠂࠁࢎࠅ ࡫ https://doi.org/10.3389/fevo.2018.00023 

z¶--eࡲ࢏߿ࠁ߿ࠁࢎ ࡲ Sˊnerǌˊ Źetˁeen ¶cean -olour and %ioǌeocǠemicalࡸEcoɽˊɽtem ¡odelɽ7 ࡲutȇieˁic˖࡫ 
Sࢎ ࡲed࡫࢏ࡲ z¶--e Report Serieɽ࡫ ¥o࡫ࠈࠀ ࡲ znternational ¶cean -olour -oordinatinǌ eroup7 ࡫artmoutǠ࡫ 
-anada࡫ http://dx.doi.org/10.25607/OBP-711 

zɽǠi˖aȇaࡲ࢏߿ࠈࠈࠀࢎ ࡲ� ࡫ -ouplinǌ oǉ coaɽtal ˖one color ɽcanner data to a pǠˊɽical࢚Źioloǌical model oǉ tǠe 
southeastern US continental shelf ecosystem: 2. An Eulerian model. Journal of Geophysical Research: 
Oceans࡫ࠈࠈࠀ߿ࠁ࢚ࠂࠇࠀ߿ࠁ ࡫࢏ࠀࠀ-ࢎࠄࠈ ࡫ Ǡttpɽ:ࡸࡸdoiࡲorǌࠄࠈ߿-�ࡸࠈࠁ߿ࠀࡲ߿ࠀࡸi-ࠀࠀpࠂࠇࠀ߿ࠁ 

�accard࡫ á࡫ࡲ qǿermannࡲ7 ࡫ Û࡫ࡲ RuoǠola࡫ࡲ� ࡫ ¡art  ࡫áouliɩuen ࡫ࡲ� ࡫anǌin¡ ࡫ࡲS ࡫�aitala ࡫ࡲ� ࡫Sɛrenɽen ࡫ࡲþ ࡫�riɽtianɽen ࡫ࡲS ́࡫
S࡫ࡲ et alࡲ࢏ࠀࠁ߿ࠁࢎ ࡲ æualitˊ znǉormation 7ocument bor eloŹal ¶cean Reproceɽɽed in࢚ɽitu ¶Źɽerʽationɽ oǉ %io-
ǌeocǠemical ároductɽ z¥Szþčࡼe�¶ࡼ%e-ࡼREáࡼ¶%SERĪ�þz¶¥S࡫ࠅࠃ߿ࡼࠂࠀ߿ࡼ Ǡttp:ࡸࡸdoiࡲorǌ࡫ࠅࠃࠇࠃࠄࡸࠄࠄࠀࠂࠀࡲ߿ࠀࡸ 
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-INS-QUID-013-046.pdf

�ecǠ࡫ࡲ¡ࡲ� ࡫ qorne࡫ࡲ�ࡲ� ࡫ -Ǡu7 ࡫ࡲ7 ࡫emer࡫ࡲ�ࡲ7 ࡫ branciɽࡲ7 ࡫þࡲz࡫ࡲ eorɽȇa࡫ࡲ¥ ࡫ �oneɽ࡫ࡲ% ࡫ �aʽerˊ࡫ࡲ-ࡲ� ࡫ Stanton࡫ þ࡫ࡲ�ࡲ 
¡acaulaˊ࡫ e࡫ࡲ�ࡲ Reeder࡫ࡲ%ࡲ7 ࡫ Saˁadaࡲ࢏ࠄࠀ߿ࠁࢎ ࡲ� ࡫ -ompariɽonɽ amonǌ ten modelɽ oǉ acouɽtic Źacȇɽcat-
tering used in aquatic ecosystems. The Journal of the Acoustical Society of America࡫ࠁࠃࠆࠂ :ࠇࠂࠀ ࡫ https://
doi.org/10.1121/1.4937607 

�enninǌɽ࡫ S࡫ࡲ and -ollinǌridǌeࡲ࢏ࠄࠀ߿ࠁࢎ ࡲ� ࡫ áredictinǌ -onɽumer %iomaɽɽ࡫ Si˖e࢚Structure࡫ ároduction࡫ 
-atcǠ áotential࡫ Reɽponɽeɽ to biɽǠinǌ and �ɽɽociated čncertaintieɽ in tǠe ĭorldࢫɽ ¡arine Ecoɽˊɽ-
tems. PLoS ONE࡫࢏ࠆࢎ߿ࠀ ࡫ eࡲࠃࠈࠆࠂࠂࠀ߿ https://doi.org/10.1371/journal.pone.0133794 
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�olliǉǉ࡫ࡲ�ࡲ� ࡫ �indle࡫ࡲ-ࡲ� ࡫ SǠulman࡫ z࡫ࡲ áenta࡫ࡲ% ࡫ briedricǠɽ࡫ࡲ¡ࡲ�ࡲ¡ ࡫ qelŹer࡫ Rࡲĭ࡫ࡲ  and �rnone࡫ Rࡲ࢏ࠈ߿߿ࠁࢎ ࡲ 
Summary diagrams for coupled hydrodynamic-ecosystem model skill assessment. Journal of Marine 
Systems࡫ࠁࠇ࢚ࠃࠅ ࡫ࠅࠆ ࡫ https://doi.org/10.1016/j.jmarsys.2008.05.014  

�oneɽ࡫ E࡫ࡲ¡ࡲ %airdࡲ¡ ࡫E࡫ࡲ ¡onǌin࡫ࡲ¡ ࡫ áarɽloˁ࡫ࡲ� ࡫ Sȇerratt࡫ࡲ� ࡫ �oʽell࡫ࡲ� ࡫ ¡arǌʽelaɽǠʽili࡫ࡲ¥ ࡫ ¡atear࡫ R࡫ࡲ�ࡲ 
ĭild࢚�llen࡫ࡲ� ࡫ RoŹɽonࡲ% ࡫ and Ri˖ˁi࡫ bࡲ࢏ࠅࠀ߿ࠁࢎ ࡲ čɽe oǉ remote࢚ɽenɽinǌ reǉlectance to conɽtrain a data 
assimilating marine biogeochemical model of the Great Barrier Reef. Biogeosciences࡫ࠀࠃࠃࠅ ࡫࢏ࠂࠁࢎࠂࠀ ࡫ 
https://doi.org/10.5194/bg-13-6441-2016 

�auǉmanࡲ7 ࡫Eࡲ࢏ࠆࠀ߿ࠁࢎ ࡲ čɽinǌ qiǌǠ࢚Reɽolution elider 7ata and %ioǌeocǠemical ¡odelinǌ to znʽeɽti-
ǌate áǠˊtoplanȇton ĪariaŹilitˊ in tǠe Roɽɽ Sea7 ࡲiɽɽertationɽ࡫ þǠeɽeɽ࡫ and ¡aɽterɽ ároǿectɽ࡫ ĭilliam 
ॷ ¡arˊ࡫ áaper ࡫ࠈࠅࠇࠈࠃࠃࠈࠈࠃࠀ http://dx.doi.org/10.21220/M2BK8V 

�rieɽt࡫ z࡫ࡲ �ťǠler࡫ á࡫ࡲ �oeʽe࡫ ĭ࡫ࡲ �ʽale࡫ࡲ� ࡫ Sauerland࡫ Ī࡫ࡲ and ¶ɽcǠlieɽࡲ࢏߿ࠁ߿ࠁࢎ ࡲ� ࡫ ¶ne ɽi˖e ǉitɽ allࡳ -al-
ibrating an ocean biogeochemistry model for different circulations. Biogeosciences࡫ࠁࠇ߿ࠂ࢚ࠆࠄ߿ࠂ ࡫ࠆࠀ ࡫ 
https://doi.org/10.5194/bg-17-3057-2020 

�riɽǠnamurtǠˊ࡫ࡲ� ࡫ ¡oore࡫ࡲ� ࡲ� ࡫ ¡aǠoˁald࡫ࡲ¥ ࡫ �uo࡫ࡲ- ࡫ and Zenderࡲ- ࡫Sࡲ࢏߿ࠀ߿ࠁࢎ ࡲ zmpactɽ oǉ atmoɽpǠeric 
nutrient inputs on marine biogeochemistry. Journal of Geophysical Research: Biogeosciencesࢎࠄࠀࠀ ࡫e࡫࢏ࠀ 
Ǡttpɽ:ࡸࡸdoiࡲorǌࠈ߿߿ࠁࡸࠈࠁ߿ࠀࡲ߿ࠀࡸ�eࠄࠀࠀࠀ߿߿ 

�amŹert࡫ࡲ- ࡫ ¡annocci࡫ࡲ� ࡫ �eǠodeˊ࡫ á࡫ࡲ Ridouˉ࡫ Īࡲ࢏ࠃࠀ߿ࠁࢎ ࡲ áredictinǌ -etacean qaŹitatɽ ǉrom þǠeir 
Enerǌetic ¥eedɽ and tǠe diɽtriŹution oǉ þǠeir áreˊ in þˁo -ontraɽted þropical Reǌionɽࡲ á�oS ¶¥E࡫ 
 https://doi.org/10.1371/journal.pone.0105958 ࡫ࠇࠄࠈࠄ߿ࠀe ࡫࢏ࠇࢎࠈ

�amourouˉ࡫ࡲ� ࡫ áerrucǠe࡫ࡲ- ࡫ ¡iǌnot࡫ࡲ� ࡫ áaul࡫ࡲ�  ࡫ S˖c˖ˊptaࡲ࢏ࠈࠀ߿ࠁࢎ ࡲ- ࡫ æualitˊ znǉormation 7ocument 
bor eloŹal %ioǌeocǠemical �nalˊɽiɽ and borecaɽt ároduct࡫ https://catalogue.marine.copernicus.eu/
documents/QUID/CMEMS-GLO-QUID-001-028.pdf 

�amourouˉ࡫ࡲ� ࡫ áerrucǠe࡫ࡲ- ࡫ ¡iǌnot࡫ࡲ� ࡫ eutȇnecǠt࡫ E࡫ࡲ Ruǌǌiero࡫ e࡫ࡲ Eʽaluation oǉ tǠe -¡E¡S ǌloŹal 
ŹioǌeocǠemical ɽimulation࡫ ˁitǠ aɽɽimilation oǉ ɽatellite -Ǡla concentrationɽ࡫ in prepࡲ

�aˁɽ࡫ Eࡲ࢏ࠂࠀ߿ࠁࢎ ࡲ�ࡲ Eʽaluation oǉ zn Situ áǠˊtoplanȇton eroˁtǠ Rateɽ: � SˊntǠeɽiɽ oǉ 7ata ǉrom Īaried �pproacǠ-
es. Annual Review of Marine Scienceࠆࠃࠁ ࡫࢏ࠀࢎࠄ ࡫  https://doi.org/10.1146/annurev-marine-121211-172258 ࡫ࠇࠅࠁ࢚

�e æuƢrƢ࡫ࡲ- ࡫ qarriɽon࡫ Sࡲ á࡫ࡲ árentice࡫ z࡫ࡲ- ࡲ %uitenǠuiɽ࡫ Eࡲ þ࡫ࡲ �umont࡫ࡲ¶ ࡫ %opp࡫ࡲ� ࡫ -lauɽtre࡫ q࡫ࡲ -otrim 
7a -unǠa࡫ࡲ� ࡫ eeider࡫ R࡫ࡲ eiraud࡫ Ĵ࡫ࡲ �laaɽ࡫ࡲ- ࡫ �oǠǉeldࡲ� ࡫ E࡫ࡲ �eǌendre࡫ࡲ� ࡫ ¡ani˖˖a࡫ࡲ¡ ࡫ álatt࡫ þ࡫ࡲ Riʽȇin࡫ 
R࡫ࡲ% ࡲ SatǠˊendranatǠ࡫ S࡫ࡲ čit˖࡫ࡲ� ࡫ ĭatɽon࡫ࡲ� ࡲ� ࡫ and ĭolǉ�eladroˁࡲ࢏ࠄ߿߿ࠁࢎ ࡲ7 ࡫ Ecoɽˊɽtem dˊnamicɽ 
based on plankton functional types for global ocean biogeochemistry models. Global Change Biolo-
gy࡫߿ࠃ߿ࠁ࢚ࠅࠀ߿ࠁ ࡫ࠀࠀ ࡫ https://doi.org/10.1111/j.1365-2486.2005.1004.x 

�e þraon et alࡲ࢏ࠆࠀ߿ࠁࢎ ࡲ þǠe -opernicuɽ marine enʽironmental monitorinǌ ɽerʽice: main ɽcientific acǠieʽe-
mentɽ and ǉuture proɽpectɽࡲ Special zɽɽue ¡ercator ¶cƢan znternational ࡲࠅࠄࡰ �ʽailaŹle at: https://marine.
copernicus.eu/it/node/594 
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�e þraon࡫ áࡲ ĵ࡫ࡲ Reppucci࡫ࡲ� ࡫ banǿul࡫ E࡫ࡲ� ࡲ �ouǉ࡫ࡲ� ࡫ %eǠrenɽ࡫ࡲ� ࡫ %elmonte࡫ࡲ¡ ࡫ %entam  ࡲĪ ࡫rando% ࡫ࡲ� ࡫ertino% ࡫ࡲ� ́࡫
E࡫ࡲ �reiner࡫ࡲ% ࡲ¡ ࡫ %enȇiran࡫ࡲ¡ ࡫ -arʽal࡫ þ࡫ࡲ -iliŹerti࡫ S࡫ࡲ� ࡲ -lauɽtre࡫ q࡫ࡲ -lementi࡫ E࡫ࡲ -oppini࡫ e࡫ࡲ -oɽɽarini࡫ e7 ࡫ࡲe 
�lǉonɽo �lonɽo࢚ ¡uȵoˊerro7 ࡫ࡲ¡ ࡫elamarcǠe7 ࡫ࡲ� ࡫iŹarŹoure࡫ e7 ࡫ࡲineɽɽen࡫ b7 ࡫ࡲreʽillon7 ࡫ࡲ¡ ࡫rillet࡫ ĵ࡫ࡲ bauǌere࡫ 
ĵ࡫ࡲ bernŖnde˖࡫ Ī࡫ࡲ bleminǌ࡫ࡲ� ࡫ earcia࢚qermoɽaࡲ¡ ࡫ z࡫ࡲ Sotilloࡲ¡ ࡫ e࡫ࡲ earric࡫ e࡫ࡲ eaɽparin࡫ b࡫ࡲ eiordan࡫ࡲ- ࡫ eeǠlen࡫ 
�a ࡫ࡲ� ࡫�arʽonen ࡫ࡲ� ࡫qoˊer ࡫ࡲ% ࡲ� ࡫qinȇler ࡫ࡲb ࡫˖qernande ࡫ࡲ- ࡫qarriɽ ࡫ࡲ¡ ࡫qamon ࡫ࡲS ࡫euineǠut ࡫ࡲ¡ ࡫erƢǌoire ࡫ࡲ¡  ́࡫
S࡫ࡲ �inǌ࡫ R࡫ࡲ �aʽerǌne࡫ þ࡫ࡲ �emieuˉ࢚7udon࡫ࡲ% ࡫ �ima࡫ࡲ� ࡫ ¡ao࡫ࡲ- ࡫ ¡artin࡫ࡲ� ࡲ¡ ࡫ ¡aɽina࡫ S࡫ࡲ ¡elet࡫ࡲ� ࡫ ¥ardelliࡲ% ࡫ 
áala˖o ࡫ࡲ� ࡫áiɽtoia ࡫ࡲ� ࡫áaɽcual ࡫ࡲe ࡫olan¥ ࡫ࡲ%  ࡲ% ࡫˖eȷme ࡫ࡲE ࡫áeneʽa ࡫ࡲ- ࡲ� ࡫áeɩuiǌnet ࡫ࡲz ࡲ¡ ࡫áuǿol ࡫ࡲb ࡲ� ࡫áiolle ࡫ࡲ� ̔࡫
á࡫ࡲ de la Īilleonࡲ� ࡫ á࡫ࡲ áinardi࡫ࡲ¥ ࡫ áiɽano࡫ࡲ� ࡫ áouliɩuen࡫ S࡫ࡲ Reid࡫ R࡫ࡲ Rem  ࡫ࡲ� ࡫SǠe ࡫ࡲ� ࡫Siddorn ࡫ࡲR ࡫Santoleri ࡫ࡲE ́࡫
Staneʽa࡫ࡲ� ࡫ Stoǉǉelen࡫ࡲ� ࡫ þonani࡫ࡲ¡ ࡫ ĪandenŹulcȇe࡫ࡲ� ࡫ ʽon ScǠucȇmann࡫ࡲ� ࡫ Īolpe࡫ e࡫ࡲ ĭettre࡫ࡲ- ࡫ and ZacǠa-
rioudaȇiࡲ࢏ࠈࠀ߿ࠁࢎ ࡲ� ࡫ brom oŹɽerʽation to inǉormation and uɽerɽ: þǠe -opernicuɽ ¡arine Serʽice áerɽpectiʽeࡲ 
Frontiers in Marine Science࡫ https://doi.org/10.3389/fmars.2019.00234 

�eǠodeˊ࡫ á࡫ࡲ Senina࡫ z࡫ࡲ ¡urtuǌudde࡫ Rࡲ࢏ࠇ߿߿ࠁࢎ ࡲ � Spatial Ecoɽˊɽtem �nd áopulationɽ 7ˊnamicɽ ¡odel 
 ࡫ࠇࠀࠂ࢚ࠃ߿ࠂ ࡫ࠇࠆ ࡫Progress in Oceanography ࡲodellinǌ oǉ tuna and tuna࢚liȇe populationɽ¡ ࢚ ࢏¡SE�á¶7ĵࢎ
https://doi.org/10.1016/j.pocean.2008.06.004 

�eǠodeˊ࡫ á࡫ࡲ Senina࡫ z࡫ࡲ ĭiŹaˁa࡫ þ࡫ࡲ�ࡲ þitaud࡫ࡲ¶ ࡫ -almetteɽ࡫ࡲ% ࡫ þrancǠant࡫ࡲ% ࡫ and eaɽpar࡫ áࡲ࢏ࠆࠀ߿ࠁࢎ ࡲ 
¶perational modellinǌ oǉ Źiǌeˊe tuna ࢎþǠunnuɽ oŹeɽuɽ࢏ ɽpatial dˊnamicɽ in tǠe zndoneɽian reǌionࡲ 
Marine Pollution Bulletin࡫ࠁࠂ࢚ࠈࠀ ࡫ࠀࠂࠀ ࡫ https://doi.org/10.1016/j.marpolbul.2017.08.020 

�eǠodeˊ࡫ á࡫ࡲ -oncǠon࡫ࡲ� ࡫ Senina࡫ z7 ࡫ࡲomoȇoɽ࡫ R࡫ࡲ -almetteɽ࡫ࡲ% ࡫ �ouanno࡫ࡲ� ࡫ qernande˖࡫ࡲ¶ ࡫ and �loɽ-
er࡫ Rࡲ࢏ࠄࠀ߿ࠁࢎ ࡲ ¶ptimi˖ation oǉ a microneȇton model ˁitǠ acouɽtic dataࡲ zCES Journal of Marine Sci-
ence࡫ࠁࠀࠃࠀ࢚ࠈࠈࠂࠀ ࡫࢏ࠄࢎࠁࠆ ࡫ https://doi.org/10.1093/icesjms/fsu233 

�eǠodeˊ࡫ á࡫ࡲ ¡urtuǌudde࡫ R࡫ࡲ and Senina࡫ zࡲ࢏߿ࠀ߿ࠁࢎ ࡲ %ridǌinǌ tǠe ǌap ǉrom ocean modelɽ to population 
dynamics of large marine predators: A model of mid-trophic functional groups. Progress in Ocean-
oǌrapǠˊࡲࠃࠇ࢚ࠈࠅ ࡫ࠃࠇ ࡫

�eǠodeˊ࡫ á࡫ࡲ Senina࡫ z࡫ࡲ -almetteɽ࡫% ࡫ qampton࡫� ࡫ ¥icol Sࡲ࢏ࠂࠀ߿ࠁࢎ ࡲ ¡odellinǌ tǠe impact oǉ climate 
cǠanǌe on áaciǉic ɽȇipǿacȇ tuna population and ǉiɽǠerieɽࡲ -limatic -Ǡanǌe7 ࡫ࠈ߿ࠀ࢚ࠄࠈ :࢏ࠀࢎ ࠈࠀࠀ ࡫¶z 
10.1007/s10584-012-0595-1

�enǌaiǌne࡫ࡲ¡ ࡫ ¡enȇeɽ࡫ࡲ- ࡫ �umont࡫ࡲ¶ ࡫ eorǌueɽ࡫ þ࡫ࡲ %opp࡫ࡲ� ࡫ �ndrƢ࡫ࡲ¡ ࡲ� ࡫ and ¡adec࡫ eࡲ࢏ࠆ߿߿ࠁࢎ ࡲ znǉlu-
ence of the oceanic biology on the tropical Pacific climate in a coupled general circulation model. 
Climate Dynamicsࡲࠅࠀࠄ࢚ࠂ߿ࠄ ࡫࢏ࠄࢎࠇࠁ ࡫ https://doi.org/10.1007/s00382-006-0200-2 

�iŹralato࡫ S࡫ࡲ and Solidoroࡲ࢏ࠈ߿߿ࠁࢎ ࡲ- ࡫ %ridǌinǌ ŹioǌeocǠemical and ǉood ˁeŹ modelɽ ǉor an End࢚
to-End representation of marine ecosystem dynamics: The Venice lagoon case study. Ecological 
Modelling࡫ࠀࠆࠈࠁ࢚߿ࠅࠈࠁ ࡫࢏ࠀࠁࢎ߿ࠁࠁ ࡫ https://doi.org/10.1016/j.ecolmodel.2009.08.017 

�onǌǠurɽtࡲ࢏ࠇࠈࠈࠀࢎ ࡲ� ࡫ Ecoloǌical ǌeoǌrapǠˊ in tǠe ɽeaࡲ �cademic áreɽɽࡲ

¡atternࡲ� ࡫ á࡫ࡲ bennel࡫ࡲ� ࡫ and 7oˁdࡲ࢏ࠁࠀ߿ࠁࢎ ࡲ¡ ࡫ Eɽtimatinǌ time࢚dependent parameterɽ ǉor a Źioloǌ-
ical ocean model using an emulator approach. Journal of Marine Systems࡫ࠆࠃ࢚ࠁࠂ ࡫ࠅࠈ ࡫ https://doi.
org/10.1016/j.jmarsys.2012.01.015 

¡atternࡲ� ࡫á7 ࡫ࡲoˁdࡲ¡ ࡫ and bennelࡲ࢏ࠂࠀ߿ࠁࢎ ࡲ� ࡫ áarticle ǉilter࢚Źaɽed data aɽɽimilation ǉor a tǠree࢚di-
mensional biological ocean model and satellite observations. Journal of Geophysical Research: 
Oceans࡫߿ࠅࠆࠁ࢚ࠅࠃࠆࠁ ࡫࢏ࠄࢎࠇࠀࠀ ࡫ https://doi.org/10.1002/jgrc.20213 

¡aunder࡫ࡲ¥ࡲ¡ ࡫ áuntࡲ� ࡫Eࡲ࢏ࠂࠀ߿ࠁࢎ ࡲ � reʽieˁ oǉ inteǌrated analˊɽiɽ in ǉiɽǠerieɽ ɽtocȇ aɽɽeɽɽmentࡲ Fish-
eries Research࡫ࠃࠆ࢚ࠀࠅ ࡫ࠁࠃࠀ ࡫ https://doi.org/10.1016/j.fishres.2012.07.025 
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¡aurˊ࡫ࡲ¶ ࡫ bauǌeraɽ࡫ࡲ% ࡫ SǠin࡫ ĵ࡫ࡲ�࢚ࡲ áoǌǌiale࡫ࡲ-࢚ࡲ� ࡫ %en �ri࡫ þ࡫ࡲ and ¡arɽac࡫ bࡲ࢏ࠆ߿߿ࠁࢎ ࡲ ¡odelinǌ enʽiron-
mental effects on the size-structured energy flow through marine ecosystems. Part 1: The model. 
Progress in Oceanography࡫ࠈࠈࠃ࢚ࠈࠆࠃ ࡫࢏ࠃࢎࠃࠆ ࡫ https://doi.org/10.1016/j.pocean.2007.05.002 

¡cEˁan࡫ R࡫ࡲ Sࡲ �aˊࡲ7 ࡫ bord ࡲ࢏ࠀࠁ߿ࠁࢎ æualitˊ znǉormation 7ocument bor tǠe �tlantic ࢚ European ¥ortǠ 
ĭeɽt SǠelǉ ároduction -entre࡫ https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-
NWS-QUID-004-002.pdf࡫ https://doi.org/10.48670/moi-00056 

¡elɽomࡲ� ࡫ and 1ࡲ ĵumruȇtepe ࡫࢏ࠀࠁ߿ࠁࢎ æualitˊ znǉormation 7ocument bor tǠe �rctic ároduction 
-entre࡫ https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-ARC-QUID-002-004.pdf࡫ 
https://doi.org/10.48670/moi-00003 

¡iǌnot࡫ࡲ� ࡫ -lauɽtre࡫ q࡫ࡲ -oɽɽarini࡫ eࢫ7 ࡫ࡲ¶rten˖io࡫ b࡫ࡲ eutȇnecǠt࡫ E࡫ࡲ �amourouˉ࡫ࡲ� ࡫ �a˖˖ari࡫ á࡫ࡲ áerrucǠe࡫ 
 7eǉininǌ %e-࢚�rǌo࢚Źaɽed metricɽ oǉ ocean ࡲ࢏ࠀࠁ߿ࠁࢎ ࡲ� ࡫þeru˖˖i ࡫ࡲĪ ࡫þaillandier ࡫ࡲR ࡫Sau˖ưde ࡫ࡲS ࡫Salon ࡫ࡲ-
health and biogeochemical functioning for the evaluation of global ocean models. Biogeosciences࡫ 
https://doi.org/10.5194/bg-2021-2 

¡iller࡫ࡲ%ࡲ- ࡫ �ˊncǠࡲ7 ࡫R࡫ࡲ -arlotti࡫ b࡫ࡲ eentleman࡫ ĭ࡫ࡲ �eˁiɽࡲ- ࡫Īࡲĭࡲ࢏ࠇࠈࠈࠀࢎ ࡲ -ouplinǌ oǉ an indiʽidual࢚Źaɽed 
population dynamic model of Calanus finmarchicus to a circulation model for the Georges Bank re-
gion. Fisheries Oceanography࡫ࠃࠂࠁ࢚ࠈࠀࠁ ࡫࢏ࠃ࢚ࠂࢎࠆ ࡫ https://doi.org/10.1046/j.1365-2419.1998.00072.x 

¡oǌenɽenࡲ� ࡫S࡫ࡲ %almaɽeda࡫ࡲ�ࡲ¡ ࡫ ĭeaʽer࡫ࡲ� ࡫ ¡artin࡫ࡲ�ࡲ¡ ࡫ Īidardࡲ࢏ࠈ߿߿ࠁࢎ ࡲ� ࡫ ¥E¡¶Ī�R: � ʽariational 
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 https://doi.org/10.1111/mms.12626 ࡫ࠈࠆࠀ

Romaǌoɽa࡫ࡲ¡ ࡫ áƢre˖࢚�orǌe࡫ S࡫ࡲ -aɽcŴo࡫ z࡫ࡲ ¡ouriȵo࡫ q࡫ࡲ �eǠodeˊ࡫ á࡫ࡲ ¡arɩueɽ࡫ þ࡫�ࡲ Silʽaࡲ࢏ࠀࠁ߿ࠁࢎ ࡲ�ࡲ¡ ࡫ 
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