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World Ocean Model with Biogeochemistry and Trophic-
dynamics (WOMBAT)

Thermocline Nitrate 
from observations Surface mixed layer from 

either observations or 
models 

Solar shortwave radiation

Includes: Nitrate, 
Phytoplankton 
Zooplankton, Detritus 
and: 

1) iron cycle; 

2) Carbon 
cycle (organic and 
CaCO3 )
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ACCESS-o: Phytoplankton concentrations (m mol N/m3)

Simulated

Observed

We over-estimate phytoplankton –
too much re-cycling of  nutrients 

Note in the Arctic and in most of the 
coastal regions the observations 
are wrong – not phytoplankton
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Model
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Nesting approach : from global to regional to local model

The large model provide boundary conditions for the smaller 
model 
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10 km

1 km

150 m

Local Scale Modelling

See Mongin poster
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Australian Marine Ecosystem and Prediction Research

BlueLink 3 (MOM4)
Global eddy-resolution model (1/10 degree) with BGC 

EnKF forecasting system

ENKF re-analysis 

BGC re-analysis product using 1D BGC data assimilation

Interaction with Fisheries scientists using both re-analysis and forecast 
products for management (e.g. Hobday)

Provide boundary conditions for regional model which may also incorporate 
Data Assimilation methods

ACCESS-O (MOM4 – with sea-ice)
Global AR-5 model with ¼ degree resolution in equatorial and 

Southern Ocean
EnKF re-analysis products (last 50 years) with BGC products 

Platform for testing the new DA methodology and products

Moving to consider DA in sea-ice areas

Merging with Bluelink with a global 1/10 degree model with polar regions and



Motivation of open ocean Biogeochemical modelling

• Carbon Climate Feedbacks

• Ocean Acidification + De-oxygenation

• Carbon Accounting

• Ecosystem Services

• Marine Ecosystem Behavior/Diversity/Resilience

• Fishery Management

• Boundary Conditions for Regional modelling
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Motivation for Data Assimilation
Models are not perfect they contain errors and uncertainties:

Initial Conditions

Boundary Conditions (including forcing)

Model Structure

Parameterisations …..

Observations also contain errors and uncertainties like:

Analytical/Instrument error

Difference in kind (e.g. we observe a pigment but model biomass)

Difference in scale (how do we relate a bucket sample with a 1km grid 
cell)

DA techniques allow us to reconcile these errors, uncertainties and 
differences in a statistically robust framework. We can get:

The “best” estimate of the state and parameters, but also;

Quantitative estimates of uncertainty in model predictions!
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Data Assimilation Applications

• Parameter Estimation 

• State Estimation

• Observational Design
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Why is DA into BGC models so difficult?
Sources of error and uncertainty are different to the physics:

We rely on many empircal relationships, physics have some 
very nice governing equations!

The equations are highly non-linear and the state can be non-
gaussian!

Many traditional DA approaches rely on a quasi-linear model 
that have a Gaussian distribution.

Observations are sparse in time and space

Many observations are not what we explicitly model.
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International Activities(GODAE Ocean View): Activity 1

Exploiting GODAE physical state estimation products by 
coupling them to BGC models 

Problems with the vertical processes in the state estimation

Free run BGC model works better than the using the ocean 
state estimate
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International Activities (GODAE Ocean View): Activity 2 

Gregg et al. (2009) 
Journal of Marine 
Systems



International Activities (GODAE Ocean View): Activity 2 

BGC data assimilation methodology and comparison

• How much information can be extracted from the ocean colour
chlorophyll a?

• We really want to determine things like: Primary Productivity, 
Secondary Productivity, CO2 fluxes, …

Activity 3:  Observing Strategy experiments
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Observational Strategy: Southern Annual Net Carbon 
Uptake 16

11 repeat lines in 
the Southern 
Ocean 4 times a 
year

Observed11



BGC Data Assimilation: Conclusion

Data Assimilation provides a tool to merge models with rapidly 
increasing observations to:

Calibrate model parameters

Identify required model complexity to simulate a system

extrapolate the biogeochemical information in both space and time

Identify crucial observations to constrain models 

Ocean Colour data is a key dataset for biogeochemical data 
assimilation

Key future BGC products to deliver with biogeochemical data 
assimilation: 

Primary and secondary production

air-sea CO2 fluxes
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Recommendations
Key assimilation data is ocean colour chlorophyll a

How much biological information can be extracted from this 
dataset?

Really want to extend the information to higher trophic levels 
and carbon fluxes

Key assessment data

Underway pCO2

BGC moorings, gliders and floats

Untapped potential to use data assimilation to help define the 
observing strategy

Issue oriented studies of observational strategies

Eg. phytoplankton functional groups differentiation in ocean 
chlorophyll a
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Wild-Allen et al., J.Mar.Sys. 2010
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OFAM3- Chlorophyll a 

Model Observations
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OFAM3- Chlorophyll a 

Model

Observed
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High Resolution Hydrodynamic model

Detailed maps of Benthic Habitats (Chris Roelfsema
and Stuart Phinn, Biophysical Remote Sensing Group UQ)

Carbon Chemistry and calcification
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Local Scale: Heron Island Modelling

See Mongin poster
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Model Formulation:
Process Uncertainty – Zooplankton Grazing

If our BGC model was deterministic we'd tune our model with 
a single ClZ parameter.

Alternatively we could represent our uncertainty in ClZ by 
allowing it to evolve as a stochastic BGC parameter that is 
sampled from a PDF (log-normal) with a mean (µ) and variance 
(σ2). 

ClZ is allowed to vary in time as an AR1 process, to represent 
shifts in species composition. 
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0-D Mixed Layer NPZD Model 24



NPZD Model: Ocean Station P 71 – 74
State Estimation 25



Early Results: Using seasonal cycle

• Recovery of the model 
parameters through the 0D 
inversion approach

• Red Line correct solution

• 0D inversion

26



Early Results:

• Incorporate multiple 1D BGC data assimilation into ocean data 
assimilation system

• Allow the BGC model parameters to be spatially and temporally 
varying 
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International Activities(GODAE Ocean View): Activity 1

Exploiting GODAE physical state estimation products by 
coupling them to BGC models 

Problems with the vertical processes in the state estimation

Free run BGC model works better than the using the ocean 
state estimate

BGC data assimilation methodology and comparison

• How much information can be extracted from the ocean colour
chlorophyll a?

• Want to determine PP, SP, CO2 fluxes

Observing Strategy experiments
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Classical Approach to BGC DA: Update State variables (e.g. 
Phytoplankton)

Classical approach: perturb phytoplankton concentration and 
develop a statistical relationship between phytoplankton and 
other biological state variables (e.g. Zooplankton, Nitrate)

Example: increase Phytoplankton to match observations and 
modify the other state variables using this statistical 
relationship

Challenge: 1) compute a robust statistical relationships given the 
large model parameter uncertainty in the biological model; 2) 
assess the stability of the relationship (state dependent?)

Matear and Jones 2010
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Classical Approach to BGC DA
Covariance behavior 

between biological state 
variables

Phytoplankton anomaly 
versus Nitrate anomaly 
(linear relationship)

Phytoplankton anomaly 
versus Zooplankton  - No 
clear relationship!

Matear and Jones 2010
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Classical Approach to BGC DA

Complex relationship 
between Zooplankton 
and Phytoplankton

Unrealistic oscillations in 
the phytoplankton 
perturbation case

Character of the oscillation 
set by model 
parameters

Phytoplankton

Zooplankton

Nitrate Detritus

Matear and Jones 2010
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New Approach to BGC DA
Modify biological parameters

Example: phytoplankton 
concentration too low -> 
reduce grazing by 
Zooplankton

Results: phytoplankton 
concentration increases 
and is sustained for many 
days

Use 1D representations of 
the 3D model apply 
generate a new parameter 
set consistent with 
observations

Phytoplankton Zooplankton

Nitrate

Detritus

Matear and Jones 2010

32



Approach for the 3D BGC data assimilation

• Incorporate multiple 1D BGC data assimilation into ocean data 
assimilation system

• Allow the BGC model parameters to be spatially and temporally 
varying 
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OFAM3-WOMBAT: ⊗pCO2

Seasonal Cycle 
of ⊗pCO2

Under-way pCO2 
observations 
provide a new 
product to 
assess model 
behaviour 
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Early Results: Using seasonal cycle

• Recovery of the model 
parameters through the 0D 
inversion approach

• Red Line correct solution

• 0D inversion
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Down-Scaling Model: 
Ocean Forecasting Australia Model (OFAM)

… every 10th grid point 
shown

OFAM-3
Global configuration of MOM4 now Eddy-resolving everywhere
•51 vertical levels (5 m; 0-40m;  10 (40-200m) 
•Surface fluxes from ERA-interim (18 years - 1992-2010)

•NOW near GLOBAL eddy-resolving

Minimum resolution: 
~100km

~10km 
resolution
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Sub-Antarctic Zone Sensitivity to Environmental Change 
(SAZ – Sense)

Large zonal 
gradient in 
surface 
chlorophyll a

2 Hypothesis

-Iron

-Ecosystem 
structure

P1
P3



P1 and P3 simulations

P1

P3

Kidston etal 2010



Future Research

Eddy-Resolving (OFAM) with a marine carbon cycle 
Simulate the daily to seasonal variability in air sea CO2 fluxes and carbon 
chemistry around Australia

Use the simulation to set the boundary conditions for a coastal model

Use the model to down-scale future climate projections

Global Ocean Carbon Model (AusCOM)
Using atmospheric reanalysis products simulate the Southern Ocean 
variability in the air-sea CO2 fluxes, oceanic pCO2, and phytoplankton 
biomass and compare the simulated variability to observations (expand on 
JoC study)

Link the simulated variability in O2 and CO2 air-sea fluxes to atmospheric 
observations of oxygen and carbon dioxide



AusCOM: Phytoplankton concentrations (m mol N/m3)

Simulated

Observed

We over-estimate phytoplankton –
too much re-cycling of  nutrients 

Note in the Arctic and in most of the 
coastal regions the observations 
are wrong – not phytoplankton
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