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Carbon Cycle Data Ass imilation System
(CCDAS) current form

BETHY+TM2
only Photosynthesis, 

Energy& Carbon Balance
+Adjoint and Hessian code

Globalview CO2
+ Uncer t.

Optimised Parameters
 + Uncert.

Diagnostics 
+ Uncer t.

Assimilation Step 2 (calibration) + Diagnostic Step

Background CO2 fluxes:
ocean: Takahashi et al. (1999),  LeQuere et al. (2000)
emissions: Marland et al. (2001), Andres et al. (1996)

land use: Houghton et al. (1990)

veg. Index (AVHRR)
 + Uncert.

full BETHY

Phenology
Hydrology

Assimilation Step1 

 Parameter Pr iors
 + Uncert.
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CCDAS calibration step

• Terrestrial biosphere model BETHY (Knorr 97)
delivers CO2 fluxes to atmosphere

• Uncertainty in process parameters from
laboratory measurements

• Global atmospheric network
provides additional constraint
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• Terrestrial biosphere model BETHY (Knorr 97)
delivers CO2 fluxes to atmosphere

• Uncertainty in process parameters from
laboratory measurements

• Global atmospheric network
provides additional constraint



FastOpt CCDAS

Gradient of J(m) provides
search directions for

minimisation.

Second Derivative (Hess ian)
of J(m)

yields curvature of J,
provides estimated

uncertainty in  mopt

Figure taken from Tarantola '87
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Optimisation
(BFGS+ adjoint gradient)
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Posterior uncertainties on
parameters

 first guess optimized prior unc. opt.unc. Vm(TrEv) Vm(EvCn) Vm(C3Gr) Vm(Crop)

µmol/m
2

s µmol/m
2

s % %

Vm(TrEv) 60.0 43.2 20.0 10.5 0.28 0.02 -0.02 0.05

Vm(EvCn) 29.0 32.6 20.0 16.2 0.02 0.65 -0.10 0.08

Vm(C3Gr) 42.0 18.0 20.0 16.9 -0.02 -0.10 0.71 -0.31

Vm(Crop) 117.0 45.4 20.0 17.8 0.05 0.08 -0.31 0.80

error covarianceexamples:

Cm

2J mopt

mi, j
2

1
Use inverse Hessian of objective function to

approximate posterior uncertainties

Relative reduction of uncertainties

Observations resolve about 10-15 directions in parameter space



FastOpt CCDAS

CCDAS diagnostic st ep
Global fluxes and t heir uncertainties

Cy

yi mopt
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• Examples for diagnostics:

• Long term mean fluxes to atmos phere
(gC/m2/year) and uncertainties

• Regional means
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CCDAS
methodological aspects

• remarks:
– CCDAS tests a given combination of observational data plus model formulation wi th

uncertain parameters
– CCDAS delivers optimal parameters, diagnostics/prognostics, and their a posteriori

uncertainties
– all derivative code (adjoint, Hessian, Jacobian) generated automatically from model code

by compiler tool TAF: quick updates of CCDAS after change of model formulation
– derivative code is highly eff icient
– CCDAS posterior flux field consistent with trajectory of process model

rather than linear combination o f prescribed flux patterns (as transport inversion)
– CCDAS includes a prognostic mode (unlike transport inversion)

• some of the diff iculties /problems:
– Prognostic uncertainty (error bars) only reflect parameter uncertainty

What about uncertainty in model formulation, driving fields…?
– Uncertainty propagation only for means and covariances (specific PDFs),

and only wi th a linearised model
– Result depends on a priori information on parameters
– Result depends on a single model
– Two step assimilation procedure sub op timal
– lots of other technical issues

(bounds on parameters, driving data, Eigenvalues of Hessian ...)
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Extensions of concept
1. More processes/components

• Have tested a version extend ed by an extremely
simplified form of an ocean model:

flux(x,t) = ΣΣΣΣ coefficient(i) * pattern(i,x,t)

• Optimising coefficients for biosphere patterns
would allow the optimisation to compensate for errors (e.g. miss ing processes ) in
biosphere model (weak constraint 4DVar, see ,e.g., Zupanski (1993))

• But it is always prefer able to i nclude a process model,
e.g for fire, marine biogeochemistry

• Can also extend to weak constraint f ormulation f or stat e of biosphere model:
include stat e as unknown with prior uncer tainty est imated from model erro r
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J(m) = ½ (m-m0)
T Cm

-1(m-m0)

                  + ½ (cmod(m)- cobs) 
T Cc

-1(cmod(m)- cobs)

                  + ½ (fmod(m)- fobs)
T Cf

-1(fmod(m)- fobs)

                  + ½ (Imod(m)- Iobs)
T CI

-1(Imod(m)- Iobs)
             + ½ (Rmod(m)- Robs)

T CR
-1(Rmod(m)- Robs)

      + etc ...

Extension of concept
2. Adding more observations

Flux Data

•Can add further constraints on any quantity that can be extracted from the model
(possibly after extensions/modifications of model)

•Covariance matrices are crucial: Determine relative weights!
•Uses Gaussian assumption; can also use logarithm of quantity (lognormal distribution), ...

Inventories

Atmospheric
Isotope Ratios

Atmospheric Concentrations (could also be column integrated)
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Extensions of concept
3. Observation-System Design

• Background : For a linear model, on ly uncertainties of potential observations are r equired
to infer posterior uncertainties on unknow ns

• Used by Rayner et al. (1996) for design of atmospheric sampl ing network

• Same strategy ca n be use d in CCDAS
– Define target quantity (e.g. European balance for 1990 or 2010)

– Repeat following procedure for each candidate observing system:
• Prescribe uncertainty of potential observations

• Prescribe prior parameter uncertainties

• Backpropagate uncertainties to parameter uncertainties (like pseudo flux mea surement for SDBM)

• Propagate parameter uncertainties forward to target quantity

• Best candidate (lowest posterior uncertainty on target quantity) depends on:
– Target quantity

– Process models

– prescribed uncertainties

• Candidate observing sys tems may be generated automatically by an optimisation
algorithm, as in Rayner et al. (1996)
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Comparison shows impact of a
(pseudo ) flux m easurement in
the broadleaf evergreen biome
on Q10 estimated by an
inversion of SDBM:

Upper panel:
on ly concentration data

Lower panel:
concentration data +
pseudo flux measurement
(mean: as predicted
 sigma: 10gC/m^2/year)

a poster ior i mean/uncer taintiesa pr ior i mean/uncer tainties

Example: A priori info + atmospheric CO2 + (pseudo ) flux
measurement : with CCDAS predecessor
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Extensions of concept
4. Different sca le

• Can be applied to scales other than global, e.g. continental.
May need to alter/improve process representation
(e.g. atmospheric transport)
Need to handle domain b ound aries somehow

• Can run for longer time scales.
For eff icient handling of slow poo l spin-up
see Kaminski et al., LNCS, 2005
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Some ongoing Activities

• CCDAS sister at CSIRO DAR (Pak, Wang + coworkers)
– buil t around CABLE model

– currently runs at site scal e and assim ilat es eddy flux d ata

– extension by transport model planned

• CCDAS
– Prognose biospheric uptake in 2050 (Rayner et al. Boulder abstract)

– Include fire model (Scholze et al. Boulder abstract)
Burnt area model (METEOSAT Albedo product, Goverts et al. 2002) +
Emissions model

– Derive prior uncertainties from inversions against leaf and site levels (J. Kattge)

– Support design of ocean observation system (FastOpt activity for CarboOcean, C. Heinze)
Deliver (second order adjoint) sensitivity maps of European budget w.r.t. ocean flux.

– IMECC proposal (co-ordinated by P. Rayner) includes construction of network d esign tool



FastOpt CCDAS

Conclusions

• Concept demonstrated by CCDAS and its sist er in A ustralia
• Concept can be extended

– to ass imilate addit ional types of obser vations, e.g colum n CO2, bur nt area …
– to qua ntify their i mpact on i nteresting qu antities,

e.g. past of fut ure continental scal e budg ets
– to suppo rt observation sys tem design

• Concept looks well -suited as a  tool for  integration

• More info, papers, etc:
http://CCDAS.org, http://FastOpt.com


