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What is Bayesian DA and why do we need it for land models?

Ø Bayesian framework: use new information (from observations) 
to update prior knowledge (theory encoded in model or 

parameter distributions)

Ø Quantify and reduce uncertainty model predictions by 
minimizing a likelihood function (considering uncertainties in 

both the model, observations and priors)
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What is Bayesian DA and why do we need it for land models?

Mainly two approaches:
1. Smoother / Variational                                            2. Filters / Sequential 

Use all observations over 
a time widow

Use observations sequentially in 
time as they become available

Credit: Alison Fowler: 
http://www.met.reading.ac.uk/~darc/training/ec
mwf_collaborative_training/EnKF_AFowler.pdf

http://www.met.reading.ac.uk/~darc/training/ecmwf_collaborative_training/EnKF_AFowler.pdf
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[1] This paper presents the space-time distribution of terrestrial carbon fluxes for the
period 1979–1999 generated by a terrestrial carbon cycle data assimilation system
(CCDAS). CCDAS is based around the Biosphere Energy Transfer Hydrology model. We
assimilate satellite observations of photosynthetically active radiation and atmospheric
CO2 concentration observations in a two-step process. The control variables for the
assimilation are the parameters of the carbon cycle model. The optimized model produces
a moderate fit to the seasonal cycle of atmospheric CO2 concentration and a good fit to its
interannual variability. Long-term mean fluxes show large uptakes over the northern
midlatitudes and uptakes over tropical continents partly offsetting the prescribed efflux
due to land use change. Interannual variability is dominated by the tropics. On interannual
timescales the controlling process is net primary productivity (NPP) while for decadal
changes the main driver is changes in soil respiration. An adjoint sensitivity analysis
reveals that uncertainty in long-term storage efficiency of soil carbon is the largest
contributor to uncertainty in net flux.

Citation: Rayner, P. J., M. Scholze, W. Knorr, T. Kaminski, R. Giering, and H. Widmann (2005), Two decades of terrestrial
carbon fluxes from a carbon cycle data assimilation system (CCDAS), Global Biogeochem. Cycles, 19, GB2026,
doi:10.1029/2004GB002254.

1. Introduction

[2] The rising concentration of CO2 in the atmosphere
and the attendant potential for climate change has stimulated
substantial scientific and policy scrutiny. Two scientific foci
have been to quantify the space-time distribution of fluxes
of the gas to the atmosphere or to predict the evolution of
these fluxes into the future. Generally, the tools used to
perform these two tasks have been different. The most
commonly used tool for flux mapping on the global scale
has been atmospheric inversion [e.g., Law, 1999; Rayner et
al., 1999; Bousquet et al., 2000; Enting, 2002; Rödenbeck et
al., 2003a].
[3] In this approach we deduce a space-time pattern

of fluxes which, when subject to atmospheric transport,
produces a set of concentrations close to those observed.
The continuous nature of the flux field, the diffusive nature
of atmospheric transport, and the sparsity of the observing
network conspire to make this a poorly conditioned inverse

problem so that many possible flux fields are compatible
with the observations [e.g., Kaminski and Heimann, 2001].
Approaches to solving this problem usually involve some
kind of regularization [e.g., Fan et al., 1999] such as the use
of prior information as a constraint on the available solution
or solving for fluxes only in a highly restricted subspace.
These approaches contain their own pitfalls as demonstrated
by Kaminski et al. [2001]. A more fundamental problem is
that the solution, no matter how good, contains no infor-
mation on the processes responsible for the inferred flux
pattern. We hence cannot use results from such a study to
help predict the future behavior of the carbon cycle.
[4] The other approach is the traditional one of forward

modeling of the most important processes. This approach
can allow us to make predictions and can include process
understanding, but it also has a disadvantage. Most forward
models will be checked ad hoc against various data sources
or, in the worst case, an ensemble of other models, but there
is usually no mechanism built in to the model to incorporate
such testing data formally. That task is usually known as
data assimilation and is, necessarily, the operational proce-
dure when best guess predictions must be made on the
basis of current knowledge, the paradigm being numerical
weather prediction. In this paper we aim to bring such an
approach to the modeling of the terrestrial carbon cycle, a
carbon cycle data assimilation system (CCDAS).
[5] The basic approach has been applied previously to a

highly simplified model by Kaminski et al. [2002] (herein-
after referred to as K02). Briefly, they optimized the
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Abstract. Land-surface models (LSMs) are crucial com-
ponents of the Earth system models (ESMs) that are used
to make coupled climate–carbon cycle projections for the
21st century. The Joint UK Land Environment Simulator
(JULES) is the land-surface model used in the climate and
weather forecast models of the UK Met Office. JULES is also
extensively used offline as a land-surface impacts tool, forced
with climatologies into the future. In this study, JULES is
automatically differentiated with respect to JULES param-
eters using commercial software from FastOpt, resulting in
an analytical gradient, or adjoint, of the model. Using this
adjoint, the adJULES parameter estimation system has been
developed to search for locally optimum parameters by cali-
brating against observations. This paper describes adJULES
in a data assimilation framework and demonstrates its ability
to improve the model–data fit using eddy-covariance mea-
surements of gross primary production (GPP) and latent heat
(LE) fluxes. adJULES also has the ability to calibrate over
multiple sites simultaneously. This feature is used to define
new optimised parameter values for the five plant functional
types (PFTs) in JULES. The optimised PFT-specific param-
eters improve the performance of JULES at over 85 % of
the sites used in the study, at both the calibration and eval-
uation stages. The new improved parameters for JULES are
presented along with the associated uncertainties for each pa-
rameter.

1 Introduction

Land-surface models (LSMs) have formed an important
component of climate models for many decades now (Pit-
man, 2003). First generation land-surface schemes focussed

on providing the lower boundary condition for atmospheric
models by calculating the land–atmosphere fluxes of heat,
moisture, and momentum, and updating the surface state
variables on which these fluxes depend (e.g. soil tempera-
ture, soil moisture, snow cover). In the mid- to late 1990s
some land-surface modelling groups began to introduce ad-
ditional aspects of biology into their schemes, most notably
the dynamic control of transpiration by leaf stomata and the
connected rates of leaf photosynthesis (Sellers et al., 1997;
Cox et al., 1999).

In the early 2000s, climate modelling groups began to use
the carbon fluxes simulated by LSMs within first generation
climate–carbon cycle models (Cox et al., 2000; Friedling-
stein et al., 2001). These early results, and a subsequent
model inter-comparison (Friedlingstein et al., 2006), high-
lighted the uncertainties associated with land carbon–climate
feedbacks. The 5th Assessment Report of the Intergovern-
mental Panel on Climate Change (IPCC AR5; Stocker et al.,
2013) for the first time routinely included models with an in-
teractive carbon cycle (now called Earth system models or
ESMs), confirming that land responses to climate and CO2
are amongst the largest of the uncertainties in future climate
change projections (Arora and Boer, 2005; Brovkin et al.,
2013; Jones et al., 2013; Friedlingstein et al., 2013). Any fu-
ture decreased ability of the land surface to drawdown atmo-
spheric CO2 could imply smaller “compatible emissions” in
order to stay below key warming thresholds such as 2 �.

Uncertainties in LSMs arise from three major sources: pa-
rameter uncertainty, process uncertainty, and uncertainty due
to initial and boundary conditions. Taking these in reverse or-
der, uncertainty due to initial and boundary conditions refers
to uncertainty in the forcing data (Kavetski et al., 2006a, b;
Ajami et al., 2007). Process uncertainty includes the misrep-
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Abstract. Large uncertainties in land surface models (LSMs)
simulations still arise from inaccurate forcing, poor descrip-
tion of land surface heterogeneity (soil and vegetation prop-
erties), incorrect model parameter values and incomplete rep-
resentation of biogeochemical processes. The recent increase
in the number and type of carbon cycle-related observations,
including both in situ and remote sensing measurements,
has opened a new road to optimize model parameters via
robust statistical model–data integration techniques, in or-
der to reduce the uncertainties of simulated carbon fluxes
and stocks. In this study we present a carbon cycle data as-
similation system that assimilates three major data streams,
namely the Moderate Resolution Imaging Spectroradiometer
(MODIS)-Normalized Difference Vegetation Index (NDVI)
observations of vegetation activity, net ecosystem exchange
(NEE) and latent heat (LE) flux measurements at more than
70 sites (FLUXNET), as well as atmospheric CO2 concen-
trations at 53 surface stations, in order to optimize the main
parameters (around 180 parameters in total) of the Organiz-
ing Carbon and Hydrology in Dynamics Ecosystems (OR-
CHIDEE) LSM (version 1.9.5 used for the Coupled Model
Intercomparison Project Phase 5 (CMIP5) simulations). The
system relies on a stepwise approach that assimilates each
data stream in turn, propagating the information gained on
the parameters from one step to the next.

Overall, the ORCHIDEE model is able to achieve a con-
sistent fit to all three data streams, which suggests that cur-
rent LSMs have reached the level of development to assim-

ilate these observations. The assimilation of MODIS-NDVI
(step 1) reduced the growing season length in ORCHIDEE
for temperate and boreal ecosystems, thus decreasing the
global mean annual gross primary production (GPP). Us-
ing FLUXNET data (step 2) led to large improvements in
the seasonal cycle of the NEE and LE fluxes for all ecosys-
tems (i.e., increased amplitude for temperate ecosystems).
The assimilation of atmospheric CO2, using the general cir-
culation model (GCM) of the Laboratoire de Météorologie
Dynamique (LMDz; step 3), provides an overall constraint
(i.e., constraint on large-scale net CO2 fluxes), resulting in
an improvement of the fit to the observed atmospheric CO2
growth rate. Thus, the optimized model predicts a land C
(carbon) sink of around 2.2 PgC yr�1 (for the 2000–2009
period), which is more compatible with current estimates
from the Global Carbon Project (GCP) than the prior value.
The consistency of the stepwise approach is evaluated with
back-compatibility checks. The final optimized model (af-
ter step 3) does not significantly degrade the fit to MODIS-
NDVI and FLUXNET data that were assimilated in the first
two steps, suggesting that a stepwise approach can be used
instead of the more “challenging” implementation of a si-
multaneous optimization in which all data streams are assim-
ilated together. Most parameters, including the scalar of the
initial soil carbon pool size, changed during the optimization
with a large error reduction. This work opens new perspec-
tives for better predictions of the land carbon budgets.
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tems (i.e., increased amplitude for temperate ecosystems).
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(i.e., constraint on large-scale net CO2 fluxes), resulting in
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(carbon) sink of around 2.2 PgC yr�1 (for the 2000–2009
period), which is more compatible with current estimates
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The terrestrial carbon cycle is currently the least constrained compo-
nent of the global carbon budget. Large uncertainties stem from
a poor understanding of plant carbon allocation, stocks, residence
times, and carbon use efficiency. Imposing observational constraints
on the terrestrial carbon cycle and its processes is, therefore, necessary
to better understand its current state and predict its future state.
We combine a diagnostic ecosystem carbon model with satellite
observations of leaf area and biomass (where and when available)
and soil carbon data to retrieve the first global estimates, to our
knowledge, of carbon cycle state and process variables at a 1° × 1°
resolution; retrieved variables are independent from the plant func-
tional type and steady-state paradigms. Our results reveal global
emergent relationships in the spatial distribution of key carbon cycle
states and processes. Live biomass and dead organic carbon residence
times exhibit contrasting spatial features (r = 0.3). Allocation to struc-
tural carbon is highest in the wet tropics (85–88%) in contrast to
higher latitudes (73–82%), where allocation shifts toward photosyn-
thetic carbon. Carbon use efficiency is lowest (0.42–0.44) in the wet
tropics. We find an emergent global correlation between retrievals of
leaf mass per leaf area and leaf lifespan (r = 0.64–0.80) that matches
independent trait studies. We show that conventional land cover
types cannot adequately describe the spatial variability of key carbon
states and processes (multiple correlation median = 0.41). This mis-
match has strong implications for the prediction of terrestrial carbon
dynamics, which are currently based on globally applied parameters
linked to land cover or plant functional types.
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The terrestrial carbon (C) cycle remains the least constrained
component of the global C budget (1). In contrast to a relatively

stable increase of the ocean CO2 sink from 0.9 to 2.7 Pg C y−1 over
the past 40 y, terrestrial CO2 uptake has been found to vary between
a net 4.1-Pg C y−1 sink to a 0.4-Pg C y−1 source, and accounts for a
majority of the interannual variability in atmospheric CO2 growth.
The complex response of terrestrial ecosystem CO2 exchanges
to short- and long-term changes in temperature, water availability,
nutrient availability, and rising atmospheric CO2 (2–6) remains
highly uncertain in C cycle model projections (7). As a result, there
are large gaps in our understanding of terrestrial C dynamics, in-
cluding the magnitude and residence times of the major ecosystem
C pools (8, 9) and rates of autotrophic respiration (10). Moreover,
the impact of climatic extremes on C cycling, such as recent Ama-
zon droughts (11), highlights the importance of understanding the
terrestrial C cycle sensitivity to climate variability. To understand
terrestrial CO2 exchanges in the past, present, and future, we need
to better constrain current dynamics of ecosystem C cycling from
regional to global scales.
C uptake, allocation, pool stocks, residence times, respiration,

and disturbance together drive net CO2 exchanges (12) on subdaily
to millennial timescales; these C state and process variables also
determine the temporal sensitivity of the net C balance to climatic
variability. For example, global changes in photosynthetic uptake

could lead to a rapid response from short-lived C pools (such
as foliage, fine roots, and litter) or a prolonged response from
the long-lived C pools (such as woody biomass and soil C), with
very different outcomes on ecosystem source–sink behavior. Quan-
titative knowledge of terrestrial C pathways is, therefore, central to
understanding the temporal responses of the major terrestrial C
fluxes—including heterotrophic respiration (13), fires (14, 15),
and wetland CH4 emissions (16, 17)—to interannual variations
in C uptake.
Although C dynamics have been extensively measured and ana-

lyzed at site level (18–21), the respiration and allocation of fixed C
and its residence time within the major C pools are difficult and
expensive to measure at site level and remain poorly quantified on
global scales. As a result, global terrestrial C cycle models rely on
land cover type-specific C cycling parameters—based on spatially
preassigned plant functional types—to determine C fluxes and C
pools (22). Globally spanning C cycle observations can provide a
much-needed constraint on the spatial variability and associated
dynamics of the terrestrial C cycle. Over the past decade, a growing
number of datasets has enhanced understanding of the terrestrial C
cycle, including global-scale canopy dynamics [National Aeronautics
and Space Administration Moderate Resolution Imaging Spec-
troradiometer (MODIS) leaf area index (LAI)], empirically derived
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Quantitative knowledge of terrestrial carbon pathways and pro-
cesses is fundamental for understanding the biosphere’s response
to a changing climate. Carbon allocation, stocks, and residence
times together define the dynamic state of the terrestrial carbon
cycle. These quantities are difficult to measure and remain poorly
quantified on a global scale. Here, we retrieve global 1° × 1° carbon
state and process variables by combining a carbon balance model
with satellite observations of biomass and leaf area (where and
when available) and global soil carbon data. Our results reveal
emergent continental-scale patterns and relationships between
carbon states and processes. We find that conventional land cover
types cannot capture continental-scale variations of retrieved car-
bon variables; this mismatch has strong implications for terrestrial
carbon cycle predictions.
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The terrestrial carbon cycle is currently the least constrained compo-
nent of the global carbon budget. Large uncertainties stem from
a poor understanding of plant carbon allocation, stocks, residence
times, and carbon use efficiency. Imposing observational constraints
on the terrestrial carbon cycle and its processes is, therefore, necessary
to better understand its current state and predict its future state.
We combine a diagnostic ecosystem carbon model with satellite
observations of leaf area and biomass (where and when available)
and soil carbon data to retrieve the first global estimates, to our
knowledge, of carbon cycle state and process variables at a 1° × 1°
resolution; retrieved variables are independent from the plant func-
tional type and steady-state paradigms. Our results reveal global
emergent relationships in the spatial distribution of key carbon cycle
states and processes. Live biomass and dead organic carbon residence
times exhibit contrasting spatial features (r = 0.3). Allocation to struc-
tural carbon is highest in the wet tropics (85–88%) in contrast to
higher latitudes (73–82%), where allocation shifts toward photosyn-
thetic carbon. Carbon use efficiency is lowest (0.42–0.44) in the wet
tropics. We find an emergent global correlation between retrievals of
leaf mass per leaf area and leaf lifespan (r = 0.64–0.80) that matches
independent trait studies. We show that conventional land cover
types cannot adequately describe the spatial variability of key carbon
states and processes (multiple correlation median = 0.41). This mis-
match has strong implications for the prediction of terrestrial carbon
dynamics, which are currently based on globally applied parameters
linked to land cover or plant functional types.
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and wetland CH4 emissions (16, 17)—to interannual variations
in C uptake.
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and its residence time within the major C pools are difficult and
expensive to measure at site level and remain poorly quantified on
global scales. As a result, global terrestrial C cycle models rely on
land cover type-specific C cycling parameters—based on spatially
preassigned plant functional types—to determine C fluxes and C
pools (22). Globally spanning C cycle observations can provide a
much-needed constraint on the spatial variability and associated
dynamics of the terrestrial C cycle. Over the past decade, a growing
number of datasets has enhanced understanding of the terrestrial C
cycle, including global-scale canopy dynamics [National Aeronautics
and Space Administration Moderate Resolution Imaging Spec-
troradiometer (MODIS) leaf area index (LAI)], empirically derived
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Quantitative knowledge of terrestrial carbon pathways and pro-
cesses is fundamental for understanding the biosphere’s response
to a changing climate. Carbon allocation, stocks, and residence
times together define the dynamic state of the terrestrial carbon
cycle. These quantities are difficult to measure and remain poorly
quantified on a global scale. Here, we retrieve global 1° × 1° carbon
state and process variables by combining a carbon balance model
with satellite observations of biomass and leaf area (where and
when available) and global soil carbon data. Our results reveal
emergent continental-scale patterns and relationships between
carbon states and processes. We find that conventional land cover
types cannot capture continental-scale variations of retrieved car-
bon variables; this mismatch has strong implications for terrestrial
carbon cycle predictions.
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The terrestrial carbon cycle is currently the least constrained compo-
nent of the global carbon budget. Large uncertainties stem from
a poor understanding of plant carbon allocation, stocks, residence
times, and carbon use efficiency. Imposing observational constraints
on the terrestrial carbon cycle and its processes is, therefore, necessary
to better understand its current state and predict its future state.
We combine a diagnostic ecosystem carbon model with satellite
observations of leaf area and biomass (where and when available)
and soil carbon data to retrieve the first global estimates, to our
knowledge, of carbon cycle state and process variables at a 1° × 1°
resolution; retrieved variables are independent from the plant func-
tional type and steady-state paradigms. Our results reveal global
emergent relationships in the spatial distribution of key carbon cycle
states and processes. Live biomass and dead organic carbon residence
times exhibit contrasting spatial features (r = 0.3). Allocation to struc-
tural carbon is highest in the wet tropics (85–88%) in contrast to
higher latitudes (73–82%), where allocation shifts toward photosyn-
thetic carbon. Carbon use efficiency is lowest (0.42–0.44) in the wet
tropics. We find an emergent global correlation between retrievals of
leaf mass per leaf area and leaf lifespan (r = 0.64–0.80) that matches
independent trait studies. We show that conventional land cover
types cannot adequately describe the spatial variability of key carbon
states and processes (multiple correlation median = 0.41). This mis-
match has strong implications for the prediction of terrestrial carbon
dynamics, which are currently based on globally applied parameters
linked to land cover or plant functional types.
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and wetland CH4 emissions (16, 17)—to interannual variations
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land cover type-specific C cycling parameters—based on spatially
preassigned plant functional types—to determine C fluxes and C
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and Space Administration Moderate Resolution Imaging Spec-
troradiometer (MODIS) leaf area index (LAI)], empirically derived

Significance

Quantitative knowledge of terrestrial carbon pathways and pro-
cesses is fundamental for understanding the biosphere’s response
to a changing climate. Carbon allocation, stocks, and residence
times together define the dynamic state of the terrestrial carbon
cycle. These quantities are difficult to measure and remain poorly
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Abstract. We describe the Max Planck Institute Carbon Cy-
cle Data Assimilation System (MPI-CCDAS) built around
the tangent-linear version of the JSBACH land-surface
scheme, which is part of the MPI-Earth System Model v1.
The simulated phenology and net land carbon balance were
constrained by globally distributed observations of the frac-
tion of absorbed photosynthetically active radiation (FAPAR,
using the TIP-FAPAR product) and atmospheric CO2 at a
global set of monitoring stations for the years 2005 to 2009.
When constrained by FAPAR observations alone, the system
successfully, and computationally efficiently, improved sim-
ulated growing-season average FAPAR, as well as its sea-
sonality in the northern extra-tropics. When constrained by
atmospheric CO2 observations alone, global net and gross
carbon fluxes were improved, despite a tendency of the sys-
tem to underestimate tropical productivity. Assimilating both
data streams jointly allowed the MPI-CCDAS to match both
observations (TIP-FAPAR and atmospheric CO2) equally
well as the single data stream assimilation cases, thereby
increasing the overall appropriateness of the simulated bio-
sphere dynamics and underlying parameter values. Our study
thus demonstrates the value of multiple-data-stream assimi-
lation for the simulation of terrestrial biosphere dynamics. It
further highlights the potential role of remote sensing data,
here the TIP-FAPAR product, in stabilising the strongly un-
derdetermined atmospheric inversion problem posed by at-
mospheric transport and CO2 observations alone. Notwith-
standing these advances, the constraint of the observations on

regional gross and net CO2 flux patterns on the MPI-CCDAS
is limited through the coarse-scale parametrisation of the bio-
sphere model. We expect improvement through a refined ini-
tialisation strategy and inclusion of further biosphere obser-
vations as constraints.

1 Introduction

Estimates of the net carbon balance of the terrestrial bio-
sphere are highly uncertain, because the net balance cannot
be directly observed at large spatial scales (Le Quéré et al.,
2015). Studies aiming to quantify the contemporary global
carbon cycle therefore either infer the terrestrial carbon bud-
get as a residual of the arguably better constrained other com-
ponents of the global carbon budget (Le Quéré et al., 2015) or
rely on measurements of atmospheric CO2 and the inversion
of its atmospheric transport (Gurney et al., 2002). Both ap-
proaches have the caveat that they are not able to provide ac-
curate estimates at high spatial resolution, and cannot utilise
the broader set of Earth system observations that provide in-
formation on terrestrial carbon-cycle dynamics (Luo et al.,
2012). Furthermore, they are diagnostic by nature, and there-
fore lack any prognostic capacity.

Ecosystem models integrate existing knowledge of the un-
derlying processes governing the net terrestrial carbon bal-
ance and have such a prognostic capacity. Since they sim-
ulate all major aspects of the terrestrial carbon cycle, they
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formation on terrestrial carbon-cycle dynamics (Luo et al.,
2012). Furthermore, they are diagnostic by nature, and there-
fore lack any prognostic capacity.

Ecosystem models integrate existing knowledge of the un-
derlying processes governing the net terrestrial carbon bal-
ance and have such a prognostic capacity. Since they sim-
ulate all major aspects of the terrestrial carbon cycle, they

Published by Copernicus Publications on behalf of the European Geosciences Union.
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Reducing uncertainty:
the need for data assimilation

Available C-related data streams

Improve:
Ø C land budget estimates
Ø Quantify uncertainty
Ø Future climate predictions
Ø Process understanding

DATA 
ASSIMILATION 
à for parameter

optimization

J(x) = ½(H.x-y)T R-1(H.x-y)

+ ½(x-xb)T B-1(x-xb)
Observation term

Prior parameter term

CMIP3/C4MIP emulation with MAGICC6 is 811–
1170ppm. As discussed above, the lower range of the
CMIP5 ESMs is due to one single model, MRI-ESM1,
which already severely underestimates the present-day
atmospheric CO2 concentration. Not including this model
would mean that the lower end of the MAGICC6 range is
significantly lower than the lower end of theCMIP5ESMs.
The warming ranges simulated by the CMIP5 ESMs

and by the CMIP3/C4MIP model emulations are quite
similar (Figs. 2b and 2d). The first set of models displays
a full range of 2.58–5.68C, while the latter set has a 90%
probability range of 2.98–5.98C.

5. Twenty-first-century land and ocean carbon cycle

To further understand the difference in simulated
atmospheric CO2 over the twenty-first century, we
analyzed the carbon budget simulated by the models, as
already done for the historical period. In the E-driven
runs, the ESMs simulate the atmospheric CO2 concen-
tration as the residual of the prescribed anthropogenic

emissions minus the sum of the land and ocean carbon
uptakes—these latter two fluxes being interactively
computed by the land and ocean biogeochemical com-
ponents of the ESMs. Figure 4 shows the cumulative
land and ocean carbon uptakes simulated by the CMIP5
ESMs. Any difference in simulated atmospheric CO2

comes from differences in the land or ocean uptakes.
The models show a large range of future carbon up-

take, both for the land and for the ocean (Figs. 4a and
4b). However, for the ocean, 10 out of the 11 models
have a cumulative oceanic uptake ranging between 412
and 649PgC by 2100, the exception being INM-CM4.0
with an oceanic uptake of 861PgC. As discussed in the
historical section, the reasons for this large simulated
uptake are unknown. The simulated land carbon fluxes
show a much larger range, from a cumulative source of
165PgC to a cumulative sink of 758PgC. Eight models
simulate that the land acts as a carbon sink over the full
period. Land is simulated to be a carbon source by two
models, CESM1-BGC and NorESM1-ME, both sharing
the same land carbon cycle model, and byMIROC-ESM.

FIG. 4. Range of (a) cumulative global air to ocean carbon flux (PgC), (b) cumulative global air to land carbon flux
(PgC) from the 11ESMsE-driven simulations, (c) the annual global air to ocean carbon flux, and (d) annual global air
to land carbon flux. Color code for model types is as in Fig. 1.
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Net CO2 fluxes constrains C flux seasonal cycle

Kuppel et al. (2012; 2014) Biogeosciences

Ø Fit NEE mean 
seasonal cycle well 
across most PFTs

Ø Multi-site similar fit 
to single site optims
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Net CO2 fluxes constrains C flux seasonal cycle

Kuppel et al. (2014) Biogeosciences

Ø Fit NEE mean 
seasonal cycle well 
across most PFTs

Ø Multi-site similar fit 
to single site optim

Challenge #1: 

compensating 

errors
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Challenges of multiple data stream assimilation 
à fluxes + satellite FAPAR

are optimized (see Table 1: phenology parameters P3 minus LAIinit and LAIMAX). The assimilations are con-
ducted for Fontainebleau only as the evergreen site of Puechabon exhibits a too low seasonality.

Figure 4 illustrates how the normalization of FAPAR impacts the assimilation, compared to the previous
results with unnormalized (original) data. It shows the ratio of the RMSE between model and data after
and prior to the assimilation. Values less than (greater than) 1.0 show an improvement (degradation) in the
model with respect to the data. As expected, the improvement of the model-data agreement with respect
to original FAPAR is lower with the normalization, as the correction of the magnitude of the modeled
FAPAR is not sought. Nevertheless, the normalization still improves the modeled FAPAR (with the exception
of MERIS products), while it mostly reduces the degradation of the model-data fit for NEE. However, the
results still tend to indicate that it may not be possible to improve the modeled NEE as compared to the prior
simulations when assimilating FAPAR alone (either using original or normalized data). For LE data, the results
are more variable between the various FAPAR products as different errors may compensate each other (with
in situ FAPAR, the normalization improves the fit to LE, while it slightly degrades it for the satellite FAPAR).

3.3. Joint Assimilation of In Situ Flux Measurements and FAPAR Products

Figure 5 synthesizes the improvement/degradation in model-data fit (posterior to prior RMSE ratio) for
several observations (NEE, LE, and FAPAR) when considering successively the assimilation of in situ flux data
alone (scenario A1), FAPAR products alone (scenarios A3 and A4), or combining both flux and FAPAR data
(scenario A5). In order to make the best possible use of the FAPAR products, we have chosen to normalize
the time series for Fontainebleau (scenario A4, see section 4.2) and assimilate the original data for
Puechabon (scenario A3) given the small seasonal variations. Note that we also use the GPP as a diagnostic
(see section 2.1.1).

The joint assimilation of NEE and LE in situ flux measurements and FAPAR products (scenario A5) seen in
Figure 5 reconciles the two sources of information and the model, thus dealing with the inconsistencies
described above when only one data stream is assimilated. The optimized simulations improve the fit to both
the flux and FAPAR data compared to the a priori model simulation at both sites. It results in a similar model-
data agreement as that obtained when each data stream is assimilated independently. The assimilation of
both data streams together prevents the degradation seen for the variable not included in the individual data
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Figure 5. Ratio between the posterior and prior RMSE of fit, between the model simulations and different observed variables, considering assimilations performed
with (first column) only flux data (scenario A1), (left bars in the second to fourth columns) FAPAR data only (normalized data for Fontainebleau scenario A4-P4,
original data for Puechabon scenario A3-P3) and (right bars in the second to fourth columns) the combination of the two data streams (scenario A5).
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are optimized (see Table 1: phenology parameters P3 minus LAIinit and LAIMAX). The assimilations are con-
ducted for Fontainebleau only as the evergreen site of Puechabon exhibits a too low seasonality.

Figure 4 illustrates how the normalization of FAPAR impacts the assimilation, compared to the previous
results with unnormalized (original) data. It shows the ratio of the RMSE between model and data after
and prior to the assimilation. Values less than (greater than) 1.0 show an improvement (degradation) in the
model with respect to the data. As expected, the improvement of the model-data agreement with respect
to original FAPAR is lower with the normalization, as the correction of the magnitude of the modeled
FAPAR is not sought. Nevertheless, the normalization still improves the modeled FAPAR (with the exception
of MERIS products), while it mostly reduces the degradation of the model-data fit for NEE. However, the
results still tend to indicate that it may not be possible to improve the modeled NEE as compared to the prior
simulations when assimilating FAPAR alone (either using original or normalized data). For LE data, the results
are more variable between the various FAPAR products as different errors may compensate each other (with
in situ FAPAR, the normalization improves the fit to LE, while it slightly degrades it for the satellite FAPAR).

3.3. Joint Assimilation of In Situ Flux Measurements and FAPAR Products

Figure 5 synthesizes the improvement/degradation in model-data fit (posterior to prior RMSE ratio) for
several observations (NEE, LE, and FAPAR) when considering successively the assimilation of in situ flux data
alone (scenario A1), FAPAR products alone (scenarios A3 and A4), or combining both flux and FAPAR data
(scenario A5). In order to make the best possible use of the FAPAR products, we have chosen to normalize
the time series for Fontainebleau (scenario A4, see section 4.2) and assimilate the original data for
Puechabon (scenario A3) given the small seasonal variations. Note that we also use the GPP as a diagnostic
(see section 2.1.1).

The joint assimilation of NEE and LE in situ flux measurements and FAPAR products (scenario A5) seen in
Figure 5 reconciles the two sources of information and the model, thus dealing with the inconsistencies
described above when only one data stream is assimilated. The optimized simulations improve the fit to both
the flux and FAPAR data compared to the a priori model simulation at both sites. It results in a similar model-
data agreement as that obtained when each data stream is assimilated independently. The assimilation of
both data streams together prevents the degradation seen for the variable not included in the individual data
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Figure 5. Ratio between the posterior and prior RMSE of fit, between the model simulations and different observed variables, considering assimilations performed
with (first column) only flux data (scenario A1), (left bars in the second to fourth columns) FAPAR data only (normalized data for Fontainebleau scenario A4-P4,
original data for Puechabon scenario A3-P3) and (right bars in the second to fourth columns) the combination of the two data streams (scenario A5).
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are optimized (see Table 1: phenology parameters P3 minus LAIinit and LAIMAX). The assimilations are con-
ducted for Fontainebleau only as the evergreen site of Puechabon exhibits a too low seasonality.

Figure 4 illustrates how the normalization of FAPAR impacts the assimilation, compared to the previous
results with unnormalized (original) data. It shows the ratio of the RMSE between model and data after
and prior to the assimilation. Values less than (greater than) 1.0 show an improvement (degradation) in the
model with respect to the data. As expected, the improvement of the model-data agreement with respect
to original FAPAR is lower with the normalization, as the correction of the magnitude of the modeled
FAPAR is not sought. Nevertheless, the normalization still improves the modeled FAPAR (with the exception
of MERIS products), while it mostly reduces the degradation of the model-data fit for NEE. However, the
results still tend to indicate that it may not be possible to improve the modeled NEE as compared to the prior
simulations when assimilating FAPAR alone (either using original or normalized data). For LE data, the results
are more variable between the various FAPAR products as different errors may compensate each other (with
in situ FAPAR, the normalization improves the fit to LE, while it slightly degrades it for the satellite FAPAR).

3.3. Joint Assimilation of In Situ Flux Measurements and FAPAR Products

Figure 5 synthesizes the improvement/degradation in model-data fit (posterior to prior RMSE ratio) for
several observations (NEE, LE, and FAPAR) when considering successively the assimilation of in situ flux data
alone (scenario A1), FAPAR products alone (scenarios A3 and A4), or combining both flux and FAPAR data
(scenario A5). In order to make the best possible use of the FAPAR products, we have chosen to normalize
the time series for Fontainebleau (scenario A4, see section 4.2) and assimilate the original data for
Puechabon (scenario A3) given the small seasonal variations. Note that we also use the GPP as a diagnostic
(see section 2.1.1).

The joint assimilation of NEE and LE in situ flux measurements and FAPAR products (scenario A5) seen in
Figure 5 reconciles the two sources of information and the model, thus dealing with the inconsistencies
described above when only one data stream is assimilated. The optimized simulations improve the fit to both
the flux and FAPAR data compared to the a priori model simulation at both sites. It results in a similar model-
data agreement as that obtained when each data stream is assimilated independently. The assimilation of
both data streams together prevents the degradation seen for the variable not included in the individual data
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Challenges of model-data inconsistencies/data biases

Joint assimilation of eddy covariance flux measurements
and FAPAR products over temperate forests within
a process-oriented biosphere model
C. Bacour1,2, P. Peylin2, N. MacBean2, P. J. Rayner2,3, F. Delage2,4, F. Chevallier2, M. Weiss5,
J. Demarty5,6, D. Santaren7,8, F. Baret5, D. Berveiller9, E. Dufrêne9, and P. Prunet1

1NOVELTIS, Labège, France, 2Laboratoire des Sciences du Climat et de l’Environnement, CEA/CNRS/UVSQ, Gif-sur-Yvette, France,
3Now at School of Earth Sciences, University of Melbourne, Melbourne, Victoria, Australia, 4Now at Centre for AustralianWeather
and Climate Research, Bureau of Meteorology, Docklands, Melbourne, Victoria, Australia, 5UMR1114 EMMAH, Environnement
Méditerranéen et Modélisation des Agro-Hydrosystèmes, INRA, Avignon, France, 6Now at UMR HydroSciences Montpellier,
Université de Montpellier2, Montpellier, France, 7Environmental Physics, Institute of Biogeochemistry and Pollutant Dynamics,
ETH Zurich, Zurich, Switzerland, 8Now at Laboratoire des Sciences du Climat et de l’Environnement, CEA/CNRS/UVSQ,
Gif-sur-Yvette, France, 9Laboratoire Ecologie Systématique et Evolution, CNRS,Université Paris-Sud AgroParisTech, Orsay, France

Abstract We investigate the benefits of assimilating in situ and satellite data of the fraction of photosynthetically
active radiation (FAPAR) relative to eddy covariance fluxmeasurements for the optimization of parameters of the
ORCHIDEE (Organizing Carbon and Hydrology in Dynamic Ecosystem) biosphere model. We focus on model
parameters related to carbon fixation, respiration, and phenology. The study relies on two sites—Fontainebleau
(deciduous broadleaf forest) and Puechabon (Mediterranean broadleaf evergreen forest)—where measurements
of net carbon exchange (NEE) and latent heat (LE) fluxes are available at the same time as FAPAR products
derived from ground measurements or derived from spaceborne observations at high (SPOT (Satellite Pour
l′Observation de la Terre)) andmedium (MERIS (MEdium Resolution Imaging Spectrometer)) spatial resolutions.
We compare the different FAPAR products, analyze their consistency with the in situ fluxes, and then evaluate
the potential benefits of jointly assimilating flux and FAPAR data. The assimilation of FAPAR data leads to a
degradation of themodel-data agreement with respect to NEE at the two sites. It is caused by the change in leaf
area required to fit themagnitude of the various FAPAR products. Assimilating daily NEE and LE fluxes, however,
has a marginal impact on the simulated FAPAR. The results suggest that the main advantage of including
FAPAR data is the ability to constrain the timing of leaf onset and senescence for deciduous ecosystems,
which is best achieved by normalizing FAPAR time series. The joint assimilation of flux and FAPAR data leads
to a model-data improvement across all variables similar to when each data stream is used independently,
corresponding, however, to different and likely improved parameter values.

1. Introduction

The terrestrial biosphere plays a key role in the control of the exchange of energy and matter (in particular
carbon and water) between the land surface and the atmosphere [Pielke et al., 1998]. The use of land surface
models (LSMs) that describe these main governing processes is of growing importance for improving our
understanding of the fate of the terrestrial ecosystems to environmental changes [Pitman, 2003; Sitch et al.,
2008]. LSMs rely on generic hypotheses and fixed parameterizations that were derived from a limited number
of observations, from the scale of individual plant organs to the scale of the plant community, and under
specific environmental conditions. Therefore, large uncertainties remain in their ability to reliably represent
the spatial and temporal variations of the ecosystem characteristics and the carbon cycle under current
or future climate conditions [Field et al., 1995; Friedlingstein et al., 2006; Wullschleger et al., 2014]. Data
assimilation techniques are increasingly used to reduce these uncertainties by improving themodel parameters
[Wang et al., 2001; Kaminski et al., 2013] while also highlighting possiblemodel deficiencies [Verbeeck et al., 2011;
Kuppel et al., 2012; Keenan et al., 2013].

In this context, in situ eddy covariance flux measurements have mainly been used to constrain the model
parameters controlling the processes of carbon and water exchange [Wang et al., 2001; Braswell et al.,
2005; Knorr and Kattge, 2005; Santaren et al., 2007; Moore et al., 2008; Williams et al., 2009; Groenendijk
et al., 2011; Kuppel et al., 2014]. Eddy flux data alone may not be sufficient to disentangle different concurrent
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Key Points:
• Compatibility of in situ NEE and LE
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• FAPAR mainly constrains phenology;
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Model overfitting

MacBean et al. (2018) Sci. Rep.
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Model overfitting

MacBean et al. (2018) Sci. Rep.

Challenge #3: 

overfitting – specifying 

prior errors (Rmatrix) 

correctly



Natasha MacBean – LSMS 2022 – 14th September 2022

Atmospheric CO2 constrains trend in the net C sink

Ø Reduced total soil carbon content (soil C scalar)

Ø Changed soil respiration parameters 

Ø Better fit to long-term (20 year) trend in atm. [CO2] data

Peylin et al. (2016) GMD
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Atmospheric CO2 constrains trend in the net C sink

Ø Reduced total soil carbon content (soil C scalar)

Ø Changed soil respiration parameters 

Ø Better fit to long-term (20 year) trend in atm. [CO2] data

Peylin et al. (2016) GMD
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Global net CO2 flux: different DA configurations 
cf. atmospheric inversions
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Remaining challenges of C cycle DA related to timescale…

MacBean et al. (2022) GBC

Ø So far: not much change in trend or IAV at regional scales…
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Remaining challenges of C cycle DA related to timescale…

MacBean et al. (2022) GBC

Ø So far: not much change in trend or IAV at regional scales…

Challenge #6: timescales 

à model structural error? 

Change cost function?
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Parameter error correlations

MacBean et al. (2018) Sci.Rep.
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Parameter error correlations

MacBean et al. (2018) Sci.Rep.
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More “DA Science” studies needed!

§ Testing DA configurations à timescale, record length 
observation frequency and uncertainty, data type and weight 
in cost function, #sites, #PFTs, #parameters, processes to 
which they’re sensitive, prior bounds, different cost 
functions, etc)

§ Synthetic expts w/ known “true” parameters (OSSEs) 

§ Accurate characterization of observation error covariance 
matrix (R) 
o Lessons from atmospheric DA community
o Hunt for model-data inconsistencies
o Data biases and autocorrelations
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More “DA Science” studies needed!

Kaminski et al. (2012)

Estimating transpiration and the sensitivity of carbon uptake
to water availability in a subalpine forest using a simple
ecosystem process model informed by measured net CO2

and H2O fluxes
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a b s t r a c t

Modeling how the role of forests in the carbon cycle will respond to predicted changes in

water availability hinges on an understanding of the processes controlling water use in

ecosystems. Recent studies in forest ecosystem modeling have employed data-assimilation

techniques to generate parameter sets that conform to observations, and predict net

ecosystem CO2 exchange (NEE) and its component processes. Since the carbon and water

cycles are linked, there should be additional process information available from ecosystem

H2O exchange. We coupled SIPNET (Simple Photosynthesis EvapoTranspiration), a simpli-

fied model of ecosystem function, with a data-assimilation system to estimate parameters

leading to model predictions most closely matching the net CO2 and H2O fluxes measured by

eddy covariance in a high-elevation, subalpine forest ecosystem. When optimized using

measurements of CO2 exchange, the model matched observed NEE (RMSE = 0.49 g C m!2)

but underestimated transpiration calculated independently from sap flow measurements

by a factor of 4. Consequently, the carbon-only optimization was insensitive to imposed

changes in water availability. Including eddy flux data from both CO2 and H2O exchange to

the optimization reduced the model fit to the observed NEE fluxes only slightly

(RME = 0.53 g C m!2), however this parameterization also reproduced transpiration calcu-
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Parameter and prediction uncertainty in an optimized terrestrial
carbon cycle model: Effects of constraining variables
and data record length
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[1] Many parameters in terrestrial biogeochemical models are inherently uncertain,
leading to uncertainty in predictions of key carbon cycle variables. At observation sites,
this uncertainty can be quantified by applying model‐data fusion techniques to estimate
model parameters using eddy covariance observations and associated biometric data
sets as constraints. Uncertainty is reduced as data records become longer and different
types of observations are added. We estimate parametric and associated predictive
uncertainty at the Morgan Monroe State Forest in Indiana, USA. Parameters in the Local
Terrestrial Ecosystem Carbon (LoTEC) are estimated using both synthetic and actual
constraints. These model parameters and uncertainties are then used to make predictions of
carbon flux for up to 20 years. We find a strong dependence of both parametric and
prediction uncertainty on the length of the data record used in the model‐data fusion. In
this model framework, this dependence is strongly reduced as the data record length
increases beyond 5 years. If synthetic initial biomass pool constraints with realistic
uncertainties are included in the model‐data fusion, prediction uncertainty is reduced
by more than 25% when constraining flux records are less than 3 years. If synthetic annual
aboveground woody biomass increment constraints are also included, uncertainty is
similarly reduced by an additional 25%. When actual observed eddy covariance data are
used as constraints, there is still a strong dependence of parameter and prediction
uncertainty on data record length, but the results are harder to interpret because of
the inability of LoTEC to reproduce observed interannual variations and the confounding
effects of model structural error.

Citation: Ricciuto, D. M., A. W. King, D. Dragoni, and W. M. Post (2011), Parameter and prediction uncertainty in an
optimized terrestrial carbon cycle model: Effects of constraining variables and data record length, J. Geophys. Res., 116, G01033,
doi:10.1029/2010JG001400.

1. Introduction

[2] Much of the carbon dioxide (CO2) released to the
atmosphere by humans in the combustion of fossil fuels and
deforestation does not remain in the atmosphere, and a large
portion of this CO2 is not thought to be absorbed by the
oceans. By recent estimates, as much as 26% of anthropo-
genic CO2 emissions are neither accounted for by increases
in atmospheric CO2 nor by ocean uptake [Le Quere et al.,
2009]. This remaining fraction of emitted CO2 is taken up
and stored in the plants and soils of the terrestrial biosphere.
The fundamental biological processes responsible for the
terrestrial carbon sink are known (imbalances among pho-
tosynthesis, plant respiration and microbial respiration), but
the factors influencing these processes and thus the size and

year‐to‐year variations in the global terrestrial sink are still
unresolved. The lack of resolution is reflected in differences
among terrestrial carbon cycle models: differences in
structure, in parameterization and in sensitivity to changes in
climate, atmospheric chemistry, anthropogenic land use,
fire, and other perturbations. The differences lead to large
uncertainties among model predictions; even the sign of the
net terrestrial CO2 flux is uncertain after the year 2050 in
coupled climate‐carbon cycle models [Cox et al., 2000;
Friedlingstein et al., 2006]. Some models predict that the
future terrestrial biosphere remains a sink for atmospheric
CO2, albeit one of declining strength. Others predict that it
switches from a sink to a source, contributing further CO2 to
the atmosphere. Such large uncertainties in a significant
component of the global climate‐carbon system seriously
confound any consideration of policy to stabilize atmo-
spheric CO2 concentrations and limit further changes in
global climate. Robust methodologies for improving
understanding of the terrestrial carbon sink and reducing
prediction uncertainty are needed. Here we argue that
improved model parameterization through the fusion of
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More “DA Science” studies needed à new methods

§ Testing different DA methods: sequential vs variational, gradient 
based vs global search vs ensemble methods

§ DA vs ML vs hybrid à increase computational efficiency

§ Testing new observations: e.g., radiocarbon for soil C turnover
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New methods

§ Essentially 4DVar without needing an adjoint or TLM
§ Ensemble generation and analysis are completely separate
§ We typical use 20-50 ensemble members à can be slow, 

depending on problem 
§ But analysis step is extremely fast

à Don’t need to run the model!
à 9M observations in a few minutes for Africa example 

§ Consequently, once an ensemble is built it is possible to run 
multiple experiments with it à E.g. to examine the impact of 
different observations 

§ https://github.com/tquaife/4DEnVar_engine

https://github.com/tquaife/4DEnVar_engine
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Model equifinality and parameter selection

§ Broad sensitivity analysis à ML can help

§ Identify parameter relationships à mine trait 
databases + recommendations for data collection

§ Use ecological knowledge in minimisation
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Model equifinality and parameter selection
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Model equifinality and parameter selection
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State Data Assimilation for updating C stocks and fluxes with CLM
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Future Research: State DA for Optimizing initial C stocks and 
updating after Land Use/Cover Change + Parameter DA/optimization?

à Better estimate impacts of 
past/ongoing change on carbon stocks, 

water, and climate
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Join the Land DA Community!!

https://land-da-community.github.io

https://aimesproject.org/ldawg/

https://land-da-community.github.io/
https://aimesproject.org/ldawg/
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Virtual workshop!
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Virtual workshop!

https://doi.org/10.1175/BAMS-D-21-0228.1

https://doi.org/10.1175/BAMS-D-21-0228.1
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