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ABSTRACT
This paper explores the potential to improve spatial estimates of
key carbon fluxes by combining Earth Observation data with a sim-
ple ecosystem model. Spatial estimates of Leaf Area Index from
MODIS at the kilometre scale over a coniferous forest site in Oregon
are assimilated into an ecosystem model with an Ensemble Kalman
filter. Results show that assimilating EO data improves the mag-
nitude of estimates of Net Ecosystem Productivity relative to run-
ning the model alone, however the uncertainty is not significantly
constrained. Spatially there is an underestimate in modelled carbon
fluxes. This is attributed to error in the EO data which induces an
underestimate in model stock estimates, as well as inadequacies in
the model parameterisation.

Index Terms— Data Assimilation, Leaf Area Index, Carbon,
Ensemble Kalman filter.

1. INTRODUCTION

Quantifying the magnitude and location of carbon sources and sinks
across the terrestrial land surface is key to improving our understand-
ing of the interactions which govern these processes. Estimating
these carbon stores from inventory measurements is problematic due
to the cost and damage involved to species. In addition such esti-
mates are often repeated infrequently, therefore missing interannual
changes in ecosystem carbon stores. Estimates of Net Ecosystem
Productivity (NEP), or the amount of carbon accumulated, are mea-
sured by flux towers over a relatively small spatial footprint dictated
by the prevailing wind direction. This fact, coupled with their patchy
spatial distribution (just over 240 towers), limits this technique. Flux
tower measurements are also prone to data gaps due for example to
sensor failure and/or poor weather conditions, which therefore re-
quires time series to be ‘gap-filled’.

Earth Observation (EO) has the potential to overcome the spa-
tial and temporal shortcomings of relying on field stock and flux es-
timates to facilitate model scaling of carbon estimates. Information
obtained by satellites may be transformed to describe the vegetation
state which directly relates to input parameters of various ecosystem
models, for example Leaf Area Index (LAI). Whilst there are many
obstacles to using optical EO measurements, such as the influence
of cloud cover, the potential to infer estimates of biophysical pa-
rameters which may describe growth patterns and constrain carbon
models is highly attractive due to the spatial and temporal frequency
of which EO data can be obtained.

Model estimates may be combined with EO data using a Data
Assimilation (DA) scheme [1]. DA assumes that neither the model
nor the observation are perfect, but that a weighted combination
(based on uncertainty) of the two will produce a more realistic es-
timate of the current system state. Such a scheme requires that there
is consistency between what the process model estimates and the de-
rived EO product. The focus of this paper is to investigate whether
EO estimates of LAI can reasonably be expected to improve model
state estimates spatially, away from ‘data-rich’ areas (e.g. flux tow-
ers). To this end assimilations were carried out over a 121 km2 study
area.

2. METHOD

2.1. Study Area

The study area selected in Oregon, USA, covers an area of 121
km2, encompassing three broad forest age classes Mature (95—316
years), Intermediate (56—89 years) and Young (9—23 years). The
study area is located east of the Cascades Range and its position rel-
ative to the coast and mountains induces a semi-arid climate (annual
precipitation is between 350 and 880 mm) [2]. The site is domi-
nated by Ponderosa pine (Pinus ponderosa) and to a lesser extent
grand fir (Abies grandis) and Incense-Cedar (Calocedrus decurrens)
tress. Older-growth trees are free of foliage on the lower section of
their stems, partly due to light competition and/or fire, with limited
understory foliage.

2.2. Ecosystem Model

The Data Assimilation Linked Ecosystem Carbon model (DALEC)
is used to describe the main carbon processes, shown in Fig 1 [2].
The model uses a mass balance approach to describe simply the
terrestrial carbon cycle, through a series of stocks and fluxes. The
stocks comprise a pool for the foliage (Cf ), fine roots (Cr), wood
(stems and coarse roots pool) (Cw), litter (Clit) and soil organic mat-
ter and woody debris (CSOM/WD). The fluxes consist of respiration,
both autotrophic (Ra) and heterotrophic (Rh), decomposition (D),
allocation of carbon to each of these pools (denoted by an A) and the
turnover of carbon from each of the pools (denoted by an L). There
is one further pool which contains the carbon fixed on a daily basis
through the process of photosynthesis or Gross Primary Productivity
(GPP). The contents of this pool are either lost directly through Ra

or allocated to the Cf , Cw and Cr pools.
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Fig. 1. Description of the DALEC ecosystem model, showing the
stores of carbon as boxes and the the fluxes as arrows. The dotted
arrows are temperature dependent fluxes [2].

Gross Primary Productivity (GPP) for the DALEC model is pre-
dicted by the big-leaf Aggregated Canopy Model (ACM) [3], which
estimates GPP as a function of LAI, irradiance, foliar nitrogen, tem-
perature, day length, atmospheric CO2, the maximum soil-leaf wa-
ter potential difference and the total plant-soil hydraulic resistance.
There is a feedback in the coupled ACM—DALEC framework as
estimates of LAI used to determine GPP by the ACM, are taken di-
rectly from the Cf pool, rescaled by the grams of carbon per leaf
area. The ACM requires calibration to the particular study area, and
it has previously been demonstrated that the site calibration facili-
tates the ACM to describe GPP well when compared to flux tower
and model estimates of GPP [3]. Meteorological driving data (e.g.
temperature, irradiance) used in the paper to drive estimates of GPP
are based on the average of data measured at the three sites within
the study area.

2.3. Ensemble Kalman Filter

The Ensemble Kalman filter (EnKF) was developed by [4] as an ex-
tension of the Kalman filter (KF) to deal with non-linear models and
as an alternative scheme to the Extended Kalman Filter. The EnKF
uses an ensemble of model states to represent the error statistics of
the model at each time step, rather than by propagating the model
error covariance matrix as in the KF [4]. Ensembles are simply mul-
tiple forecasts of the different possible model states given an under-
standing of uncertainty in the model parameters and initial condi-
tions. The EnKF has a similar basic structure to the original Kalman
filter:

A
a = A + A

′

A
′T

H
T (HA

′

A
′T

H
T + Re)

−1(D−HA) (1)

Where matrix A stores the ensemble of model states, A′ is the
ensemble perturbation matrix (ensemble minus its mean), Re is the
observation error covariance matrix, D is the ensemble of observa-
tions, the superscript a, refers to the analysis of the ensemble of state
vectors and the superscript T refers to a matrix transpose.

2.4. Satellite Data

The MODIS Aqua/Terra LAI 8-Day Global 1km collection V005
data are employed in this paper to provide observations for assimi-
lation into the DALEC model. LAI retrievals were filtered based on

the product QA bit fields, accepting only data of the highest quality
processed with the main radiative transfer algorithm and using data
from both the Aqua and Terra platforms. LAI retrievals and associ-
ated standard deviations (described by the number of possible LAI
solutions to the inverse problem), are taken as a measure of LAI un-
certainty. This resulting in 74–110 LAI observations for the period
of 2000—2 across the study area.

2.5. Model Spatialisation

Determining accurate spatial estimates of carbon stocks and fluxes
from the DALEC model, necessitates not only relevant spatial ob-
servations, to correctly adjust model trajectories, but also a sensible
model parameterisation and accurate estimate of the initial carbon
pool. A new model calibration was determined for the parameter
which defines the rate of allocation to the foliar carbon pool (t3) and
the initial state of the pool (Cf0), assuming the turnover from this
carbon pool is fixed. Fixing this turnover parameter such that the
carbon pool is turned over once a year is a reasonable assumption
given the predominant landcover type is evergreen needleleaf for-
est. A Downhill Simplex minimisation scheme was used sampling
randomly from 10,000 starting points for each parameter.

3. RESULTS

Fig 2 shows spatial parameter maps for minimised DALEC model
parameters, t3 and Cf0 obtained from optimisations against MODIS
LAI observations for the period of 2000—2. It can be seen from the
parameter map of t3 that there is pronounced spatial variation in the
magnitudes of the optimised parameter. Similar results are observed
for the parameter map of the initial state of the foliar carbon pool,
though there appears to be little in the way of spatial correspondence
with the t3 spatial map. The optimised value for the t3 and Cf0

parameters for the Young age class site were found to be 0.30 and
133.4 gCm−2 respectively, which are comparable to those derived by
[2] using an optimisation against 2,232 field observations (0.31 and
58 gCm−2 respectively). The higher value for the Cf0 is reasonable
given that the MODIS LAI values appear to be higher throughout
their time period of 2000—2 than field estimates.

(a) t3 parameter (b) Cf0 parameter (gCm−2)

Fig. 2. Optimised spatial parameter maps derived against MODIS
LAI observations for (a) the t3 and (b) Cf0 DALEC model parame-
ters. Note the t3 parameter is the fraction of Net Primary Productiv-
ity (GPP minus autotrophic respiration) (gCm−2day−1) allocated.

The 3-year integral of NEP shown in Fig 3 is lowest in the centre
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portion of the image, an area corresponding to an area of higher LAI
(wet mixed conifer). Overall the study area is predicted to be a net
sink of carbon over the 3-year period of 322 gCm−2 when assimi-
lating LAI observations, compared to 244 gCm−2 when running the
model without observations. Though assimilation adjusts the magni-
tude of the net carbon sink, it does not significantly constrain the un-
certainty of this estimate. For the young age class site the 3-year net
sink is 407 ± 168 gCm−2 compared to a value of 419± 29 gCm−2

obtained by [2], assimilating field observations (> 2000), including
GPP and respiration fluxes. As NEP is the difference between these
fluxes (GPP and respiration) it is unsurprising that the uncertainty of
the result obtained by [2] is lower. Fig 4 shows the NEP estimated
by the DALEC model assimilating LAI compared to flux tower mea-
surements of NEP. It is clear that DALEC underestimates NEP at the
Intermediate and Mature sites and misses the extreme values at the
Young site. Table 1 shows the statistics on days when flux tower
measurments are available. It is clear that whilst the magnitude of
the underprediction is large, assimilating LAI observations improves
model integral estimates by 21—35%, though there is little improve-
ment in modelling of day to day variability.

(a) No assimilation (b) Assimilation

Fig. 3. 3-Year NEP spatial map (gCm−2.yr−1), (a) DALEC pre-
dicted fluxes without assimilation and (b) DALEC predicted fluxes
assimilating MODIS LAI observations.

Attempting to assess how realistic these results are is compli-
cated due to the spatial area covered by the fluxes. Although not
very large (121 km2), it is an area larger than that which can be ob-
served by field measurements and/or flux towers. Fig 5 shows the
mean of the innovations in the foliar carbon pool over the 3 years.
This shows all innovations are positive and that for each pixel the
assimilation of satellite data is forcing the model to a new position,
indicating bias. The mean innovation across the study area is an LAI
of 0.2 at each time step where an observation is available. Interest-
ingly there is a spatial agreement with an upscaled-LAI Landsat LAI
map (not shown). This suggests the model is not correctly parame-
terised for these areas of higher LAI and the model finds it difficult to
produce LAI estimates as high as those from MODIS. Furthermore,
Fig 6 shows MODIS observations are an underestimate of upscaled
in situ measurements for the site.

4. DISCUSSION

Producing spatial estimates of key carbon fluxes using EO data to
correct model predictions requires a correctly parametrised model
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(a) Mature Site
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(b) Intermediate Site
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(c) Young Site

Fig. 4. Net Ecosystem Productivity predicted by the DALEC model
assimilating MODIS LAI observations at the three flux tower sites
in the study area. The grey shading indicates a standard deviation
around the ensemble mean and flux tower estimates of NEP are
shown by black cross symbols for comparison.

(including initial conditions). Optimised spatial parameter maps in-
dicate a plausible amount of variation given the variation in age
stands, although there is no clear spatial trend. It is also difficult
trying to validate how realistic these spatial parameters maps are at
such a coarse resolution, certainly there is no indication of any agree-
ment with a land cover map for the area (not shown). Furthermore,
as Fig 6 points to the observations used in the optimisation of the
two DALEC model parameters to be broadly an underestimate, the
accuracy of these optimised parameters will also be impacted.

In order to facilitate spatial estimates of fluxes from EO data a
number of assumptions relating to model parameterisation and me-
teorological data were made. The approach taken in this paper was
a pragmatic one parameters were estimated where possible, initial
conditions were based on literature values or optimised using EO
data where appropriate. These assumptions will tend to reduce the
accuracy of the analysis produced by the EnKF. Such an approach
may be improved, for example, by using EO-derived estimates of
biomass to facilitate further model parameters to be spatialised. Op-
timisation against MODIS LAI does not allow the other DALEC
model parameters and initial conditions to be defined. In particular
defining the initial state of the (CSOM/WD) pool, which cannot be
inferred from EO data and is therefore modelled by DALEC, will
have a big impact on the correct estimation of NEP.

Validation of the MODIS product at the site (not shown) which
involved upscaling in situ LAI measurements, indicates that whilst
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Site No Assimilation Assimilation Flux tower sum
(gCm−2day−1) RMSE Sum of flux RMSE Sum of flux

Mature 2.07 94.55 1.96 119.84 624.18
Intermediate 2.11 44.05 1.80 66.74 206.35
Young 0.77 181.50 0.72 278.06 355.63

Table 1. Comparison between NEP (gCm−2day−1) estimates by DALEC without assimilation and assimilating MODIS LAI and flux tower
measurements, on corresponding days.

Fig. 5. Spatial map of the mean of innovations in LAI, 2000—2.
Innovations are equal to the difference between the observed and the
model predicted values. Foliar carbon values have been rescaled to
LAI.

the MODIS collection 5 product was an improvement in forest
biomes over the collection 4 product, there are still inconsistencies.
MODIS LAIs ranged from 1.3—2.5, compared to 1.1—5.5 for the
upscaled Plant Area Index (PAI) measurements (not corrected for
woody material). Equally there was found to be little spatial cor-
respondence between the MODIS product and the field data. This
underestimate of foliar leaf carbon results in underestimates of GPP
and therefore respiration fluxes. Furthermore, the results of this
paper indicate that assimilating observations of the foliar biomass
is not sufficient to constrain the total uncertainty in NEP measure-
ments. The assimilation of further EO-derived products, particular
biomass estimates should improve analysis. Consequently the spa-
tial underprediction of fluxes is attributed firstly to the assimilation
of LAI estimates which are broadly an underestimate across the
study area and secondly to the inability to determine spatial model
parameters other than for the allocation to the foliage and initial
state of the foliar pool.

Despite caveats described above, the method presented here ap-
pears promising. The need to accurately define areas of carbon
source and sinks necessitates a modelling approach which uses EO
data in an optimum fashion. The original implementation by [2]
of the DALEC model, utilised considerably more observations to
improve carbon fluxes. It is apparent that whilst EO data does im-
prove model estimates, without both the quantity and range of mea-
surements which described different parts of the system, EO data
will not be able to significantly reduce uncertainty of modelled es-
timates of NEP. However, the results of the Young site, where the
original DALEC model was calibrated suggest, where the model is
well calibrated, assimilating EO-data can produce good estimate of
NEP. Consequently, perhaps an alternative approach which adopts
a model with greater process representation than DALEC currently
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Fig. 6. Correlation between the MODIS collection 5 LAI products
and an upscaled Plant Area Index (PAI) measurements (not corrected
for woody material) using a Landsat ETM+ image. Where the error
bars represent the uncertainty in the MODIS LAI product.

has would lead to improved model results.

5. CONCLUSIONS

This paper demonstrates that assimilating MODIS LAI observations
improves the magnitude of key carbon fluxes spatially within the
study area compared to running the model without any assimilation.
Validation of results is complicated due to spatial extent, though
site comparisons indicate that overall there is an underprediction of
fluxes when assimilating EO-derived LAI. This is attributed to firstly
the quality of the observations assimilated and secondly to the cali-
bration of the model used.
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