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• Executive Summary

The Kyoto Protocol to the United Nations Framework Convention on
Climate Change (UNFCCC) allows parties to count forestry and other
land-use carbon sinks within their accounted emissions of carbon dioxide (CO2).
CAMELS (Carbon Assimilation and Modelling of the European Land
Surface) provides scientific advice to support this, by quantifying the
contribution of European ecosystems and land use to changes in atmospheric CO2. For the first time, data from a variety of sources were
brought together with state-of-the-art models to give a complete picture
of the exchange of carbon between the atmosphere and the European
land surface.
Carbon is taken up by the land surface through the growth of vegetation,
and also released to the atmosphere both through natural processes and
by removal of vegetation by human activity. While it is possible to make
some estimates of these exchanges in carbon through measurement of
atmospheric CO2, satellite observations of vegetation activity and measurements of forest area and the amount of wood in trees, it is not possible to fully measure the carbon exchanges across the whole of Europe
because this would require measurements at every point across the continent.
Computer models based on mathematical equations can be used to estimate processes of carbon exchange at every point across Europe, but
these models cannot be perfect and their results are always therefore
uncertain to some extent.
CAMELS developed innovative techniques to use models and data
together to use the best features of each. The computer models were
used to provide results over all areas including those where no observations were available, and observational data were used to ensure the
models were realistic and to give a measure of uncertainty in the model
results.
The specific aims of CAMELS were:
To consolidate existing observational data
To use data to validate and improve process models and quantify uncertainties
Use process models and data together to quantify terrestrial carbon fluxes at regional and global scales and to develop a prototype of a carbon
cycle data assimilation system (CCDAS), which provides an integrated
view on the terrestrial carbon fluxes and their uncertainties.

Other contributors
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• Carbon stored in European Forests

Historical changes in land use are
one of the drivers of the current terrestrial carbon balance. By compiling extensive information from the
forestry sector from nations across
Europe, we have mapped the biomass of European forests (Figure 1)
and established that past afforestation of agricultural lands has caused
a net accumulation of carbon in the
European land use sector.
Figure 1. Maps of growing stock,
biomass and increment on coniferous, broadleaf and total forest were
compiled for the pan-European
area. The method based on NOAA
AVHRR satellite data, classified
with CORINE land cover data. The
forest area class estimates were calibrated to match with forest area
statistics of national forest inventories. Next, regional growing stock,
biomass and increment statistics
from national forest inventories
were combined with the calibrated
forest area maps.

Figure 2. Changes in forested and
agricultural land and other land
uses from 1948-1990
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• New databases of carbon fluxes and vegetation activity

The Fraction of Absorbed Photosynthetically Active Radiation (FAPAR)
is an indicator of the state and productivity of vegetation. This quantity represents the fraction of the solar energy
which is absorbed by vegetation and
therefore plays the role of a battery during the plant photosynthetic process.
FAPAR is derived from remote sensing
data which enables assessment and
monitoring of land surfaces around the
globe. Figure 3 shows FAPAR in
September 2004 estimated over Europe
using data from NASA’s SeaWiFS instrument and the JRC algorithm.
The eddy covariance technique is used
to measure the net CO2 exchange
between ecosystems and atmosphere. In
Europe there are now more than 100
eddy covariance sites covering different
land uses and climate conditions with 10
years of measurements. Figure 3 shows
the locations of these measurement sites.
CAMELS initiated a standardization work
to check the quality of the eddy covariance datasets. The results from CAMELS
were included in the Carboeurope
Integrated Project database.
Figure 3. Map of satellite data indicating patterns of photosynthesis rates by
vegetation. Overlaid are the sites
where CO2 fluxes are measured with
eddy-covariance techniques.

Figure 4 shows examples of eddy
covariance data for different
ecosystem
types:
deciduous
forests, evergreen Mediterranean
forest, croplands and grasslands.
Negative values indicate uptake of
CO2 from the atmosphere by
ecosystems. These measurements
provide important information not
only about the magnitude of the
fluxes but also in the seasonal
changes. The differences in seasonality between the ecosystems
are evident.
Figure 4. Carbon fluxes from the
ecosystem to the atmosphere as
measured with eddy-covariance
techniques at one site.
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• Using eddy covariance data to reduce uncertainty in models

Uncertainties in the models can be reduced by performing simulations for a location where CO2 fluxes are measured with
the eddy-covariance technique, and revising certain key numbers (parameters) in the models so that their results agree more
closely with the measurements (optimisation). Using eddy-covariance data from all major plant types indicates how well the
models represent natural vegetation. The optimised parameter values can then be used as a priori values in the global Carbon
Cycle Data Assimilation System (CCDAS) described later in this report. The assumption used in CAMELS is that the best way
to spatially extrapolate the results from the flux measurements is not through fluxes, but through parameter values that
describe the underlying processes in terrestrial ecosystem models.

Figure 5. Cumulative net ecosystem exchange of carbon (NEE) for two years at a coniferous forest in The Netherlands.
Modeled fluxes are derived by the biosphere model BETHY before and after optimization against seven days of half-hourly
eddy covariance data. Negative NEE indicates carbon sequestration by the biosphere. Green: uncertainty range before parameter optimization, yellow: uncertainty range after optimization, blue: eddy covariance measurements, dashed: missing data

6

CAMELS - CARBON ASSIMILATION AND MODELLING OF THE EUROPEAN LAND SURFACE

• Model estimates of changes in the growing season and CO2 uptake

Figure 6. Seasonal vegetation behaviour for different
regions in the early 1980s
and the early 2000s. (A)
growing season, and (B) net
carbon uptake period.

The ORCHIDEE model was used to simulate changes in the growing season and the portion of the year in which the ecosystems took up CO2 from the atmosphere (“carbon uptake period”) from the 1980s to 2000s. Figure 6 shows how the growing
season (top), defined by the canopy, was found to have increased in length due to earlier spring and later autumns. However,
the carbon uptake period (bottom) showed less of an increase in length or, in some regions such as North America, a decrease.
Although the simulated carbon uptake period began earlier in the 2000s than the 1980s, it also ended earlier because of a
loss of carbon through respiration during the autumn due to higher temperatures.
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• Model estimates of the 20th Century global carbon budget

The MOSES model (Met Office Surface Exchange Scheme) was used to simulate the sinks and sources of carbon over the global land surface. Taking observed and reconstructed changes in climate, CO2 concentrations and land use as inputs, MOSES
simulated biological processes in the vegetation across the different continents and produced estimates of local uptake and
release of carbon in response to the imposed environmental changes.
Figure 7 shows the year-to-year fluctuations in the simulated global land carbon uptake (red line) which show very similar
patterns to the year-to-year fluctuations in the rate of rise of atmospheric CO2 (green line) but opposite in sign. This suggests
that the fluctuations in the rate of CO2 rise are largely due to fluctuations in the land carbon uptake.

Figure 7. Annual carbon uptake by the terrestrial biosphere simulated by the MOSES model (red line) and the annual rise in
atmospheric CO2 measured at Mauna Loa (green line).
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• Combining data and models for assessing continental carbon fluxes:
the Carbon Cycle Data Assimilation System (CCDAS)
The CCDAS combines satellite data of FAPAR and global measurements of CO2 concentrations (from the GLOBALVIEW network)
with a terrestrial biosphere model. This method constrains the model parameters and thereby keeps the simulated possible biospheric fluxes of CO2 within a small range consistent with observations. Thus CCDAS combines a top-down and bottom up
approach. The Bayesian framework for inversion allows us to combine prior knowledge on parameters with observational information in a consistent way. Not only does the Bayesian approach provide the most likely parameter values, it also delivers uncertainty bounds on the parameters. CCDAS has been developed by the CCDAS consortium which consists of CAMELS participants
plus external partners (see http://CCDAS.org).
CAMELS has so far produced one prototype CCDAS based on the ecosystem model BETHY (Figure 8). The parameter values
optimised on the stand scale could be used as a priori values. In a first data assimilation step, BETHY takes satellite-observed
values of FAPAR to optimise parameters related to water status, phenology, and total plant cover. Next, observed atmospheric
carbon dioxide provided by the GLOBALVIEW sampling network is used to constrain 57 parameters related to the physiological part of BETHY. Uncertainties in the optimised model parameters are derived, which reflect both the prior information as well
as the large-scale information from the atmospheric carbon dioxide. These are finally translated to uncertainty bounds for CO2
fluxes. The calculations are performed with model derivative code automatically generated by FastOpt’s compiler tool TAF.
Automatic generation ensures that improvements of BETHY can be used in the assimilation scheme without delay.

Figure 8. CCDAS scheme to
assimilate CO2 concentration measurements from the
GLOBALVIEW network into
the parameterisation of the
biosphere model BETHY.
BETHY calculates CO2 fluxes, and the atmospheric
transport model TM2 maps
the CO2 fluxes onto CO2
concentrations. These are
compared to CO2 concentration measurements deriving
one
misfit
(Forward
Modelling). The derivative
code of BETHY is used to
optimise parameters and
estimate parameter uncertainties (Inverse modelling)
and to propagate optimized
parameters and uncertainties
onto CO2 fluxes (Forward
modelling plus propagation
of uncertainties).

The first output of CCDAS using 20 years of atmospheric CO2 observations obtains a considerable reduction in uncertainty
for about 10-15 parameters that enter the optimisation. CO2 fluxes derived with the optimized BETHY (Figure 9) show a clear
relation to the El Niño-Southern Oscillation (ENSO) cycle, except for the time after the Pinatubo eruption. During El Niño
(warm) conditions in the east Pacific, large parts of the tropical ecosystem come under water stress with reduced photosynthesis. The spatial distribution of the long-term mean net flux of CO2 (Figure 10) shows a relatively large uptake over the northern hemisphere continents, and uptake over the tropical continents, which partly balances the large background source from
land use change. Summarizing the results for different regions (Figure 11), we find a terrestrial sink for Europe (excluding
Russia) that is around a third of the fossil fuel emissions of the area, with uncertainty bounds reduced to almost of the same
size as the fluxes themselves. In general the uncertainties are relatively low compared to equivalent uncertainties from direct
estimates using only the CO2 concentrations and atmospheric transport models. Still, high uncertainties are found in tropical
America and Africa, mainly due to the lack of observation stations in these areas.
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Figure 9. Time series of de-trended global monthly fluxes from
CCDAS smoothed with a five month running mean filter, after
subtracting average seasonal cycle. Red/blue arrows: exceptional El Niño/La Niña events. Yellow arrow: eruption of the volcano
Mount Pinatubo

Figure 10. Average net CO2 emissions to the atmosphere for the
period 1980-2000 (gC m-2y-1), consisting of the total CO2 flux from
fossil fuel emissions, land-use
change and the terrestrial biosphere, modelled by BETHY after
CCDAS optimisation. Dots indicate
locations of CO2 concentration
observational sites. Negative values show a net uptake of CO2.

Figure 11. Estimated biosphere carbon sink
strength and associated uncertainties compared to
fossil fuel and land use emissions for 5 regions.
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• Key outcomes from CAMELS

We constructed a major dataset of changes in forest area and carbon
stock across Europe, and found that expansion in European forest has
provided a major sink of carbon.
We constructed a major dataset of surface flux measurements
We brought together flux tower measurements, remote sensing estimates
and process models
We reconstructed the terrestrial carbon cycle over the 20th Century, and
found that year-to-year variations in land carbon uptake explain much of
the year-to-year variations in the rate of rise of atmospheric CO2
We created a Carbon Cycle Data Assimilation System using models and
data together to quantify present-day terrestrial carbon fluxes and associated uncertainties
The uncertainties in the estimated uptake of carbon by ecosystems are
smaller for Europe than the rest of the world, mainly as a result of the
higher availability of data.
European ecosystems are assessed to be a net sink of carbon even without accounting for afforestation. In other regions, excluding afforestation
and deforestation, ecosystems are more likely to be a sink than a source
but there remains the possibility that they are sources.
To reduce uncertainties in carbon fluxes in the rest of the world, more
observational data is required.
The tools and results produced by CAMELS can be used to inform policies addressing the Kyoto Protocol to the United Nations Framework
Convention on Climate Change.

Project website:
Forest inventory data:
FAPAR from remote sensing:
CO2 fluxes from eddy-covariance measurements:
Carbon Cycle Data Assimilation System:

http://www.camels.org.uk
http://www.efi.fi
http://fapar.jrc.it/
http://gaia.agraria.unitus.it/database
http://www.ccdas.org
http://www.fastopt.com

Email: camels@metoffice.gov.uk
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