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Estimating Terrestrial Carbon,
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Carbon Fluxes Assessment Using
Artificial Neural Networks

Dario Papale1 (+39 0761 357251; darpap@unitus.it)

Riccardo Valentini1 (+39 0761 357394;
rik@unitus.it)

1DISAFRI University of Tuscia, via C. de Lellis,
Viterbo 01100, Italy

The feed-forward backpropagation artificial neural
networks (ANNs), used in this application, are non-
linear models able to reproduce non-linear functions.
Unlike process based and multiple constrain models,
to use ANNs it is not necessary to know the relation-
ship between input and output variables, because this
is found directly by the neural network. To do this and
also to set the values of the parameters, the ANNs have
to be trained using examples with the input values and
also the correct output (supervised approach). We used
eddy covariance carbon flux measurements to train ar-
tificial neural networks to simulate carbon fluxes at dif-
ferent scales. ANNs showed good performances when
applied to gap-fill and correct the flux datasets at
site level. The input variables used are meteorological
data (air and soil temperatures, photosynthetic photon
flux density, air humidity etc.) and four fuzzy values
for the seasons, while the output is the carbon diox-
ide flux. An intercomparison between different gap-
filling techniques showed that ANNs are able to recon-
struct the annual trend of fluxes better than the oth-
ers classic methods (regressions, look-up tables, mean
daily values. . .). Another ANNs possible application
is the NEE spatialization at regional and continental
scales. After a first methodological experiment where
NEE data from the Euroflux sites were used to obtain
NEE maps of Europe with weekly time resolution and
1 km of spatial resolution (Papale and Valentini 2003),
other analysis showed the potentiality of this approach
to generalize from site to region. The GLOFLUX
initiative (http://gaia.agraria.unitus.it/gloflux.html),
lunched one year ago, has the aim to combine the avail-
able datasets into an artificial neural networks system
to spatialize carbon fluxes at global scale.

URL: http://gaia.agraria.unitus.it/gloflux.html
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Parameter Estimation in Biogeochimical
Surface Model Using Nonlinear
Optimization With Eddy-Covariance
Measurements Over Pine Forests.
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Global models of carbone, water, and energy ex-
changes between the biosphere and the atmosphere are
usually validated and calibrated with intensive mea-
surements made over specific ecosystems like those of
the fluxnet networks. However the nonlinear depen-
dance between fluxes and model parameters generally
complicates the optimization of the major parameters
and the assessment of their uncertainty. In this study,
we estimate key parameters of the Land-surface OR-
CHIDEE model, using the seasonal and diurnal infor-
mation from latent heat flux, sensible heat flux, net
CO2 flux and net radiation measurements over pine
forest (Landes, France). We first present the inverse
methodology, the complications linked to the non lin-
earity, and an approach to derive parameter uncertain-
ties in this context. We optimize the major parameters
controlling the rate of carbon assimilation, the carbon
autotrophic and heterotrophic respiration, the aerody-
namic resistance, and the surface energy balance. The
results will be discussed in term of model to data fit
and parameter estimation. Most parameters appear to
be significantly changed from their a priori estimate. A
detail analysis of the posterior covariance matrix will
be performed including the correlation terms (which are
high between certain parameters). This optimisation
approach helped us to highlight discrepancies of the

ORCHIDEE model and to improve some parametriza-
tions. The results of the inverse procedure using mea-
surements at other sites with similar ecosystem will be
compared.
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Toward Optimal Estimation of Net
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A major focus of current research efforts in land-
atmosphere exchange is the modeling and quantifi-
cation of carbon dioxide, water vapor and energy
fluxes between forested ecosystems and the atmosphere.
Mechanistic models of the coupled physical and biolog-
ical processes that determine the magnitude of scalar
fluxes have been developed and tested at many sites
under a variety of environmental conditions. High fre-
quency eddy covariance measurements of scalar fluxes
are often used to test these canopy exchange mod-
els. Concurrent observations of carbon dioxide con-
centration profiles within the canopy airspace are fre-
quently left unutilized in such modeling studies. We
explore the assimilation of the information contained in
these concentration profile measurements to constrain
forward model estimates of net ecosystem exchange
(NEE). A high-resolution, one-dimensional multi-layer
model of canopy-atmosphere dynamics, including tur-
bulent transport, vertical radiation interception, pho-
tosynthesis, stomatal conductance and respiration, is
implemented and tested against eddy covariance flux
measurements taken at the Duke Forest. A simple as-
similation scheme is used to compare the results of for-
ward model integrations both with and without the
assimilated profile information. Implications are dis-
cussed for the optimal merger of data and models for
the estimation of NEE.
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The exchange of scalars and momentum through
canopy volume exerts control over almost all aspects
of the canopy microenvironment, which in turn, plays
a significant role in regulating biologically controlled
scalar sources and sinks. This study is the first to rig-
orously explore how detailed the parameterization of
the turbulent transport mechanism must be to accu-
rately predict source-sink and flux profile distributions
within the canopy across a wide range of leaf area den-
sity, climatic, and environmental variables. Towards
this end, detailed ecophysiological and radiative trans-
fer schemes are coupled to higher-order closure models
to capture the two-way interaction between the canopy
and its microclimate. The turbulent transport schemes
consider range from first- to third-order closure approx-
imations assuming both thermally stratified and neu-
tral flows. The data sets used in the model calcula-
tions include long-term within-canopy scalar concen-
tration, and temperature profiles collected along with
sensible heat, latent heat, and CO2 fluxes above the
canopy. These measurements, collected from Septem-
ber 1998 to date, are part of an on-going long-term flux
monitoring initiative (AmeriFlux) in an even-aged pine
forest near Durham, North Carolina. Current model re-
sults suggest that first-order closure model, corrected
for atmospheric stability, are sufficient to capture much
of the scalar source-sink variations within the canopy

as well as fluxes above the canopy; second-order clo-
sure models are necessary to accurately reproduce the
scalar profiles within the canopy; and third-order clo-
sure models are no better than second order in terms
of overall predictive skills for scalar profiles and fluxes.
Our model calculations also suggest that accounting for
atmospheric stability is more important than increas-
ing the closure order for improving source-sink, flux,
and scalar concentration predictive skills.
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The chaparral ecosystem ranges from California to
Arizona, USA, and into Nuevo Leon and Tamaulipas,
eastern Mexico. Tower-based eddy covariance and mea-
surements above the canopy of a young stand (10 years
old) and an old stand (>100 years old) have been con-
ducted at Sky Oaks Biological Field Station, San Diego,
USA, for 5 years to quantify the seasonal and annual
variation in the net ecosystem CO2 exchange (NEE) of
the chaparral ecosystem. Both stands are a C sink on
an annual basis. Surprisingly, and contrary to the hy-
pothesis by Odum, the old, mature, “scenscent” stand
was as large of a C sink as the young stand. The stands
tended to be net sinks during the wet seasons, and net
sources during the dry seasons. Seasonal changes in
carbon flux reflected changes of light use efficiency and
were well correlated with two remote sensing indices
of leaf pigment composition (NDVI and PRI). This im-
plied the possibility of using remote sensing to estimate
ecosystem CO2 balance. Two practical tram systems
with optical sensors were set within the footprint of
each eddy covariance tower in the young stand and old
stand at Sky Oaks. This comparison between data from
the eddy tower and spectral reflectance from remote
sensing presented a good correlation between CO2 flux
and NDVI corrected to a constant solar angle, which in-
dicated that remote sensing is a very promising tool for
the estimation of carbon fluxes in a chaparral ecosys-
tem. To develop methods for scaling eddy flux measure-
ments to the surrounding region, Biome-BGC model
and MODIS results were introduced into the analysis.
The eddy covariance data illustrated sink NEE patterns
during wet seasons and source patterns during dry sea-
sons, while the data simulated from Biome-BGC pre-
sented a net sink pattern throughout the whole year.
The GPP simulated from Biome-BGC was lower than
the estimate from MODIS, and their GPP yearly pat-
terns were also different. Peak GPP from Biome-BGC
was around June, while MODIS showed the peak GPP
around March and April. Further data collection, anal-
ysis and comparison are required to explain these dif-
ferences. Key words: chaparral, carbon dioxide, eddy
covariance, remote sensing, global change
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Investigation of Relationships between
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Using FLUXNET data from a wide range of ecosys-
tems, from tropical to arctic flux tower sites we investi-
gate relationships between canopy conductance, ecosys-
tem CO2 exchange and evapotranspiration. By invert-
ing the Penman-Monteith Equation we calculate the
canopy conductance gs for the canopy seen as a big
leaf. The leaf level relationship between stomatal con-
ductance and net assimilation can be rewritten for the
whole canopy as gs = a + b NEE RHs/ Cs where gs
is the canopy conductance, NEE the half-hourly net
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ecosystem exchange of CO2, RHs surface relative hu-
midity and Cs surface CO2-concentration. We are es-
pecially interested to see whether this leaf-level rela-
tionship holds true on a canopy scale for a wide range
of different canopies and ecosystems as it could be used
to scale tower measurements across larger spatial scales
with the aid of remote sensing products. For our cal-
culations mid-day data were used for the whole year in
evergreen and for growing season only in deciduous and
crop canopies. The resulting relationships were highly
linear with an average slope a = -10.45 and intercept b
= 0.32 with some degree of variation for different types
of ecosystems and functinal types.
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The “flux-tower upscaling hypothesis” asserts that

flux tower measurements of representative ecosystems
can be upscaled to regional fluxes via ecosystems map-
ping and process models. Collecting an integrated set
of measurements to attempt upscaling is challenging.
The required sampling density is also uncertain, and at
minimum depends on local soil and vegetation cover,
land use patterns, and climate gradients. Measure-
ments that can be used to evaluate upscaling efforts are
similarly difficult to obtain. Thus the basic hypothesis
behind the flux tower approach of studying regional and
global carbon (and hydrologic) cycles remains difficult
to implement and test. The Chequamegon Ecosystem-
Atmosphere Study (ChEAS) has endeavored to create
a distributed set of stand-level flux tower and support-
ing measurements that can be used to upscale carbon
and water flux measurements to the regional scale. The
flux measurements collected at the 447m WLEF TV
tower are proposed as a regional integral that can be
used to evaluate the stand-level upscaling. Though
more exhaustive analyses are warranted, the results
to date bear a mixed message for tower-based upscal-
ing. The absolute magnitude of the fluxes from two
stand-level towers cannot be simply aggregated to ex-
plain the observations from the WLEF tower. Decom-
position implies that while photosynthesis may upscale,
respiration does not. Potential explanations will be
discussed, including comparisons to chamber respira-
tion data, wetland water table, and flux measurements
across young, mature and old-growth stands. The data
from WLEF show a regional source of carbon to the at-
mosphere, counter to most temperate forest data and
counter to the stand-level towers in the region. Up-
scaling interannual variability, however, appears to be
a more tractable problem. Though the temporal ex-
tent of the multiple flux tower system is limited, a tent
caterpillar outbreak in 2001 provides an example of a
strong, coherent perturbation to the regional ecosystem

that is captured by the available sampling. Stand-level
measurements upscale reasonably well to explain the
changes in regional fluxes measured at WLEF. Climatic
variability from more recent data will also be presented,
in addition to recommendations for future upscaling ef-
forts.
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Acid mine drainage (AMD) is formed through pyrite
oxidation, which produces acidity and releases toxic
metals associated with pyrite and other sulfide min-
erals. Microbes accelerate pyrite oxidation markedly,
thereby playing a major role in the production of
AMD. Here, we probe pyrite oxidation by consor-
tia of Thiobacillus ferrooxidans and thiooxidans using
surface-sensitive photoelectron spectroscopy and X-ray
absorption spectroscopy and compare them with sur-
faces oxidized through chemical and single species cul-
tures. Microbial oxidation resulted in the formation
of distinct oxidized surface species distributed non-
uniformly over the pyrite surface; consortia produced
a surface both more heterogeneous and more oxidized.
In contrast, chemical oxidation proceeds without the
build-up of passivating oxidation products. Surface
morphology was not correlated with sites of nucleation
or oxidation in any obvious manner. These results
demonstrate that microbial oxidation occurs through a
similar mechanism to chemical oxidation, but that the
presence of complex microbial communities may impact
the manner by which pyrite oxidation proceeds.
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Disposal of tailings (waste rock) aqueously is a com-
mon approach at mine sites to minimize oxidation of
the associated sulfur minerals (pyrrhotite, pyrite) and
the associated generation of acidity that accompanies
this process. The study site, Moose Lake, receives tail-
ings runoff at a nickel mine in Northern Ontario, which
has rendered the lake highly acidic (surface pH values
less than 3.5) with high metal loads and on-going acid
export to off-site, downstream systems. To investigate
the potential influence of microbial processes for acid
generation, as well as characterizing any attendant in-
fluences for metal behaviour, the biogeochemistry of
Moose Lake was characterized on a seasonal and a diel
basis during the summer of 2002. Physico-chemical pro-
files were used to identify the area of strong redox gra-
dient across the thermocline (typically 1 to 2 metres
across this zone) on each sampling day. Samples at
five depths within this redox gradient, were then col-
lected for Fe3+/Fe2+, SO4

2−/H2S, metal and micro-
bial samples, in addition to more highly resolved Hy-
drolab profiling. Samples were collected both during
the lighted portion of the day (10am-12pm) and at dusk
(6pm-8pm) to evaluate any contributions to S and Fe
cycling attributed to photosynthetic activity. Results
indicate a clear seasonal increase in acidity in the upper

waters of the lake: pH values dropped from 3.19 in May
to 2.90 in September. Further, a strong diel trend of
increasing acidity (lower pH) from mid morning to dusk
was also observed for each sampling period. Biotic con-
trol on S processes appears to be important associated
with the thermocline region of the lake, whilst surficial
processes occurring in the upper one to three meters are
more consistent with a dominant abiotic control. Both
pathways contribute to acidity generation, however the
controls and rates differ. These results and implica-
tions for mitigation strategies will be presented.
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Constructed wetlands have been studied as sites
or analogs for in situ bioremediation of metal contam-
inants from acid mine drainage (AMD) or industrial
sources (e.g. Webb et al. 1998). Wetlands bioremedi-
ation necessarily invokes the ubiquity and robustness
of sulfate-reducing bacteria (SRB) to sequester dis-
solved metals into various poorly soluble metal-sulfides
(e.g. PbS, CdS). However, few studies of natural wet-
lands under long-term ecological forcing by AMD or
other contaminant sources are available for context.
We are investigating the microbial diversity, mineral-
ogy and geochemistry of a highly contaminated salt
marsh along the East Central San Francisco Bay. For
nearly a half-century, areas within this marsh have
received acidic and/or metal-rich groundwaters from
near-surface pyrite tailings (transported there from
Iron Mountain Mine, near Redding, CA) and local in-
dustrial sources (e.g. paint and explosives manufactur-
ers). Sediment cores (30-40 cm long) were taken from
six contaminated sites in the marsh with pH range of
∼2 to ∼8. Previous analyses (URS Corp. 2001) re-
ported As, Cd, Cu, Se, Zn, and Pb present in sedi-
ments at extremely high concentrations (100s of ppm),
yet our ICP-AES analyses of pore waters showed only
As present at concentrations of 10-50 ppb. We in-
fer, from high-resolution transmission electron micro-
scope (HRTEM) studies of biogenic (SRB biofilm) ZnS
(Moreau et al. 2003, in review) and marsh sediments,
that contaminant metals have been sequestered into ag-
gregates of nanocrystalline metal-sulfides. Continuous-
flow isotope ratio mass spectrometer (CF-IRMS) analy-
ses of pore-water sulfate and sedimentary sulfides allow
resolution of contributions to dissolved sulfate and sul-
fide from tailings oxidation and dissimilatory sulfate
reduction. Sulfate analyses from subsections of three
cores (pH 2-3, 6-7, 7-8, respectively) all yield δ34S
values consistent with bacterial sulfate reduction. We
note that all three cores also contain very fine-grained
black muds that are distinguishable from coarser pyrite
cinders, and exhibit a noticeably strong sulfide odor.
Aero- and halo-tolerant SRB were enriched from cir-
cumneutral pH cores, and we hypothesize that acido-
tolerant SRB may also be present. Analysis of restric-
tion fragment length polymorphism of whole commu-
nity 16S rDNA extracted from each core shows an ex-
pected increase in diversity between acidic and circum-
neutal sediments, and clone libraries from both contam-
inated and uncontaminated marsh sediments are being
compared to assess the impact of long-term contamina-
tion. References: Webb et al. 1998, J. Appl. Microbio.,
84, 240-248; Moreau et al. 2003, Amer. Min., in review;
URS Corp. 2001, Report 51.09967067.00.
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