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Today, a new scientific
revolution is emerging
among the FLUXNET com-
munity where groups of
scientists are  producing
global scale information on
carbon and water fluxes.
They are doing so by merg-
ing of information from
networks of flux towers,
biophysical models, eco-
logical databases and satel-
lite-based remote sensing to
produce a new generation
of flux maps on monthly,
yearly and decadal inter-
vals.  The success of this
effort is only possible by the
altruistic sharing of data by
each and every one of us,
and represents a joint ef-
fort. This issue of the
FLUXLETTER profiles
several groups who are
leading the global upscaling
charge with a combination
of statistical and biophysical
models. The effort to pro-
duce flux information with
a global extent grew out of
a general desire to solve
problems related to pertur-

bations to the Earth’s ter-
restrial carbon and water
cycles. A consensus is now
emerging that to be most
must

effective, scientists

produce a measurement
and modeling system that is
‘everywhere, all of the
time’. The global network
of networks, FLUXNET, is
a step in this direction be-
cause it produces a system
of flux measurement tow-
ers that are ‘many places,
most of the time’. But is
this good enough?

An alternative is to
model carbon and water
fluxes across the globe and
to use the flux towers to
validate and test the mod-
els. But this task requires
quantifying a set of coupled
and highly non-linear equa-
tions that explain biophysi-
cal processes that span 14
orders of magnitude in time
and space (Osmond 1989,
Jarvis 1995).

Looking back, it is in-
teresting to see how our
orientation towards scaling

approaches has changed.
Such an enterprise would
not have arisen in the early
days of scaling, when there
was much resistance to de-
that span

‘levels’

velop models
than 3

(scales), let alone fourteen.

more ,
In the proceedings of the
famous Trebon, Czechoslo-
vakia workshop of 1969,
the pioneering modeler
C.T. deWit (de Wit 1970)

wrote:

‘now 1 believe that the
simulation in the bialagi—
cal sciences has to be used
to fill the gap that exists
between specialists at
various ‘levels’ and that
we may come to a strategy
of model-building in
biology when we keep this
purpose in mind. To
build a model we have to
consider and join two
levels of knowledge.

The level with the sort of

relaxation times is then

the level which pravides

the explanation or the
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explanatory level and the
one with the long relaxa-
tion times, the Ilevel
which is to be explained

or the explainable level.’

The words of warning by
Prof. deWit seem to have
been forgotten because
there has

growth in the production

been  rapid
of global scale products on
carbon, water and energy
exchange these past few
decades.  The emergence
of new ecological scaling
laws and databases on
fluxes, climate and plant
structure and function are
helping us move forward to
develop new and defensible
global upscaling systems
that transcends more than
two ‘levels’. Using these
databases in concert to test,
validate and parameterize
flux upscaling exercises
seems to be an avenue with
much scientific potential.
While all  the ap-
proaches may not be per-
fect, there remain many
reasons to pursue this line

of intellectual inquiry be-

cause the benefits will
eventually outweigh the
costs or limitations. First,

a diverse ‘modeling ecosys-
tem’ is warranted in this
new era to find the best
approach and to find out
‘how good s

good

enough’.  Success and im-
provement will evolve as
we continue to learn by
comparing the output of
different models with one
another and with measured
flux data, by revising the
models and expanding the
FLUXNET database with
more and newer data. Fur-
ther, globally-gridded data-
sets of fluxes that are data-
driven will have great util-
ity to set priors for Bayes—
ian models that predict
carbon fluxes from the top
down approach. We will
also be able to produce grid
averaged fluxes at the na-
tive resolution of climate
models. And there is po-
tential to mine the data-
bases to extract informa-
tion at regional and local
scales that is pertinent for
policy and management
decisions, (eg. What is the
potential GPP of an area
for biomass fuel produc-
tion? How much water is
lost by a certain watershed?
Is my land a carbon source
or sink for selling carbon
credits?) If anything we’d
like to welcome these new
gridded data products to
the FLUXNET database for
all to use, share and exam-
ine.

It is fair to note that
we have to be conscious of
and cautious about the po-

tential pitfalls of any global
modeling exercise. ~ We
should not be seduced by
producing  pretty global
maps and global integrals
because models can suffer
from the pitfalls of ‘garbage
in/garbage out’. On the
other hand, the field of
global ecology would have
never emerged if we had
confined our scope to only
two ‘levels’ in our models.
Consequently, we would
have remained intellectu-
ally stagnant if we blindly
abide by the advice of dear
Dr. deWit.

Contact:

Dennis Baldocchi
(baldocchi@berkeley.edu)

Dept of Environmental Science,
Policy and Management
University of California,
Berkeley, USA

References

Beer, C., M. Reichstein, E.
Tomelleri, P. Ciais, M.
Jung, N. Carvalhais, C.
Rodenbeck, M. A. Arain,
D. Baldocchi, G. B. Bonan,
A. Bondeau, A. Cescatti,
G. Lasslop, A. Lindroth,
M. Lomas, S. Luyssaert, H.
Margolis, K. W. Oleson,
O. Roupsard, E. Veenen-
daal, N. Viovy, C. Wil-

liams, F. I. Woodward,
and D. Papale, (2010) Ter-
restrial Gross Carbon Di-
oxide Uptake: Global Dis-
tribution and Covariation
with Climate. Science 329,
834-838.

de Wit, C. T. (1970), Dy-
namic Concepts in Biology.
Pages 17-23 in 1. Malek,
editor. Preditcion and
measurement of photosyn-
thetic productivity. Centre
for Agricultural Publishing
and Documentation, Wag-

eningen, The Netherlands.

Jarvis, P. G. (1995) Scaling
Processes and Problems.
Plant Cell and Environ-

ment 18, 1079-1089.

Jung, M., M. Reichstein,
and A. Bondeau, (2009)
Towards global empirical
of FLUXNET

covariance observa-

upscaling
eddy
tions: validation of a model
tree ensemble approach
using a biosphere model.
2001-

Biogeosciences 6,

2013.

Osmond, C. B. 1989. Pho-
tosynthesis from the mole-
cule to the biosphere: a
challenge for integration.
5-17 in W. R.
Briggs, editor. Photosyn-
thesis. A. R. Liss, New
York, NY.

Pages




Page 3

Scaling Carbon and Water Fluxes from Patches to the Globe: A
Challenge and an Opportunity for the Future

An Editorial by Dennis Baldocchi, Rodrigo Vargas and Laurie Koteen

Xiao, J., Q. Z, D. D. Bal-
docchi, B. E. Law, A. D.
Richardson, ]J. Chen, R.
Oren, G. Starr, A. Noor-
mets, S. Ma, S. B. Verma,
S. Wharton, S. C. Wofsy,
P. V. Bolstad, S. P. Burns,
D. R. Cook, P. S. Curtis,
B. G. Drake, M. Falk, M.
L. Fischer, D. R. Foster, L.
Gu, J. L. Hadley, D. Y.
Hollinger, G. G. Katul, M.
Litvak, T. A. Martin, R.
Matamala, S. G. McNulty,

T. P. Meyers, R. K. Mon-
son, J. W. Munger, W. C.
Oecchel, K. T. Paw U, H.
P. Schmid, R. L. Scott, G.
Sun, A. E. Suyker, and M.
S. Torn (2008) Estimation
of net ecosystem carbon
exchange for the contermi-
nous United States by com-
MODIS
AmeriFlux data. Agricul-

and

bining

tural and Forest Meteorol-

ogy 148,1827-1847.

Yuan, W. P.; Y. Q. Luo,
A. D. Richardson, R.
Oren, S. Luyssaert, [. A.
Janssens, R. Ceulemans, X.
H. Zhou, T. Grunwald, M.
Aubinet, C. Berhofer, D.
D. Baldocchi, J. Q. Chen,
A. L. Dunn, J. L. Deforest,
D. Dragoni, A. H. Gold-
stein, E. Moors, J. W.
Munger, R. K. Monson, A.
E. Suyker, G. Star, R. L.
Scott, J. Tenhunen, S. B.

Verma, T. Vesala, and S. C.
Wofsy, (2009) Latitudinal
patterns of magnitude and
interannual variability in net
ecosystem exchange regu-
lated by biological and envi-
ronmental variables. Global
Change Biology 15, 2905-
2920.




Page 4

FLUXNET - From Point to Globe
M. Reichstein, M. Jung, N. Carvalhais, M. Mahecha, C. Beer, E. Tomelleri

The advent of the eddy
method has
revolutionized the science

covariance
of terrestrial biosphere-
atmosphere interactions,
providing non-destructive
measurements of carbon
and energy fluxes which
span across more than eight
orders of magnitude in
time. The power of the
eddy covariance method
has led to a rapid prolifera-
tion in world-wide re-
search and organization,
with more than 520 sites
now registered in the
FLUXNET network. In
past decades, important

ecosystem-physiological

and  eco-climatological
questions were successfully
addressed at single sites and
also integrated across re-
gional and global networks.
However, one fundamental
question has remained: Can
we infer information on
global land carbon and en-
ergy cycles from FLUX-
NET?

recent advances in estim-

Here, we illustrate

ating global fields of carbon
and water fluxes based on
integration of FLUXNET
with remote sensing and
other earth
data streams.

observation

From one perspective,
FLUXNET can be viewed

as acupuncture of the bio-
sphere; the global cumula-
tive footprint area of all
FLUXNET stations is not
more than 0.003 %o of the
terrestrial land  surface.
There is a gap of 4-5 orders
of magnitude in space be-
tween a flux tower foot-
print and the global land
surface (Fig. 1). Statistical
sampling theory tells us
that a few hundred samples
allow for accurate esti-
mates of the population
mean, but only for well-
behaved distributions, and
only if the sample is repre-
sentative of the population.
The FLUXNET network is

century
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nrenloy
piot
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month

Temporal scale
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hour
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Figure 1: Observation systems spanning across time and space scales and the synergistic

role of eddy covariance flux towers and remote sensing

not fully representative of
the terrestrial biosphere,
however, as the sites are
heavily clumped in areas
with high population den-
sity and/or good infra-
structure and research
funding. Hence, deriving
globally relevant informa-
tion on biosphere-
atmosphere exchanges re-
mains a challenge.  And
yet, an opportunity exists
to provide global coverage
on carbon and energy ex-
change if generalized rela-
tionships between observed
fluxes at the site level and
corresponding  variables
with global coverage can be
extracted and exploited.
The key is in establishing
the level of synergy that
exists between global satel-
lite remote sensing prod-
ucts, ( many of which
monitor relevant land sur-
face properties at a spatial
resolution compatible with
flux tower footprints) and
individual flux tower meas-
urements. If synergy exists,
the capability arises for
bridging the gap between
local measurements and
globally relevant informa-
tion (Fig. 1).

There are many differ-
ent conceivable ways of
integrating flux data and
remote sensing products
with models. For instance,
both data sources can be

used as constraints for
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process-based models in a
“data
proach. Results from this

assimilation”  ap-

approach contain knowl-
edge, or rather a conceptu-
alization, of land surface
processes and represent a
compromise between
model assumptions, prior
parameters and (new) ob-
Data-

assimilation in this way is

servations.

an effective tool for mini-
mizing (but also quantify-
ing) simulation uncertain-
ties arising from uncertain
parameter values, and as a
means for assessing the
adequacy of the model
structure (Raupach et al.
2005; Williams et al
2009).

A conceptually differ-
ent and somewhat radical
methodology is a fully data-

oriented or data-adaptive
approach: “let only the data
speak”. In this case, the
modeler refrains from in-
jecting strong theoretical
assumptions, such as func-
tional relationships  be-
tween variables. Such an
approach relies on machine
learning  algorithms and
non-parametric statistical
methods.

come possible through re-

It has only be-

cent developments in com-

statistics
& DeCoste
2001) and the increasing
data richness in Earth Ob-
Develop-

putational
(Mjolsness

servation itself.
ment and application of this
methodology for observa-
tion of biosphere-
atmosphere interactions is
still in its infancy, but

promising first examples

exist at continental
(Papale & Valentini 2003;
Reichstein et al. 2007a;
Jung et al. 2008; Xiao et
al. 2008) and global scales
(Jung et al. 2009; Beer et
al.  2010; Jung et al
2010). Most recently, we
have combined flux tower
data with meteorological
and remote sensing obser-
vations in just such a data-
driven up-scaling frame-
work, and this approach
has allowed us to generate
a new global data stream
for Earth system science.
Currently, the newly cre-
ated data
prises 27 years of monthly

stream com-

fluxes at 0.5° resolution
for biosphere CO,, H,0,
and energy fluxes, with
the capability for yet
greater spatial and tempo-

2000

H [T m-2 vr-1]

2000

H[MIm v |

0 2000
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1
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Figure 2: Global patterns of empirically derived annual biosphere-atmosphere flux integrals.

Both panels show sensible versus latent heat fluxes, where colors code gross primary produc-

tivity and water-use efficiency on the left and right-hand side, respectively (red: high, violet:

low). Derived from flux maps in Jung et al. submitted to JGR-Biogeosciences (special issue).

ral resolution enhance-
ment.

Can we estimate the
carbon balance of the land
biosphere accurately from

FLUXNET
measurements? The short

upscaling

answer is ‘no’, or ‘not as
stand- alone product’. But
perhaps in tandem with
other
data streams, we can.

earth observation
Currently, one major
limitation to carbon esti-
mation is the lack of global
data on disturbance. We
know that site history and
past disturbances largely
determine the mean car-
bon balance, and possibly
other fluxes as well, at the
local scale.  While the
FLUXNET network does
include recently disturbed
sites, upscaling capability
is limited by the lack of a
“scaling”  variable  (like
fPAR for GPP and ET)
which would allow for the
diagnosis of disturbance at
the global scale. Once a
map of disturbance history
and intensity (fire, wind
throw, harvests) and
structural information
(e.g. from LiDAR) is
available globally, more
realistic global estimates
of the global carbon bal-
ance might be possible.
Other problems relate to
the precision of the eddy-
covariance method. The
net global terrestrial car-
bon uptake inferred from
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BOX 1: Principles of empirical up-scaling

The general procedure behind empirical upscaling  begins with formation of a “training data set” which contains the
variable of interest as a target variable, and an array of potential explanatory variables that must also be available as
global grids. Once equipped with this training data set, machine learning algorithms “learn” how to map the explana-
tory variables to the target variable. The result of this training phase is an empirical model which is then applied at the
global scale using the global gridded explanatory variables. The methods of constructing the empirical model depend on
the type of learning machine used, e.g. artificial neural networks, support vector machines, regression and model trees.
Ensembles of empirical models generally yield more accurate results, and methods of creating ensembles are an impor-
tant aspect too. The search for a regression model suitable for global upscaling purposes remains a great playground and

we should strive for systematic tests to find the most suitable approaches. Box 2 outlines briefly the method called

model tree ensembles (MTE) that we have followed.

atmospheric data is around
2 PgC/yr, which equals 15
gC/m’/yr if we distribute
these 2 PgC/yr equally
over the global vegetated
areca.  As currently de-
ployed, however, this is
likely below the detection
limit of the eddy covari-
ance method. Hence, in-
stead of hunting for the
global carbon balance, it is
more rewarding to extract
robust global multivariate
patterns of the relationships
between the variables that
describe biosphere-
atmosphere exchange, ( i.e.
Fig. 2). This approach en-
ables insights into eco-
climatological ~ problems,
biosphere-atmosphere
feedbacks and eventually to
improved  climate-carbon
cycle models.

Integration of remote
sensing data into this effort
is also providing new op-
portunities  for

coupled

climate-biosphere  model

evaluation that circumvents
some of the conceptual
with  direct
comparisons

problems

model-site
This is especially true when
coupled with the machine-
learning based derivation of
generalized  relationships.
Advantages of this ap-
1) Up-

scaled fields are integrated

proach include:

over the grid-box hetero-
geneity, hence the point-to
-grid-box scale mismatch is
largely avoided, 2) the gen-
eralization reduces the im-
portance of site particulari-
ties which might not be
relevant for global models,
3) the representativeness
problem of FLUXNET is
greatly reduced (e.g. that
site based model compari-
sons are heavily biased to-
wards temperate  sites).
Still, it is clear that these
data-driven up-scaling
products also depend on
some assumptions and are

subject to several concep-

tual limitations (Box 2).
For example, the choice of
potentially relevant pre-
dictor variables is partly
subjective and constrained
by the availability and
quality of corresponding
global data sets. Further,
the prediction of carbon
fluxes in response to rare
or previously unseen con-
ditions (e.g. climate ex-
tremes, where no training
data are available), re-
mains an extrapolation,
and as such, is highly un-
certain. In addition, re-

sults from a machine
learning approach in land
areas, Vegetation types and
climate conditions that are
not well sampled by
FLUXNET measurements
might still be heavily influ-
enced by sites.
Hence, these products
should not be taken as
truth and used blindly for

biosphere model evalua-

single

tion. Any mismatch be-

tween biosphere and data-
oriented models should be
critically ~ examined  for
respective  weaknesses.
Nevertheless, we have
gained confidence in the
FLUXNET derived global
data

various consistency checks

streams based on
that have been performed
with
proaches (Jung et al. 2009;
Beer et al. 2010; Jung et
al. 2010; Jimenez et al
2010 (in press)).

In summary, the fu-

independent  ap-

sion of site level flux data
with satellite-based Earth
Observation offers great
opportunities for increas-
ing the relevance of
FLUXNET in Earth Sys-
tem science. Nevertheless,
we must keep in mind that
the aforementioned global
data-driven  up-scaling
products depend on many
assumptions, are subject
to several limitations, and
should always be critically
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BOX 2: Example: Model Tree Ensembles

Model trees are decision trees that split the training data set hierarchically into smaller units, or leaves, based on a series

of decision steps. Within each leaf, a multiple linear regression is used to describe the mapping of explanatory variables

to the target variable. The decision steps are determined by finding the split variable (i.e. a variable by which the data set

can be stratified), and value for which the sum of squared errors of both sub-domains is minimal. Tree growth continues

as long as the Bayesian information criterion decreases. The criterion is calculated from the mean squared error of the

model as determined by cross-validation in the leaves, and plus a term penalizing for the number of model parameters

given a number of samples. In our group, we created ensembles of model trees using an evolutionary method. This

method takes an existing tree, removes part of it, and then grows the tree for subsequent steps based on random split

decisions. Model trees have the advantage of inherent stratification. Stratification is helpful because we expect that the

relevance of each controlling factor, and its sensitivity to the target variable, changes among different environmental do-

mains (e. g. tropical Vs temperate, trees vs grasses, summer vs winter, ...).

evaluated against independ-
ent approaches. Even so we
think that the FLUXNET
derived global data stream
contains robust patterns
which can be used to con-
strain and reduce the un-
certainty of process-based
biosphere models. Future
directions include integra-
tion of information at scales
not considered so far(e.g.
organism  or
other
isofluxes,

landscape),
trace gases and
hyperspectral
and structural remote sens-
ing. Central to this en-
deavor will be the need to
embrace novel develop-
ments in the field of ma-
chine learning and empiri-
cal inference in general
(e.g. detection of causal-
ity). This effort will be
greatly facilitated by a spirit
of open data and code

sharing across disciplines.

Contact

Markus Reichstein
(markus.reichstein@bgc-
jena.mpg.de)

Max Planck Institute for
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Munich, Germany
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BOX 3: Conceptual Limitations

Many conceptual limitations are inherent to the approach we have outlined. For one, the training dataset is composed of
time-series data from many different sites, while information about time and site is generally not explicitly considered in
the learning machine. There are several conceptual problems with that: 1) mixing of spatial and temporal scales, 2) time-
scale specific relations among variables, 3) time independence and dynamic effects. The ‘time for space’ substitution ap-
proach is inherently used. However, relations in the temporal and spatial domain are likely different from each other, in
particular if the spatial and temporal scales in the training data set are decoupled (e.g. half-hourly data of globally distrib-
uted sites). We also anticipate that the relationships among variables are time scale specific and that therefore in the
training phase on time series that capture several orders of magnitude of temporal scale sensitivities of some variables that
are confounded by effects of scale may arise [Mahecha et al., 2010]. The effect of ‘mixing scales’ may actually be re-
duced, however, if explanatory variables are provided that allow for stratification of the training data set, which implic-
itly accounts for such confounding effects in part. For example, if we allow the algorithm to split the training data set
along relevant variables that vary in space, but not in time, (e.g. mean annual temperature, mean annual precipitation),
or along variables that vary in time, but not in space, (e.g. mean seasonal cycle of meteorological variables), the con-
founding effects of mixing scales can be reduced. Another conceptual problem stems from the time-independence of
upscaled results. Under this scheme, memory effects of, for example, extreme events, are not explicitly accounted for.
Some implicit accounting is likely, however, if the memory effects are incorporated by remote sensing indices. More-
over, memory effects may also be captured if we include lagged explanatory variables in the training data set. Despite
these ameliorating factors, however, the fact remains that we currently lack systematic means to test the degree to which
problems of mismatched scales and memory effects remain. Addressing these issues further, and finding ways to cir-
cumvent or integrate them, should be next steps in upscaling exercises.
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When YR arrived at
the UC Berkeley in fall of
2006, his adviser offered a
PC. That was the only
computing resource. YR
received the NASA fellow-
ship with a proposal on the
global mapping of GPP and
ET using MODIS. At that
time, YR did not realize
how much that project
would require computing
resources. Two  years
later, YR learned that a

one year global mapping
calculation requires 2.6 TB
of source data, 20 days for
source data download from
NASA ftp servers, 2,000
days for reprojection, and
15 days for ET and GPP
calculations. How could
this possibly be done with a
PC before YR gets his PhD
The

cloud computing.

degree? answer is

1. Overview of the
MODIS-Azure system

Cloud computing of-
fers the potential for inter-
net-based, on-demand, and
highly =~ scalable services.
We built the MODIS-
Azure service on the Mi-
crosoft cloud computing
platform, Azure, to process
large satellite data (Li et
al., 2010). The basic idea is
“to download data within

the Cloud,
analyze data in the Cloud,

to process/

and download results to
my PC” (Figure 1). The
MODIS-Azure web portal
allows 1) submitting job
requests and 2) monitoring
the processing job status in
real-time. One can request
the number of virtual ma-
chines (1-250 VMs cur-
rently) depending on the
estimated computing
needs, which offers highly

Source Imagery Download Sites

Reprojection Stage

A

—~—

L —

Scient

AzureMODIS
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i
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Figure 1: Work flow of MODIS-Azure system (http://research.microsoft.com/en-us/projects/azure/azuremodis.aspx)
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scalable performance. The
data
reprojection,

service performs
download,
resampling, analysis, and
emails web links, that in-
clude final results, to the
user. Anyone with author-
ized credentials and inter-
net access can use the ser-

vice.

2. Overcoming barri-
ers for global remote
sensing study with the
MODIS-Azure system

We identified three
barriers for the global re-

mote sensing study to
overcome. First, data
download. NASA sup-

ports several web portals
that provide various satel-
lite data, but the download
processing is really tedious
(eg. with numerous clicks)
and time-consuming. Our
contribution has been to
revamp this process. Now,
we determine and auto-
matically down-load
needed files from the
NASA ftp servers, and the
data download runs in the
background of all the VMs.
Second, data heteroge-
neity. MODIS provides
land,

ocean disciplines, and all

atmosphere, and

have different data struc-

tures. There are pressing

needs to develop high reso-
lution meteorological forc-
ing variables (e.g. radia-
tion, temperature, and
humidity) which are com-
patible with the resolutions
of other key variables like
LAI, leaf area index and VI
(vegetation index). Several
studies have demonstrated
that the integration of
MODIS  atmospheric and
land products can provide
reliable land surface radia-
tion components (Houborg
and Soegaard, 2004; Ryu
et al., 2008; Van Laake and
2004).

However, to the best of

Sanchez-Azofeifa,

our knowledge, there has
been no study that inte-
grates the MODIS atmos-
pheric and land products at
continental or global scales
because of the incongruity
of the data types. The for-
mer uses swath format
(following the satellite in
latitude, longitude) where-
as the latter uses sinusoidal
projections. To couple the

both

should have the same pro-

two  disciplines,
jection and spatial resolu-
tion, which requires large
computational resources
and  careful  geospatial
lookup. With the MODIS-
Azure system that we de-
veloped, we are able to

reproject the MODIS at-

mospheric products to the
sinusoidal projection at a
compatible (1 km) resolu-
tion. We follow the same
tile convention of MODIS
land products (h and v).
For example, when the
user submits a reprojection
request for the hO8vO5 tile
for a certain date, the
MODIS-Azure system ac-
cesses the NASA ftp serv-
ers, searches the swaths
that cover the tile (Hua et
al., 2007), reprojects the
to the

projection,  and

swaths sinusoidal

finally,
generates the h08v05 tile
of atmospheric variables
(see the left figures in the
Fig 1). With a single re-
searcher and PC, the re-
projection  process alone
took the largest computa-
tion time (2,000 days for 1
year of global reprojec-
tions). Third, data an-
alysis. The co-located
land and atmospheric prod-
ucts provided rich forcing
data globally. The next
barrier we faced was how
to analyze the data. To fa-
cilitate analysis, we devel-
oped a 2-step reduction
analysis tool in the MODIS
-Azure service. For exam-
ple, for global tile cover-
age, in the 1" reduction
step, one could integrate

all tiles over the globe, and

in the 2" step, one could
integrate the global data
over the weeks, months, or
years. The two stage analy-
sis enables a very large
scale computation to be
processed in the cloud that
produces results that can
be readily examined on a

local PC.

3. Observing the bio-
sphere with the Breath
-ing Earth Simulator
System (BESS)

Here, we briefly intro-
duce a coupled gross pri-
mary productivity (GPP)
and evapotranspiration
(ET) model based on the
MODIS cloud computing
platform  we originated
(Ryu et al. In preparation).
We developed a two-leaf
(sunlit-shade), dual-source
(vegetation and  soil)
The model first

calculates

model.
instantaneous
radiation components un-
der all sky conditions at 1
km  resolution including
incoming shortwave, beam
photosynthetically  active
radiation (PAR) and diffuse
PAR (Iwabuchi, 2006; Ko-
bayashi and Iwabuchi,
2008), incoming longwave
(Prata, 1996), outgoing
longwave (Wan, 2008) and

outgoing shortwave radia-
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Figure 2: GPP and Evapotranspiration maps from California, conterminous US, and the globe
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us to calculate instantane-
ous net radiation (R,) over
all sky conditions.  We
used MODIS albedo data to
estimate percent leaf N
(Ollinger et al., 2008),
which we converted to an
areal based -N estimate
using a leaf mass per area
data product based on a
global dataset of leaf traits
(Wright et al., 2004).
Then we quantified the
maximum  carboxylation

at 25°C

using the nitrogen use effi-

rate, (Vcmax),
ciency (i.e. Vemax/N (area
based)) (Kattge et al.,
2009). The detailed radia-
tion components and
Vcmax  information  al-
lowed us to apply Farqu-
har’s photosynthesis model
to the two leaves separately
(dePury and  Farquhar,
1997). In this model, the
two-leaf  photosynthesis
and two-leaf energy bal-
ance are iteratively solved
until roots converge. The
Ball-Berry equation calcu-
lates the two-leaf canopy
conductance (Collatz et al.,

1991).

opy evapotranspiration, we

To calculate can-

applied the quadratic form
of the Penman Monteith
equation for the two-leaf
types separately (Paw U
and Gao, 1988). The soil
evaporation was calculated

as the equilibrium

evapotranspiration  con-
strained by a water stress
factor (RH'"P) (Fisher et
al., 2008). The modeled
GPP and ET are instantane-
ous values, and we up-
scaled the “snap-shot” val-
ues to the daily integrals
using the ratio of snap-shot
solar radiation to the daily
sum potential solar radia-
tion (Ryu et al. To be sub-
mitted).
34 fluxnet sites proved the

The test against

efficacy of this approach.
This state-of-the-art bio-
physical model coupled
with the temporal and spa-
tial upscaling strategy in
the MODIS-Azure service
enabled us to upscale fluxes
across a range of scales.
Some

cluded in Fig. 2. First, it
shows the wave of green

examples are in-

growth that migrates from
south to north during the
northern
spring.

fies areas of intense agricul-

hemisphere
Second, it identi-

tural activity across the
Midwest and along the
Mississippi  River and re-
veals that they have lower
potential for assimilating
carbon compared to forest
ecosystems. Third, it
shows the hotspots of ET
associated with wide scale
rice production in the Sac-
ramento Valley and for-
ested mountain ranges like

the Black Hills which are
surrounded by drier grass-
lands. Fourth, it identifies
the effect of
anomalies like wide spread

climatic

heat spells and droughts
across wide regions of for-
est and agricultural land.

4. Conclusion

Many  environmental
scientists do not have ac-
cess to super computers or

small cluster com-

even
puters. This limit in the
computational  resources

has hampered data-
intensive science. We dem-
onstrated that the synergys-
tic collaboration between
computer and  environ-
mental scientists can ad-
vance our ability to process
and analyze complex tera-
byte size data sets. This is
the first study that has used
the cloud computing sys-
tem in environmental sci-
ence, and we believe this
novel tool could facilitate
data intensive science.

Contact:

Youngryel Ryu
(ryuyr77@gmail.com)

Department of Organismic
and Evolutionary Biology,
Harvard University

Cambridge, MA, USA
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»

[ was born in a “big
town but I always had the
opportunity to explore the
outdoors. This may not be
common for every kid in
Mexico City, but having an
archeologist and anthro-
pologist for parents made
the outdoors the primary
activity for weekends and
holidays. ~ As an under-
graduate 1 worked on the
weekends as a river rafting
guide and later on there
were always excuses to

travel and see the out-

Rodrigo Vargas

doors.

As an undergraduate, 1
studied biology at the Uni-
versidad Nacional Auténoma
de México. My undergradu-
ate thesis focused on un-
derstanding the spatial and
temporal variation of nitro-
gen fixation in a tropical
wetland, and inspired me
to pursue a career in envi-
ronmental science.

I was fortunate to be
awarded the Fulbright (US
government) and CONA-
CyT

(Mexican  govern-

ment) scholarships to pur-
sue a PhD at the Universit)/
qf Ca]yfarnia, Riverside. I
worked with Michael Al-
len, as my PhD advisor,
and in his lab, I was given
the opportunity to explore
several projects.  During
my first year I started a
“side project” working with
wireless sensors in collabo-
ration with the Center for
Embedded Networked
Sensing  (CENS;  http://
research.cens.ucla.edu/) at
the University of California,
Los Angeles. The goal of my
project was to monitor, in
high temporal resolution,
root and mycorrhizae dy-
namics and to couple these
with  those
from a large network of

observations

soil CO, efflux measure-
ments in a temperate for-
est.  We found that my-
corrhizae  turnover was
faster than expected and
correlated well with soil
CO, efflux (Vargas & Al-
len, 2008b).

My primary PhD pro-
ject brought me to study
carbon dynamics in a tropi-
cal dry forest in the Yuca-
tan Peninsula in Mexico. 1
began by combining bio-
forest

metric measure-

ments and experimental
forest management treat-
ments to demonstrate the
large capability of these

carbon

2008).

forests to store

(Vargas et al,,

Then, just when I thought
everything was under con-
trol and all the experiments
were ready, hurricane
Wilma passed over the
study site, causing large
Thus, I had the

opportunity to study the

damage.

effects of an extreme event
on the carbon dynamics of
In the
event, we

a tropical forest.
wake of this
measured soil CO, efflux
continuously and reported
emissions >3000 gC m?
year' (Vargas &  Allen,
2008a), which are the high-
est so far recorded from
soils  (Bond-Lamberty &
Thomson, 2010). Through
a radiocarbon analysis we
also demonstrated the un-
expected capacity of trees
to allocate old stored car-
bon (>10 yrs old) to pro-
duce fine roots (and proba-
bly  sustain mycorrhizal
fungi colonization as well)
following a hurricane dis-
turbance (Vargas et al.,
2009).

After  finishing my
PhD, I worked with Dennis
Baldocchi at the University
of California, Berkeley, and
for three years I had the
opportunity  to
with FLUXNET
around the world. Many of

interact
scientist

these collaborations moved
from synthesis studies to
friendships and future re-
search projects. One unor-
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thodox FLUXNET synthe-
sis activity that Dennis let
me pursue was to test a
theory developed for the
global distribution of my-
corrhizal fungi (Read &
Perez-Moreno, 2003) with
flux tower data. We found
that tower data supports
and complements the hy-
pothesis  that bioclimatic
conditions influence the
global distribution of my-
corrhizae, but there are
differences in the major
climatic factors controlling
ecosystem  CO, fluxes
(Vargas et al., 2010). As
flux data continues to grow
one can only imagine the
opportunities that will arise
for the scientific commu-
nity with this global data-
set.

At present, I am an
Assistant Research Profes-
sor at the Centro de Investi-
gacion Cientifica y de Educa-
cion Superior de Ensenada
(CICESE); a top national
research center in Mexico.
Currently, we have an
eddy covariance tower in
chaparral vegetation and
we are planning to expand
the network to a few more
sites along a precipitation
gradient in the Baja Califor-
Further-
more, we are working in

nia  peninsula.

collaboration with Mexican
scientists to create a re-
gional  flux
(MexFlux),

network

and  perhaps

FLUXNET will soon see a
few more dots on the
global flux tower map.
That said, we always wel-
come collaborations and
exchange of ideas from the
community, and we are
working hard to make
FLUXNET a global net-
work to see the “breathing
of the Earth”.

Finally, I want to thank
all my colleagues who have
contributed to FluxLetter.
Without your enthusiasm
and support, this project
could not have been possi-
ble. For me, it is time to
pass on the editorial re-
sponsibilities, but I encour-
age all scientists and espe-
cially those “young scien-
tists” to keep participating
to make FluxLetter a pow-
erful information, net-
working, and communica-
tion resource for the com-

munity....muchas gracias.

Contact

Rodrigo Vargas
(rvargas@cicese.mx)
Centro de Investigacion
Cientifica y de Educacion
Superior de Ensenada
Department of Conserva-
tion Biology

Tijuana, Mexico

http://nature.berkeley.

edu/~rvargas
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Upscaling Fluxes from Towers to Regional, Continental and Global

Scales Using Data-driven Approaches

Jingfeng Xiao

Eddy covariance flux
towers have been providing
continuous, high-frequency
measurements of whole-
ecosystem carbon and wa-
ter fluxes since the early
1990s (Wofsy et al., 1993;
Baldocchi et al. 2001). At
present, 500 flux

towers are operating on a

over

long-term and continuous
basis over the globe. This
FLUX-
NET, encompasses a large

global network,
range of climate and biome
types (Baldocchi et al.,
2001). However, these
measurements only repre-
sent the fluxes at the scale
of the tower footprint. To
quantify the net exchange
of carbon and water be-
tween the terrestrial bio-
sphere and the atmosphere,
we need to upscale these
flux measurements to re-
gions, continents, and the
globe (Running et al. 1999;
Davis 2008).

We used a data-driven
approach to upscale carbon
fluxes from the AmeriFlux
network to the continental
scale and produced gridded
fields of gross primary pro-
ductivity (GPP) and net
ecosystem carbon exchange
(NEE) with high spatial
(1km) and temporal (8-

day) resolutions for tem-
perate North America over
the period 2000-2006
(Xiao et al., 2008,
2010a,b). Our GPP and
NEE fields were derived
from eddy covariance (EC)
flux measurements and
MODIS data, and are re-
EC-MOD
We used our

ferred to as
hereafter.
continuous flux fields to
assess the magnitude, dis-
tribution, and interannual
variability of recent U.S.
ecosystem carbon exchange
(Figure 1). One of the
main innovations in our
estimates is the use of daily
NEE measurements from
flux towers. These meas-
urements represent direct
samples of net CO, ex-
change from sites encom-
passing a wide variety of
U.S. biomes and climate
types, which have not been
previously utilized in U.S.

carbon  budget studies
(e.g., Houghton et al,
1999; Caspersen et al.,

2000; Schimel et al., 2000;
Pacala et al., 2001,
SOCCR, 2007). Our
analysis provides an alter-
native, independent, and
novel perspective on recent
u.s.

exchange

ecosystem carbon

(Xiao et al

2010a,b). We are
rently using  this

cur-
data-
driven approach to upscale
FLUXNET data to the

global scale to examine the
patterns and trends of wa-
ter use efficiency.

50°N [
40°N [ 2

30°N |-

120°W  110°W

100°W

[ = 0 2l

a0°'w

0 750 1500 2250
{a) Annual GPP
50°N
40°N
30°N
120°W  110°W 100°W 90°'w s0°w
| . ! L
-800 -400 0 400 800

{b) Annual NEE

Figure 1: Annual GPP and NEE for the conterminous
United States in 2006 (Xiao et al. 2010a,b). The units are
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Data-driven Approach

Figure 1. Annual GPP
and NEE for the contermi-
nous United States in 2006
(Xiao et al. 2010a,b). The
units are g C m™ yr'.

Our EC-MOD system
upscales fluxes from tower
footprint to regional, con-
tinental or global scales to
produce gridded flux fields
over these broad regions
(Figure 2). The core of our
system is a data-driven ap-
proach based on a modified
regression tree  method
(Xiao et al. 2008). This
approach relies on rule-
based models, each of
which is a set of conditions
associated with a multivari-
ate linear submodel. These
rule-based, piecewise re-
gression models allow both
(e.g.,

ﬂuxes, temperature, vege-

numerical carbon
tation index) and categori-
cal variables (e.g., land
cover type) as input vari-
ables, and account for pos-
sible
ships between predictive

nonlinear relation-
and target variables.

In this approach, the
predictive accuracy of a
rule-based model can be
improved by combining it
with an instance-based/

nearest-neighbor  model

20:‘”-5 | ZU'yn"S i~
_ Upsealing 1 —
VAN p=— (_ Gridded flux fields /)
_/ \\\. ,//// //ANI e 1 !7__‘7 ! — [
/ \& 1km 10km Continental  Global
O T R —
il 10yrs “f Eddy Fiux /‘l/,,f"’ "H\\\
. N
\ ( / MODIS data streams )
\ \ / {e.g., land cover, EVi, LST, NDWI, LAI) /
Week - \ !7&“‘1\‘ . L ,,./
Day \ . /
1 1 1 [

Space

Figure 2: Conceptual framework of data-driven approaches for upscaling fluxes from

tower footprint to regional, continental and global scales.

that predicts the target
value of a new case using
the average predicted val-
ues of the n most similar
cases (RuleQuest, 2008).
The use of the composite
model can improve the
predictive accuracy relative
to the rule-based model
alone. This approach can
also generate committee
models made up of several
rule-based models, and
each member of the com-

mittee model predicts the
target value for a case
(RuleQuest, 2008). The
member’s predictions are
averaged to give a final
prediction.

We constructed pre-
dictive GPP and NEE mod-
els based on AmeriFlux and
MODIS data. The predic-
tive variables we used in-
clude a variety of MODIS
data streams, such as vege-
tation type, enhanced vege-

tation index (EVI), land
surface temperature (LST),
normalized difference wa-
ter index (NDWI), and leaf
area index (LAI). Given the
diversity in ecosystem
types, age structures, fire
and insect disturbances,
and management practices,
the performance of our
approach for estimating
ecosystem carbon fluxes is
encouraging (Xiao et al.

2008, 2010a).
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Our data-driven ap-
proach has several advan-
tages over ecosystem mod-

els. Our

make use of continuous

approach can

flux measurements from a
large number of towers and
data
Moreover, most

various satellite
streams.
ecosystem models (e.g.,
Terrestrial Ecosystem
Model, TEM; Xiao et al.
2009) are dependent on
site-level parameterizations
that are used as default pa-
rameters for model simula-
tions over large areas. Our
predictive  models, how-
highly

strained by flux data from

ever, are con-

towers encompassing a
range of ecosystem and
climate types, and can lead
to model parameters that
are more representative of
the full spectrum of vegeta-
tion and climate types.
Therefore, they are more
likely to produce more
accurate estimates of car-
bon fluxes at broad scales.
Our approach can also sub-
stantially reduce computa-
tional ~complexity com-
pared to most ecosystem
models. On the other
hand, our data-driven ap-
proach is an empirical
method, and does not in-

corporate ecosystem proc-
esses such as photosynthesis
and nitrogen cycling. In
addition, our approach
does not explicitly consider
some important factors
inﬂuencing ecosystem car-
bon exchange such as the
sizes of carbon pools and
nitrogen availability that
may be explicitly simulated
in ecosystem models at
stand scales (e.g., Ollinger
et al. 2002). All these dif-
ferences can lead to dis-
crepancies in flux estimates
between our data-driven
approach and ecosystem

models.
Challenges

Several challenges re-
main for more accurate
quantification of carbon
and water fluxes using data
-driven approaches. First,
the representativeness of
the FLUXNET network
will presumably affect flux
estimates. Although FLUX-
NET is generally represen-
tative of the major climate
and ecosystem types over
the globe, some geographi-
cal regions, ecoregions,
and biome types are still
underrepresented. For in-
stance,

no open Savanna

(tree cover 10-30%) tow-
ers are affiliated with the
AmeriFlux network.
Therefore, in our upscaling
studies, we treated open
savannas as woody savannas
30-60%),

which can lead to signifi—

(tree  cover
cant biases to the flux esti-
mates for open savannas, as
woody savannas typically
have larger biomass and
higher productivity than
Gridded

flux estimates will exhibit

open  savannas.
larger uncertainties in re-
gions under-represented by
towers. Upscaling studies
will benefit from the avail-
ability of flux data from
more towers so that the
differentiation of woody
savannas from open savan-
nas, open shrublands from
closed shrublands, and C,
from C, plants can be
made.

data-
driven approach does not

Second, our

sufficiently account for the
factors influencing hetero-
trophic respiration. Het-
erotrophic respiration is
influenced by  substrate
availability, soil tempera-
ture, and soil moisture.
LST and NDWTI are used to
account for soil moisture

and temperature, and sur-

face reflectance also partly
accounts for

non-
photosynthetic ~ material
(e.g., litter). However,

satellite data streams can-
not account for the sizes of
soil organic carbon pools.
The inability of our model
to sufficiently account for
transient carbon pools may
lead to significant uncer-
tainties in NEE fields.
Third,

approaches currently can-

data-driven

not sufficiently account for
the effects of disturbance
on carbon fluxes. Distur-
bances can substantially

alter  ecosystem  carbon
fluxes and regional carbon
budgets (Law et al. 2004).
More recently, Amiro et al
(2010) showed that North
American forests provided
carbon sources in the years
immediately following
stand-replacing  distur-
bances, and became carbon
sinks by 10-20 years. To
date, however, no spatially
explicit information on
disturbance and stand age is
available at continental to
global scales. Due to the
lack of spatially explicit
information on distur-
bance/stand age, our up-
scaling approach can only

partly account for the ef-
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fects of disturbances on
ecosystem carbon exchange
by using MODIS observa-
tions that provided real-
time observations of vege-
tation before and after dis-

turbances.
The Future

Upscaling studies are
expected to advance at
least in the following four
areas: (1) developing and
improving methods  for
upscaling fluxes from tow-
ers to broader regions, (2)
quantifying uncertainties
associated  with  gridded
flux estimates and regional
carbon and water balances,
(3) better constraining car-
bon sinks and sources over
regions, continents, or the
globe, and (4) assessing the
interannual  variability = of
carbon and water fluxes,
particularly the impacts of
extreme climate events and
disturbance. These results
will improve our under-
standing of the variability
in carbon and water fluxes
over broad regions.

Future research should
include additional explana-
tory variables to better
account for live and dead

vegetation carbon  pools

and other factors that influ-
ence decomposition  of
woody detritus and soil
respiration. In particular,
future upscaling  studies
should explicitly consider
the impacts of disturbance
on ecosystem carbon ex-
change. Over North Amer-
ica, forested flux sites en-
compass a large range of
disturbance  history and
stand age (Figure 3). Nota-
bly, 27 out of the 70 sites
are younger than 25 yrs of

age. In the meanwhile,

spatially explicit informa-
tion on disturbance and
stand age is expected to be
available at continental
scales in the near future.
The integration of tower-
scale disturbance history
dis-
turbance products is ex-

and continental-scale

pected to improve the esti-
mation of carbon fluxes.
Upscaling studies have
rarely, if ever, conducted
comprehensive, quantita-
tive analyses of uncertain-

ties associated with the

resulting flux fields. There
are several sources of un-
certainty associated with
flux estimates: uncertain-

ties in eddy flux measure-

ments, uncertainties in
input data (e.g., land
cover), model structural

uncertainty, and uncertain-
ties arising from the repre-
sentativeness of the flux
networks. Future upscaling

efforts, should

gauge the uncertainty in

however,

flux estimates by consider-
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Figure 3: The distribution of stand age of forested flux sites across North America.
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ing uncertainties of eddy
flux measurements and
other input data (e.g., land
-cover maps), propagating
the probability distribu-
tions of parameters
through the models, and
comparing  changes in
fluxes caused by systemati-
cally removing individual
flux tower data from the
development of models
(Xiao et al. 2010b). State-
of-the-art

analyses will provide ro-

uncertainty

bust uncertainty estimates
and error bounds to annual
fluxes and to the estimates
of regional to continental
carbon sinks/sources.
Upscaling efforts will
also benefit from the inter-
comparison of multiple
upscaling  methods  (data-
driven and data assimilation
approaches) and of the re-
sulting flux fields. The jux-
taposition of flux estimates
resulting from these ap-
proaches can provide com-
plementary information for
the diagnostics of ecosys-
tem carbon exchange at
regional, continental and
global scales and valuable
information for improve-
ment of these approaches.
Upscaling studies pro-
vide alternative and inde-

pendent fluxes estimates
from conventional ecosys-
tem modeling and inven-
tory approaches. The re-
sulting gridded flux esti-
mates have been used to
examine terrestrial carbon
budgets and evaluate eco-
system models and inver-
sion estimates. For in-
stance, our EC-MOD flux
fields have been used to
examine the U.S. carbon
sink (Xiao et al. 2010b),
validate atmospheric inver-
sions over temperate North
America (Deng et al. under
North
American carbon dynamics
through the North Ameri-
can Carbon Program
(NACP) Interim Synthesis,
watershed-

review), assess

and evaluate
scale carbon fluxes derived
from a water-centric model
(Sun et al. under review).
Future gridded flux fields
derived  from  upscaling
efforts will likely be more
widely used for carbon and
water analyses, model
evaluation, and model in-
tercomparison studies, and
provide valuable databases
for developing climate

change mitigation and ad-
aptation strategies.

Contact:

Jingfeng Xiao
(j.xiao(@unh.edu)

Complex Systems Research
Center,

Univ. of New Hampshire
Durham, New Hampshire,

USA
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