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Summary: Understanding global climate change
and developing strategies for sustainable use of
our environmental resources are major scientific
and political challenges. In response to an an-
nouncement of the German Aerospace Center
(DLR) for a national Earth observation mission,
the Friedrich-Schiller University Jena and the
JenaOptronik GmbH proposed the EO-mission
CARBON-3D. The data products of this mission
will for the first time accurately estimate above-
ground biomass globally, one of the most import-
ant parameters of the carbon cycle. Simultaneous
acquisition of multi-angle optical with LIDAR
(Light Detection and Ranging) observations is
unprecedented. This innovative mission will redu-
ce uncertainties about net effects of deforestation
and forest re-growth on atmospheric CO, concen-
trations and will also provide key biophysical in-
formation for biosphere models.

Zusammenfassung: CARBON-3D — eine internatio-
nale Erdbeobachtungsmission zur globalen Bio-
massenkartierung fiir ein verbessertes Verstdndnis
der Treibhausgasbilanz.

Das Verstindnis des globalen Klimawandels
und die Entwicklung von Strategien fiir die nach-
haltige Nutzung unserer Umwelt sind die derzeit
wichtigsten wissenschaftlichen und politischen
Herausforderungen. Als Antwort auf einen Auf-
ruf des Deutschen Zentrums fiir Luft- und Raum-
fahrt (DLR) zu einer nationalen Erdbeobach-
tungsmission schlagen die Friedrich-Schiller-Uni-
versitdt Jena zusammen mit der JenaOptronik
GmbH die Mission ,,CARBON-3D* vor, mit deren
Daten erstmalig die terrestrische Biomasse, einer
der wichtigsten Parameter des Kohlenstoftkreis-
laufs, prizise bestimmt werden kann. Der simul-
tane Einsatz eines multidirektionalen optischen
Sensors mit einem LIDAR-Sensor wird die Un-
sicherheiten tiber die Effekte von Abholzung und
Wiederaufforstungen auf den atmosphirischen
CO,-Gehalt reduzieren. Dadurch wird eine ent-
scheidende Validierungsgrundlage fiir die Model-
lierung der zukiinftigen Entwicklung der CO,-
Quellen und -Senken durch Biosphdrenmodelle
gegeben.

1 Introduction

Understanding climate change processes
and developing strategies for sustainable use
of our environment to combat climate chan-
ge on a global scale is a major scientific and
political challenge. In response to a call of
the German Aerospace Centre (DLR) the
Friedrich-Schiller University Jena and the
JenaOptronik GmbH proposed the EO-

mission “CARBON-3D” for global biomass
mapping.

CARBON-3D improves knowledge about
spatio-temporal patterns and magnitudes of
major carbon fluxes between land, atmos-
phere and oceans, and allows to quantify
above-ground stocks. Since land use, land
use change and forestry activities as well as
vegetation response to enhanced levels of at-
mospheric CO, are major influences on
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Fig. 1: Global tree cover in % (white: 0%, dark green: 100 %) retrieved from NOAA AVHRR (DEFRIES
et al. 2000). Uncertainties exist for global forest cover estimates (between 30 to 60 Mio km?) and
carbon stored in different types of forests (stock ranges from 100 to 400 tC/ha with biome).

greenhouse gas emissions, quantifying car-
bon stocks and changes is critical (CIHLAR
et al. 2002). Above-ground biomass stocks
(Fig. 1) are also a key parameter in assessing
the economic, conservation, and biofuel po-
tential of land surfaces. The provision of a
sensor that measures these stocks and their
change in space and time is therefore para-
mount. The technical innovation of CAR-
BON-3D is the simultaneous operation of a
LIDAR (NASA'’s Vegetation Canopy Lidar
—VCL) with a multi-angle imager providing
BRDF-information (Bidirectional Reflec-
tance Distribution Function). CARBON-3D’s
strength is the combined information on
both, the fine-scale vertical structure of the
canopy (through waveform analysis of the
vertical laser profile) and biophysical prop-
erties of the surface targets (through multi-
angular optical observation of vegetation
targets with three-dimensional spatial struc-
ture). The BRDF information allows extra-
polation of the point measurements to com-
plete spatial coverage.

Large-footprint LIDAR remote sensing
is a breakthrough technology for the estima-
tion of important forest structural characte-
ristics. The waveform information enables
direct determination of vegetation height,

the vertical structure of intercepted surfaces
and the sub-canopy topography (Fig.2). A
critical issue and key requirement for accur-
ate parameter assessment is the ability to
identify precisely the top of the canopy, as
well as the ground reference level.
Accurate retrieval of vertical forest para-
meters is essential as other biophysical forest
characteristics, such as biomass, stem diam-
eter and basal area, are modelled on the base
of these measurements. Above-ground bi-
omass is commonly modelled using the
height information by performing re-
gression analyses or applying allometric
height-biomass relations. Traditional pre-
dictive models require information on stem
diameter to estimate biomass and volume.
This parameter is a function of tree height
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Fig. 2: Direct retrieval of vertical forest structure
by LIDAR remote sensing (from DUBAYAH &
DRAKE 2000).
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and thus, could be inferred on the basis of
LIDAR data.

Recent studies have proven the high be-
nefit of large-footprint scanning airborne
LIDAR: depending on the respective study
area, total above-ground biomass as estima-
ted from field data could be predicted from
airborne LIDAR-derived metrics with R?
values of up to 0,96 on biomass levels of
1300 t/ha which is far exceeding the capa-
bilities of radar (LEFSKY et al. 1999).

For spatially consistent biomass assess-
ment, information on horizontal biophysi-
cal forest parameters e. g. phenology and fo-
rest type is also essential. To gain such in-
formation the proposed CARBON-3D
mission will be equipped with a multi-angle
imager in the range of VIS/NIR/SWIR.
Driven mainly by the needs of NASA’s
MISR and MODIS mission, considerable
work was done regarding the development
of BRDF model inversion algorithms for ve-
getation, surface and climate parameter re-
trieval (KNYAZIKHIN et al. 1998, LucHT et
al. 2000).

2 Positioning of CARBON-3D

The role of vegetation in reducing atmos-
pheric levels of CO, has been recognised in
a number of international agreements (e. g.
United Nations Framework Convention on
Climate Change, Kyoto Protocol) which
specifically require countries to quantify
their carbon stocks and changes. Plants
store carbon in above- and below-ground
biomass, 90 per cent of the above-ground
carbon is stored in tree stems — which are
being reduced through natural (diseases,
wildfires, drought/flooding) and an-
thropogenicimpacts (logging, pollution, hu-
man-induced fires) or vice-versa increased
through regeneration or promoted growth
associated with elevated CO, levels in the
atmosphere.

Currently, the magnitude of the terrestrial
carbon sink is considerably reduced by ex-
panding land use. In the 1990ies, terrestrial
uptake has been estimated to have been 1.6—
4.8 billion tons of carbon per year (GtC/yr),
a notable fraction of the 6.3 GtC/yr that

have been emitted from fossil fuel burning.
However, losses due to land use are estima-
ted to have amounted to 1.4 to 3.0 GtC/yr,
leaving the net uptake of carbon from the
atmosphere by the biosphere to have been
about 1.0 £+ 0.8 GtC/yr (HousE et al. 2003).
This sink is the result of the combined chan-
ges in carbon content of vegetation, litter
and soils. Changes in the carbon flux from
vegetation into the litter and soil pools can
be estimated from the carbon pools in ve-
getation. The relative magnitudes of these
fluxes demonstrate the importance of inter-
actions between atmospheric composition,
biospheric biogeochemistry and land use for
determining the rate of climate change.
CARBON-3D will provide crucial and uni-
que data on vegetation biomass, vegetation
productivity, and vegetation types and
structure. Model-based extensions of these
data will also allow estimations of soil car-
bon stocks and dynamics. These products
will fill substantial gaps in current continen-
tal-scale carbon assessments which are spe-
cifically related to problems of spatial hete-
rogeneity and scaling, as well as reliable
quantifications of pool sizes. By observing
biomass around the globe, the proposed
mission will build a much needed bridge be-
tween knowledge gained at sites and the spa-
tially poor resolved information from atmo-
spheric inversion studies (JANSSENS et al.
2003). Biogeochemical process models of ve-
getation and soil and the associated carbon
and water fluxes will immensely benefit from
the upscaling and validation data that will
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Fig. 3: Potential role of CARBON-3D in the observa-
tion and modelling strategy of the carbon cycle.
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be available and it will be possible to assimi-
late the observations into these simulations
(Fig. 3).

The implications of changes in biomass
for the atmospheric greenhouse gas balance
and the future evolution of climate change
is critical. The temporal and spatial vari-
ations in observations of atmospheric CO,
contain a strong biospheric signal. There is
substantial evidence from model studies that
the current role of the terrestrial biosphere
as a net sink for CO,, and therefore a brake
on the build-up of anthropogenic CO, in the
atmosphere could be reversed during this
century as a result of climate change.

3 Carbon Fluxes — Scientific and
Technological State of the Art

An observation system for carbon stocks
and fluxes in vegetation consists of both, ob-
servations and modelling. Observations
characterise spatial and temporal patterns
of vegetation structure and activity, while
modelling allows to infer from such obser-
vations a full carbon account of the surfaces
viewed by computing the climate-dependent
biogeochemical processes that contribute to
the overall surface budget, including the dy-
namics of carbon pools not accessible to ob-
servation (e. g. in soils) (NEMANI et al. 2003).
A side effect of such modelling is that the
magnitude of evapotranspiration and re-
sulting effects upon soil moisture can be esti-
mated at the same time due to the close
coupling of the carbon and water cycles in
vegetation. The following three chapters de-
scribe how biomass and carbon fluxes are
being determined.

3.1 In-situ Biomass and Carbon
Determination

At the tree level, biomass cannot be assessed
directly by non-destructive methods but is
usually derived from measurements such as
diameter-at-breast-height (dbh), tree height
and wood density using conversion factors.
These biomass estimation methods are rela-
tively time-consuming and expensive, not
uniformly standardized across the world,

and are characterized in many regions by
under-sampling. Uncertainty also arises
from insufficiently validated allometric
equations. Upscaling of inventory data to
the continental scale remains a challenge
(JansseNns et al. 2003) and is possible only
where the sampling density is sufficient
(SHVIDENKO & NILSSON 2002).

Around 100 flux towers have been instal-
led around the globe to directly measure net
carbon exchanges above canopies. These
measurements of net fluxes do not immedi-
ately allow a differentiation between CO, ex-
changes through vegetation and CO, ex-
changed by soils. An extrapolation of the
obtained data to the continental scale (Pa-
PALE & VALENTINI 2003) remains uncertain,
but they provide valuable process under-
standing. Direct measurements of atmos-
pheric CO, concentrations are undertaken
at a network of stations. Their spatial dif-
ferences can be inverted by taking into ac-
count wind and emission patterns as well as
the effect of the oceans in order to deduce
source-sink distributions for very large re-
gions (BousQUET et al. 1999). The results
suffer from a lack of regional pattern and
insufficient sampling, but are extremely
valuable as the only currently available in-
dependent information on large-scale net
fluxes.

3.2 Simulation of Biomass and NPP in
Biosphere Models

Carbon-fluxes between atmosphere and bio-
sphere can be estimated using a range of glo-
bal biosphere models that simulate the mag-
nitude and geographical distribution of bio-
mass and NPP (CrAMER et al. 1999). These
models range in complexity from re-
gressions between climatic variables and one
or more estimates of biospheric trace gas flu-
xes to quasi-mechanistic models that simu-
late the biophysical and eco-physiological
processes. Several different classification
systems and descriptions of biosphere mo-
dels exist in the literature (e.g. CRAMER et
al. 1999, PRENTICE et al. 2000). The simplest
differentiation is that into Static (Equilib-
rium) and Dynamic Vegetation Models
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(SVMs and DVMs). SVMs are time-inde-
pendent and assume equilibrium conditions
in climate and terrestrial vegetation in order
to simulate the global distribution of poten-
tial vegetation by relating the geographic
distribution of climatic parameters to vege-
tation. DVMs are time-dependent process-
based models that simulate the carbon ba-
lance of ecosystems under climatically in-
duced changes to ecosystem structure and
composition. The great strength of DVMs
is their generality and predictive capability.
By accurately representing the biophysical
processes involved, they allow calculations
of the long-term behaviour of vegetation
systems under changing climate (CRAMER et
al. 1999, PreNTICE et al. 2000). In order to
achieve this, they use generalised plant func-
tional types (PFTs) to represent the state of
vegetation in each grid cell and to simulate
plant succession processes like establish-
ment, tree growth, competition and mortal-
ity.

Fire occurrence is modelled based on na-
tural probabilities as a joint function of ve-
getation and litter state and climate. The
majority of models addresses the potential
natural state of vegetation, though increas-
ingly human processes are being incorpor-
ated, most notably agriculture. In mechani-
stic models, biogeochemical fluxes in the ve-
getation-soil system are computed on the
basis of soil type, climate and atmospheric
carbon dioxide concentration without addi-
tional reference to external data. Exchanges
of water and carbon through the stomates
of leaves are simulated as physiologically
coupled water and carbon balances. Hy-
drological processes taken into consider-
ation include percolation, evaporation,
snow fall and permafrost. Carbon assimila-
tion is calculated from numerical simula-
tions of photosynthesis.

The carbon gained is used for plant respi-
ration, growth and reproduction following
allometric relationships that ensure func-
tional and structural coherence. Carbon flu-
xes into the litter and soil are estimated from
vegetation parameters. Computations of cli-
matically dependent soil decomposition are
used to calculate the net carbon balance of

the vegetation-soil system as the difference
between vegetation net uptake and carbon
release from soils and through fire. Vegeta-
tion models have been shown to be able to
reproduce a wide range of observed data
from seasonal cycles of atmospheric carbon
dioxide concentrations and growth rates to
runoff and soil moisture, global vegetation
patterns and satellite-observed trends in ve-
getation greenness (WAGNER et al. 2003,
LucHrt et al. 2002). Due to their generalised
nature, however, they are not fully capable
of producing the full spatial and temporal
detail of the real world, nor can human al-
terations of the land surface be inherently
formulated as mechanistic processes.

Recently, a new type of regional vegeta-
tion models, which aim at combining pro-
cess-based descriptions and available
knowledge on individual landscapes in the
form of a multi-layer GIS (Geo Information
System) has been proposed (SHVIDENKO &
NILSSON 2002).

3.8 Biomass Determination by
Remote Sensing

MYNENI et al. (2001) provides examples of
using optical remote sensing data to deter-
mine biomass with high spatial resolution
at the continental scale using NDVI. Their
method of correlating seasonally integrated
measures of satellite-observed vegetation
greenness with ground-based inventory data
amounts to a spatial interpolation and ex-
trapolation of the inventory data. While
pioneering, the work is indirect in that direct
space-based measurements of biomass are
not available. The upscaling used relies on
the unknown degree to which the sample of
inventories used is representative of the
whole of a continental area.

Correlations of Synthetic Aperture Radar
data to biomass have been proven at low
frequencies L- and P-band (LE ToAN et al.
1992). Multi-polarimetric SAR data allow
interpretation of the canopy structure up to
200t/ha above-ground biomass at P-band
and 100t/ha at L-band (DoOBSON et al. 1992).
Recently developed PolInSAR techniques,
combining polarimetry and interferometry,
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provide better vegetation characterisation
and a sensitivity up to 400t/ha (METTE et
al. 2003). No such system is foreseen yet for
operational service in space.

In contrast to the frequent attempts of us-
ing SAR for biomass estimations only a few
airborne light detection and ranging
(LIDAR) missions have been developed and
validated: the Laser Vegetation Imaging
Sensor (LVIS) and the Scanning Lidar Ima-
ger of Canopies by Echo Recovery
(SLICER). Results of these studies have
demonstrated that large-footprint LIDAR
instruments show great promise in biomass
estimation of tropical as well as temperate
forests due to the information about the lo-
cation of the intercepting surfaces and sub-
canopy topography (DRAKE et al. 2002,
Lersky et al. 1999). Due to the correlation
between light absorption and net carbon up-
take by vegetation, a range of diagnostic me-
thods exist for converting optical satellite
observations into estimates of net primary
production (e.g. VEROUSTRAETE et al. 2002,
NeMaNI et al. 2003). The relationship be-
tween these quantities is considerably mode-
rated by effects of temperature and soil moi-
sture, limiting the accuracy of the assess-
ment. The use of satellite data, however, en-
sures fine spatial and temporal detail. Deri-
vation of biomass from these estimates re-
quires use of a full biogeochemical process
model.

4 Description of the Mission

CARBON-3D (Fig.4) is designed to ensure
the overall science driven goal: global acqui-
sition of a combined, synergistic BRDF-LI-

Carbon3D

Fig.4: CARBON-3D BRDF imager and VCL data
acquisition configuration.

DAR-dataset to continuously map height
profiles and reflectance to retrieve biomass.

Required ground data will be obtained
from terrestrial monitoring sites linked to
worldwide observation networks and asso-
ciated regional projects. The scientific pro-
ject leader is coordinating ESA’s Landcover
Implementation Office starting in 2004 and
will be able to establish close links to global
landcover validation activities and the
CEOS landcover validation team.

If CArBON-3D will be selected for the
phase A and B study in 2004 and 2005 the
system will be launched in 2009.

4.1 The CARBON-3D BRDF Sensor

The BRDF imager is a multispectral pushb-
room imager that is sampling the Bi-direc-
tional Reflectance Distribution Function of
the target scenery (Tab. 1). The mission de-
sign lifetime will be two years with an orbit
of 390-410km (with monthly reboost to
410 km using monopropellant hydrazine).

The spatial resolution at nadir will be
< 25m to match the VCL resolution, allow-
ing for approximately 50m spatial resol-
ution at the extreme off-nadir angles for
BRDF angular acquisitions. The BRDF
Imager will consist of two identical Three-
Mirror-Anastigmat (TMA)imaging sub-
systems, a nadir imager and an off-nadir im-
ager.

4.2 The CARBON-3D VCL Sensor

The Vegetation Canopy Lidar (VCL) instru-
ment consists of 3 near-infrared laser beams
(Tab.?2).

The instrument is designed to operate at
an orbital altitude of 400 km 4+ 10%. That
does require orbital maintenance every few
weeks, but higher orbits have a significant
impact on the quality of the received laser
signal. Laser altimetry is the only space-bas-
ed remote sensing technique capable of
measuring tree heights in closed canopies.

Waveform analyses based on extensive
airborne and spaceborne Laser altimetry
have revealed the need for footprint sizes of
about one to two canopy diameters. This
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Tab.1: BRDF instrument characteristics.

BRDF Instrument Description

Sensor/FOV

Along-track capability/ + 3.5° x +2°

Directional Sequence

Between 3 and 7 angles (desirable) (+/—50°, +/—25° 0°)

Spatial Resolution

Nadir: <25m, Off-Nadir: ~50m

Image Swath

Swath: 50—100 km

Spectral bands

3-5 channels (blue, red, NIR, SWIR 1,6 um & 2,2 um)

Radiometric Resolution 12 bits
SNR 200:1
Data rate 8 Mbps compressed

Design Lifetime

3 years

Tab.2: VCL instrument characteristics.

VCL Instrument Description

Lasers

3 Nd:YAG diode-pumped pulsed lasers at 1064 nm

Laser Pulses

242 pps (land), 10 mJ per pulse (EOL) (15 M, BOL)

Telescope

0.9 m f/1 parabolic mirror with 20 mrad total FOV and 0.3 mrad IFOV

Waveform Digitisation

250 Mega samples/sec

Resolution

25m (60 urad) footprint diameter, 400 km altitude

Track Spacing and Swath

4km (3 tracks with 4 km spacing), swath: 8 km

Elevation Accuracy

~1m in low slope terrain

Veg. Height Accuracy

~1m limited by 100:1 pulse detection dynamic range

Design Lifetime

1 year, goal 2 years

guarantees a resulting reflection from the 5

CARBON-3D Data Products

vertical top of canopies within the sampled
area, as well as sufficient intra- and inter-tree
gaps required to image the underlying
ground. Smaller footprints underestimate
true canopy height (reduced probability of
sampling the top of the canopy). Converse-
ly, with larger footprints, similar to those
of ICESat mission, the fraction of the total
return contributed by the canopy top is
greatly reduced, making height measure-
ment inaccurate, especially in mature forests
with great height variability.

CARBON-3D will provide level 1 (raw data),
level 2 (post processed data: radiance, reflec-
tance, vertical distribution of interception)
and level 3 data (empirical or semi-empirical
science algorithms that build the products)
(Tab. 3). The combination of the BRDF and
the LIDAR information will lead to new
and innovative data products (3-dimen-
sional structure of landcover with global co-
verage, improved landcover and vegetation
type mapping, vegetation parameter re-
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Tab. 3: Potentials of VCL and the Multi-Angle Imager for deriving vegetation parameters.

LIDAR - vertical BRDF - horizontal LIDAR & BRDF - 3D
e Vegetation height e Surface & spectral e 3-dimensional structure of
e Vertical distribution of reflectance land cover

intercepted surfaces e Surface radiance e Improved land cover and
e Subcanopy topography e Surface emissivity vegetation type mapping
e Biomass e Albedo e Improved vegetation para-
e Crown volume e Land cover mapping meter retrieval (e.g. LAI)
e Stem diameter e Vegetation fraction e Derivation of life form
e Basal area e Phenology diversity
e Forest age e Chlorophyll content
e Density of large trees e LAI, fAPAR, NPP

trieval (LAI) and life form and physiogno-
mic diversity analysis (Tab. 3). Level 4 prod-
ucts (NPP, forest age) will be the output
from the modelling science community.

The following list of applications are anti-
cipated for the CARBON-3D products: global
3-D canopy structure maps, improved para-
meterisation of Global Circulation Models,
improved parameterisation of bio-geo-
chemical vegetation models, improved for-
est parameters and deforestation informa-
tion for forest inventories, fire susceptibility,
fuel accumulation, biodiversity/desertifica-
tion/shrub encroachment research, detec-
tion of habitat features associated with rare
or endangered species and the control of
subsidised land use.

6 Relevance to International
Science-orientated Programmes

Since the early 1990’s, international organi-
sations have been working towards the es-
tablishment of systematic, long-term obser-
vation systems. To facilitate progress in the
challenge of obtaining and disseminating
global carbon-cycle observations, space
agencies and international research pro-
grammes have established a coordination
mechanism: the Integrated Observing Strat-
egy Partnership (IGOS-P). IGOS-P establis-
hed a Terrestrial Carbon Observation theme
(TCO) under guidance of GTOS. CARBON-
3D directly serves the IGOS requirements
and supplies the missing global biomass
map as a solid prerequisite to carbon ac-
counting.

Further international research with re-
spect to the global carbon cycle is organised
through the ESA Living Planet Programme
including the Earth Observation Envelope
Programme (EOEP) and the Earth Watch
Programme (EWP), the Orbiting Carbon
Observatory (OCO) mission and the Global
Monitoring of Environment and Security
(GMEY).

7 Summary

CARBON-3D will be of outstanding import-
ance for vegetation and carbon cycle studies
as it provides the first instrument capable
of retrieving accurate biomass information
from regional to global scales using combi-
ned LIDAR — BRDF-imager data.

Remote sensing only serves to diagnosti-
cally analyse the current state of the vege-
tation. It can neither analyse the actual flux
of carbon through the system nor predict
the future development and changes of ve-
getation patterns. Therefore, prognostic ve-
getation models are necessary for a predic-
tion of future sources and sinks of carbon
(LucHrT et al. 2001).

The Multi-Angle Imager provides
BRDF-data delivering more comprehensive
land surface information in terms of its spec-
tral, directional, spatial and temporal cha-
racteristics than data acquired from mono-
directional observations (VERSTRAETE et al.
1996, BARNSLEY et al. 1997, DINER et al.
1999, AsNER 2000). The determination of
the chemical and physical structure of land
surfaces improves bio-physical modelling.



Ch. Schmullius, S.Hese & W. Lucht, CARBON-3D 421

Secondly, these data products improve
existing vegetation parameters such as LAI,
fAPAR, and NPP (KNYAZIKHIN et al. 1998,
RoBERTS 2001). Furthermore, a reliable
computation of albedo is granted improving
climate modelling. These data can only be
achieved from a multi-angle instrument as
on-board CARBON-3D.
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