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Abstract: Quantitative remote sensing is becoming increasingly important due to the broader availability of well-calibrated airborne
and spaceborne imaging spectrometers. We demonstrate the additional benefit of imaging spectrometers in the retrieval of biochemical
and —biophysical variables using a general overview of recent contributions of these instruments in a programmatic context and
describe in detail in a regional test case the inversion of a radiative transfer model to achieve the overall goal. Imaging spectroscopy
today enables the biogeophysical and biogeochemical variables of the continental biosphere processes to be measured with calibrated
physical units and quantifiable accuracy. During a large field experiment in the Swiss National Park in 2002, DAIS 7915 and ROSIS
imaging spectrometer flights were carried out simultaneously with ground measurements. We constrain the inversion of a radiative
transfer model (GeoSAIL) to retrieve parameters such as LAI, fractional cover, dry matter, and water content. We demonstrate that the
retrievals are performed with high accuracy and conclude that the derived canopy variables represent the actual spatial distribution of
forest biophysical and biochemical properties as they occur in the landscape.

Abbreviations: DAIS - Digital Airborne Imaging Spectrometer; LAI — Leaf Area Index; LUT — Lookup Table; NIR — Near Infrared
part of the spectrum; RMSE — Root Mean Square Error; RTM — Radiative Transfer Model(s); SWIR — Shortwave Infrared part of the
spectrum; VIS — Visible part of the spectrum.

Nomenclature: Nicodemus et al. (1977) modified by Martonchik et al. (2000) and appended by Strub et al. (2003) for
spectro-directional terminology. Hess et al. (1976) for taxonomy.

a scientifically sound accounting and verification system.
Introduction The key issues to be resolved there are the variability, un-

. . . certainty, attribution, non—-permanence, leakage, and fu-
Understanding the relevance to measure biogeophysi- v P &

cal parameters using novel techniques arises from various
efforts in environmental policy on a global level. The
often mentioned Kyoto Protocol to the UN (United Na-
tions) Framework convention on Climate Change
(UNFCC) proposes a global policy to be applied at inter-

ture evolution of the carbon sequestration in the terrestrial
biosphere (Valentini et al. 2000). The estimated carbon
uptake of the biosphere must be consistent with all other
evidence at three levels of integration of the carbon
budget: global, national, and local.

national level, based on assessments of carbon emission
and sequestration rates. The aim of the protocol is there-
fore to stabilize the CO, concentration in the atmosphere
in the end. In particular, the consideration of carbon sinks
in the protocol has given a large momentum to implement

We presently lack the understanding and observations
needed to close the annual carbon budget at the global
level, though considerable advances are currently being
made (Heinsch et al. 2003). Furthermore, it is not yet pos-
sible to determine accurately enough the spatial distribu-
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tion and the temporal dynamics of carbon sinks and
sources at regional to national scales. This information
however, is crucial for policymaking. Recent interna-
tional research activities highlighted the need for en-
hanced experimental and monitoring systems (e.g., flux
measurements, satellite sensors, field and laboratory ex-
periments, global data archives), which allow for a better
parameterisation of terrestrial biosphere models and
therefore improve our understanding of the global carbon
cycle and its likely future evolution (Nemry et al. 1999).

One particular component of the Earth system, the ter-
restrial environment has been identified as being a critical
component of the variability of the global carbon cycle.
However, given the natural diversity of landscapes, the
(instrumented) measurement and validation approach re-
mains challenging. In particular, it was found that chang-
ing vegetation dynamics play a crucial role in climate-
vegetation coupling (Cox et al. 2000). Earth observation
from airborne or spaceborne platforms is the only obser-
vational approach capable of providing data at the rele-
vant scales and resolution needed to extrapolate findings
of'in situ (field) studies, e.g., the FLUXNET sites (Wilson
et al. 2003) to larger areas, to document the heterogeneity
of the landscape at regional scale and to connect these
findings into a global view. Extrapolation can either be
done using geo-statistical methods (Guisan and Zimmer-
mann 2000), as well as by process modelling of ecosys-
tems (Meentemeyer et al. 2001, Schoorl and Veldkamp
2001). The latter is a very promising approach for testing
ecological hypotheses and for assessing and forecasting
the state of large landscapes up to the global scale. Such
approaches usually require the spatial input of the state of
the ecosystems at simulation start and of relevant bio-
physical, biochemical and/or structural information on
the terrestrial ecosystems. Ecosystem models — often re-
ferred to as biogeochemistry models because they simu-
late pools and fluxes of relevant ecosystem elements such
as carbon, nitrogen or water — ideally combine remote
sensing information on the structure of the vegetation
with monthly to daily meteorological data and a set of
ecophysiological parameters (Thornton et al. 2002),
which drive the processes of ecosystems. When applied
to a gridded landscape, the combination of spatially ex-
plicit air- or spaceborne information on the vegetations
structure with ecosystem models allow for an accurate as-
sessment of ecosystem processes, for testing novel eco-
logical theories and for predicting possible future states of
the land surface (Kimball et al. 2000, Potter et al. 2001,
Turner et al. 2003). Such large scale to global quantifica-
tions are clearly beyond the realm of experimental analy-
sis — this contribution therefore focuses on a forest can-
opy. The close coordination of Earth observation
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satellites and airborne platforms is thus essential for the
successful validation of the contribution of the terrestrial
component to the global carbon cycle. Space agencies and
international organizations have recently established a
coordination mechanism (e.g., the Integrated Global Ob-
serving Strategy Partnership (IGOS 2002) that facilitates
progress in space-based measurements (Rast et al. 2001).

New Earth observation platform strategies that enable
the well calibrated reproducible measurement of the (di-
rectional) radiance field of the terrestrial surface ata local,
regional (Green et al. 1998), and global scale (Justice et
al. 1998) are increasingly becoming operational and
available on a larger basis. In particular, various available
imaging spectrometers allow closing the scaling gap be-
tween local and global for various applications (Myneni
et al. 2002, Tian et al. 2003). The derived variables from
these measurements are further used to quantify the im-
portant (land) processes that are directly relevant for the
global carbon cycle. It is demonstrated in this contribution
that the technology, science, and applications are avail-
able to contribute to the above challenge using a local case
study.

Instrumentation approach

Growing expectations on the use of Earth observation
data to support key decisions by governments and indus-
tries put increasing pressure on technology to deliver
proven, reliable information. Measurements may docu-
ment small changes in key terrestrial parameters over
many years and must finally be related to a global vari-
ability in climate change (Nemani et al. 2003). Charac-
terisation of these sensor systems is therefore critical, es-
pecially the ones operating in the solar reflected radiation
from the Earth’s surface (Schaepman and Dangel 2000,
Schaepman et al. 2002, Green et al. 2003, Thome et al.
2003).

Imaging spectroscopy today enables the biogeophysi-
cal and geochemical variables of the continental bio-
sphere processes to be measured with calibrated physical
units and quantifiable accuracy. However, surface char-
acteristics critically govern the involved processes. If we
want to take proper actions to mitigate existing uncertain-
ties, surface characteristics must be described accurately
to better understand, model and predict the interaction be-
tween surface and atmosphere. The complex global mod-
els that address these issues use variables and parameters
to describe the biophysical and biochemical processes
but, when compounded, the uncertainties in these vari-
ables and parameters can only produce moderate to
poorly accurate results. Amelioration comes from inde-
pendent information applied to control or constrain the
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models, but the spatially distributed character of land sur-
face processes - large spatial heterogeneity and dynamic
character - require remote-sensing observations to pro-
vide this information. ESA’s (European Space Agency)
Living Planet, NASA’s (National Aeronautics and Space
Administration) EOS programmes and the GMES
(Global Monitoring of Environment and Security) initia-
tive recognise this, but there are some remaining un-
known error sources due to the inherent uncertainty of the
measurement.

The promise of imaging spectroscopy

Imaging spectroscopy — the quantitative and qualita-
tive characterization of both a surface and the atmos-
phere using geometrically coherent spectro-radiometric
measurements — measures the continuous, upwelling
spectral radiance in each spatial pixel (Schaepman et al.
2003a). The results can be used for

e Unambiguous direct and indirect identification of
surface materials and atmospheric trace gases,

e Measurement of their relative concentrations,

e Assignment of the proportional contribution of
mixed pixel signals (spectral un-mixing problem),

e Derivation of their spatial distribution (mapping
problem), and

e Study over time (multi-temporal analysis).

‘Conventional multispectral’ remote sensing instruments
usually cover aspects 4 — 5 with sufficient accuracy. New
instruments will cover aspects 1 — 3, but conventional
calibration techniques will still restrict uncertainties to a
few percent at best - only marginally adequate for current
user demands. Even so, imaging spectroscopy has already
supported or been successfully used for Earth system
modelling and the corresponding variables have been di-
rectly or indirectly quantified using inversion techniques
[e.g., snow (Painter et al. 2003); minerals (Kruse et al.
2003); soil (Ben-Dor et al. 2003); water quality (Brando
and Dekker 2003); vegetation (Underwood et al. 2003);
etc.].

There are a number of existing and planned airborne
[e.g., AVIRIS (Airborne Visible Infrared Imaging Spec-
trometer) and APEX (Airborne Prism Experiment)
(Green et al. 1998, Schaepman et al. 2003b)] and space-
borne [e.g., MODIS (Moderate Resolution Imaging Spec-
trometer), MERIS (Medium Resolution Imaging Spec-
trometer), MISR (Multiangle Imaging Spectro-
Radiometer), and SPECTRA (Surface Processes and Eco-
system Changes Through Response Analysis) (Diner et
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al. 1998, Rast 1999, Rast et al. 2001, Justice and Town-
shend 2002)] spectro-directional imagers, that will be de-
livering improved data quality for the further analysis of
the directional radiance field.

Relevant vegetation variables and their measurement
potential

The promise of imaging spectroscopy leads to an in-
creased potential to retrieve variables that are relevant in
the frame of coupled soil-vegetation-atmosphere systems.
The interaction of radiation with canopies and soils de-
pends on the optical, thermal or dielectric properties of the
materials as well as on their number, area, orientation and
position in space, which constitute the primary biophysi-
cal variables. Therefore, remote sensing allows to di-
rectly deriving canopy or soil primary biophysical vari-
ables. Additionally,
combinations of the primary biophysical variables can
also be estimated. The main primary and secondary vari-
ables accessible by remote sensing in the solar domain are
listed in Table 1.

secondary variables that are

The information contained in the wavelength range of
the solar reflected electromagnetic spectrum (400-2500
nm) provides estimates of canopy structural variables
such as LAI and the main biochemical composition: c/lo-
rophyll and water content. In addition, Fourty (1997)
demonstrated that the canopy integrated biochemical con-
tents (mass of biochemical constituents per unit soil area)
were generally more easily accessible than the leaf con-
tents (mass of biochemical constituents per unit leaf area).
The canopy-integrated content corresponds to the product
of leaf biochemical content and leaf area index. Finally,
there is a trend to be observed that future imaging spec-
trometers will allow the measurement of pigments (Sims
and Gamon 2002) and fluorescence (Zarco-Tejada et al.
2003) of vegetation, contributing to the above list of vari-
ables.

By summarizing the key variables that can be derived
using imaging spectrometer-based Earth observation
techniques, Table 2 can be compiled. A listing of vari-
ables (left) is compared with their retrieval uncertainty us-
ing ‘conventional’ satellite systems with two spectral
bands and one view angle (middle), and current high-
resolution spectro—directional sensors based on a radia-
tive transfer modelling exercise.

Linking local to global scales

Most of the existing field measurements and sampling
schemes take place at a local scale between a few and hun-
dred meters, corresponding to a typical length scale of the
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Table 1. Retrieval potential of biophysical variables as a function of two generalised spectral domains. The accuracy re-
quirements are listed as input requirements into models (Baret 2001). The level of accuracy and robustness of the estimation

is indicated by the symbol “+” (““++++" accurate and robust;

@ e

no estimates possible).

Spectral domain
B
) ) g Accuracy
Biophysical B B % requirement
and —chemical & ‘E >
. & S for process
variables o & R o
-l © description
28 §8
> Z Z N
LAI +++ +++ 15%
Leaf orientation +++ =+ -
Cano
strue trze Leaf size and shape + + -
Canopy height - - -
Canopy water mass -
Leaf Chlorophyll content +++ - 5%
characteristics ~ Water content - +4-+ 10%
Surface soil moisture - + -
. Roughness + + -
Soil .
characteristics  Residues A * -
Organic matter ++ ++ 0.5% (absolute)
Soil type ++ ++ -
fCover -+ ++ 5%
Sy o e
Albedo ++4+ +4++ 5%

Table 2. Modelled retrieval error for key properties of terrestrial vegetation, based on results of direct and inverse radiative
transfer modelling (Rast et al. 2001). ‘Not feasible’ indicates that the retrieval is not feasible with sufficient accuracy to be

useful.
Variables Sampling of angular and spectral dimensions
1 view angle, 2 spectral bands Multiangular, hyperspectral

fCover 40% 5%
fAPAR 30% 5%
Albedo 30% 2%
LAl 125% 10%
Leaf chlorophyll 85% 10%
Leaf water Not feasible 20%
Leaf dry matter Not feasible 20%
Foliage temperature Not feasible 1I°"K
Soil temperature Feasible 2°’K
Fraction living/dead Not feasible 20%
biomass

internal variability of landscapes [such as the global spa-
tially distributed FLUXNET towers (Wilson et al. 2003)].
Current practise of scaling from local to global based on
local field measurements can result in significantly vary-
ing uncertainties and errors. This is because vegetation is
heterogeneous at a wide range of spatial scales. Signifi-
cant efforts are therefore being made in spaceborne instru-
mentation to measure biome (or ecosystem) specific het-
erogeneity of variables and processes at a regional scale
(up to 100 km), while maintaining the local scale explic-

itly. This is achieved by regional case studies, considering
the spatial and temporal gradients of the biome under in-
vestigation. The proposed SPECTRA mission (Rast et al.
2001) will help developing robust, detailed Earth System
Models over a representative ensemble of biomes and
conditions. In the following case study, we demonstrate
how imaging spectroscopy can be useful to quantitatively
retrieve biogeophysical characteristics from a subalpine
forest representative for boreal forests.
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Case study: estimation of canopy parameters
within a mountain forest

The study area for the acquisition of the field data is
located in the Eastern Ofenpass valley (10°13°48" E /
46°39°45" N), which is part of the Swiss National Park
(SNP), Switzerland. The Ofenpass represents an inner-al-
pine valley on an average altitude of about 1900 m a.s.1
with annual precipitation of 900-1100 mm. Embedded in
this environment are boreal type subalpine forests. The
south-facing Ofenpass forests, the location of the field
measurements, are largely dominated by mountain pine
(Pinus montana ssp. arborea) and some stone pine (Pinus
cembra) as a second tree species. These forest stands can
be classified as woodland associations of the Erico-
Pinetum mugo. The understory is characterized by low
and dense vegetation composed mainly of various Eri-
caceae and Sesleria species.

Field sampling for radiative transfer modelling

Four core test sites (labelled LWF1 and 2, STA1 and
2) and several additional distributed point samples are
characterized to describe the canopy and the spectral char-
acteristics of the study area. The core test sites are selected
following a stratified sampling scheme to cover different
canopy densities within a stand of Pinus montana ssp. ar-
borea (Fig.1).

97

The choice of test sites is defined following the ele-
mentary sampling units of the VALERI scheme (INRA
2003, Jonckheere et al. 2004, Weiss et al. 2004, Baret et
al. in press). Each site is defined by nine sampling points,
evenly spaced in a grid of 10 meters, covering an area of
20m x 20m. The coordinates of the sampling points are
georeferenced by GPS (Global Positioning System) re-
ceivers. Measurements of the biophysical and biochemi-
cal variables describing the canopy are performed at all
test sites dated from August 7-15, 2002. Mean values of
these measurements are presented in Table 3.

The canopy structure is measured using two canopy
analyzers LAI2000 and hemispherical photographs pro-
viding canopy structure variables separately for the crown
and understory layer. The clumping effects at the shoot
and crown level, typical for coniferous foliage, are cor-
rected following an approach proposed by Chen et al.
(1997). Observed LAI values ranged between 1.78 and
3.99, whereas the measurement uncertainties amounted to
22%. Hemispherical photographs taken parallel to the
LAI2000 measurements allowed the separation of the
canopy into its constituent foliage and wood fractions,
i.e., needles, trunk and branches. Forest stand charac-
teristics such as stem density, tree height and crown radius
were measured over an area of two hectares containing a
total of 2456 trees. Additionally, the height of the crown

Figure 1. Airborne imaging spectrometer data acquired over the four core test sites (indicated by crosses) as part of the
Ofenpass test site within the Swiss National Park (SNP). The four test sites are 20 m x 20 m in spatial extent and have been
sampled with the variables listed in Table 3.
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Table 3. Field observations of canopy variables including relative measurement errors (denoted in brackets) relevant for the
canopy parameterization as an input to the radiative transfer models (RTM). The spectral properties of the woody parts and
understory are characterized by spectroradiometric field measurements. There are 9 measurement points per unit (U) listed
and for each measurement point » measurements have been taken. Structural parameters are all averaged from » = 36 meas-

urements.

Parameter Units LWF1 LWE2 STA1 STA2

Foliage

Water content (U=4, glem® 0.047 0.045 0.049 0.042

n=1) (7.5%) (7.5%) (7.5%) (7.5%)

Dry matter (U=4, n=1) glem? 0.038 0.036 0.038 0.035
(7.5%) (7.5%) (7.5%) (7.5%)

Chlorophyll content pg/em? 61.8 75.1 59.0 62.8

(U=4) (1.54%) (1.54%) (1.54%) (1.54%)

rlM=e7s)ophyll structure ( Unitless 3.78 (22%)

Canopy structure (overstory)

LAI (U=4, n=5) Unitless  2.18 (13%) 1.78 (22%)  3.89 (19%)  3.99 (17%)

Fractional cover (U=4, % 55% (13%) 46% (22%) 77% (19%)  79% (17%)

n=5)

Wood fraction (U=4, % 30% 30% 30% 40%

n=1)

Crown shape n.a. Cone

Tree distribution n.a. Poisson distribution

Tree height m 11.93+£2.9

Crown radius m 1.765

Crown base m 7

Trunk diameter m 0.179 (at ground)

Crown height width Unitless 283

ratio ’

Hotspot Unitless 0.1

Leaf angle distribution deg Average leaf angle: 58.43° (foliage), 30° (woody parts)

base was visually estimated during the field campaign of
this study.

Standard wet-laboratory procedures are used for de-
termination of foliage water, chlorophyll content and dry
matter. The samples are collected from the upper part of
the tree crowns, each consisting of one branch carrying
newly developed and old needles. The difference between
fresh and dry weight allowed for the calculation of water
content expressed either as relative value per unit mass
(Fuel Moisture Content, FMC %) or per unit leaf area as
Equivalent Water Thickness (EWT expressed in either
[g/cmz] or [cm]). The concentration of photosynthetic
pigments (Chl. a and b) within the foliage is determined
using a CADAS 100 spectrophotometer. Following the
equations of (Lichtenthaler 1987) the pigment concentra-
tions were converted to [ug/cmz]. The observed bio-
chemical concentrations showed only a low variability
(Table 3). The mesophyll structure parameter N was in-
verted by iterative minimization of PROSPECT from the
average foliage reflectance measured with the Licor1 800
integrating sphere, while the biochemistry was set to
stand values. The uncertainty of the N parameter estima-
tion was assessed by inversion over the variability of fo-

liage reflectance measurements. The foliage reflectance
showed a high variability due to errors in the assessment
of gaps within the observed foliage sample. Conse-
quently, the N parameter was subject to an uncertainty of
22%.

The spectral properties of several canopy components
such as the reflectance of the understory, woody parts and
the foliage have been measured using a field spectrometer
(ASD FieldSpec Pro FR). Field spectra are collected dur-
ing the over flight 1.5 m above the ground and within 2
hours of solar noon under clear sky conditions (Figure 2).
In addition, the spectral characteristics of branches and
bark of trunks are assessed from several samples. For the
understory, reflectance transects consisting of 10 to 30
spectroradiometric measurements were acquired at each
test site. The acquisition of the reflectance of coniferous
foliage involved an ASD field spectroradiometer coupled
with an integrating sphere (LiCor 1800) and a custom-
made light source for improved illumination. The gap
fraction of samples not covering the instrument port was
assessed with a high-resolution digital camera and sub-
sequent image analysis. The gap effects on the reflectance
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measurements were corrected by taking proportionally
into account the spectral properties of the background.

The imaging spectrometer data were acquired on Au-
gust 14, 2002 simultaneously with the DAIS 7915 (Digi-
tal Airborne Imaging Spectrometer) and ROSIS (Reflec-
tive Optics Imaging Spectrometer) imaging spectro-
meters parallel to the ground measurements. The spec-
trometers are operated onboard of the DLR (German
Aerospace Centre) Dornier DO-228 aircraft. The local il-
lumination and observation conditions were a solar zenith
angle of 45.3°, a solar azimuth angle of 122.9°, and the
flight heading of 293°. There was no cloud coverage at the
time of the overflight. This study concentrates on the data
recorded by the DAIS7915 imaging spectrometer, cover-
ing the spectral range from the visible to the thermal in-
frared (VIS/NIR: 0.5-1.1 wm, SWIRI: 1.6-1.8 um,
SWIR2: 2-2.5 um, MIR: 3-5 um, TIR: 8.7-13 um) with
79 bands. The airborne campaign was organized to cover
the Ofenpass valley, providing imaging spectrometer data
in a spatial resolution of five meters. The flight line was
oriented close to the solar principal plane sun during the
overflight time to minimize directional effects. The im-
ages were geo-atmospherically processed with the mod-
ules PARGE and ATCOR4 to obtain geocoded top-of-
canopy reflectances (Richter and Schlapfer 2002,
Schlapfer and Richter 2002). Concurrent spectrora-
diometric measurements of selected reference targets in
the field also allowed a validation of the retrieved surface
reflectance and a subsequent vicarious calibration of the
imaging spectrometer data (Secker et al. 2001). The qual-
ity of the vicarious calibration and radiometric correction
was assessed taking ground spectroradiometric measure-
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ments of a homogeneous meadow as reference. The re-
flectance derived from the imaging spectrometer
DAIS7915 yielded absolute differences relative to ground
reflectance 0f 0.4% in the VIS and 0.8% in the NIR, which
corresponds to 8% (VIS) respectively 2% (NIR) of rela-
tive deviation. An image quality assessment at radiance
level revealed a list of bad bands, which were discarded
from analysis, thus leaving 34 bands in the wavelength
range of 0.5-1.8 um.

Radiative transfer modelling for canopy parameter
estimation

The hybrid radiative transfer model (RTM) called the
GeoSAIL (Huemmrich 2001) is used to describe canopy
reflectance at scene level. A scene has been defined in this
study as being an area of 30 m x 30 m with the require-
ment that crown or shadow fractions are small compared
to the total area modelled. The radiative transfer at foliage
level is characterized by the PROSPECT model (Jac-
quemoud et al. 1996), which provides the foliage optical
properties as a function of the biochemistry and is then
subsequently coupled with the canopy RTM. The RTM
GeoSAIL describes the canopy reflectance of a complete
scene including discontinuities in the canopy and shad-
owed scene components. The RTM combines a geometric
model with the SAIL model (Verhoef 1984) which pro-
vides the reflectance and transmittance of the tree crowns.
The geometric model determines the fraction of the illu-
minated and shadowed scene components as a function of
canopy coverage, crown shape and illumination angle.
All trees are assumed to be identical with no crown over-
lap nor does the model account for mutual shading. The

Figure 2. Spectroradiometric measurements of needle optical properties during the imaging spectrometer over-
flight: needle reflectance and transmittance (left), and ground reflectance (right).
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Table 4. Specific ranges for each parameter describing the constraining space for canopy realizations. These boundaries are

used for the generation of the look up table.

RTM parameter Unit Minimum Maximum
LAI unitless 1 5
Fractional cover % 04 0.85
Wood fraction % 0.25 0.45
Chlorophyll content ug/om? 55 80
Water content g/em? 0.025 0.065
Dry matter g/em’ 0.02 0.05
N unitless 2 5

radiative transfer within the crowns is calculated using
SAIL, which considers the canopy as a horizontal, homo-
geneous, turbid and infinitely extended vegetation layer
composed of lambertian scatterers. The SAIL version
within GeoSAIL is adapted to account for the contribu-
tion of multiple canopy components with different optical
properties, leaf area index and foliage inclination angles,
but is limited to ten wavelength bands. For the coupling
of GeoSAIL with PROSPECT a SAIL version (Weiss et
al. 2001) capable of dealing with an unlimited number of
bands and multiple canopy components, such as foliage
and branches, was used.

The radiative transfer is parametrized at the foliage
and canopy level by the input parameters of PROSPECT
and GeoSAIL, describing the biochemical and biophysi-
cal properties of the canopy (Table 3). (For the inversion
the field measurements are only relevant for the LUT
range definition — see below. But some parameters had to
be fixed for the inversion, which is why they are described
below and in Table 3). The average inclination angle
could be parameterized separately for the two foliage ele-
ments in GeoSAIL and were set to a spherical distribution
for green foliage and plagiophile distribution for woody
parts. The tree geometry relevant to GeoSAIL was based
on the forest stand characteristics describing tree height,
crown radius and crown length. The trees were horizon-
tally distributed within the scene according to the Poisson
distribution. The spectral properties of the remaining can-
opy components such as the understory and woody parts
were characterized by ground spectroradiometric meas-
urements and were assumed to be inherent to all test sites.
Woody parts were treated as opaque foliage elements,
thus only reflecting or absorbing incident radiation. The
structural parameterization within the crown relied on the
total LAI of the overstory, corrected for clumping effects.
The derived wood fraction allowed resolving the total
overstory LAI into its green foliage and woody parts.

Inversion of GeoSAIL

The inversion of GeoSAIL was based on look up ta-
bles (LUT), whose generation consisted in precomputing

the canopy reflectance for 130 000 canopy realizations
and considering the measurement configuration. The pa-
rameters corresponding to each canopy realization were
randomly drawn following a uniform distribution. The
range of each variable was defined based on ground meas-
urements performed in this study and on experimental
data presented in the literature (Dungan et al. 1996, Chen
et al. 1997, Gond et al. 1999, Ceccato et al. 2001) (Table
4). The selected ranges corresponded to a distribution of
the respective variable typical for the observed coniferous
canopy. The generation of the LUT allowed consequently
for the implementation of general prior information de-
pending on the specific vegetation type. Tree geometry
and spectral properties of the understory and woody parts
were also specified by the forest stand characteristics and
ground measurements.

The model inversion was carried out by minimizing
the merit function xz, as depicted in Eq. 1, and is defined
as the distance between the canopy reflectance P ac-
quired by the DAIS 7915 and the simulated reflectance
Psim found in the LUT. The distance criterion was
weighted using the uncertainty of the spectroradiometric
measurements. dpa s is related to calibration of the DAIS
7915 sensor and the atmospheric correction of the imag-
ing spectrometer data:

) w1
K=

i i N2
S (pmes Y sim) ’
i=1 DAIS

where 7;, is the number of finally included imaging spec-
trometer bands (e.g., 39). Canopy realizations found
within a tolerance of 20% of the minimal calculated dis-
tance X2 were considered as possible solutions; their me-
dian defined the final solution and their standard devia-
tion the uncertainty of the inversion.

Results

We are using forward simulation of canopy reflec-
tance and an inversion of a radiative transfer models to
estimating forest canopy variables. Inverting GeoSAIL
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for measured canopy reflectance subsequently assessed
the feasibility of estimating canopy variables employing
a radiative transfer model. Figure 3 presents the final re-
sults of the forest variable estimation relative to the
ground measurements of the respective variable, while
also indicating the uncertainties associated to the inver-
sion process and ground measurements. The model inver-
sion performed well with reasonable root mean square er-
rors (RMSE; c.f., Figure 3) and within uncertainties for
the variables describing the canopy structure, such as LAI
and fractional cover. The estimation of the foliage vari-
ables provided less stable results, but the average accu-
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racy of estimates still amounted to 71.6% and 78.2%, re-
spectively for foliage water content and dry matter. A
limitation was due to the variation of foliage variables,
which was not sufficiently large for a thorough validation
due to the observed canopy homogenous in terms of spe-
cies, phenology and environmental conditions. The esti-
mation of chlorophyll foliage content showed poor results
probably due to the effects already observed and dis-
cussed for the simulated canopy reflectance. The product
of LAI and foliage water or dry matter content represented
the canopy content of the respective biochemical con-
stituent, which could present a quantity most relevant to
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Figure 3. Performance of radiative transfer model inversion: estimates and measurements of canopy parameters related to
the four test sites. Error bars represent the uncertainties related to the ground measurements (e.g., the nine plots summarised
into the four test sites) and model inversion respectively. LAl x Cw: canopy water content, LAI x Cdry: Canopy dry matter

content, RMSE: root mean square error in corresponding units.



102

the inflammability and the combustion of forests (Cec-
cato et al. 2002).

Conclusions

Imaging spectroscopy — even though being a rela-
tively new area in Earth remote sensing — has demon-
strated over the past few years its unique potential to re-
trieve quantitatively biogeophysical and biogeochemical
parameters. The particular success of imaging spectros-
copy can be attributed to the improved data quality (more
mature technology, calibration stability, increased
number of spectral bands and observation angles, high
signal-to-noise-ratio), wider availability of consistent ob-
servations to the user community, and emerging new ap-
plications. Imaging spectrometers will continue to help
advance remote sensing science and technology by:

e Assisting to design new or better quantitative based
algorithms for the exploitation of current and future
sensors,

e Defining more appropriate observational require-
ments for Earth observation related sensors that will
be needed in the coming years, and

e Reanalyzing measurements obtained in the past with
less sophisticated sensors.

Nevertheless, long-term observations or trends detected
and analyzed using these imaging spectrometers are still
a few years to go due to the inherent short living period of
these instruments.

By using a regionally based case study in a mountain
forest, we demonstrate the successful canopy variable es-
timation in a heterogeneous canopy. The coupled model
approach using PROSPECT and GeoSAIL allow a quan-
titative approach for the extraction of relevant vegetation
variables. The canopy variables provide information on
the vegetation status vital to the management of forests
with respect to ecological modelling. The hyperspectral
extension of GeoSAIL supports also the robust and reli-
able retrieval of a combined assessment of biophysical
and biochemical variables. Intensive ground validation
for radiative transfer based approaches supported the gen-
eration of a look up table with site-specific model parame-
ter constraints. The derived canopy variables represent
the actual spatial distribution of forest biophysical and
biochemical properties as they occur in the landscape.

Improvements to the proposed approach may include
the use of more sophisticated radiative transfer models
(e.g., FLIGHT), which represent in a more sophisticated
manner the link of physical properties between the remote
sensing system and the ecosystem observed. On the struc-
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tural parameter side, the geometrical representation of the
canopy derived from a LIDAR system would offer an op-
timal complement to the radiometric information (Koetz
etal. 2003).

The increased spatial resolution of quantitative infor-
mation of forest conditions provides a sound data basis
relevant to forest management unities and to the quantifi-
cation of ecosystem pools (e.g., carbon). The fine spa-
tially distributed information available on canopy vari-
ables also allows defining realistic initial starting and
boundary conditions of ecological models on a spatial
scale improving their representation of ecological proc-
esses. Finally, such data are very valuable for testing eco-
logical hypotheses and model predictions, due to their
spatially explicit character and high spectral resolution.
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