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Abstract

This paper discusses the accuracy of the operational Medium Resolution Imaging Spectrometer (MERIS) Level 2 land product which
corresponds to the Fraction of Absorbed Photosynthetically Active Radiation (FAPAR). The FAPAR value is estimated from daily MERIS spectral
measurements acquired at the top-of-atmosphere, using a physically based approach. The products are operationally available at the reduced
spatial resolution, i.e. 1.2 km, and can be computed at the full spatial resolution, i.e. at 300 m, from the top-of-atmosphere MERIS data by using
the same algorithm. The quality assessment of the MERIS FAPAR products capitalizes on the availability of five years of data acquired globally.
The actual validation exercise is performed in two steps including, first, an analysis of the accuracy of the FAPAR algorithm itself with respect to
the spectral measurements uncertainties and, second, with a direct comparison of the FAPAR time series against ground-based estimations as well
as similar FAPAR products derived from other optical sensor data. The results indicate that the impact of top-of-atmosphere radiance uncertainties
on the operational MERIS FAPAR products accuracy is expected to be at about 5–10% and the agreement with the ground-based estimates over
different canopy types is achieved within ±0.1.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Understanding the degree of climate change impacts on Earth
system requires a better quantification of the uncertainties of the
current terrestrial biosphere model outputs, which are mainly
used for evaluating the carbon flux variations between land
ecosystems and atmosphere. The geophysical products esti-
mated from space remote sensing measurements can be used

directly or in data assimilation systems to better quantify this
level of uncertainty (Knorr et al., 1995; Pinty et al., 2006a;
Raupach et al., 2005; Rayner et al., 2005).

The validation of these biophysical products, mainly derived
from optical sensors, is therefore highly desirable in order to
evaluate whether the quality of the products is in conformity
with the pre-flight specified accuracy that was imposed by the
requirements of the anticipated application. The use of space
derived products is moreover relevant for environmental appli-
cations at global scale only if long term time series of geo-
physical products are available: this calls for the use and
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interpretation of the spectral measurements collected by multi-
ple space sensors (these instruments may be either flying si-
multaneously or simply follow each other for recording spectral
data over a long time period). The definition of the retrieval
algorithm performance and actual validation exercises are re-
quired to assess the uncertainties required by any assimilation
system dealing with global issues (GCOS, 2004; GTOS, 2006;
GOOS, 2006). In addition, these analyses are a pre-requisite to
merge biophysical products from various sensors, like for the
sea surface temperature (Reynolds & Smith, 1994), the ocean
color (Maritorena & Siegel, 2005; Mélin & Zibordi, 2007), the
surface albedo using geostationary instruments (Govaerts et al.,
2004) and the Fraction of Absorbed Photosynthetically Active
Radiation (FAPAR) products.

Among the land geophysical products, both the surface
albedo and FAPAR have been recognized to be essential var-
iables in the climate system as well as for modeling the carbon
cycle. The FAPAR products, directly linked to the photosynth-
esis process into vegetation canopies, can be either directly used
as inputs into diagnostic biosphere models (Prince, 1991; Sellers
et al., 1992; Knorr & Heimann, 1995; Running, 1986) or may
serve as additional constraints during assimilation into more
sophisticated schemes (Knorr et al., 1995, 2005b).

Further to the global climate change issues, this product is also
a good indicator for assessing the changes of vegetation canopies
state. Time series of these products can be analyzed for various
regional land surface phenomena, like drought events or land
degradation (Gobron et al., 2005a; Knorr et al., 2005a; Gobron
et al., 2005b; Seiler & Csaplovics, 2005), or used for assessing
environmental indicators such as the phenology parameters, like
the growing season length (Verstraete et al., 2007) and more
recently for the retrieval of radiation fluxes quantities for climate
modeling (Pinty et al., 2006b). Of course, these applications are
relevant only if the associated uncertainties are documented and
provided which is hardly the case when empirical methods are
used for trend analysis, as discussed in Hall et al. (2006).

Within the framework of delivering long time series of FAPAR
products, Gobron et al. (2000, 2007) proposed a generic scheme
from sensor specific algorithms that are devoted to the generation
of equivalent, and thus comparable, FAPAR products derived
from various optical sensors. This Joint Research Centre (JRC)
FAPARalgorithm has been developed for theMediumResolution
Imaging Spectrometer (MERIS), Sea-viewing Wide Field-of-
view Sensor (SeaWiFS) and MODerate Resolution Imaging
Spectroradiometer (MODIS) (Gobron et al., 1999, 2001, 2006a,
respectively) by using the measurements in the blue, red, and
near-infrared spectral domains.

This manuscript focuses on the assessment of uncertainties of
the operational MERIS FAPAR products, also called MERIS
Global Vegetation Index (MGVI), available since the launch of
the European Space Agency (ESA)'s Envisat platform in March
2002 at the reduced resolution, i.e. at 1.2 km spatial resolution.
The data used are provided through the MERIS Catalogue and
Inventory (MERCI) system for validation purposes (http://
merci-srv.eo.esa.int/merci/welcome.do).

The first section presents an estimation of theoretical un-
certainties with respect to the spectral measurements precision

that can be expected at the top-of-atmosphere (TOA) level in the
three spectral domains. This propagation error analysis uses the
derivative of the algorithm formulae with simulated Bidirec-
tional Reflectance Factors (BRFs) TOA MERIS-like data as
inputs with associated spectral band errors. This contribution
thus complements previous efforts to document uncertainty
estimates associated with the JRC FAPAR algorithm (Gobron
et al., 2006b).

Since the FAPAR is a normalized radiant flux in the visible
region of the solar spectrum, i.e. over the Photosynthetically
Active Radiation (PAR) domain of (0.4–0.7 µm), the task of
acquiring field measurements for validation exercises presents a
range of challenges that vary in difficulty from one site to the
other. Some of these difficulties for generating accurate ground-
based estimations of FAPAR, particularly for the purpose of
validating remote sensing products, are addressed in Gobron
et al. (2006b) and are summarized at the beginning of the third
section. This yields the categorization of ground-based FAPAR
data sets according to their most probable radiative transfer (RT)
regimes. The evaluation of the comparison results is indeed
associated with the contextual difficulties specific to each site
together with the corresponding in-situ data sets. The com-
parison results between remote sensing products from the
MERIS instrument, but also from other sensors, and ground-
based estimations of FAPAR are finally presented and analyzed.

2. Overview of the FAPAR algorithm and MERIS Level 2
products

The JRC generic FAPAR algorithm can be tailored to any
sensor acquiring at least three narrow spectral bands in the blue,
red and near-infrared regions of the solar spectrum. This al-
gorithm capitalizes on the physics of remote sensing measure-
ments and its development copes with the many operational
constraints associatedwith the systematic processing and analysis
of a large amount of data. Basically, the useful information on the
presence and state of vegetation is derived from the red and the
near-infrared spectral band measurements. The information con-
tained in the blue spectral band, which is very sensitive to aerosol
load, is ingested in order to account for atmospheric effects on
these measurements. In the particular case of the MERIS sensor
which was primarily designed for marine applications, the ap-
proach consists in analyzing the relationships between measure-
ments in the blue spectral bands and those available in the red and
near-infrared regions (e.g. Govaerts et al., 1999; Gobron et al.,
1999). Such relationships can indeed be simulated for a variety of
environmental conditions with RT models of the coupled vege-
tation-atmosphere system. The former are then exploited with
polynomial expressions optimized in such a way that TOA BRF
measurements in the blue are related to those taken at other
spectral bands, located at longer wavelengths e.g., in the red and
near-infrared regions. This approach (called rectification) aims at
decontaminating the BRFs from atmospheric effects without
performing an explicit retrieval of the ambient atmospheric pro-
perties. The polynomial expressions are also built to simulta-
neously account for the dominant bidirectional effects. The latter
are themselves approximated from an extensive set of one-
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dimensional and/or three-dimensional RT simulations of the
coupled surface-atmosphere system designed for mimicking ty-
pical vegetation canopy conditions (Gobron et al., 2000). This
same training simulation set is then used to relate the radiative
measurements from each typical vegetation canopy condition
with their corresponding FAPAR values. In practice, the generic
FAPAR algorithm thus implements a two step procedure where
the spectral BRFsmeasured in the red and near-infrared bands are,
first, rectified in order to ensure their optimal decontamination
from atmospheric and angular effects and, second, combined
together to estimate the FAPAR value. The most recent versions
of the appropriate formulae and coefficients derived from the
mathematical optimization are given in Gobron et al. (2002) for
SeaWiFS, Gobron et al. (2007) for MERIS, and Gobron et al.
(2006a) for MODIS, respectively.

Most results discussed in this paper are derived from the
MERIS Level 2 products that have been processed by the ope-
rational software version IPF release 5.02 (Bourg & Obelensky,
2006). The actual reduced spatial resolution is at about 1.2 km and
the following analysis has been conducted using data from the
MERCI system. A long time series of equivalent products is also
available using the SeaWiFS instrument resulting from a dedi-
cated processing chain that was developed at JRC for delivering
daily, 10-day and monthly time composite products at a global
scale with spatial resolutions ranging from about 2 km up to 0.5
degrees (Mélin et al., 2002; Gobron et al., 2007). The JRC-
FAPAR algorithm designed for MODIS data, which provides
similar FAPAR products shown in this contribution, has been
applied over various Earth Observation System (EOS) validation
sites using the last available version of TOA radiances at 1.1 km,
i.e. the MOD021KM products (Isaacman et al., 2003).

MERIS was launched on board the European platform Envisat
and acquires operational data since mid 2002. MERIS scans the
Earth's surface by the so called ‘push-broom’ method and the
design is such that it can acquire data over the Earth whenever
illumination conditions are suitable. However, the MGVI re-
trievals are considered valid only for sun zenith angle lower than
60°, a threshold set by the limitations of the RT model.

The instrument's 68.5° field-of-view around nadir covers a
swath width of 1150 km and this wide field-of-view is shared
between five identical optical modules arranged in a fan shape
configuration. The accuracies of the spectral measurements of
these five modules have been analysed by Delwart et al. (2003)
for the calibration per se whereas Kneubuehler et al. (2004) and
Govaerts and Clerici (2004), among others, performed vicarious
calibration over land targets. The former concluded that the
estimated radiometric uncertainty ofMERIS bands was less than
4% with a degradation during 2 years of operations less than 3%
in the blue bands (note that the operational data are corrected for
this effect). The latter demonstrated that the performances of the
MERIS bands are comparable to those of other instruments, like
SeaWiFS or MODIS, between 2% – 4%.

Envisat has a repeat cycle of the reference orbit of 35 days
and a specific geographical location can be seen by MERIS
every three days, and 130 up to 205 measurements can be
available during a full year over the validation sites used in this
paper. This number of measurements, and associated FAPAR

estimates, decreases in the presence of clouds or cloud
shadows.

3. Analysis of MGVI uncertainties

The results presented in this section are derived from the
uncertainty analysis using the training simulation sets, i.e.
MERIS simulated data already used in the development and the
optimization of the retrieval algorithm itself. Each daily FAPAR
value is computed through various polynomial formulae (see
Gobron et al., 2007 for more details) using the BRFs measured
at the TOA as input parameters. These formulae can therefore
be mathematically derived to provide the uncertainties with
respect to the BRF TOA, ρλ, in the three spectral bands
(λ=RED, BLUE and NIR), and their respective precision, Δρλ.

DFAPAR ¼ ∂FAPAR
∂qBLUE

DqBLUE þ
∂FAPAR
∂qRED

DqRED þ ∂FAPAR
∂qNIR

DqNIR ð1Þ

where Δρλ are the uncertainties of TOA radiances for each
spectral band λ. These uncertainties include various types of
errors, like calibration precision or any instrumental error (note
that we assume uncorrelated band to band uncertainties). The
MERIS FAPAR products are operationally computed using the
polynomial formula g0 which is a function of the two rectified
channels, ρRectRED and ρRectNIR, in the red and near-infrared
channel, respectively. Eq. (1) can be re-written as follows:

DFAPAR ¼ ∂g0
∂qRectRED

DqRectRED þ ∂g0
∂qRectNIR

DqRectNIR ð2Þ

where the uncertainties in the red and near-infrared rectified
channels are given by Eqs. (3) and (4), respectively.

DqRectRED ¼ ∂g1
∂qBLUE

DqBLUE þ
∂g1

∂qRED
DqRED ð3Þ

DqRectNIR ¼ ∂g2
∂qBLUE

DqBLUE þ
∂g2
∂qNIR

DqNIR ð4Þ

The mathematical formulae to evaluate the derivative of g0,
(polynomial formula to compute the FAPAR from the two
rectified channels) with respect to the rectified red and near-
infrared channels are given by Eqs. (7) and (8) in the Appendix.
The derivatives of gn (where gn denotes g1 (g2) and corresponds
to the polynomial formulae to compute the rectified channel in
the red (near-infrared)) with respect to the blue band, ρBLUE,
and with respect to the red (near-infrared) band, ρRED (ρNIR),
are also given in appendix by the Eqs. (9) and (10), respectively.

The BRF TOA simulated by the RT models, i.e. the semi-
discrete model for the canopy layer (Gobron et al., 1997) and
the Second Simulation of the Satellite Signal in the Solar
Spectrum model (6S) for the atmosphere (Vermote et al., 1997)
are used to estimate the uncertainties of FAPAR with Eq. (1).
The selected sample of state variables for the vegetated canopy
includes two types of leaf angle distribution function (erecto-
phile and planophile), five values of leaf area index (from 0.5 to
5.) and five values of albedo for the underneath soil (dark to
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bright). Two diameters of leaf, represented by a flat-disk, and
two heights of canopy sample four types of dimensional and
‘architecture’ properties of the homogeneous canopy. The leaf
spectral properties correspond to a standard green leaf. The
FAPAR values computed with the semi-discrete model with this
set of state variables range therefore between 0. to 0.99. The
atmosphere layer properties are simulated using three values of
aerosol optical thickness (i.e. 0.05, 0.3 and 0.8 at 550 nm) for a
continental atmosphere type. Finally, two solar zenith angles,
four viewing zenith angles and three azimuth angles encompass
typical illumination and observation geometries. Using the

spectral properties of different instruments, i.e. spectral res-
ponses in the blue, red and near-infrared domains, the expected
differences between JRC-FAPAR products derived from two
sensors can also be simulated with respect to the so-called inter-
calibration differences.

3.1. Uncertainties of FAPAR with respect to MERIS spectral
uncertainties

Fig. 1 illustrates the mean deviation, 〈εFAPAR〉, defined as the
averaged value of the relative deviation, i.e. hDFAPARFAPAR i, of all

Fig. 1. 〈εFAPAR〉, the averaged value over all uncertainty simulations, is mapped with respect to (ερRED, ερNIR) for six values of ερBLUE.
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simulated MERIS data, with respect to the spectral band un-
certainties. Each panel exhibits the results corresponding to a
given uncertainty value in the blue band, eqBLUE ¼

DqBLUE
qBLUE

indicated

in % above each panel. The values are mapped in the (ερRED,
ερNIR) plane with eqk ¼ Dqk

qk . We can notice that the value of
〈εFAPAR〉 increases as the spectral band uncertainties increase,

Fig. 2. The 6 panels illustrate how the range of deviation of FAPAR, εFAPAR, varies when the uncertainties of at least two bands of MERIS increase from 0% to 10% as
function of the third uncertainty band in x-axis. The cross symbols correspond to averaged value of εFAPAR over all simulations with the standard deviation ±σ in full
column. Error bars indicate the minimum and maximum values in the ensemble.
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mainly with the blue band. Among all the results, however, large
variations occur and depend on the canopy type as well as on the
atmospheric conditions and angular situations. These variations
are illustrated by the panels of Fig. 2 which show the range of
εFAPAR when the uncertainties of at least two bands of MERIS
increase from 0% to 10% as function of the third band uncertainty
(each of the 6 panels corresponds to 6 different values of uncer-
tainty). The top left panel, for example, illustrates the variations of
εFAPAR with respect to the uncertainties of the blue band (blue
color bar), the red band (red color bar) and the near-infrared band
(purple color bar), respectively for consistency with legend, as-
suming that the two other signals are ‘perfect’, i.e. with ερλ=0.
The full column error bar is the one standard deviation, σ, and
the vertical line indicates the minimum and maximum values of
εFAPAR, both obtained by using all the simulations of the training
data set. Obviously, the larger the uncertainties of the three spec-
tral bands, the larger the uncertainties in FAPAR: this illustrates
the importance of the calibration issues to ensure the quality of the
derived product. These results indicate also that the average value,
εFAPAR, can be larger than 10% if two bands have uncertainty
values of about 4–5%. The blue band has more impact than the
red and near-infrared bands for lower values of uncertainties (e.g.,

εFAPAR≤10% if ερBLUE≤6% with ερRED=ερNIR=2%). This re-
sult is easily explained by the fact that the blue band is imported
twice in the algorithm for removal of the atmospheric effects.

3.2. FAPAR differences with respect to sensor band accuracies

This sub-section summarizes the differences between the
FAPAR values derived from two sensors with respect to their
three respective spectral band accuracies, ερλS where λ cor-
respond to the blue, red and near-infrared bands, respectively.
Both FAPAR and spectral accuracy differences derived from
two sensors data are defined as follows:

dFAPAR ¼ FAPAR eS1qk
! "

% FAPAR eS2qk
! "

ð5Þ

dqk ¼ eS1qk % eS2qk ð6Þ

Note that for one single case of simulation, δFAPAR varies with
respect to δρλ for which various couples (ερλS1, ερλS2) can occur.

The panels of Fig. 3 display the averaged value, 〈δFAPAR〉, over
the ensemble of FAPAR differences, {δFAPAR, i=1,N}, when
δρBLUE is equal to [−4%, −2%, +2%, +4%] in the spectral space

Fig. 3. The 4 panels illustrate the differences of FAPAR, δFAPAR, between MERIS and SeaWiFS, when the uncertainties difference in the blue band is negative (top
panels) or positive (bottom positive). The 4 panels correspond to 4 different values of δBLUE with respect to the difference of spectral uncertainties in the red and near-
infrared bands, δRED and δNIR, respectively.
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of sensor accuracy differences (δρRED, δρNIR). The differences
correspond to the MERIS values minus SeaWiFS values, i.e.
S1=MERIS and S2=SeaWiFS. In the case δρBLUE has a
negative value, the FAPAR values derived from MERIS are
smaller than the one derived from SeaWiFS, i.e. δFAPAR≤0,
except when the MERIS near-infrared band is relatively larger
than the SeaWiFS one, simultaneously when the MERIS red
band is lower than the SeaWiFS one. An opposite scheme ap-
pears when the differences in the blue band between MERIS and
SeaWiFS become positive.

Taking the values derived from the calibration and inter-
calibration exercises (see Delwart et al., 2003; Kneubuehler
et al., 2004; Govaerts & Clerici, 2004 among others), one can
expect that the theoretical impact of the spectral band uncer-
tainties on the operational MERIS FAPAR accuracy is in be-
tween 5% to 10%. The comparison between simulated products
derived from two optical instruments, when using the equiva-
lent FAPAR algorithm, provides the same order of magnitude of
variations.

These first analysis and results, for assessing the uncertain-
ties of the operational MERIS FAPAR, can be directly used in
any assimilation system by taking into account the propagation
errors from the inputs, i.e. the spectral measurements. They
include both the algorithm and model errors and the
instrumental quality of data. The second analysis shows the
performance of the algorithm to provide similar FAPAR values
and uncertainties when derived from two different sensors.

4. Comparison against ground-based estimations and similar
FAPAR products from various sensors

Comparison exercises involving remote sensing products
retrieved at low and medium spatial resolutions (≈1 km) share a
number of issues and face similar caveats that may conflict with
each other. First, the uncertainties in the exact location on the
Earth geoid of particular pixel coordinates, once re-mapped,
may be such that it is advisable to average the fluxes over a cell
of 3×3 pixels, for instance, to ensure that time series analysis
are not performed over a significantly different geophysical
system than expected.

On the other hand, the protocols for conducting local ground
measurements must be such that they tend to minimize unde-
sirable effects related to the different spatial resolutions between
the retrieved remote sensing products and the ground-based
measurements. In order to limit the impact of these effects,
ground measurements must represent at best the three-dimen-
sional (3-D) spatial variability of the canopy attributes and
radiant fluxes existing inside the sampled domain with respect
to the sensor pixel resolution.

In the present paper, we are mainly dealing with MERIS
derived products re-mapped to a spatial resolution of 1.2 km
and SeaWiFS (MODIS) derived products remapped at a spatial
resolution of 2.17 (1.1) km, respectively. These spatial reso-
lutions are considered large enough so that the analysis of
FAPAR time series can be conducted over the re-mapped pixel
identified as the nearest to the nominal location of the mea-
surement site. It also means that the spatial resolution is

slightly too low to fully ensure that the ground-based, even-
tually domain-averaged, measurements result from a complete
spatial sampling at that same spatial resolution (see Turner
et al., 2004).

4.1. Ground-based FAPAR data sets

Among ground-based measurements of FAPAR values, there
is actually none addressing all in-situ measurements caveats,
like the needed vertical and horizontal fluxes separately against
the direct and diffuse radiation, measured with the appropriate
sampling step and at a spatial resolution compatible with the
remote sensing products, for the same ambient conditions as
those prevailing during the acquisition of the remote sensing
data. Model simulations of realistic vegetation canopy scenarios
show that the compensation between different contributions is
such that approximating FAPAR by the Fraction of Intercepted
Active Radiation (FIPAR) constitutes a first good step in the
comparison process (Gobron et al., 2006b; Widlowski et al.,
2006).

The following exercise thus relies only on a limited number
of proxy data sets that are available over desert grassland,
savannah, needle and broadleaf temperate forests. The selected
data sets include either or both measurements of local and
domain-averaged gap fractions and spatially averaged Leaf
Area Index (LAI) and span a wide range of vegetation canopy
types which, therefore, can also be roughly categorized ac-
cording to their expected or most probable RT regimes (as
deduced from Davies and Marshak (2004)'s analysis and
adapted to the case of vegetation canopies in Gobron et al.,
2006b). This helps associating the main RT regimes with the
intra-pixel variability of the local leaf extinction density. The
three identified RT regimes are summarized as follows: 1) a
“fast” variability regime in the case of statistically homoge-
neous, Poisson-like, distributions of the leaf density, 2) a “slow”
variability regime where the leaf density distribution is close
enough to being homogeneous only locally such that local scale
averaged flux values are meaningful and 3) a “resonant” regime
in other cases where the intra-pixel variability controls the
domain-averaged flux values.

The latter categorization is based on the qualitative knowl-
edge and description of the field sites and not on the detailed
analysis of the leaf density distribution function over the do-
main as should ideally be done. It seemed appropriate to classify
the field sites according to the domain-averaged heights and
densities of the prevailing vegetation because these two metrics
are inherently linked to their RT regimes and Table 1 lists the
various sites and associated references that are used to evaluate
the MERIS FAPAR product. A summary of the different ap-
proaches adopted to estimate in-situ FAPAR values is also given
with detailed characteristics of the field sites and the descrip-
tions of the measuring protocols.

All sorts of combinations of regimes described in Gobron
et al. (2006b) coexist at medium and low spatial resolutions.
Vegetation canopies are also composed of woody elements for
which both statistical and radiative properties significantly dif-
fer from those of the green leaves.
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4.2. Ground-based comparison results in 2002

Fig. 4 shows the time series of FAPAR products derived from
MERIS, SeaWiFS and MODIS together with the ground-based
estimations available over the sites geolocated at Dahra North
[15° 24′ N; 15° 26′ W], Tessekre South [15° 49′ N; 15° 3′ W],
Tessekre North [15° 24′ N; 15° 26′ W] and Sevilleta [34° 2′ N;
106° 42′ W]. They are associated with RT regime 1 which cor
responds to the so-called “fast variability” category.

The ground-based estimations performed at specific dates
from July to October 2002 for the three sites located in Senegal
and covered by a semi-arid grass savannah, are plotted in green
squared symbols, whereas the remote sensing products are over-
plotted in red dots for MERIS, blue dots for SeaWiFS and
orange dots for MODIS/TERRA. (The zone shaded in light
color delineates the ±0.1 uncertainty range representing an
expected error when comparing remote sensing products to
ground-based measurements.) The baseline FAPAR value for all
three sites is close to zero and the signatures of the different
vegetation phenological cycles (both for the growing and
decaying periods) are remarkably well identified by both remote
sensing and ground-based estimations. Moreover, the ampli-
tudes, both maxima and minima, are in very good agreement
with each other. The ground-based measurements over
Sevilleta, corresponding to a desert grassland land cover type,
spans from mid-July to the end of November 2002 for a period
of 8-days with associated standard deviation represented by the
error bars. The FAPAR from the three instruments give the same
seasonal variation over this site. However at the end of August,
a small decrease appears and this contradicts the ground-based
estimations directly derived from the in-situ LAI estimations. It
can be due to either a modification in the vegetation spectral
properties or to a change in the leaf angle distribution which is
not taken into account when using the Beer–Bouguer–Lambert
(BBL) law with the assumption of a uniform leaf angle
distribution (see Table 1). Interestingly ground-based BigFoot1

gross primary productivity estimations show similar patterns to
those exhibited by the changes of JRC-FAPAR remote sensing
products at the end of August (see Turner et al., 2004, Fig. 5)
over this site.

Results over vegetation conditions belonging to the “slow
variability” category, that is RT regime 2, are displayed in Fig. 5.
The comparison performed with regime 2 canopy conditions, is
conducted at the Harvard site [42° 32′ N; 72° 10′W] which is a
mixture of conifer and hardwood forests. Results from in-situ
and remote sensing derived data sets compare very well with
each other for the first 6 months of the year that encompass the
growing season. The FAPAR products then show systematically
lower values (about 0.1) than the ground-based estimations
during the summer season when vegetation gets denser over this
site. The largest discrepancies are, however, occurring during the
senescent period where a time delay of about 1 month is ob-
served from the FAPAR signatures given by the two sources of
data sets. This can be explained by the approximation of FAPAR
estimates using FIPAR through the BBL which assumes black
leaves, i.e.fully absorbing leaves, and ignores interception by
woody elements whereas the JRC FAPAR algorithm estimates
the ‘green’ absorption. The agreement becomes very good again
during the winter season, when the FAPAR values are mostly
driven by the relative contribution of the vegetation activity of
the coniferous patches (Aber et al., 1996).

The comparison results of ground-based and MERIS
retrieved FAPAR over the Metolius site [44° 26′ N; 121° 34′
W], associated with regime 3 are shown in Fig. 6 with additional
retrievals from SeaWiFS and MODIS. The two main interesting
features are that 1) both sources of information indicate the
absence of a strong seasonal cycle, as could be expected over
this young jack pine conifer forest, and 2) the discrepancy in the
FAPAR amplitudes between the two data sets is extremely high
(about a factor of 2). Interestingly this is a typical class of
canopies deviating significantly from the 1-D statistically ho-
mogeneous situation. In that instance, the classical BBL law of
exponential attenuation can be applied only if the 3-D radiative
effects are adequately parameterized (see Pinty et al., 2006a).

Table 1
Ground-based validation sites: measurement approaches and radiative transfer regime a

Field Site Identification Estimations of the domain-averaged FAPAR Anticipated radiative regime b and land cover type

Dahra c based on BBL's law with measurements of the LAD 1 “Fast variability”
Tessekre c FAPAR(µ0) derived from the balance between the vertical fluxes semi-arid grass savannah

〈LAI〉 derived from PCA-LICOR
Sevilleta d based on BBL's law with an extinction coefficient equal to 0.5 e 1 “Fast variability”

〈LAI〉 derived from optical PCA-LICOR data desert grassland
Advanced procedure to account for spatio-temporal changes of local LAI

Harvard d based on BBL's law with an extinction coefficient equal to 0.58 e 2 “Slow variability”
〈LAI〉 derived from optical PCA-LICOR data conifer/broadleaf forest
Advanced procedure to account for spatio-temporal changes of local LAI

Metolius d based on BBL's law with an extinction coefficient equal to 0.5 e 3 “Resonant variability”
〈LAI〉 derived from optical PCA-LICOR data dry needle-leaf forest
Advanced procedure to account for spatio-temporal changes of local LAI

a BBL, Beer-Bouguer-Lambert; LAD, Leaf Angle Distribution.
b Based on (Davies and Marshak, 2004) analysis.
c See (Fensholt et al., 2004).
d See (Turner et al., 2004).
e Extinction coefficient is taken as constant, i.e., independent of the Sun zenith angle.

1 http://www.fsl.orst.edu/larse/bigfoot/index.html.

1878 N. Gobron et al. / Remote Sensing of Environment 112 (2008) 1871–1883

http://www.fsl.orst.edu/larse/bigfoot/index.html


4.3. Comparisons of JRC FAPAR products derived from different
sensors

The performance of the physically-based algorithm of the
operational MERIS FAPAR is here assessed through a direct
comparison of the actual daily products derived from other
optical sensors using the same approach. Three panels in Fig. 7
display scatter-plots of FAPAR derived from a pair of sensors
during the year 2002 over the validation sites previously de-
scribed. The top left panel shows the comparison results between
MERIS (x-axis) and SeaWiFS (y-axis). The root mean square
values associated with each land cover type vary from 0.0184
(Sevilleta) to 0.096 (Harvard). Note that each dotted point cor-
responds to the spatially averaged value over 3×3 pixels for the
exact same day of data acquisition and that values are reported
only when at least 5 pixels inside the 3×3 pixel domain are
associated with a valid FAPAR value.

In general, MERIS and SeaWiFS JRC-FAPAR products
agree within≈0.05, MERIS and MODIS JRC-FAPAR products

Fig. 5. Same as Fig. 4 except over Harvard site [42° 32′N; 72° 10′W] associated
with RT regime 2 i.e. for which the 1-D RT theory can be applied on various land
cover types of the domain and over the site.

Fig. 4. Comparisons of ground-based FAPAR estimation profiles (empty green square symbols) and instantaneous daily MERIS FAPAR products (red full circle
symbols) over the sites of Dahra North [15° 24′ N; 15° 26′W]; Tessekre South [15° 49′ N; 15° 3′W]; Tessekre North [15° 24′ N; 15° 26′W] and Sevilleta [34° 2′ N;
106° 42′ W] associated with RT regime 1 i.e. for which the 1-D RT theory can be applied on the full domain. The blue and orange dotted points correspond to the
SeaWiFS and MODIS derived products, respectively. The light color zones, associated with dots, delineate the ±0.1 uncertainty range.
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within ≈0.03 (bottom left panel) and SeaWiFS and MODIS
ones (bottom right panel) within a value of ≈0.04. (Note that
between two different panels, the ensemble of data points used
for the comparison may be derived from different acquisition
data). Finally, the top right panel corresponds to the scatter-plot
between MERIS and SeaWiFS over the same sites but with data
taken in 2003 and with additional validation sites over Braschaat
[51° 18′ N; 4° 31′ E] and Konza prairie [39° 4′ N; 96° 33′ W])
for which the land cover types are conifer/broad-leaf/shrub
forests and grassland/shrub-land/cropland, respectively. These
two validation sites, described in Gond et al. (1999) and Turner
et al. (2004), respectively, have been already used for JRC-
SeaWiFS validation purposes in Gobron et al. (2006b) who
associated them with the RT regime 2. This plot shows that the
operational FAPAR MERIS is in good agreement with the
SeaWiFS products during the entire year of 2003 with an ave-
raged root mean square value equal to ≈0.04.

Fig. 7. Top panels: Scatter-plot of the daily FAPAR values derived from MERIS (x-axis) and SeaWiFS (y-axis) over validation sites for 2002 (left) and 2003 (right).
Bottom panels: Scatter-plot of the daily FAPAR values derived from MERIS (left) or SeaWiFS (right) (x-axis) and MODIS (y-axis) over validation sites for 2002. The
points correspond to the average over a 3×3 pixel domain around the central pixel on the common day of acquisition from two sensors. The error bars correspond to the
spatial standard deviation around the central pixel.

Fig. 6. Same as Fig. 5 except over Metolius site [44° 26′ N; 121° 34′ W]
associated with RT regime 3 i.e. for which the 3-D RT theory should be applied.
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5. Conclusions

This paper presents the results of an evaluation of the quality of
the operationalMERIS Level 2 land products available since June
2002 at the reduced resolution. This assessment was achieved
with the following steps: 1) the theoretical assessment of the
FAPAR accuracy with respect to the three input spectral band
uncertainties and 2) the inter-comparison with similar FAPAR
products associated with a direct comparison against ground-
based estimations over sites where field investigations have been
carried out at specific periods of time during the mission.

The theoretical accuracy is assessed with respect to spectral
band uncertainties. This exercice concludes that the impact of
the TOA radiance uncertainties on the expected MERIS FAPAR
products accuracy is about 5% to 10%. Moreover, a comparison
between FAPAR products from different sensors show differ-
ences in the range 5–10% when the inter-calibration uncertainty
between spectral bands are lower than 4%. Given the number of
complex theoretical and technical issues and caveats to be faced,
the current comparison exercise against ground-based estima-
tions capitalizes on the limited but available in-situ measure-
ments over various land cover types and during full seasonal
cycles. A categorization of the different sites where FAPAR field
data sets are available, based on the anticipated RT regimes, was
used to better identify and thus recognize the level of difficulties
to be faced for achieving such comparisons against in-situ
estimations.

Overall, the comparison results are encouraging since the
MERIS FAPAR products behave as can be expected given the
difficulties associated with each RT regime mentioned above.
The FAPAR products notably display a quite good representa-
tion of the seasonal cycles as can be inferred from ground-based
estimations, e.g. for the evaluated environmental conditions.
The JRC- FAPAR products, corresponding to the green contri-
bution, may be lower than the in-situ measurements during
senescence period over some vegetation types because during
this phase the LAI decreases and the leaf color changes which is
not taken into account when ground-based estimates are ap-
proximated by the BBL.

In the context of building long term time series of bio-
physical products based on the merging of products from a
panoply of sensors, the performance of the JRC FAPAR algo-
rithm was assessed using three contemporaneous optical sen-
sors operating at medium spatial resolution. Additional
validation exercises should continue during the life time of
the MERIS sensor in order to assess the quality of the oper-
ational products while more efforts should be devoted to higher
spatial resolution using the full resolution MERIS data sets.

The BEAM “MERIS FAPAR Processor” is available at http://
www.brockmann-consult.de/beam/plugins.html. The JRC-
FAPAR products derived from SeaWiFS are available at the
following address: http://fapar.jrc.ec.europa.eu/.
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Appendix A

The following equations correspond to the derivative for-
mulae used in the assessment of the theoretical accuracy of the
FAPAR algorithm.

The mathematical formula to evaluate the derivative of g0,
(polynomial formula to compute the FAPAR from the two re-
ctified channels) with respect to the rectified red channel,
ρRectRed, is given by Eq. (7):

∂g0
∂qRectRED

¼ 2 l04 % qRectRedð Þ %l02qRectRED þ l01qRectNIR % l03ð Þ

l04 % qRectRedð Þ2þ l05 % qRectNIRð Þ2þl06
! "2

% l02
l04 % qRectREDð Þ2þ l05 % qRectNIRð Þ2þl06

ð7Þ

and the mathematical formula to evaluate the derivative of g0
with respect to the rectified NIR channel, ρRectNIR, by Eq. (8).

∂g0
∂qRectNIR

¼ 2 l05 % qRectNIRð Þ %l02qRectRED þ l01qRectNIR % l03ð Þ

l04 % qRectRedð Þ2þ l05 % qRectNIRð Þ2þl06
! "2

% l01
l04 % qRectREDð Þ2þ l05 % qRectNIRð Þ2þl06

ð8Þ

where the coefficients l0j correspond to the optimized
parameters to fit the FAPAR values. The most recent versions
are given in Gobron et al. (2002) for SeaWiFS, Gobron et al.
(2007) for MERIS, and Gobron et al. (2006a) for MODIS,
respectively.

The derivatives of gn (where gn denotes g1 (g2) and cor-
responds to the polynomial formulae to compute the rectified
channel in the red (near-infrared)) with respect to the blue band,
ρ1, and with respect to the red (near-infrared) band, ρ2, are
given by the Eqs. (9) and (10), respectively.

Both polynomial expressions gn and associated coefficients
lnj were optimized to give equivalent values of normalized
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reflectances at the top-of-canopy. ρλ used in these equations are
the TOA BRFs normalized by the anisotropical function of the
RPV model (Rahman et al., 1993).

∂gn
∂q1

¼ q2ln5 þ 2ln1 ln2 þ q1ð Þ
ln8 ln9 þ q2ð Þ2þln6 ln7 þ q1ð Þ2þln11 þ q1q2ln10

%
q1q2ln5 þ ln3 ln4 þ q2ð Þ2þln1 ln2 þ q2ð Þ2

! "
2ln6 ln7 þ q1ð Þ þ q2ln10ð Þ

ln8 ln9 þ q2ð Þ2þln6 ln7 þ q1ð Þ2þln11 þ q1q2ln10
! "2

ð9Þ

∂gn
∂q2

¼ q1ln5 þ 2ln3 ln4 þ q2ð Þ
ln8 ln9 þ q2ð Þ2þln6 ln7 þ q1ð Þ2þln11 þ q1q2ln10

%
q1q2ln5 þ ln3 ln4 þ q2ð Þ2þln1 ln2 þ q1ð Þ2

! "
2ln8 ln9 þ q2ð Þ þ q1ln10ð Þ

ln8 ln9 þ q2ð Þ2þln6 ln7 þ q1ð Þ2þln11 þ q1q2ln10
! "2

ð10Þ

In Eqs. (7)–(10), the notation lnj corresponds to the coeffi-
cients in their intrinsic polynomial expression. The most recent
versions are given in Gobron et al. (2002) for SeaWiFS, Gobron
et al. (2007) for MERIS, and Gobron et al. (2006a) for MODIS,
respectively.
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