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Abstract: The leaf area index (LAI) is a key characteristic of forest ecosystems.
Estimations of LAI from satellite images generally rely on spectral vegetation indices
(SVIs) or radiative transfer model (RTM) inversions. We have developed a new and
precise method suitable for practical application, consisting of building a species-specific
SVI that is best-suited to both sensor and vegetation characteristics. Such an SVI requires
calibration on a large number of representative vegetation conditions. We developed a
two-step approach: (1) estimation of LAI on a subset of satellite data through RTM
inversion; and (2) the calibration of a vegetation index on these estimated LAI. We applied
this methodology to Eucalyptus plantations which have highly variable LAI in time and
space. Previous results showed that an RTM inversion of Moderate Resolution Imaging
Spectroradiometer (MODIS) near-infrared and red reflectance allowed good retrieval
performance (R? = 0.80, RMSE = 0.41), but was computationally difficult. Here, the RTM
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results were used to calibrate a dedicated vegetation index (called “EucVI”) which gave
similar LAI retrieval results but in a simpler way. The R* of the regression between
measured and EucVI-simulated LAI values on a validation dataset was 0.68, and the
RMSE was 0.49. The additional use of stand age and day of year in the SVI equation
slightly increased the performance of the index (R* = 0.77 and RMSE = 0.41). This simple
index opens the way to an easily applicable retrieval of Eucalyptus LAI from MODIS data,
which could be used in an operational way.

Keywords: remote sensing; eucalypt; EucVI; MOD13Q1; radiative transfer model; PROSAIL

1. Introduction

The Leaf Area Index (LAI), defined as the surface of leaves per square meter of soil (m*m?), is a
key characteristic of forest ecosystems. It is involved in many ecological processes such as light
interception, photosynthesis and transpiration. Its quantification on different time and space scales is
therefore crucial for a variety of subjects involving carbon, water and/or surface energy fluxes. Field
estimations of LAI are costly and tedious, especially for forest ecosystems. The use of remotely-sensed
images taken from sensors onboard aircraft or satellites offers the opportunity to estimate this variable
on different spatial scales and dates.

The reflectance of a canopy scene results from the interaction of incident light with the different
objects constituting the scene, and varies as a function of their arrangement and properties. In the case
of forests, light interacts in a complex way with leaves, branches, trunks, soil, efc., which each have
specific properties and are organized together in a given three-dimensional arrangement. The geometry
of measurement and illumination, and atmospheric effects bring additional complexity to the
reflectance signal that a sensor measures. The corollary is that the reflectance of a forest contains
information about some of the characteristics of the forest. In particular, the reflectances in the
near-infrared (NIR) region and in the red part of the visible wavelengths are sensitive to LAI e.g., [1].

Different approaches exist to retrieve the LAl from measured reflectance. Compared to more
complex methods like radiative transfer model (RTM) inversion, the use of empirical spectral
vegetation indices (SVIs) remains an attractive method due to its simplicity of application, its
robustness, and the fact that only few bands present in multispectral images taken from earth
observation satellites are usually needed. The RVI (the ratio between the reflectances of NIR and red
bands, also named SR) [2] and the widely used NDVI index (NDVI = (NIR — Red)/(NIR + Red)) [1]
are very simple SVIs, often shown to correlate with LAI but to saturate for high LAI values, e.g., [3].
More complex SVIs were then developed, for example by taking into account soil reflectance, like the
“soil adjusted vegetation index” (SAVI) family of indices [4]. SVIs using other spectral bands or other
sources of information have been proposed to correlate with LAI, like the enhanced vegetation index
(EVI) which uses the blue band [5,6] or the Reduced Simple Ratio (RSR) which uses the short-wave
infrared (SWIR) band [7]. To generalize the definition and use of SVIs for LAI assessment, we can
state that SVI methodologies link the reflectance to the LAI with an empirical function consisting in:
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(a) The use of the reflectance of some specific spectral bands (e.g., NIR, red wavebands),

(b) The combination of these reflectance bands in a given mathematical formula, with the
possibility of weighting these reflectances, which gives the SVI value,

(c) The use of a linear or nonlinear model between SVI and LAI to retrieve LAI from SVI. This
relationship may or may not use additional external information.

However, it has often been demonstrated that: (1) some SVIs may perform better than others
depending on vegetation types, e.g., [8]; (2) some SVIs have to be adjusted locally to take into account
differences in soil reflectance, e.g., [4]; (3) the relationship between SVI and LAI is often imprecise, or
varies with space, time, and/or plant species, e.g., [9,10]; (4) the geometry of acquisition, atmospheric
effects and sensor specificities may influence the vegetation indices, e.g., [11,12]. As a result, SVIs
need to be calibrated locally.

In this study, we developed an approach that consists in building a species-specific SVI, i.e., an
index constructed by calibrating all of the three points (a), (b) and (c) presented above—and not only
(c) as is generally done—for a given vegetation species. A general SVI designed to correlate with LAI
may also be influenced by other biophysical or biochemical properties of the vegetation [13]. In
contrast, a species-specific SVI would minimize these effects while maximizing the correlation with
LAI for a given species, by choosing a more adequate combination of bands and/or relationship
between SVI and LAI. The main issue of producing a reliable species-specific SVI is that a very large
number of field measurements are necessary to calibrate (a), (b) and (c) properly, covering as many
configurations as possible (both of canopy characteristics and of image acquisition characteristics) and
including repetitions. We aimed to alleviate this constraint by capitalizing on previous results obtained
with the inversion of the PROSAIL forest radiative transfer model [14].

RTM simulate forest reflectance from canopy characteristics (LAI, leaf angle distribution, leaf
chlorophyll content, soil reflectance, efc.), or alternatively can be inverted to estimate canopy
characteristics from measured reflectance values and corresponding image acquisition geometry [15].
Eucalyptus canopy LAI was inverted from time series of MODIS reflectance data, with the other
canopy characteristics (RTM biophysical input parameters) estimated as a function of stand age [14].
This method allowed good LAI retrieval results, and showed better efficiency than a method based on
a soil adjusted SVI, the GESAVI [16]. It was, however, computationally intensive and difficult to
apply operationally by non-specialists. In this study, we present a method that combines the accuracy
of the RTM inversion method with the simplicity of application of a species-specific SVI: it relies on
the calibration of the SVI using a ‘“semi-empirical” dataset, derived from MODIS-measured
reflectance and RTM-inverted LAI. The calibration dataset is thus (indirectly) based on a manageable
number of field measurements (those required to validate the LAI estimations of RTM inversion), and
nevertheless contains a very large number of LAl-reflectance combinations, corresponding to realistic
and representative canopy and viewing/illumination conditions. In short, this methodology estimates
an “inverted LAI” from the measured reflectance, i.e., mimics RTM inversion through a simple
vegetation index.

This paper describes the calibration of a species-specific SVI using a semi-empirical dataset
obtained from RTM inversion (note that the RTM inversion procedure is not presented in detail as it is
fully described in [14]).The SVI presented here is called “EucVI”, and was designed for the estimation
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of stand LAI on fast-growing Brazilian Eucalyptus plantations, using MODIS time-series data. We
also show how additional information derived from the reflectance time-series (i.e., in this case, stand
age) can be incorporated in the SVI to improve its performance for LAI estimation.

2. Material and Methods
2.1. Study Site and LAl Measurements

Sixteen FEucalyptus stands belonging to the International Paper of Brazil Company, and two
additional stands managed by the Duratex Company, were selected for our study in Sao Paulo State,
south-eastern Brazil. The first 16 stands were planted with company-improved clones of E. grandis
(W. Hill ex Maiden) *E. urophylla (S.T. Blake) hybrids and managed on six or seven-year rotations.
The chosen stands were of different ages (aged 1 to 5 years) and productivity levels (30 to
53 m>ha "-yr ' of merchantable wood), but were genetically similar (commercial clone H13 and two
stands of the closely-related clone H18) and exhibited very homogeneous canopies. They were larger
than 30 ha and of compact shape. The two Duratex stands were planted with E. grandis seedlings of a
common controlled origin, and were 6 years old at the time of measurement. They presented contrasted
productivity levels, as one stand (IT1) was planted on soil that was more clayey and fertile than that of
the other (IT2) [17]. These stands were part of the EucFlux Project experimental site close to Itatinga.
The climate in these zones is very similar, displaying a mean annual rainfall of ~1,200 mm between
2000 and 2008 (ranging from 1,044 mm in 2003 to 1,345 mm in 2002). More than 80% of precipitation
occurs during the wet season between October and April. Mean monthly air temperatures range from
about 17 °C to 25 °C with an annual mean of 20 °C during the nine year period.

Three permanent inventory plots (400 m” each) were chosen in nine stands among the 18 presented
above (Table 1). The diameter at breast height (DBH, at 1.3 m above ground level) of each tree of the
inventory plot was measured. These measurements were conducted (1) in order to ensure that trees for
destructive measurements (chosen outside the permanent inventory plot) were sampled across the range
of tree sizes, and (2) to enable upscaling of tree leaf area and other characteristics to the plot level using
allometric relationships with DBH. Destructive samplings were carried out at two dates in 2008, on 7
stands during the wet season, close to the seasonal peak of LAI and on nine stands at the end of the dry
season, when LAI was low. Four additional measurements were made at IT1 and IT2 stands in the 2007
dry season and 2009 wet seasons (see Table 1). LAI was estimated following the methodology described
in [18] and [14]. Note that destructive sampling is generally considered as a very robust method for LAI
estimations on these regular Eucalyptus plantations [19,20], but is also time-consuming.

2.2. Satellite Images: Stand-Scale MODIS Reflectance Time Series

We used the MODIS/Terra MOD13Q1 products (Vegetation Indices 16-Day L3 Global 250 m,
Collection 5), which also contain 16-day red and near-infrared reflectances and sun and view angles.
The extraction of one MODIS reflectance time-series per stand required the selection of pixels
representative of the stand reflectance. The method used to select representative pixels is fully
described in [14] and summarized hereafter. Although each studied stand was large enough to
encompass at least two MODIS pixels, direct averaging of their reflectance was not appropriate
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because MOD13Q1 is a composite image, meaning that neighboring pixels may have distinct
acquisition dates and sun and view geometry. In addition, the position of the MODIS pixel is subject to
uncertainties [21]. The option we followed was therefore to select a single pixel to represent each
stand. The selection involved checking how well the reflectance of the different candidate MODIS
pixels compared with the whole-stand reflectance obtained from benchmark high-resolution images
(details given in [14]). Note that for the largest stands, the use of the central pixel may be a valid and
simpler option since stands are very homogeneous. The red and NIR reflectances of dates where the
NDVI was found to be correct after filtering out bad data were used for the subsequent steps.

Table 1. Description of the nine Eucalyptus stands where leaf area index (LAI) was
measured (using a “destructive” methodology). The LAI measurements were used for
validation purposes. DOY: day of year; D.S: dry season; W.S.: wet season.

Date of LAI Measurements

Ageon 1 LAI (m*m™?)
Stand Area Plantation (DOY)
April 2009
Name (ha) Date DS. WS. DS. WS. DS. WS D.S. W.S.
) 2007 2008 2008 2009 2007 2008 2008 2009
SF183U 108.27  03/04/2007 2 94 260 3.5 23
SF178U  93.12 29/03/2006 3.01 93 262 4.4 2.9
NS24U 108.53  04/04/2006 3 255 3.6
SF171 48.7 05/05/2005 391 93 260 5.7 3.0
SF43E 65.52  06/05/2004 491 91 263 4.2 34
MG14U  37.13 26/03/2004 5.02 254 2.2
SF89 40.31 11/06/2003 5.81 95 260 35 23
IT1 40 06/03/2003 6.08 332 93 282 21 32 4.1 3.0 3.5
IT2 160 06/03/2003 6.08 332 93 282 21 2.6 3.6 2.1 3.2

2.3. Calibration of a Species-Specific Spectral Vegetation Index

LAI of Eucalyptus stands can be obtained through inversion of a radiative transfer model. The
method, described in le Maire et al. [14], used the PROSAIL model, which simulates forest reflectance
using the optical properties of leaves with PROSPECT4 [22], soils with SOILSPECT [23] and canopy
with 4SAIL2 [24]. The PROSAIL model had to be constrained for most of its parameters to be able to
invert LAI. This means that all parameters had to be forced within the model, except for the LAI which
was the adjusted variable. The inverted LAI was the LAI that allowed the best fit of red and NIR
reflectances. The other parameters were forced either to a constant value or were set as a function of
stand age or location (based on previously-described measurements).

An SVI is a combination of reflectances in different spectral bands. Its calculation is very easy, and
is based only on the measured reflectance, requiring no information on satellite and sun geometries or
surface properties. In the present study, we focus on vegetation indices that are known to be correlated
with the LAI, and using only the red and NIR bands. These include the ratio vegetation index RVI
(also called the simple ratio SR) [2], normalized difference vegetation index NDVI [1], soil adjusted
SAVI [4], transformed soil adjusted TSAVI [25], modified soil adjusted MSAVI, weighted difference
WDVI [26], optimized soil adjusted OSAVI [27], generalized soil adjusted GESAVI [16], and
enhanced EVI [28]. All these indices can be written in the synthetic form:
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_ aNIR+bRED +c

" dNIR+ eRED+ f (1)
where NIR and RED are the reflectances in near infrared and red, respectively, and [a, b, c, d, e, f] are
parameters. Values of [a, b, c, d, e, f] are given in Table 2. The first GESAVI vector refers to the
original study by Gilabert et al. [16], while the second one was calibrated for soil reflectance on our
database by le Maire et al. [14] (Table 2). Linear, e.g., [8,29] or nonlinear, e.g., [3,29,30] equations can
then be used to infer LAI from SVIs.

Table 2. Examples of classical 2-band (RED and NIR) spectral vegetation indices, and SVI
calibrated for Eucalyptus (GESAVI cal and EucVI). Values of parameters [a, b, c, d, e, f]
refer to the parameters of Equation 1. Other letters correspond to the variables described

below the table.
SVI Reference a b c d e f
DVI [31] 1 -1 0 0 0 1
NDVI [1] 1 -1 0 1 1 0
IPVI [32] 1 0 0 1 1 0
RVI [2] 1 0 0 0 1 0
wDVI? [33] 1 -A 0 0 0 1
pvi® [34] 1 -A -B 0 0 144
SAVI? [4] (1+L) —(1+L) 0 1 1 L
TSAVI! [25] A -A’ -AxB A 1 —AxB+X(1+A?
OSAVI? [27] 1 -1 0 1 1 Y
EVI2® [28] G -G 0 1 6—17.5/C 1
GESAVI!® [16] 1 -A -B 0 1 z
GESAVI? [14] 1 -1.505 —0.034 0 1 0.0383
EucVI® This study 1 -1.881  0.001 0.094  1.407 0.018

(1) A is the slope of the soil line in (RED, NIR) space, B is the intercept; (2) L is a parameter varying
between 0 and 1 depending on the vegetation amount, Standard value L = 0.5; (3) X is a parameter which can
vary, standard value X = 0.08; (4) Y is a soil adjustment coefficient, standard value Y = 0.16; (5) C is a
parameter such that Red = C x Blue, G is adjusted, standard value C =2.08 and G =2.5; (6) Z is a parameter,
standard value Z = 0.35; (7) The parameters A, B and Z of GESAVI were estimated for Eucalyptus

plantations on MODIS reflectance; (8) Parameter a was fixed to 1.

The parameters of Equation (1), and the parameters of the empirical model used to estimate LAI from
SVIs can be calibrated using field measurements of LAI to find the parameter vector which gives the
best correlation with LAI, but large datasets are necessary, covering different ages, soil conditions, view
geometry, efc. [35]. It is also possible to calibrate indices using a simulated database of reflectance as a
function of input stand and acquisition geometry characteristics, which has the advantage of taking into
account a large range of conditions [35,36]. However, the creation of the simulated database on which
the index is calibrated can be difficult, because the distribution of variables should represent: (i) the
range that is observed in reality; and (i1) the correlations between parameters that are observed in reality.
To overcome these possible issues, we used the database of the 18 measured stand reflectance time series
together with the PROSAIL-inverted LAI time series. The database thus comprised 2620 pairs of
measured MODIS reflectance and corresponding inverted LAI It encompassed many real measurement
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configurations and stand properties, age, soil conditions, thus fulfilling conditions (i) and (ii)
mentioned above. The calibration of the parameters of Equation 1 was carried out on this RTM
inversion database with a Powell algorithm [37], with the parameters corresponding to the NDVI taken
as the initial parameter state, and the root mean square difference (RMSE) between the SVI and LAI as
the minimized variable. One of the parameters must be set at 1 to avoid the existence of an infinity of
best-fit parameter vectors: we chose to set a = 1 and to calibrate the remaining 5 parameters. In other
words, if we consider the PROSAIL inversion procedure as a function f whose inputs are the MODIS
Red and NIR reflectances, and whose output is the inverted LAI, the parametric function described in
Equation 1 is calibrated to approximate f. The obtained SVI was called “EucVI” since it is specific to
Eucalyptus plantations. Since the EucVI is calibrated on LAI its value is directly in units of LAI
(m*m ), i.e., the linear model used to relate LAI to EucVI was simply LAI = EucVI, requiring no
additional parameters. Although most published relationships between vegetation indices and LAI are
non-linear, using non-linear relationships required more adjusted parameters and did not improve the
results in the present case: they are therefore not presented here.

2.4. Including a Third Variable in the Spectral Vegetation Index

In the RTM inversion methodology, age and season are indirectly taken into account through the
forcing parameters (specific leaf area, leaf inclination distribution and crown cover are modeled as a
function of age and season). It is therefore logical that age and season can be used to correct the SVI.
This was done through a simple residual analysis of the calibrated EucVI versus LAI scatterplot. The
residuals were first plotted as a function of age, and a third order polynomial was fitted. This
polynomial was used to correct the general trend of the residuals with age. Note that age was estimated
from the reflectance time-series itself following the methodology described in [38], and was therefore
not considered to be exogenous data required from another dataset. The new residuals were then
plotted as a function of day of year (DoY), and another third order polynomial fit was used. The final
index obtained after the two successive corrections of the EucVI was called “EucVlIco .

2.5. Statistical Analysis

The NIR and Red reflectances used for the initial calculation of EucVI and EucVI., were not
smoothed, and therefore neither were the resulting indices. EucVI and EucVI., which are estimates
of LAI time-series, were therefore smoothed in a second step, for three main reasons: (i) smooth
variations are consistent with the gradual production and shedding of leaves; (ii) smoothing enables the
interpolation of the results at daily time-steps; and therefore (iii) smoothing allows the comparison of
the results with destructive LAI measurements made at a given date. Applying a spline function to the
time-series avoided artificial variations of estimated LAI due to residual atmospheric effects and noise
in the reflectance data. Once smoothed, the SVIs were compared to destructive field measurements of
LAI made on a subset of nine stands, and r-square (R?) and RMSE were calculated. Values of R* and
RMSE obtained with the RTM inversion, GESAVI, EucVI and EucVI.; methods were compared.
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3. Results
3.1. New Spectral Vegetation Index Calibration

The calibration of Equation 1 using the synthetic PROSAIL database gave the parameters [1, —1.881,
0.001, 0.094, 1.407, 0.018] for EucVI (Table 2). It was possible with this new SVI to approximate the
LAI that was obtained by RTM inversion. The difference between the LAI estimated with EucVI and the
LAI values obtained from PROSAIL inversion was rather low (RMSE of 0.48; Figure 1(a)). The residual
difference illustrates the difficulty of matching the performance of RTM inversion with a single
vegetation index, even when calibrated on the same dataset. Many variables not taken into account by the
SVI influence the results in the inversion process, like the satellite view angles, the sun angle, efc. Note
that Figure 1 does not provide any information on the efficiency of the model to estimate the true
Eucalyptus LAl but indicates how well an SVI can replace a complex RTM inversion procedure. The
comparison of LAI estimates and field measurements is presented later (Section 3.2).

Figure 1. (a) Results of the calibration of EucVI: Parameters of Equation 1 were estimated
by minimizing the RMSE between LAI estimated from EucVI (LAlg,vi) and LAI
estimated by RTM inversion (LAlrrm). (b) Results of the calibration of EucVI, which
takes into account age and DoY (Equation (2)). The data consist of 2620 LAI estimates
obtained by RTM inversion, using Red and NIR MODIS reflectances of 18 different stands
of different ages and soil conditions, from their planting date up to year 2009.
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The use of age and DoY to correct the EucVI, only slightly improved the results that were already
good with EucVI: the RMSE decreased to 0.40 (Figure 1(b)). EucVI and EucVl, are easy to obtain
at large scales from the reflectance time series themselves and from the signal acquisition date. The
final equation of EucVlIe, is:

EucVl, = EucVT-(0. 0207AGE> —0.1786AGE? + 0.32154GE)

2)

—(=1.2%x10~7 DOY3 +5.6%x 1077 DOY? —0.0054DOY )+ 0.0298
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with AGE in years and DoY in days. The correction for age and DoY is comprised between —0.45 and
+0.6 LAI units, which is rather low and leaves a relatively large scatter in Figure 1(b). The more
variables are added to the index, the more the index approaches the original RTM inversion method.
However, since the aim of this study was to stay as simple as possible for practical use, the gain of
accuracy resulting from these corrections does not seem justified, given that the method using EucVI
already gave results close to the RTM inversion methodology (RMSE = 0.48). Note also that the age
correction should not be used for ages greater than 6 years which did not occur in our calibration
dataset, since rotation length of these Brazilian Eucalyptus plantations is about 6 years. In the
following, we however present both results for comparison purposes.

3.2. Comparison with LAI from Destructive Measurements

Figure 2 compares the LAI measured in the field and the LAI estimated from MODIS Red and NIR
reflectances, using EucVI and EucVl.. The EucVI, which takes the form of Equation (1) parameterized
as shown in Table 2, gave a RMSE of 0.49, which is about 15% of the average measured LAI. The
EucVlIor (Equation (2)) index achieved results that approached the performance of the RTM inversion
(R? of 0.77 and RMSE of 0.41, Figure 2(b)). These values can be compared to the R of 0.8 and RMSE
of 0.41 described in Figure 5 of [14] on the same dataset for the RTM inversion. Note that the
destructive LAI measurements and the LAI estimates from EucVI and EucVl,, are totally
independent. Even the regression between the LAI and the SVI (see the point labeled ¢ in introduction)
was not calibrated on these field data.

Figure 2. Comparison of measured (by destructive sampling) LAI and LAI estimated from
(a) EucVI and (b) EucVl. These results can also be compared with those of PROSAIL
inversion and of the GESAVI index in [14].
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One of the data points is outside the general tendency (Stand SF171 with LAI of 5.7). This high
LAI value point, which was well inverted with RTM, is difficult to retrieve with both EucVI and
EucVlIo. This shows one of the advantages of using RTM inversion: it tends to be more precise than
EucVlIs for high LAI values. This is also visible on Figure 1, where EucVI and LAI from RTM
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inversion show heteroscedasticity, meaning that the SVI cannot correctly reproduce the LAI inverted
with the RTM for high LAI values.

The correlations remained significant when dry and wet season measurements were considered
separately, which means that the correlation was not only due to LAI seasonal variations which
increase the LAI range, but also to interannual or inter-stand variations for a given season.

Finally, the time-series of LAI retrieved with EucVI,,, are very similar to those obtained with RTM
inversion (Figure 3): they show realistic seasonal variations and range of values, as well as good
coherence with destructive measurements.

Figure 3. LAI time-series on the nine stands of Table 1, since the beginning of the rotation.
The black line represents the results of the RTM inversion [14], the red line those of the
EucVl.. index, and black stars indicate LAI values obtained from destructive measurements.
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0 = N L N N N L
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4. Discussion

This study shows that a species-specific SVI can be calibrated from an RTM inversion dataset to take
into account most of the variability in canopy biophysical and biochemical properties, their true ranges,
distributions and covariance, and the influence of sun and satellite angles. This means that the SVI
calibrated with the methodology described in this study is constructed to be as strongly correlated to LAI
as possible and therefore to be less sensitive to other canopy variables (SLA, leaf angles, efc.) and to
acquisition geometry. Like other generic SVI, our calibrated SVI still has the disadvantage of being
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specific to its calibration conditions (vegetation, sensor, efc.), but it is easy to test the effect of changes in
an RTM parameter (e.g., leaf inclination, chlorophyll content, etc.) on the index, and to calibrate a
different index if necessary. Another advantage is that the dataset can represent a broader range of
parameters and acquisition geometries than what could be obtained with only LAI field measurements
due to the amount of field work involved. For instance, an SVI or an SVI-LAI relationship calibrated at a
precise period of the year with field measurements, with a given sun-view configuration or vegetation
development stage, cannot be transposed to another period of the year with other properties [39].

The EucVI index parameters show the importance of the Red band as it appears both in the
numerator and denominator, with larger coefficients than those of the NIR band. The EucVI
coefficients cannot be directly compared to the coefficients of other SVI, since the EucVI is given in
the same units as LAI (EucVI = LAI), whereas the SVI-LAI relationship has to be calibrated for other
SVI. This is an advantage of the methodology developed in this study, since the field measurements
remain totally independent of the index calibration.

A species-specific vegetation index can also be improved by incorporating other variables like stand
age or season, as was simply demonstrated in this example on Eucalyptus plantations. The main
advantage of the method is that once the index has been calibrated, it can be applied to an entire
dataset (classified image, time-series of images, efc.), with considerably more simplicity and efficiency
than the RTM inversion technique described in [14]. In the example presented in this study, the
performance of the EucVI. index was almost equivalent to that of the RTM inversion with which it
was calibrated. The SVI presented here used only two wavebands, but other bands could have been
added, like the blue band which is taken into account in the EVI index. However, for the particular
case of MODIS data used in this study, only Red and NIR bands are provided at 250 m resolution. The
other spectral bands are given at 500 m or 1 km resolution, which was insufficient for our study as the
large pixels containing the measured stands were not pure Eucalyptus.

The method relies to a large extent on the accuracy of the LAI obtained by RTM inversion, i.e.,
relies both on the accuracy of the model when simulating the scene in the direct mode [40] and on the
accuracy of the RTM inversion method. After this step comes the calibration of the SVI itself. The
overall methodology is therefore not simple to implement, but its final result is a species-specific
vegetation index that can be used easily and transferred to a community of non-specialist users, while
techniques such as model inversion, look up tables, or neural networks will probably mainly remain
confidential. In the present case, the EucVI.,,: index could be used by plantation managers in a simple
integration with GIS-software for near real-time monitoring of stand LAI. However, one must bear in
mind that the precision will not be quite as good as that of RTM inversion (in our case a RMSE of 0.49
compared to 0.41 obtained in [14]).

As vegetation maps will become more and more precise in the future, the use of different SVIs
depending on the vegetation type or species will be possible for LAI mapping at a regional level. Use
of species-specific vegetation indices will improve the estimation of LAI by focusing on the LAI range
of interest, avoiding as much as possible other canopy characteristics that may blur the results, and
optionally taking into account other variables such as crop age or measurement season. In this study,
we insist on the fact that species-specific SVIs should not only rely on different linear or nonlinear
models between SVI and LAI, but also on the construction of the SVI itself. In the Brazilian context,
EucVI could be used on the more than 4.8 million hectares of Eucalyptus [41]. This index would
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probably be different from the equivalent SVIs for pasture, sugarcane, orange orchards, corn fields or
natural forest, which are the main vegetation types in southeastern Brazil.

The LAI is a very important variable involved in a variety of ecosystem processes. For forest
plantations, its estimation over entire rotations (i.e., about 6 to 7 years) is an important step for
understanding ecosystem functioning through process-based models. Such models explicitly take into
account soil properties and meteorology to simulate gross photosynthesis, autotrophic respiration,
allocation, litterfall, efc. They are used routinely by some companies [42]. The LAI is one of the key
variables simulated by such models. LAI values retrieved by remote sensing can be compared with
model-simulated LAI for model validation reasons, or can be used as a forcing variable in the model.
For example, forcing carbon allocation to leaf growth so that simulated LAI matched remotely-sensed
“target LAI” improved growth simulations made by the G’Day process-based model [43].

5. Conclusion

We have developed a Eucalyptus-specific spectral vegetation index called EucVI, designed for the
easy retrieval of leaf area index (LAI) time series from MODIS reflectance data. The use of a synthetic
database, created with a radiative transfer model (RTM) inversion procedure, to calibrate the spectral
vegetation indices (SVIs) proved to be an efficient method. It aimed at increasing the number of data
points for the calibration process, while still considering “real” cases, i.e., real stands with all the
correlations between their biophysical and biochemical properties. The final vegetation index gives
good results in most of the LAI range known for Eucalyptus stands in southeastern Brazil. The root
mean square error (RMSE) calculated on an independent LAI dataset was 0.49, which is about 15% of
the average measured LAI. However, high LAI values are still difficult to retrieve with such an index.
The use of age and day of year as easily available additional information in the EucVlI, index
formulation slightly improved the LAI retrieval results (RMSE of 0.41). The indices were tested on a
dataset showing a large range of age and soil conditions. However validation on a larger dataset would
be useful to confirm their accuracy. This method offers a simple and operational alternative to
application of complex and computationally intensive RTM inversion techniques, and could be used to
design other species-specific SVIs.
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