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ABSTRACT: LAI is a key variable for describing the structure and the architecture of
forest canopy and therefore of major importance for modeling the interaction between
vegetation and the atmosphere. The ALPS05 project aims to investigate the ‘filter
effect’ of Alpine forests in the environmental fate of Persistent Organic Pollutants
(POPs). In 2005 ground data have been collected using the LAI-2000 instrument in
representative test sites in the Gressoney Valley, Northern Italy. Data collection covered
the entire vegetative period as well as senescence for three types of land cover, namely:
deciduous, conifers and mixed forests. A set of MODIS 8- and 16-day composite images
has been acquired over the same period and processed in order to derive VIs’
(Vegetation Indices) temporal profiles. The class-specific correlation between in situ
LAI measurements and NDVI, EVI (Enhanced Vegetation Index) and the Wide
Dynamic Range Vegetation Index (WDRVI) have been analysed in order to define a VI-
LAI relationship based on the calibration of semi-empirical regression models. The so
derived VI-LAI relationships have been applied to the study area with the objective of
providing a thematic map of LAI. The spatially distributed LAI values are valuable data
for characterising the vegetation compartment in multimedia models describing the
environmental fate of organic contaminants.

1 INTRODUCTION

Environmental monitoring at regional and global scales faces the challenge of acquiring
spatially distributed data at a high temporal frequency. In this context Remote Sensing
(RS) has proved to be a unique tool when field measurements become unfeasible.
Atmospheric chemistry models require quantitative information on the vegetation
compound that is of primary importance due to its role in the gaseous exchanges with
the atmosphere. Several research activities have recently focused on monitoring
Persistent Organic Pollutants (POPs) and, in particular, on the role of forests in the
distribution and transport processes (Wegmann et al. 2004). Foliage biomass, due to the
lipid content of leaves, rules assimilation processes and it represents a necessary input to
the multimedia models able to describe the fate of POPs. However, spatially distributed
multimedia models can be limited by the lack of data describing the distribution,
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structure and function of different vegetation species, in terms of spatial and temporal
variability (Boschetti et al. 2006).

Leaf Area Index (LAI) describes some of the canopy characteristics and it can be
measured in situ with either direct or indirect methods. In forestry, direct measurements
are hardly feasible since they consist in collecting leaves by either destructive or non-
destructive methods for leaf area determination (Gower et al. 1999). Indirect methods
make use of commercially available instruments, such as the LAI-2000 (LICOR, Inc.,
Nebraska, USA), and they estimate LAI based on the measure of light transmission
through plant canopies. However, with the increasing request of spatially distributed
data at regional scales, these techniques can be time-consuming and expensive. This
leads to the great chance of using remotely sensed data to estimate LAI, indeed spectral
measurements are highly related to the amount of leafy biomass. The main objective of
this work was to fill the gap of spatially distributed input data to multimedia models in
the context of the ALPS05 project by estimating LAI from satellite data. A semi-
empirical approach has been applied to correlate LAI in situ measurements and spectral
vegetation indices derived from MODIS (Moderate Resolution Imaging Spectro-
radiometer) satellite images. The Normalized Difference Vegetation Index (NDVI) was
included as it is one of the most extensively used indices to be related to LAI, although
in forest vegetation it is less sensitive to foliage area variations for LAI values above 2-3
(Carlson & Ripley 1997). In order to overcome the limitations of the NDVI two other
indices were tested: the Enhanced Vegetation Index (EVI) (Liu & Huete 1995) and the
WDRVI (Gitelson 2004). EVI has been specifically developed and calibrated for the
MODIS instrument with the objective of optimizing the vegetation signal with improved
sensitivity in high biomass regions, and by de-coupling the canopy background signal
and reducing atmospheric influence. The second index, the WDRVI, was recently
proposed as an improvement of the NDVI.

2 STUDY AREA AND DATA

2.1 The Gressoney Valley

The study area is the Gressoney Valley, located in the Valle d’Aosta region, Northern
Italy. It has a longitudinal development (�40 km) and it comprises heights varying
between 800 m and 4600 m (Monte Rosa). In the study area we selected 14 sites for
ground measurements located at different elevations ranging from 1000 m to 1800 m
and distributed among three land cover classes, deciduous, conifers and mixed forests
(Corine Land Cover 2000, http://image2000.jrc.it/clc/index.html).

2.2 Ground data

LAI ground data were collected during 2005 using the LICOR LAI-2000 instrument
with a frequency variable from 15 days, at the onset and the end of the vegetative season,
up to a month during the central part of the season. In each site, measurements were
acquired along a transect (�100 m) to a total of more than 200 measurements. After a
first inspection of the ground dataset, some of the measurements were discarded because
of values inconsistent with the expected seasonal trend. The presence of these outliers
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may have been caused by non-ideal illumination conditions during the acquisition. LAI-
2000 measurements were reprocessed to correct for multiple scattering and for clumping
effects (Chen & Cihlar 1996).

2.3 Remotely Sensed Data

Remotely sensed data consist of VIs supplied by the spectral measurements of the Terra
MODIS sensor. Data were collected for the entire year 2005 by downloading the
MOD13Q1 and MOD09Q1 standard products, at the full spatial resolution of 250m,
from the EOS Data Gateway Service (http://edcimswww.cr.usgs.gov/pub/imswelcom).
The MOD13Q1 product contains 16-day composite NDVI and EVI images besides the
red and Near-Infrared (NIR) bands, which were used to compute the WDRVI (assuming
a¼ 0:05). The MOD09Q1 product, instead, contains the 8-day composite red and NIR
bands, which were used to derive the NDVI and WDRVI. The EVI index could not be
obtained because the blue band was not available in this dataset.

For all the indices, data were interpolated to obtain daily time series by applying an
IDL (IDL Version 6.0.1, Research System, Inc., Boulder, CO, USA) procedure based on
the Savitzky-Golay smoothing filter.

3 METHODOLOGY

For each site, VI values were extracted over 2� 2 pixel windows and the average value
was combined with the LAI measurements to calibrate a semi-empirical model for each
land cover class. Since the alpine environment is characterized by a high spatial
variability of the vegetation characteristics, homogeneity conditions of the VIs’ values
within each window were verified by calculating the coefficient of variation (CVAR).

For each vegetation class, regression relationships were derived by using two-thirds
of the dataset (calibration phase). In this phase both the linear and logarithmic
correlation were analysed and the best relationship was chosen based on the coefficient
of determination (R2). In the validation phase the remaining data were used to estimate a
set of statistical parameters and fitting indices in order to evaluate the model’s efficiency
(Mean Absolute Value, MAE; Relative Root Mean Squared Error, RRMSE; and
Modeling Efficiency, EF).

In the case of the deciduous forest sites, the dataset was further split into growing and
senescent phases with the objective of analysing whether the LAI-VI relationship varies
with the phenological stage. The analysis was performed only on the deciduous forest
sites because they are typically characterised by the most marked difference between the
two phases. Moreover, in our dataset, the number of available ground measurements
only in these sites allowed this analysis.

4 RESULTS

The analysis of the coefficient of variation showed that CVAR < 0:5 for all the sampled
windows therefore confirming that the 2� 2 pixels window can be assumed
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homogeneous. In all the cases analysed, a logarithmic regression line, as expected,
provided better results compared to a linear regression. Therefore, the following
paragraphs present results of the sole logarithmic regression analysis.

4.1 LAI and VI Relationship

The best regression model for the three land cover classes was obtained with the 16-day
NDVI. All the accuracy/fitting indices computed in the validation phase agree in
pointing out 16-day NDVI as the best index for LAI estimation (R2 � 0:69 and
RRMSE � 28:8) although the most accurate results were obtained for the deciduous
forest. Figure 1 shows, as an example, the scatter plot of the LAI-2000 and 16-day NDVI
values for the deciduous forest class. Equations 1 to 3 formalize the LAI-NDVI
relationship derived for each class.

LAIDEC ¼ exp
NDVI16 � 0:3981

0:2674

� �
n ¼ 38 (1)

LAIMIX ¼ exp
NDVI16 � 0:4038

0:2508

� �
n ¼ 16 (2)

LAICON ¼ exp
NDVI16 � 0:2725

0:329

� �
n ¼ 15 (3)
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Figure 1. LAI-NDVI 16-day relationship for the deciduous forest cover type (R2 ¼ 0:84).
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The analysis of the correlation between ground LAI measurements and the satellite
based vegetation indices as a function of the phenological stage in deciduous forest
provided the results shown in Figure 2. The 16-day NDVI was still the best index
although the difference between the parameters of the two regression lines was not such
that to justify the calibration of two models.

4.2 LAI Map

The relationships shown in equations 1 to 3 were applied pixel by pixel to the MODIS VI
maps in order to estimate LAI according to the spatial distribution on the land cover
classes derived from the Corine Land Cover map. The availability of the interpolated
daily MODIS time series allowed the extraction of daily LAI maps at the spatial
resolution of 250 m. Therefore a multitemporal LAI spatial dataset was created.

The validation dataset was used in order to assess the accuracy of LAI estimate.
Results are shown in Table 1.

5 DISCUSSION

The MODIS VI and the ground LAI-2000 measurements were analysed in terms of
correlation in order to derive a semi-empirical regression model for each land cover

Table 1. The results of the validation of the regression models for
the three land cover classes.

Class n R2 MAE RRMSE[%] EF

Deciduous 15 0.80 0.68 27.78 0.61
Mixed 11 0.82 0.63 23.58 0.58
Conifers 6 0.55 0.84 28.78 �0.41
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Figure 2. LAI-NDVI 16-day relationship for the deciduous forest cover type derived for the

growing and senescent phases for the deciduous forest class; the coefficient of determination

(R2) is 0.85 and 0.82 for the two phases, respectively.



type. The analysis of the coefficient of variation (CVAR < 0:5) showed that the 2� 2
pixel windows were sufficiently homogeneous to assume the average value as a good
approximation of a punctual VI value.

The regression analysis showed that the best model is given by a logarithmic
function of the 16-day composite NDVI. The logarithmic trend, also shown by the
EVI and WDRVI indices, confirms the saturation behaviour that occurs for high LAI
values in dense vegetation already highlighted in previous work (Prince 1991). The
improved indices did not perform as well as expected, with the lowest accuracy
obtained with the MODIS-EVI. The results also show that the deciduous and mixed
forest classes are characterised by the highest correlation (R2 � 0:8;EF � 0:58)
probably due to the marked seasonality of the vegetation and therefore of the remotely
sensed signal.

The model derived for the conifers is the least accurate with R2 ¼ 0:55 and RRMSE
slightly below 30%. In the case of the conifer stands, a lower seasonality over a shorter
vegetative period may have influenced the results. Moreover, due to the presence of
snow at higher altitude, where the conifer forest sites were located, and the less
availability of sites with the required characteristics (i.e. homogeneous vegetation over
an area compatible with the MODIS spatial resolution), the number of measurements for
this class (n ¼ 6) was greatly reduced compared to the deciduous and mixed forest
classes. Since the number of data available for validation is likely to badly affect the
worthiness of the accuracy/fitting indices more field data would be required to evaluate
the case of conifers.

The analysis of the data collected for the deciduous vegetation split in two
phenological phases (growth and senescence) showed no need to derive a regression
model for each phase. These results disagree with those derived by Wang et al. (2005)
who showed that the relationship between LAI and VIs is a function of the phenological
stage.

The implementation of the regression models derived in this work allowed the
achievement of a time series of daily LAI map over the study area for the deciduous,
mixed and conifers stands. These maps are valuable input data to models aiming to
describe the fate of the POPs in the context of the ALPS05 project in which this research
took place. In general, LAI maps allows the characterization of the spatial and temporal
distribution of the leaf area index.

6 CONCLUSIONS AND PERSPECTIVES

This work proposes a model to estimate LAI from spectral vegetation indices for
regional scale studies. Field data were collected during 2005 and correlated to three
vegetation indices (NDVI, EVI and WDRVI) derived from 8- and 16-day MODIS
composite images for three land cover classes: deciduous, mixed and conifer forests.
Both the calibration and validation phases of the regression analysis showed that for all
the forest types considered, the 16-day NDVI returned the more accurate predictive
regression models. The deciduous and mixed forests were the classes best described by
the models. For what concerns the conifers forest sites, the fewer data available for
calibration and validation might have badly influenced the reliability of the accuracy/
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fitting indices. A field campaign should probably focus on collecting data specifically to
address this issue.

The distinction between leaf growth and fall in the deciduous forest dataset showed
that there is no need to provide a different model for the two phenological phases thus
overcoming the likely issue of identifying the onset of senescence in vegetation.

The LAI maps obtained by applying the regression equations provide a daily value of
the variable for each deciduous, mixed and conifer 250 m pixel of the MODIS image
identified by the CORINE Land Cover map. Therefore, it’s able to supply a detailed
spatial and temporal description of LAI distribution for the entire valley. Daily LAI
maps at this resolution are valuable information to estimate vegetation biomass although
they require a description of the Specific Leaf Area (SLA) with a compatible spatial and
temporal resolution.
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