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Abstract

Statistical and radiative-transfer physically based studies have previously demonstrated the relationship between leaf water content and
leaf-level reflectance in the near-infrared spectral region. The successful scaling up of such methods to the canopy level requires modeling
the effect of canopy structure and viewing geometry on reflectance bands and optical indices used for estimation of water content, such as
normalized difference water index (NDWI), simple ratio water index (SRWI) and plant water index (PWI). This study conducts a radiative
transfer simulation, linking leaf and canopy models, to study the effects of leaf structure, dry matter content, leaf area index (LAI), and the
viewing geometry, on the estimation of leaf equivalent water thickness from canopy-level reflectance. The applicability of radiative transfer
model inversion methods to MODIS is studied, investigating its spectral capability for water content estimation. A modeling study is
conducted, simulating leaf and canopy MODIS-equivalent synthetic spectra with random input variables to test different inversion
assumptions. A field sampling campaign to assess the investigated simulation methods was undertaken for analysis of leaf water content from
leaf samples in 10 study sites of chaparral vegetation in California, USA, between March and September 2000. MODIS reflectance data were
processed from the same period for equivalent water thickness estimation by model inversion linking the PROSPECT leaf model and SAILH
canopy reflectance model. MODIS reflectance data, viewing geometry values, and LAI were used as inputs in the model inversion for
estimation of leaf equivalent water thickness, dry matter, and leaf structure. Results showed good correlation between the time series of
MODIS-estimated equivalent water thickness and ground measured leaf fuel moisture (LEM) content (+*=0.7), demonstrating that these
inversion methods could potentially be used for global monitoring of leaf water content in vegetation.
© 2003 Elsevier Science Inc. All rights reserved.
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1. Introduction

Quantitative estimation of leaf biochemical and canopy
biophysical variables is a key element to the successful
application of remote sensing in vegetation monitoring, a
major goal in terrestrial ecology and a long-term research
objective given the complexity of the vegetation canopies
and phenomena (Goetz, Gao, & Wessman, 1992; Verstracte,

Abbreviations: Cy, chlorophyll a+b; Cy,, dry matter; Cy, leaf equivalent
water thickness; N, leaf internal structure; NDWI, normalized difference
water index (Rgso—R1240)/(RssotR1240); SRWI, simple ratio water index
(Rgss/R1240); LAL leaf area index; £, sun angle; ¢,, view angle; py, relative
azimuth angle; dw, dry weight; fw, fresh weight; LFM, leaf fuel moisture.
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Pinty, & Myneni, 1994). Accurate estimates of leaf pig-
ments, nitrogen, dry matter, water content, and leaf area
index (LAI) from remote sensing can assist in determining
vegetation physiological status (Carter, 1994; Penuelas,
Gamon, Fredeen, Merino, & Field, 1994), the study of
species and seasonal dependence (e.g., Belanger, Miller, &
Boyer, 1995), and may serve as bioindicators of vegetation
stress (e.g., Luther & Carroll, 1999; Zarco-Tejada, Miller,
Noland, Mohammed, & Sampson, 2001). The remote deter-
mination of one of these biochemical constituents, vegeta-
tion water content, has important implications in agriculture
and forestry (Gao & Goetz, 1995), it is essential for drought
assessment in natural vegetation (Pefiuelas, Filella, Biel,
Serrano, & Savé, 1993), and it is a major driver in predicting
the susceptibility to fire (Chandler, Cheney, Thomas, Tra-
baud, & Williams, 1983; Pyne, Andrews, & Laven, 1996;
Ustin et al., 1998).

0034-4257/03/$ - see front matter © 2003 Elsevier Science Inc. All rights reserved.
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Several studies demonstrate the existing link between
leaf-level reflectance in the 400—2500 nm spectral region
and the amount of water in the leaf through optical indices,
regression analysis and radiative transfer modeling (Alda-
kheel & Danson, 1997; Allen, Gausman, Richardson, &
Cardenas, 1971; Carter, 1991, 1993; Ceccato, Flasse, Tar-
antola, Jacquemoud, & Gregoire, 2001; Danson, Steven,
Malthus, & Clarck, 1992; Gausman, Allen, Cardenas, &
Richarson, 1970; Hunt, Rock, & Nobel, 1987; Jacquemoud
& Baret, 1990). The primary and secondary effects of water
content on leaf reflectance were studied by Carter (1991)
showing that sensitivity of leaf reflectance to water content
was greatest in spectral bands centered at 1450, 1940, and
2500 nm. Indirect effects of water content on reflectance
were also found at 400 nm, in the red edge at 700 nm (Filella
& Pefiuelas, 1994) and on vegetation indices such as NDVI
(Roberts, Green, & Adams, 1997). The effects of leaf
structure on the water absorption bands were studied by
Danson et al. (1992) showing that derivative reflectance
calculated in the water absorption features minimized the
effects due to leaf structure, therefore maximizing the
sensitivity to leaf water content. Lately, the broad use of leaf
radiative transfer models such as PROSPECT (Jacquemoud
& Baret, 1990) for broadleaf species, LIBERTY (Dawson,
Curran, & Plummer, 1998) based on radiative transfer
characterization in needles, and LEAFMOD (Ganapol, John-
son, Hammer, Hlavka, & Peterson, 1998) among others,
enable the simulation of the leaf optical properties as a
function of leaf structural and biochemical constituents such
as chlorophyll a+b (C,+y), dry matter (C,,), and leaf
equivalent water thickness (Cy).

Several research efforts focus on the application of leaf-
level indices calculated from water-absorption bands, stat-
istical relationships between leaf reflectance and leaf water
content, and scaling-up methods to canopy level through
radiative transfer simulation. As an example, airborne visible
infrared imaging spectrometer (AVIRIS) imagery was used
to derive equivalent water thickness in vegetation using
nonlinear and linear least squares spectral matching techni-
ques, achieving good agreements with ground measured leaf
fuel moisture (LFM) content (Gao & Goetz, 1995). In other
studies, Pinzon, Ustin, Castafieda, and Smith (1998) and
Ustin et al. (1998) using hierarchical foreground/background
analysis (HFBA) showed general success retrieving equiv-
alent water thickness by radiative transfer modeling using the
960-nm absorption band, but breaking down for low LAI
canopies due to the increasing effects of soil background and
shadows on sparse vegetation. Other ratios, such as the plant
water index (PWI, Rg70/Ro00) (Pefiuelas, Pifol, Ogaya, &
Filella, 1997) was used to map vegetation water content with
AVIRIS imagery, but found to be affected not only by water
content, but also by canopy structure and viewing geometry
(Serrano, Ustin, Roberts, Gamon, & Pefiuelas, 2000) there-
fore highly dependent on bi-directional and geometrical
effects of the vegetation canopy. The normalized difference
water index (NDWI) calculated as (Rggo — R1240)/(Rgso+

R1540) Was suggested by Gao (1996) in a theoretical study,
demonstrating its potential applicability for canopy-level
water content estimation based on the liquid water absorp-
tion band centered at 1240 nm enhanced by canopy scatter-
ing. Nevertheless, Zarco-Tejada and Ustin (2001) showed in
a simulation study the dependency of NDWI and the simple
ratio water index (SRWI, Rgss/R1240) on leaf-level variables
such as leaf structure and dry matter content, and most
importantly, on canopy LAIL

These partially successful results, obtained when estimat-
ing vegetation water content, demonstrate the need for
modeling efforts to account for leaf and canopy variables
and the viewing geometry. Efforts to investigate the suc-
cessful scaling up of optical indices from leaf to canopy
level through radiative transfer simulation (Haboudane,
Miller, Tremblay, Zarco-Tejada & Dextraze, 2002; Zarco-
Tejada, Miller, Mohammed, Noland, & Sampson, 1999;
Zarco-Tejada et al., 2001) show the importance of these
methods when estimating leaf biochemical constituents
from canopy reflectance data. Nevertheless, few investiga-
tions are found which apply these radiative transfer methods
and model inversion techniques for leaf water content
estimation from canopy reflectance imagery. Examples are
the simulation studies to estimate equivalent water thickness
by model inversion by Jacquemoud, Baret, Andrieu, Dan-
son, and Jaggard (1995), Jacquemoud et al. (1996) and
Fourty and Baret (1997) linking the PROSPECT leaf model
(Jacquemoud & Baret, 1990) and SAIL canopy model
(Verhoef, 1984), showing successful retrievals of C, from
continuous hyperspectral (AVIRIS-simulated) and multi-
spectral (TM-simulated) spectra taking into account leaf-
and canopy-level variables. Recently, Ceccato, Flasse, and
Grégoire (2002) and Ceccato, Gobron, Flasse, Pinty, and
Tarantola (2002) developed an optical index for SPOT-
VEGETATION sensor based on global sensitivity analysis
using radiative transfer models.

The work presented here investigates the applicability of
these radiative transfer techniques to MODIS reflectance
data for vegetation water content estimation. A simulation
study with synthetic spectra and MODIS-equivalent reflec-
tance is presented, investigating the spectral capabilities of
MODIS for estimating leaf equivalent water thickness by
inversion of a linked leaf—canopy model. Further, a seasonal
field study was undertaken for leaf sampling and analysis of
LFM content from 10 study sites, measuring fresh and dry
weight of leaf samples. Time-series of MODIS reflectance
spectra from the study sites during the period of the field
experiment were used for model inversion to estimate
equivalent water thickness by radiative transfer simulation.

2. Modeling the effects of water content on
MODIS-equivalent reflectance

Willstatter and Stoll (1913) presented the earliest descrip-
tion of a theory to explain the leaf optical properties, with
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subsequent improvements and development of new leaf
models: Allen and Richardson (1968); Breece and Holmes
(1971); Woolley (1971); Allen, Gausman, Richardson, and
Thomas (1969), Allen, Gayle and Richarson (1970). Allen
and Richardson (1968) applied the Kubelka—Munk (K—M)
theory (Kubelka & Munk, 1931) to study the interaction of
light with stacked plant leaves, relating leaf reflectance and
transmittance to leaf scattering and extinction properties of a
single compact leaf layer. The plate model by Allen et al.
(1969) described diffuse reflectance and transmittance of a
compact leaf by two parameters: n, refractive index, and £,
absorption coefficient, showing improvements upon the K—
M formulation. The model, originally developed for a single
compact leaf layer, was later extended to multiple layers or
plates (Allen et al., 1970; Gausman et al., 1970).

Due to its extensive validation, the PROSPECT model
(Jacquemoud & Baret, 1990), which is based on this plate
model, was used in this study to simulate the confounding
effects of equivalent water thickness (Cy), dry matter
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content (Cy,), and leaf internal structure () on leaf reflec-
tance and transmittance at wavelengths used for leaf water
content estimation. As can be seen in Fig. 1 (upper and
bottom right plots), optical indices calculated at the liquid
water absorption bands centered at 960 and 1150 nm are
also affected by dry matter content and leaf internal struc-
ture. The effects of such biochemical constituents on indices
proposed for estimation of water content from MODIS are
studied below, simulating canopy structure, viewing geom-
etry, and incorporating the hotspot effect with the SAILH
model (Kuusk, 1985).

2.1. Model simulation at the leaf and canopy levels with
water indices

MODIS bands centered at 858 and 1240 nm, with 35 and
20 nm bandwidth, respectively, are used to build the NDWI
[(R860_R1240)/(R860+R1240)] (Gao, 1996), and the SRWI
(Rgs0/R1240) (Zarco-Tejada & Ustin, 2001) for vegetation
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Fig. 1. Effects of leaf biochemical constituents such as chlorophyll C, ., (upper left), dry matter C,, (upper right), equivalent water thickness C,, (lower left),
and leaf structural parameter N (lower right) on leaf reflectance, simulated using the PROSPECT model.
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water content estimation. The location of MODIS bands
R1540 on the edge of the liquid water absorption (Fig. 2), and
Rgsg used for normalization and insensitive to water content
changes (Gao, 1996), make these indices potentially suitable
for global monitoring of vegetation water content from
MODIS. The effects of atmospheric water vapor and aerosol
scattering on Rgsg and Rj,40 MODIS bands were demon-
strated by Gao (1996) to cause small perturbations on these
reflectance bands for remote estimation of water content.

The SRWI water index was studied through radiative
transfer simulation to account for effects due to water
content Cy, leaf dry matter C,,, and leaf internal structure
N using the PROSPECT leaf model, for a range of values of
C, (in cm) and C,, (in g/cm?) between 0.001 and 0.03, and
N between 0.5 and 2.5 (Fig. 3, top and bottom). It is shown
that the primary variables affecting SRWI at the leaf level
are C,, and N, with little effect of the C,,, constituent on this
optical index. The leaf internal structure has a major effect
on SRWI at low values (N between 0.5 and 1) with less
effect as N increases, but suggesting that both N and C,,, leaf
variables need to be taken into account for accurate esti-
mates of C,, from SRWI.

At the canopy level, the water index SRWI was simulated
to account for canopy structural characteristics such as LAI
and the viewing geometry described by sun angle (z;), view
angle (#,), and relative azimuth angle (ps). The simulation
study illustrates the large effect of LAl on SRWI index
calculated from canopy-level simulated reflectance and
variable C,, (Fig. 4). The simulation shows that SRWI is
highly sensitive to the canopy structural parameter LAI,
obtaining a 40% variation when SRWI is modeled with
Cy=0.03 cm and LAI changes from 2 to 10, demonstrating
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Fig. 2. Modeling canopy-level reflectance using PROSPECT-SAILH
models for different values of leaf equivalent water thickness (Cy,=0.001—
0.03 cm) showing location of MODIS MODO09A1 bands. PROSPECT
parameters used were N=1.5, C,,=0.019 g/cmz, and for SAILH LAI=35,
plagiophile LADF, #,=35°, t,=0°, ps=0°.
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Fig. 3. Modeling SRWI optical index at the leaf level through radiative
transfer simulation with the PROSPECT model, using a range of values of
water thickness (Cy, =0.001-0.03 cm), internal leaf structure (N=0.5-2.5),
and leaf dry matter content (Cp,=0.001-0.03 g/cm?).

the large dependency of water-related optical indices on
LAL For high LAI values, SRWTI is still sensitive to changes
in leaf water, with index saturation starting after LAI>10
(Fig. 4, bottom). The effects on canopy reflectance and
SRWI were studied using high, medium and low values of
dry matter C,, and equivalent water thickness C,, through
PROSPECT simulations, varying LAI from 2 to 8 in
SAILH. Leaf constituents were changed from low to high
concentration over their normal range of variation: leaf
equivalent water thickness was varied from 0.008 to 0.03
cm, leaf dry matter in the same range [g/cm?], and using
medium values of C,=0.019 ¢cm and C,,=0.019 g/cm2
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Fig. 4. Modeling the effects of SRWI optical index at the canopy level as a
function of LAI, and a range of equivalent water thickness values ranging
from C,=0.001 to C,,=0.03 cm. PROSPECT—SAILH were used for the
simulation of leaf and canopy reflectance with other input parameters
Cn=0.019 g/em?, N=15, C,,,=50 pg/em?, plagiophile LADF, and
viewing geometry £,=30°, £,=0°, and p;=0°.

with LAI=5 (Fig. 5a,b). For a given set of input parameters,
and as demonstrated by leaf-level simulation, changes due
to C,, generate a reflectance increment in all bands from

Fig. 5. Simulation of canopy reflectance (a and b) and simulation of SRWI
optical index (c) using PROSPECT-SAILH models for high and low
values of C, and C,, (low=0.008 g/cm? high=0.03 g/cm®) with normal
values of Cy, [g/em?] and Cy, [cm] of 0.019. Other input parameters used in
the simulation were N=1.5, C,+,=50 ug/cmz, plagiophile LADF, and
viewing geometry £,=30°, #,=0°, and p;=0°. LAI=5 was used for top left
and right plots.
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Fig. 6. Soil spectral reflectance in the 400—2500 nm range used as input in the PROSPECT —SAILH linked model (top left). Simulation of SRWI optical index
for C, values ranging from low (Cy,=0.001) to high (Cy=0.03) and for an LAI range of 1—10 for each soil background (top right). Canopy reflectance
simulation obtained from LAI=2 (bottom left) and LAI=6 (bottom right) for C,, ranging from C,,=0.001 to C,,=0.03 and different soil backgrounds.
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Fig. 7. Example of the synthetic canopy reflectance generated with PROSPECT —SAILH models in the 400—2500 nm range (left), and the MODIS-equivalent
reflectance generated using the sensor spectral bandwidth and relative spectral response (right).
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Fig. 8. Set of 100 random MODIS-equivalent synthetic spectra used for model inversion in the simulation study.

Rgsg t0 Ryp49, While changes in C,, affect Rj,4¢ primarily,
with R858 insensitive to water content. Variation of SRWI
as function of LAI for extreme values of C,, and C,, (Fig.
5c¢) demonstrate that the index is primarily affected at the
canopy level by C,, with large effects at low LAI ranges
(LAI<S).

The effects of soil reflectance on the SRWI index and on
the absolute reflectance were studied with three soil spectra
of extreme reflectance values in the 400—2500 nm range
(Fig. 6, top left) used as input in the PROSPECT-SAILH
linked model. Simulation results obtained for low C,, values
(Cw=0.001) to high equivalent water thickness (Cy,=0.03)
and for an LAI range of 1-10 (Fig. 6, top right) show, as
expected, that soil effects on the SRWI optical index are

Table 1

greater at LAI values less than 2. When LAI values are
greater than 4, no background effects are found on SRWI for
any C, range, with no effects on the absolute reflectance
(Fig. 6, lower left and right). These results suggest that the
effects of soil reflectance on canopy reflectance need to be
considered when estimating C,, in low LAI canopies, but
showing even at such low LAI values that the primary
drivers of SRWI variation are LAI and C,, with less than
10% variation in SRWI for extreme soil values and low LAI
(Fig. 6, top right).

These simulation results show that optical indices pro-
posed for water content estimation at the canopy level need
appropriate modeling methods to account for leaf- and
canopy-level variables. The effects of leaf internal structure,

Determination coefficients calculated between the original Cy, used for synthetic generation of spectra, and the estimated C, by inversion for both leaf and

canopy levels

Leaf level (PROSPECT inversion)

Canopy level (PROSPECT-SAILH inversion)

Variables estimated  C,, N, Cy, Ci N, Cyip, Cy, Cn  Cy

N, Cy, Cn N, Civv, Cy» Gy LAL N, G, Gy LAI

Variables known N, Ciip, Cn Carp=33 None N, Caips Cyrp=33 p.g/cmZ, O, 0., ¢, h, ps Caip=33 ug/cmz,
pg/em? Cm, LAL 0,,  LAL 0, 0,, ¢, h, ps O, 0y, ¢, h, ps
Oy, ¢, h, ps

Full spectrum 0.99 0.99 0.99 0.99 0.83 0.86 0.67

(420 bands)
MODIS bands 0.99 091 0.99 0.99 0.80 0.66 0.52

(7 bands)
SRWI 0.99 0.95 0.95 0.99 0.67 0.01 0.01
NDWI 0.99 0.95 0.95 0.99 0.67 0.02 0.02

Retrievals were conducted from full spectra, MODIS-equivalent reflectance, and with SRWI and NDWI indices used as merit function. The variables subject to

inversion and the variables known and fixed are specified.
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leaf constituents C,+p, Cr, and Cy, on canopy reflectance,
soil reflectance effects, and canopy structural characteristics
with high effects on the indices, such as LAI, prevent the
direct application of SRWI and NDWI on reflectance
imagery for accurate mapping of water content. Model
inversion methods, which investigate the confounding
effects of leaf-level and canopy-level variables on C,,
estimation using optical indices SRWI, NDWI, and all land
MODIS reflectance bands by inversion techniques, are
proposed and studied in the next section.

2.2. Estimation of C,, by model inversion from MODIS-
equivalent synthetic spectra

A simulation study was conducted to study the spectral
capability of MODIS for retrieving C,, using radiative
transfer model inversion methods. Leaf reflectance and
transmittance spectra were simulated in the 400—-2500 nm
spectral range at the MODIS bands using the sensor spectral
bandwidth and relative spectral response. One hundred
spectra were generated using the PROSPECT model with
random leaf parameters within the following ranges: N
(0.5-2.5), Carp (20-80 pg/em?), Cy (0.001-0.03 cm)
and C,, (0.001-0.03 g/cmz). The same method was used
to generate another set of 100 canopy-level synthetic spectra
by the linked PROSPECT—-SAILH models, using the same
random input leaf parameters, and random canopy structural
variable LAI (1-10) and viewing geometry parameters f
(10-60°), ¢, (10-60°), and p, (0—180°). The leaf angle
distribution function was set to plagiophile, and soil reflec-
tance set to a nominal field-measured spectrum (correspond-
ing to p, in Fig. 6, top left). The hotspot effect incorporated
in SAILH (Kuusk, 1985) takes into account the leaf size and
the associated shadowing effects on the bidirectional reflec-
tance, calculating the hotspot parameter as the ratio of the
leaf size to the canopy height (s//). Datasets were perturbed
with 2.5% relative Gaussian noise prior to inversion. Fig. 7
shows examples of the synthetic canopy reflectance ran-
domly generated with PROSPECT—SAILH models in the
400—-2500 nm range (Fig. 7, left), the MODIS-equivalent
reflectance generated using the sensor spectral bandwidth
and relative spectral response (Fig. 7, right). Illustrated in
Fig. 8 is the random set of 100 canopy-level MODIS-
equivalent synthetic spectra used for model inversion in
this simulation study.

The sets of 100 leaf and 100 canopy-level synthetic
spectra were used as inputs for the model inversion to
estimate the leaf parameters that generated the original
spectra, and the retrieval capabilities of C,, assessed under
different assumptions. In this method of inverting a canopy
reflectance model coupled with a leaf model (Demarez &
Gastellu-Etchegorry, 2000; Jacquemoud, 1993; Jacque-
moud, Bacour, Poilve, & Frangi, 2000; Jacquemoud et al.,
1995, Kuusk, 1998; Zarco-Tejada et al., 2001), the leaf
radiative transfer simulation uses leaf biochemical constitu-
ents as inputs to model leaf reflectance and transmittance

that are, in turn, used as input for the canopy reflectance
model. Error calculation consists of determining by exhaus-
tive iteration the set of parameters P=(N, C, 1y, Cy, Cr,
LAL ¢, t,, ps,...) which minimize the merit function A?
within their given range of operation (Eq. (1)).

A =Y (%) = (4, PP (1)
where r,,(4;) is the measured or synthetic canopy spectral
reflectance; r*(4;,P) is the modeled canopy spectral reflec-
tance with a set of P parameters;

Different strategies are used to build the merit function
A? used for minimizing the error between the measured or
synthetic and the simulated canopy reflectance, as discussed
in Zarco-Tejada et al. (2001). In the present study, two
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Fig. 9. Determination coefficients and RMSE obtained between original Cy,
used for random synthetic generation, and the estimated C,, by inversion
techniques for leaf (top) and canopy (bottom) levels with MODIS-
equivalent reflectance. At the leaf level, the PROSPECT model was used
with N, C,+p, Cyw and C,, variables subject to inversion (top). At the
canopy level, the PROSPECT—SAILH linked model was used with N, Cy,,
and C,, inverted, C, ., fixed, and LAI known (bottom).
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methods are used to build the merit function: (i) using all
available reflectance bands in the 400—2500 nm spectral
region, therefore comparing the estimated with the measured
reflectance and computing the error using all spectral bands
(Jacquemoud, 1993; Jacquemoud et al., 1995, 2000); and
(i1) building merit functions based on spectral transforms for
inversion (Zarco-Tejada et al., 2001) and scaling-up
approaches (Haboudane et al., 2002) based on optical
indices or combinations of indices related to the leaf
variable subject to estimation (NDWI, SRWI for C,, esti-
mation in this case). The latter approach of building merit
functions with optical indices generally relies on the error
calculation based on single reflectance ratio values only,
rather than on the entire spectrum. Advantages of using

124°00'W 120°00'W 116°00'W

optical indices in the merit function are because specific
optical indices (i) maximize the sensitivity to the leaf
biochemical constituent while minimizing other leaf or
canopy variables (Haboudane et al., 2002); and (ii) normal-
ize external effects due to atmosphere, illumination con-
ditions, and viewing geometry. The disadvantages of merit
functions built on indices are related to the loss of spectral
information when data are based on a few bands rather than
on the entire reflectance spectrum.

In this simulation study, the estimation of Cy, by model
inversion was carried out at leaf and canopy levels from
original synthetic full spectra, from MODIS-equivalent
reflectance calculated from the full spectrum using the sensor
spectral response function, and building merit functions with
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Fig. 10. Study area in California, USA, used for the field sampling campaign and biochemical analysis of leaf water content from 10 sites between March and
September 2000. MODIS MODO09A reflectance image composite with 555 nm (blue), 645 nm (red), and 858.5 nm (green) reflectance bands.
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the SRWI and NDWI optical indices. Different combinations
of leaf- and canopy-level variables kept fixed and subject to
inversion were used to study the retrieval capacity as function
of the number of guessed variables both at leaf and canopy
levels. Therefore, the objective was to study, using synthetic
spectra, whether MODIS reflectance bands are capable of
estimating C,, given the confounding effects of leaf and
canopy parameters previously described. Moreover, the
applicability of SRWI and NDWI optical indices as merit
functions for C,, estimation was also studied.
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Results of the simulation study are shown in Table 1,
where determination coefficients calculated between C,,
used for synthetic spectra generation, and the Cy, estimated
by inversion are shown for both leaf and canopy levels. The
table also shows the set of variables kept fixed and esti-
mated at both leaf and canopy levels. At the leaf level,
results using only the PROSPECT model and four variables
subject to inversion (N, C, 1y, Cy, and Cy,), show that Cy,
can be estimated using the full spectrum (as previously
demonstrated by Jacquemoud et al., 1996) and also using
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Fig. 11. LFM calculated as (fw — dw)/dw measured at selected study sites where leaf sampling was carried out from March until September 2000, showing the

variation of leaf water content over time.
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the seven MODIS bands (+*=0.9 in all cases) even when all
four leaf variables are subject to inversion. These simulation
results demonstrate that MODIS bands are placed in spectral
regions capable of determining C,, when four leaf variables
N, Cyiy, Cy, and C,, are unknown (Fig. 9, top). When
pigment content is set to a fixed value (C, 4 , =33 pg/cm? in
this case)—hence guessing only N, C, and C,,, the deter-
mination coefficient obtained is #*=0.91 when estimating
C,, from MODIS bands, and /*=0.99 from the full spec-
trum. Moreover, when the optical indices SRWI and NDWI
are used as merit functions, with no other spectral informa-
tion than Rgsg and R;,40 nm reflectance bands in the
function built for error calculation, results also demonstrate
that C,, can be properly estimated when all four leaf
variables are subject to inversion (+=0.95).

At the canopy level study with synthetic spectra, the four
leaf variables N, C, 1, Cy, and C,,, were subject to inversion
along with additional variables such as LAI, and viewing
geometry £, t,, and ps. When Cy, is the only variable subject
to estimation, determination coefficients are /*=0.99 in all
four cases (from full spectrum, MODIS bands, SRWI, and

NDWI). MODIS bands are capable of estimating C,, when
the three leaf parameters—N, C,, and C,—are subject to
inversion, C, ; , is set to a fixed value, and LATI and viewing
geometry are known (+2=0.83 for full spectrum, and
#*=0.80 for MODIS-equivalent data). When the four leaf
variables—N, C, +, Cy, and C,—and the canopy LAI are
inverted, determination coefficients for the full spectra is
= 0.86; #*=0.66 is obtained for MODIS-equivalent data,
demonstrating, as expected, that inverting five variables
with seven MODIS bands obtains worse results than when
using the full spectrum. When C, ., is set to a fixed value
and N, C,, C,,, and LAI are estimated, results are %=0.67
from the full spectrum, and /*=0.52 from the MODIS-
equivalent reflectance. These results demonstrate that
MODIS data can be used to estimate Cy, from canopy-level
reflectance, obtaining /*=0.99 if all other variables are
known (N, Ca+p, Cm, LAI); 2=0.80 if N, Cp, and C,,
are inverted, C,p is fixed and LAI is known (Fig. 9,
bottom); ##=0.66 if N, Ca4p, Cws Cimy and LAI are esti-
mated; and *=0.52 if N, C,, C,, and LAI are estimated,
with C, .y, fixed (Table 1).
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Fig. 12. Schematic view of the link between leaf and canopy models for leaf equivalent thickness (Cy) estimation by model inversion. The iterative method
consisted on building a merit function with (i) optical indices SRWI and NDWI; (ii) with all MODIS MODO09A1 reflectance bands.
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The use of SRWI and NDWI indices as the only
components of the merit function fails at canopy level if
more than three variables are subject to inversion, but
*=0.67 is obtained if N, Cy, and C,, are estimated, C, 1,
is fixed, and LAI is known (for this same set of variables, 7
was 0.80 when all MODIS bands are used). The results of
this simulation study with synthetic MODIS-equivalent
reflectance demonstrate the theoretical capability of MODIS
to estimate C, by model inversion of coupled leaf and
canopy radiative transfer models. This approach is used in
the next section, where the model inversion method is
applied to real MODIS reflectance data and the results are
compared with field-measured water content measurements.

3. Field sampling study and results for C,, estimation
from MODIS data

A field sampling campaign was conducted for the anal-
ysis of LFM content, measuring fresh and dry weight from
leaf samples collected in 10 study sites of chaparral vege-
tation in California (USA) between March and September,
2000. Data collection was conducted as part of research to
study spatially explicit models of fire spread through cha-
parral fuels (Morais, 2001). MODIS reflectance data were
obtained for the same period of field data acquisition, and
inversion methods conducted linking PROSPECT leaf
model with the SAILH canopy reflectance model. Descrip-
tion of the leaf sampling scheme and satellite data used in
this study is given below.

3.1. Ground measurements of leaf water content

A total of 10 study sites were sampled between March
and September 2000, from which 560 leaf samples were
collected for measurement of water content at intervals of
3—4 weeks. Chaparral species sampled were Adenostoma
fasciculatum, Adenostoma sparsifolium, Artemisia cali-
fornica, Ceanothus megacarpus, Ceanothus spinosus, Sal-
via leucophylla, and Salvia mellifera located within the
arca — 118.913° (longitude), 34.1523° (latitude) and
— 118.5619° (longitude), 34.0496° (latitude) in California,
USA (Fig. 10).

Study sites were selected at random within the area of
homogeneous chaparral vegetation. Twelve branchwood
samples with foliage were clipped from new growth and
old growth at each site. Leaf samples were placed in
separate sampling containers, with the mass of each empty
container recorded previously. Samples were collected
between 11:00 and 15:00 h, placed in ice for transport to
the laboratory and weighted to obtain the fresh weight [fw].
Containers were measured in the laboratory after collection,
and samples placed in a pre-heated oven at 40 °C until a
stable dry weight [dw] was reached. Dried samples in
containers were sealed and re-weighted to obtain dry weight
per sample (as described in Morais, 2001). LFM was

calculated from all study sites as [(fw — dw)/dw] to monitor
leaf water content variation over time, as explained by
Burgan (1996) and Chuvieco, Deshayes, Stach, Cocero,
and Riafio (1999). The relationship between LFM and
equivalent water thickness is discussed in Ceccato et al.
(2001), who studied the potential for remote estimation of
leaf water content from reflectance data. Previous results by
Gao and Goetz (1995) showed a relationship between
reflectance-derived equivalent water thickness and leaf
moisture content, obtaining a good agreement of R=0.78
using hyperspectral data. Fig. 11 shows the time series of
LFM at the MODIS study sites where leaf samples were
measured, demonstrating the variation of leaf water content
within the period of field sampling.

0.03
y =0.0166x - 0.0038 .

= 2=0.54 .

=

o

4]

2 002 -

)

35

3

s

z

(6]

3 001 1

®©

E

%

L
0.00 ‘ ‘

0 0.5 1 15 2 25 3
Ground Truth [(fw-dw)/dw]

0.03

g y=0.0141x - 0.0063

S =07

<)

[a]

o)

S 002

G

(o))

£

2]

35

€

s

=z 0.01 -

O

©

(0]

5

£

%

L
0.00 ‘ : ‘ ‘ :

0 0.5 1 15 2 25 3
Ground Truth [(fw-dw)/dw]

Fig. 13. Relationships achieved between ground truth LFM [(fw — dw)/dw]
measured in all study sites and C,, estimated by model inversion from
MODIS reflectance using SRWI for the merit function (top) and all
MODO09A1 reflectance bands (bottom) for the period June-—September
2000.



PJ. Zarco-Tejada et al. / Remote Sensing of Environment 85 (2003) 109-124 121

3.2. MODIS data used for estimates of leaf water content

MODIS surface reflectance product MOD09A1 (500 m
spatial resolution) and LAI product MOD15A2 (1 km spatial
resolution) were used for C,, estimation during the period
June to September 2000. These MODIS reflectance images
are 8-day composites of the surface spectral reflectance for
each band at 469 nm (20 nm bandwidth), 555 nm (20 nm),
645 nm (50 nm), 858.5 nm (35 nm), 1240 nm (20 nm), 1640
nm (24 nm), and 2130 nm (50 nm). Compensation for the
effects of atmospheric gases, aerosols, and thin cirrus clouds
is applied to all non-cloudy MOD35 Level 1B pixels (Par-
kinson & Greenstone, 2000; Strahler & Muller, 1999). The
product uses input from bidirectional reflectance distribution
function (BRDF)/Albedo product (MOD43), atmospheric
profiles (MODO7) for ozone, total precipitable water
(MODOS5) for water vapor, aerosol product (MODO04) for
aerosols, and MODIS band 26 for cirrus clouds. The MODIS
LAI product is an 8-day composite derived from the atmos-
pherically corrected surface reflectance product MODO09,

land cover product MOD12, and ancillary information on
surface characteristics using a 3D radiative transfer model.

MODIS reflectance (MOD09A1) and LAI (MODI15A2)
data were reprojected from Integerized Sinusoidal ISIN to
geographic projection. LAI (from MOD15A2 product), and
reflectance, viewing geometry parameters sun angle (Z),
view angle (#,), and relative azimuth angle (p;) (from
MODO09AT1 product) were extracted for every pixel in the
composited reflectance image, since each pixel in the image
is collected under different viewing geometry character-
istics, orbit and day within the 8-day period. The range of
variation for the viewing geometry of all MODIS reflec-
tance spectra used in this study was 11-38° for ¢, 10—61°
for ¢,, and —24° to 138° for p.

The time series of MODIS reflectance data were used for
inversion in the linked leaf—canopy reflectance model as
described in the previous sections. The iterative technique
consisted of building the merit function with the SRWI
optical index, as well as using all MODIS MODO09A1
reflectance bands, with viewing geometry (4, ¢, and py)
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Fig. 14. Time series of MODIS-estimated leaf C,, in the study region of chaparral vegetation within boundaries — 118.913° (longitude), 34.1523° (latitude)
and — 118.5619° (longitude), 34.0496° (latitude) used for ground truth data collection for the period June—September 2000. Reflectance and viewing
geometry (Z, t,, ps) from MODO09A1, and LAI from MOD15A2 MODIS products were used as input parameters in the iteration method, with N, Cy, and C,
leaf parameters subject to inversion. MODIS images from the study area correspond to Julian days 161, 169, 185, 201, 233, 241, 249, 265, and 273, of year

2000. Darker green color corresponds to higher Cy,.
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and LAI from the MODIS products (Fig. 12). Variables
subject to inversion were the leaf structural parameter N,
leaf dry matter C,,, and leaf equivalent water thickness Cy,
with variables set to constant values in the inversion
procedure C, 1, =33 pg/cm?, plagiophile LADF, and soil
spectral reflectance measured in the field.

3.3. Results of the model inversion for leaf water content
estimation from MODIS

Estimation of leaf Cj, by iteration (Fig. 12) was com-
pared with ground-measured water content from each study
site using the MODIS data coinciding with dates used for
leaf sampling. Results obtained from comparing the esti-
mated C,, by radiative transfer model inversion with the
field-measured LFM content (Fig. 13) demonstrated the
capability of MODIS reflectance data to track changes of
water content in vegetation. Cy, estimated using SRWI index
as merit function achieved 7*=0.54 (Fig. 13, top), obtaining
better results 72 =0.7 (Fig. 13, bottom) when all MODIS
bands are used in the model inversion, consistent with the
simulation results presented in previous sections.

These results were further analyzed to study the relation-
ship of the estimated C,, with a potential canopy LAI
variation over the period of this study. The objective was
to demonstrate that C,, estimated by inversion from MODIS
was independent and not driven by LAI seasonal changes
that occurred at the study sites over the period of the study.
The relationship between the LAI input parameter in the
model inversions (MOD15A2) and the model-estimated leaf
C,, was *=0.12, where ¥*=0.1 is obtained between LAI
and ground measured relative leaf water content in all sites
between June and September 2000. These results suggest
that seasonal estimates of leaf water content can be con-
ducted by radiative transfer modeling from MODIS reflec-
tance bands using inversion techniques. The same methods
were applied pixel by pixel to MODIS images, mapping Cy,
by model inversion (Fig. 14). It shows the MODIS-esti-
mated leaf equivalent water thickness for the period June—
September 2000 over the study region of chaparral vegeta-
tion used in this study, illustrating the changes in water
content occurred over the time period.

4. Conclusion

Simulation methods and results from the modeling and
field studies described in this article demonstrate that leaf
water content can be globally monitored with MODIS
reflectance data by radiative transfer modeling. Optical
indices previously suggested in the literature as potential
indicators of vegetation water content, such as SRWI and
NDWI, were used in a simulation study with linked leaf—
canopy models. Leaf- and canopy-level variables such as
leaf structure, dry matter content, soil reflectance, LAI, and
the viewing geometry were studied through model simula-

tion to account for their effects on the optical indices built
from R858 and R1240 MODIS bands. Modeling analysis
demonstrates that SRWI and NDWI are highly sensitive to
LAI, with more effects of low LAI on the index as C,,
increases. For high LAI values, the SRWI index is still
sensitive to changes in leaf equivalent water thickness, with
saturation starting at LAI greater than 10. These results are
consistent with previous studies that indicate the need for
modeling methods to account for leaf- and canopy-level
effects on the optical indices, especially LAI, therefore
preventing the application of such indices directly on the
imagery for biochemical constituent estimation of Cy,

Synthetic spectra were generated in two simulation
studies at leaf and canopy levels using continuous reflec-
tance and MODIS-equivalent data to study the capability of
MODIS bands to successfully retrieve C,, by inversion.
Inversion methods both at the leaf and canopy levels
demonstrated that C,, could be successfully estimated by
the seven MODO09A1 MODIS bands when leaf variables N,
C,, and C,, are subject to inversion by iteration. The SRWI
and NDWTI indices used as a merit function successfully
retrieved C,, by inversion when three leaf variables are
subject to inversion, but failed when more than three
variables are simultaneously estimated.

Model inversion methods proposed here for C,, estima-
tion by linking leaf and canopy models were confirmed
using MODIS reflectance and ground data of LFM content
measurements collected between March and September
2000 from 10 study sites of chaparral vegetation in Cal-
ifornia, USA. MODIS reflectance, viewing geometry f, t,,
ps, and LAI were used as inputs for the minimization
procedure in the model inversion. Radiative transfer inver-
sion methods conducted in the study consisted on using
SRWI as merit function, and using all MOD09A1 MODIS
reflectance bands, with leaf N, C,, and C,, subject to
estimation. Successful results were found when comparing
MODIS-estimated C,, with ground truth LFM (fw — dw)/dw
from the study sites, obtaining 7*=0.54 when SRWI is used
in the merit function, and 7> =0.7 when MOD09A 1 MODIS
bands are used for model inversion.

This simulation and field study results suggest the
potential use of a linked leaf—canopy radiative transfer
approach for global monitoring of leaf water content from
MODIS reflectance and inversion methods.
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