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1 INTRODUCTION

Virtudly al kinds of vegetation are subject to wildfires. Research programs conducted during the
last three decades on fire risk assessment have emphasized the role of vegetation water content to
understand biomass burning processes. They nevertheless did not produce satisfying operational
methods to determine risk levels. Two different procedures are commonly used to monitor the
evolution of fire risk over time (Dauriac et a., 2001):

The use of meteorological variables averaged over a surface area of 1000 km® to calculate the
water balance of the site;
The measurement of vegetation water content in alimited number of control plots.

Water balance is the most important factor controlling aboveground primary production, and then
fire frequency and intensity. For instance, the arid areas of southern hemisphere Africa burn
infrequently because there is rarely enough fuel present to carry a fire across the landscape (a
minimum of about 0.5-1 t/hais needed). Severa years of fuel accumulation or an exceptionaly wet
growing season are required to generate this minimum fuel load in arid areas (FAO, 2001). Where
a sufficient amount of fuel accumulates, water content is definitely a key factor in assessing
flammability and combustibility. Although there are many measurements of vegetation water
content (leaf water potential, stomatal aperture, specific water density, equilibrium moisture
content, etc.), Fuel Moisture Content (FMC), Relative Water Content (RWC), and Equivalent
Water Thickness (EWT) are commonly used by plant physiologists to determine plant water stress:

fw- dw RAC = fw- dw fw- dw

FMC = = EWT =
dw tw- dw

where fw is fresh weight, dw is dry weight, A is the leaf area, and tw is the turgid weight. FMC
defined as the ratio between the quantity of water and either the fresh or dry (formula above)
weight is routinely used by forest services to assess fire danger (NPS, 2001). RWC is the ratio of
the actual leaf water content to the maximum water content at full turgor. It has been demonstrated
to be directly related to leaf water potentia, which controls plant response to water stress.
However, different species may have the same RWC values with different amounts of water in
their leaves because of variance in turgid weight and dry matter weight in nature (Ceccato et d.,
2001). In contrast, EWT only depends on the amount of water in the leaf, corresponding to a
hypothetical thickness of a single layer of water averaged over the whole leaf area. Ripple (1984)
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mentioned that traditional techniques for accurate ground-based evauation of plant water relations
were time consuming, costly, and spatially restrictive, and proposed to combine them with remote
sensing techniques for large-area evaluations. Remote sensing is indeed an adapted tool to monitor
vegetation moisture, from loca to globa scale, operationaly, and over different ecosystems. As
leaves represent the main surfaces of plant canopies, their optical properties are essential to
understanding the transport of photons within vegetation, but the "scaling-up” of water estimation
methods from leaf- to canopy-leve is still a point at issue as seen below, because plant canopies are
considerably more complex targets than are leaves.

2 REMOTE SENSING OF MOISTURE CONTENT AT THE LEAF LEVEL

Hundreds of papers have detailed variation in spectral properties in relation to leaf biochemical
composition and structure, which themselves depend on many factors including the species,
developmenta or microclimate position of the leaf on the plant, and whether it is stressed or not.
One classicaly divides the optical domain from 400 to 2500 nm in three parts: the visible (400-700
nm) characterized by a strong absorption of light by photosynthetic pigments in a green leaf; the
near-infrared plateau (700-1100 nm) where absorption is limited to dry leaf matter but where
multiple scattering within the leaf, related to the fraction of air spaces, i.e, to the interna structure,
drives the reflectance and transmittance levels; and the middle-infrared (1100-2500 nm) which is
also a zone of strong absorption, primarily by water in fresh leaves and secondarily, by dry matter
(dry carbon compounds like cellulose and lignin, nitrogen, sugars, and other plant compounds)
when the leaf wilts and dries (Figure 1). All of these observations are a prerequisite to extracting
biophysical information.
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Figure 1. Reflectance and transmittance spectra of (a) fresh and (b) dry poplar (Populus
canadensis) leaves in the solar domain.

There are two major water absorption features centered near 1450 and 1950 nm that affect the
reflectance of hedlthy leaves, and two minor centered near 970 and 1200 nm. These absorption
features result from vibrationa transitions involving various overtones and combinations of water's
three fundamenta vibrationa transitions: V1 (H- O-H symmetric stretch mode transition), V2
(H- O- H bending mode transition), and V3 (H- O- H asymmetric stretch mode transition). The
absorption feature centered near 970 nm is attributed to a 2V1 + V3 combination, the one near
1200 nmto aV1+ V2 + V3 combination, the one near 1450 nmto aV1 + V3 combination, and the
one near 1950 nmto aV2 + V3 combination. Various methods have been developed to extract |eaf
water content from leaf optical properties.



2.1 The semi-empirical approach

The first methods consst of relating spectrd indices based on a ratio or some other smple
mathematical formula of reflectance, or its derivative, a one or more selected wavelengths -

I 900/l 970, I 1650/ 1430, (I 850~ I 2218)/( 850~ I 1928), (I ss0- I 1788)/(I 850~ I 1928), @MONQ Others - to leaf water
content:

FMCor RAMC or EWT = f(r (I 1),...,r (I r]))

RWC (Hunt et a., 1987, 1989; Bowman, 1989; Inoue et a., 1993; Pefiuelas et a., 1993; Pefluelas
and Inoue, 1999; Yu et a., 2000; etc.) and EWT (Aoki et a., 1988; Danson et a., 1992; Datt, 1999;
Yu et a., 2000; Ceccato et a., 2001; etc.) have been determined this way. Continuum removal,
i.e., integration of the area in the absorption below the continuum, has been applied by Tian et a.
(2001) to the curve between 1650 and 1850 nm, to estimate RWC. Finaly, multiple stepwise
regression analysis which establishes a direct regression equation between leaf reflectance (or
transmittance) at a few wavelengths, selected by the procedure, and leaf biochemistry has been
used by Fourty and Baret (1998) and Gillon et al. (2002) to estimate EWT and FMC, respectively.
However, the accuracy of these estimations lack predictability because these relationships do not
take into account the partially co-varying anatomica structure and specific leaf area differences
between species or |eaves.

2.2 TheModeling approach

While experimental measurements of |eaf optical properties were progressing, deterministic models
based on diverse representations of light interactions with plant leaves were also developed. These
models are distinguished by the underlying physics and by the complexity of the leaf. The smplest
ones consider the blade as a single scattering and absorbing layer. In the most complicated ones, all
cells are described in detail (shape, size, position, and biochemica content). Whatever the
approach, these models have improved our understanding of the interactions of light with plant
leaves. Information about the refractive index and the specific absorption coefficient of |eaf
congtituents is amost aways required. Figure 2 presents the latter for chlorophyll, water, and dry
matter as a function of the wavelength. One recognizes in the action spectrum of water the three
main peaks near 1450, 1950, and 2500 nm, and two minor ones at 970 and 1200 nm. The 970 nm
absorption band has very little effect on leaf optical properties so that it sometimes does not occur
on leaf spectra.
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Figure 2. Specific absorption coefficient &) of chlorophyll at+b (cn ny %) on the left scale b) of
water (cm'*) and dry matter (cn g %) on theright scale.



Udtin et d. (1999) aready extensively reviewed computer-based leaf models from the late sixties to
the present. Table 1 categorizes radiative transfer models in three main classes, arranged in

increasing order of complexity:

Radiative transfer models

Stochastic models

M onte Carlo approaches

PROSPECT, LIBERTY,
LEAFMOD, FRT

SLOP

RAYTRAN, ABM

- structure parameter
- biochemica contents

- probabilities of scattering
and absorption

- description of the leaf
internal structure in three
dimensions

® gpectral properties
® chlorophyll fluorescence

® gpectral properties
® chlorophyll fluorescence

® gpectral properties
® directiond properties
® absorption profiles

direct + inverse mode

direct mode

Table 1. Comparison of several leaf optical properties models used in remote sensing.

2.2.1 PROSPECT

Now in widespread use in the remote sensing community, PROSPECT was among the first model to
accurately smulate the hemispherical reflectance and transmittance of various plant leaves
(monocots or dicots, fresh or senescent leaves) over the solar spectrum. The leaf is represented as a
pile of absorbing plates with rough surfaces giving rise to isotropic diffusion (Figure 3). Origindly
the model used three input parameters (Jacquemoud and Baret, 1990): the structure parameter N
(number of compact layers specifying the average number of air / cdl walls interfaces within the
mesophyll), the chlorophyll a+b concentration G, (my cni?), and the equivalent water thickness
EWT noted C,, (cm or g cmi ).
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Figure 3. Schematic representation of PROSPECT.

During the summer of 1993 an experiment at the Joint Research Centre (Ispra, Italy) built a
database, LOPEX, associating visible / infrared spectra of dry and fresh vegetation elements (leaves,
conifer needles, stems, etc.) with physica measurements (thickness, water content, specific leaf
ared) and biochemica analyses (chlorophyll a+b, proteins, cellulose, lignin, etc.) (Hosgood et al.,
1995). LoPEX was used to introduce the full leaf biochemistry into PROSPECT (Jacquemoud et al.,
1996). A limit of this process arose however in the inversion of the model when it was discovered
that protein content could not be retrieved because of strong water absorption features and cellulose
and lignin could not be consistently identified and quantified. As a consequence, the model was
smplified to the point that it now considers the dry matter content C,, (g cm ?) as a whole instead
of treating the leaf biochemica constituents individualy (Baret and Fourty, 1997; Jacquemoud et
al., 2000). In short, the four input parameters of PROSPECT today are: leaf structure parameter, the
chlorophyll atb concentration, the equivalent water thickness, and the dry matter content. Recent
studies based on statistical methods like the Design Of Experiments for Simulation (DOES, Bacour
et a., 2002) or the Extended Fourier Amplitude Sensitivity Test (EFAST, Ceccato et d., 2002a)



permitted the quantification of the contribution of each of the input parameters to the model
outputs, as well as their interactions. Figure 4 shows that variation in transmittance values - it
would be similar with reflectance values - are exclusively influenced by N, C, and G, in the near
and middle infrared. As expected, water has the greatest influence with 80-90% of contribution in
the absorption peaks, but N and C, aso significantly affect transmittance values within this range.
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Figure 4. Contribution of chlorophyll concentration C,, (green), equivaent water thickness C,,
(blue), dry matter content C,, (brown) and structure parameter N (red) to the leaf transmittance as
simulated by PROSPECT. The black curve is the sum of the contributions (Pavan, unpublished).

PROSPECT has been vdidated by iterative inversion of the model on reflectance and transmittance
spectra of about sixty leaves of various species from the LOPEX database, and fourteen leaves of
cereal crops (Newnham and Burt, 2001). It generally performs well in terms of spectrum
reconstruction. The comparison between measured and estimated values of Gy, C,, and G, also
gives satisfactory results on fresh leaves (Table 2).

Constituent R° RM SE
Cu ’ 0.0025 cm
Baret and Fourty (199
rty (1997) Cn ’ 0.0016 g cri ®
Ca 0.67 9.1 ng cm ?
Jacquemoud et a. (2000) Cu 0.95 0.0018 cm
Cn 0.65 0.0022 g cmi ®
Ca 0.78 :
Newnham and Burt (2001) c. 003

Table 2. Retrieval of leaf biochemical constituents by inversion of PROSPECT.

2.2.2 LIBERTY (Leaf Incorporating Biochemistry Exhibiting Reflectance and Transmittance Yields)

This model was developed specifically to calculate the optical properties of both dried and fresh
stacked conifer needles (Dawson et al., 19984), and to date, it remains the only one designed for
this purpose. However, it can aso be used for predicting the reflectance and transmittance spectra
of aleaf or a stack of leaves in the solar domain. By treating the leaf as an aggregation of cdlls,
with multiple radiation scattering between cells, output spectra are a function of three structural
parameters (cell diameter in nm, intercellular air space, leaf thickness) and the combined
absorption coefficients of leaf biochemicals (chlorophyll concentration in mg ni?, water content in
g m?, lignin and cellulose content in g mi 2, and nitrogen content in g m 2). Dawson et a. (1998b)
ran LIBERTY to generate reflectance spectra of dash pine needles containing various water,
lignin+cellulose, and nitrogen concentrations. This data set was then used for training an artificia



neural network which proved to produce more accurate FMC when compared againgt those
generated with spectral indices alone.

2.2.3 Other models

Although PROSPECT and LIBERTY are the most popular leaf optical properties models in remote
sensing, other codes have been developed which aso take into account leaf water content and are
potentially useful in the remote sensing of fire risk assessment: LEAFMOD (Leaf Experimental
Absorptivity Feasibility MODel, Ganapol et a., 1997) directly based on the radiative transfer
equation, sLop (Stochastic model for Leaf Optical Propertie, Maier et d., 1999) where the ledf is
partitioned into different tissues and their optica properties smulated by a Markov chain.

3 REMOTE SENSING OF MOISTURE CONTENT AT THE CANOPY LEVEL

It would be convenient to be able to estimate the water content of whole canopies in the field using
leaf-level methods described above, but extending laboratory results to the field presents some
problems (Rollin and Milton, 1998). Besides leaf optical properties, canopy reflectance aso
depends on plant structure (leaf area index, leaf orientation, leaf size, etc.), background (soil and/or
non-photosynthetically active vegetation) optical properties, and viewing geometry (solar and view
zenith and azimuth angles). Most of these parameters vary spatially and temporally. For that very
reason, it is questionable whether the semi-empirical relationships established at leaf level can be
"scaled-up" to whole canopies. How can canopy water content be mapped?

3.1 Thesemi-empirical approach

There are few studies that have examined the relationships between total canopy water content and
spectra reflectance indices. Sims and Gamon (2003) recently proposed the Canopy Structure Index
(CSl) that combines the low absorptance water band at 1180 nm with the smple ratio vegetation
index to account for the amount of vegetation: CSl produced good correlations with EWT at all
canopy thicknesses. Rolin and Milton (1998) defined the Relative Depth Index (RDI) to estimate
FMC. Both indices have been tested with reflectance spectra acquired by field portable
spectrometers on a limited number of validation points. The Normalized Difference Water Index
(NDWI) demonsdtrated its potential applicability for canopy-level EWT estimation with AVIRIS
(Airborne Visible Infrared Imaging Spectrometer) imagery (Gao, 1996; Serrano et al., 2000). More
sophisticated techniques like Hierarchical Foreground / Background Anaysis (HFBA) introduced
by Ustin et a. (1998) aso performed well in the retrieval of canopy water content from AVIRIS
imagery (Figure 5). The cartography of FMC in urbanized landscapes, such as the chaparral
systems of semiarid shrubs in California, is critical to fire assessment. Findly, Ceccato et a.
(20023, 2002b) were innovating in designing a Global Vegetation Moisture Index (GVMI) based
on radiative transfer model simulations and adapted to the SPOT-VEGETATION sensor. Field
measurements of EWT carried out at canopy level on different formations of West Africa (shrub
steppe, shrub savannah, tree savannah, and savannah woodland) vaidated the new index.

Most of these indices based on spectral variations of the reflectance however pose a problem
because water stress is not only manifested in water content change but aso in plant architecture
change (Jackson, 1986). As wilting progresses, the leaves become more vertical, the cover fraction
and consequently, the reflectance, decrease. Radiative transfer models which incorporate the effects
of viewing geometry, leaf orientation, and other describers of canopy complexity into reflectance
might be better suited to accurately retrieve water content.
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Figure 5. Canopy water content of chaparra communities in the Santa Monica Mountains,
bordering Los Angeles and the San Fernando Valley, Cdifornia, an area subject to frequent
catastrophic wildfires in the shrub savanna grasslands. The images were measured in September, at
the end of the extended dry season (approximately six months without rain) and in the following
spring at the end of the winter rainy season. Data were composited from three AVIRIS flightlines
(16 scenes) and atmospherically collected reflectance (after ustin et a., 1998).

3.2 The modeling approach

Fewer investigations have applied radiative transfer models and inversion techniques for estimating
leaf water content from canopy reflectance imagery. The first attempts are quite simple: Schmuck
et al. (1993) regarded an AVIRIS spectrum as a linear mixing of soil and vegetation spectra, the
latter being modeled with a Kubeka-Munk formula modified to fit an optically thick homogeneous
medium. Two spectral windows were use in the fitting: the 500-730 nm region for chlorophyll
estimates and the 1500-1650 nm region for water estimates. Compared with the Moisture Stress
Index calculated at two dates, the retrieved EWT demonstrated a higher sensitivity. By expressing
the reflectance spectrum by modified Beer-Lamber laws, Gao and Goetz (1995) and Roberts et al.
(1997) mapped EWT.

Jacquemoud and Baret (1993) were the first to link a leaf optical properties model, PROSPECT, to a
canopy reflectance model, salL, namely PROSAIL, and to invert it on reflectance spectra (Figure 6).
They estimated EWT by iterative inversion of the coupled model on sugar beet (Beta vulgarisL.)
reflectance spectra acquired at nadir. Such a procedure has been later on successfully extented to
AVIRIS and TM equivaent data (Jacquemoud, 1993; Jacquemoud et a., 1995). Danson and
Aldakhed (2000) followed the same approach to study diurna water stress, but nevertheless
pointed out the limit of radiative transfer models to represent heterogeneities (clumping effect) in
sugar beet crops, and then to smulate a correct reflectance. Finaly, Zarco-Tgjada et al. (2003)
recently showed that canopy water content could be retrieved by inversion of saiLH from MODIS



(MODerate Resolution Imaging Spectroradiometer) reflectance bands, validating that seasona
desiccation of the canopy over the California summer drought can be measured by spectral changes
in water absorption for chaparral communities in southern California.
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Figure 6. Schematic representation of the PROSPECT + SAIL (or any other canopy reflectance model)
model, in direct and inverse modes.

4 CONCLUSION

The use of radiative transfer models to estimate moisture content is till in its infancy. Much more
work is required before we completely understand the spectral variations of vegetation in relation
to changes of water content, both at the leaf and canopy levels. This knowledge is nevertheless
crucia to developing more accurate retrieval methods. models can be use in direct mode to build
new indices optimized for the wavebands / view angles of actua sensors, but aso in inversion.
Although iterative inversions are till time consuming and not operational to date, artificia neura
networks or look-up table techniques can be set up and tested on VEGETATION data on SPOT4,
or MODIS data on TERRA satellites. Of course, emphasis must be placed on supporting field
measurements to validate them.

The mapping of burned areas with models has not been evaluated in this review because of the
small numbers of studies. Roy et a. (2002) proposed to detect variations in observed MODIS
reflectance by inverting a parametric BRDF moddl. Finaly, the spectral and bidirectiona radiative
properties of burnt scenes surprisingly have not given rise to any extensive study despite obvious
usefulness.

5 REFERENCES

Bacour, C., Jacquemoud, S., Tourbier, Y., Dechambre, M. & Frangi, J.P. 2002. Design and analysis of
numerical experiments to compare four canopy reflectance models. Remote Sensing of Environment,
79(1):72-83.

Baret, F. & Fourty, T. 1997. Estimation of leaf water content and specific leaf weight from reflectance and
transmittance measurements. Agronomie, 17(9-10):455-464.

Bowman, W.D. 1989. The relationships between leaf waterstatus, gas exchange, and spectral reflectance in
cotton leaves. Remote Sensing of Environment, 30:249-255.

10



Ceccato, P, Flasse, S., Tarantola, S., Jacquemoud, S. & Grégoire, J.M. 2001. Detecting vegetation water
content using reflectance in the optical domain. Remote Sensing of Environment, 77(1):22-33.

Ceccato, P., Gobron, N., Flasse, S., Pinty, B. & Tarantola, S. 2002a. Designing a spectral index to estimate
vegetation water content from remote sensing data: Part 1. Theoretical approach. Remote Sensing of
Environment, 82:188-197.

Ceccato, P., Flasse, S. & Grégoire, J.M. 2002b. Designing a spectral index to estimate vegetation water
content from remote sensing data: Part 2. Validation and applications. Remote Sensing of Environment,
82:198-207.

Danson, F.M., Steven, M.D., Malthus, T.J. & Clark, J.A. 1992. High-spectral resolution data for determining
leaf water content. International Journal of Remote Sensing, 13(3):461-470.

Datt, B. 1999. Remote sensing of water content in Eucalyptus leaves. Australian Journal of Botany,
47(6):909-923.

Danson, F.M. & Aldakheel, Y.Y. 2000. Diurnal water stress in sugar beet: spectral reflectance measurements
and modelling. Agronomie, 20(1):31-39.

Dauriac, F., Deshayes, M., Gillon, D. & Roger, JM. 2001. Suivi de la teneur en eau de la végétation
méditerranéenne par télédétection. Application au risque de feu de forét. In Colloque SIRNAT " Systémes
d'Information et Risques Naturels", 6-7 décembre 2001, Sophia-Antipalis (France), 10 p.

Dawson, T.P., Curran, P.J. & Plummer, S.E. 1998. LIBERTY - Modelling the effects of leaf biochemical
concentration on reflectance spectra. Remote Sensing of Environment, 65:50-60.

Dawson, T.P., Curran, P.J. & Plummer, S.E. 1998. The biochemical decomposition of slash pine needles
from reflectance spectra using neural networks. International Journal of Remote Sensing, 19(7):1433-
1438.

Food and Agriculture Organization. 2001. Global Forest Fire Assessment 1990-2000. Forest Resources
Assessment Programme, Working Paper 55, 495 p.

Fourty, T. & Baret, F. 1998. On spectral estimates of fresh leaf biochemistry. International Journal of
Remote Sensing, 19(7):1283-1297.

Ganapol, B., Johnson, L., Hammer, P., Hlavka, C. & Peterson, D. 1998. LEAFMOD: a new within-leaf
radiative transfer model. Remote Sensing of Environment, 6:182-193.

Gao, B.C. & Goetz, A.F.H. 1995. Retrieval of equivalent water thickness and information related to
biochemical components of vegetation canopies from AVIRIS data. Remote Sensing of Environment,
52:155-162.

Gao, B.C. 1996. NDWI - A normalized difference water index for remote sensing of vegetation liquid water
from space. Remote Sensing of Environment, 58:257-266.

Gillon, D., Dauriac, F., Deshayes, M., Valette, J.C. & Moro, C. 2002. Foliage moisture content and spectral
characteristics using near infrared reflectance spectroscopy (NIRS), in Proc. 1V International Conference
on Forest Research, Luso (Portugal), 18-23 November 2002, 13 p.

Hosgood, B., Jacquemoud, S., Andreoli, G., Verdebout, J., Pedrini, G. & Schmuck, G. 1995. Leaf Optical
Properties EXperiment 93 (LOPEX93). European Commission, Joint Research Centre, Institute for
Remote Sensing Applications, Report EUR 16095 EN.

Hunt, E.R., Rock, B.N. & Nobel, P.S. 1987. Measurement of leaf relative water content by infrared
reflectance. Remote Sensing of Environment, 22:429-435,

Hunt, E.R. & Rock, B.N. 1989. Detection of changes in leaf water content using near and middle-infrared
reflectances. Remote Sensing of Environment, 30(1):43-54.

Inoue, Y., Morinaga, S. & Shibayama, M. 1993. Non-destructive estimation of water status of intact crop
leaves based on spectral reflectance measurements. Japanese Journal of Crop Science, 62(3):462-469.
Jackson, R.D. 1986. Remote sensing of biotic and abiotic plant stress. Annual Review of Phytopathology,

24:265-287.

Jacquemoud, S. & Baret, F. 1990. PROSPECT: a model of |leaf optical properties spectra. Remote Sensing of
Environment, 34:75-91.

Jacquemoud, S. & Baret, F. 1992. Estimating vegetation biophysical parameters by inversion of areflectance
model on high spectral resolution data. In Crop Structure and Ligth Microclimate: Characterization and
Applications (C. Varlet-Grancher, R. Bonhomme and H. Sinoquet, eds), Editions de I'INRA (Versailles),
pp. 339-350.

Jacquemoud, S. 1993. Inversion of the PROSPECT+SAIL canopy reflectance model from AVIRIS
equivalent spectra: theoretical study. Remote Sensing of Environment, 44:281-292.

1



Jacquemoud, S., Baret, F., Andrieu, B., Danson, F.M. & Jaggard, K. 1995. Extraction of vegetation
biophysical parameters by inversion of the PROSPECT+SAIL models on sugar beet canopy reflectance
data. Applicationto TM and AVIRIS sensors. Remote Sensing of Environment, 52:163-172.

Jacquemoud, S., Ustin, S.L., Verdebout, J., Schmuck, G., Andreoli, G. & Hosgood, B. 1996. Estimating leaf
biochemistry using the PROSPECT leaf optical properties model. Remote Sensing of Environment,
56:194-202.

Jacquemoud, S., Bacour, C., Poilve, H. & Frangi, J.P. 2000. Comparison of four radiative transfer models to
simulate plant canopies reflectance — Direct and inverse mode. Remote Sensing of Environmnent, 74:471-
481.

Maier, SW., Lideker, W. & Gunther, K.P. 1999. SLOP: A revised version of the stochastic model for leaf
optical properties. Remote Sensing of Environment, 68(3):273-280.

National Park Service. 2001. Fire Monitoring Handbook . National Inter-agency Fire Center, Boise (ID), 288

p.

Newnham, G.J. & Burt, T. 2001. Validation of a leaf reflectance and transmittance model for three
agricultural crop species. In |EEE Geoscience and Remote Sensing Symposium (IGARSS01). Vol. 7, pp.
2976 -2978.

Pefiuelas, J., Filella, |., Biel, C., Serrano, L. & Savé, R. 1993. The reflectance at the 950-970 nm region as an
indicator of plant water status. International Journal of Remote Sensing, 14(10):1887-1905.

Pefiuelas, J. & Inoue, Y. 1999. Reflectance indices indicative of changes in water and pigment contents of
peanut and weat |eaves. Photosynthetica, 36(3):355-360.

Ripple, W.J. 1986. Spectral reflectance relationships to leaf water stress. Photogrammetric Engineering &
Remote Sensing, 52(10):1669-1675.

Roberts, D.A., Green, R.O. & Adams, J.B. 1997. Temporal and spatial patternsin vegetation and atmospheric
propertiesform AVIRIS. Remote Sensing of Environment, 62:223-240.

Rollin, E.M. & Milton, E.J. 1998. Processing of high spectral resolution reflectance data for the retrieval of
canopy water content information. Remote Sensing of Environment, 65:86-92.

Roy, D.P., Lewis, P.E., Justice, C.O. 2002. Burned are mapping using multi-temporal moderate spatial
resolution data - a bidirectional reflectance model-based expectation approach. Remote Sensing of
Environment, 83:263-286.

Schmuck, G., Verdebout, J., Ustin, S.L., Sieber, A. & Jacquemoud, S. 1993. Vegetation and biochemical
indices retrieved from amultispectral AVIRIS data set. InProc. 25" International Symposium on Remote
Sensing and Global Environmental Change, Graz (Austria), 4-8 April 1993, pp. 273-281.

Serrano, L., Ustin, S.L., Roberts, D.A., Gamon JA. & Pefiuelas, J. 2000. Deriving water content of chaparral
vegetation from AVIRIS data. Remote Sensing of Environment, 74(3):570-581.

Sims, D.A. & Gammon, JA. 2003. Estimation of vegetation water content and photosynthetic tissue area
from spectral reflectance: a comparison of indices based on liquid water and chlorophyll absorption
features. Remote Sensing of Environment, 84(4):526-537.

Tian, Q., Tong, Q., Pu, R., Guo, X. & Zhao, C. 2001. Spectroscopic determination of wheat water status
using 1650-1850 nm spectral absorption features. International Journal of Remote Sensing, 22(12):2329-
2338.

Ustin, S.L., Roberts, D.A., Jacquemoud, S., Pinzon, J., Gardner, M., Scheer, G.J., Castaneda, C.M. &
Palacios, A. 1998. Estimating canopy water content of chaparral shrubs using optical methods. Remote
Sensing of Environment, 65:280-291.

Ustin, S.L., Smith, M.O., Jacquemoud, S., Verstraete, M.M. & Govaerts Y.M. 1999. Geobotany: vegetation
mapping for Earth sciences. In Remote Sensing of the Earth Sciences: Manual of Remote Sensing (A.N.
Rencz, ed). John Wiley & Sons (New Y ork), Vol. 3, pp. 189-248.

Yu, G.R., Miwa, T., Nakayama, K., Matsuoka, N. & Kon, H. 2000. A proposal for universal formulas for
estimating leaf water status of herbaceous and woody plants based on spectral reflectance properties.
Plant Soil, 227(1-2):47-58.

Zarco-Tejada, P.J., Rueda, C.A. & Ustin, S.L. 2003. Water content estimation in vegetation with MODIS
reflectance data and model inversion methods. Remote Sensing of Environment, 85:109-124.



