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ABSTRACT

Progress made on the detection of stress in hetieeogs crop canopies with hyperspectral remotérggimsagery

is presented. High-spatial resolution multispecateahote sensing imagery was collected in 2002, 20G82004
over vineyard and olive orchards in Spain. Imageguired with theCompact Airborne Spectrographic Imager
(CASI) and theReflective Optics System Imaging Spectrom(&@ESIS) in the visible and near infrared wavelangt
regions 400-950 nm at 1 m resolution, and with Airborne Hyperspectral ScannéAHS) in the reflective and
thermal regions at 2 m resolution enabled the sbhfdyarrow-band vegetation indices and model sitrariafor
estimation of chlorophyll content for chlorosis etgton at the tree and vine level, as well as dwegithermal
information function of the stress status. Grouathdollection consisted of measurements of croamsimittance
with a PCA LAI-2000 and geometrical measurementsrofvn projected area, height, crown cross-secthom,
biochemical constituents such as chlorophyl and carotenoids, enabling the estimation of crmaharea index,
crown leaf density, biophysical variables relatedhe crown intercepted radiation, such as crofgl yaed canopy
fractional cover, as well as crop functioning thgbuchlorophyll content estimation. Leaf and canspyulation
models, such as PROSPECT, SAILH, FLIM, and rowvMCR&te used and theealing upmethodology presented.
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1INTRODUCTION

Leaf chlorophylla+b (C,.v) and leaf area index (LAIl) are indicators of straad growth that may be estimated by
radiative transfer modelling from hyperspectraladat the 400-2500 nm spectral region. Estimatiosuth leaf
biochemical and canopy biophysical variables framote sensing data requires appropriate modelthagegies
for Olea europaed.. andVitis viniferaL. canopies, accounting for structure through d@sshant effect on the bi-
directional reflectance (BRDF) signature. Succdssftimation of leaf biochemistry from remote segsinethods
in open canopies @lea europaed.. andVitis viniferaL. has remained an elusive goal to date, presynthd to
the difficulties to access data from hyperspedegisors and to the complexity of the physical aggres required
for modeling such canopiesg.&and other leaf biochemical constituents such asnditter content (¢ and water
content (@) are indicators of plant stress and nutritionafictlencies associated with relative availability of
elements N, P, K, Fe, Ca, Mn, Zn and Mg, amongrstfle6]. Chlorosis in olive trees caused by suefictencies
can be successfully treated thereby improving gieldd the final quality of the fruit [7-9]. Specdily, Fe and N
deficiencies resulting in chlorosis symptoms ineyiards cause a decrease of fruit yield and qualithe current
and the subsequent year as fruit buds developyp[&r!

2 HYPERSPECTRAL INDICES AND MODEL SIMULATION

Several hyperspectral indices, proposed in theatitee track and quantify chlorophyll concentratid®-13],
allowing remote detection methods to identify andpnvegetation stress through the influence of ciployll
content variation. These physiologically-based tetign indices are shown in Table 1 (see [13] fdulbreview).
In agricultural canopies with large spectral cdnttions by the soil background and LAl variationdifferent
growth stages, combined indices have been propmsadnimize background soil effects while maximgithe
sensitivity to G, [14-15]. CARI (Chlorophyll Absorption in Reflectance Indei)6], MCARI (Modified
Chlorophyll Absorption in Reflectance Indej)7], SAVI (Soil-Adjusted Vegetation Index]8] and OSAVI
(Optimized Soil-Adjusted Vegetation Indgx9] were proposed as soil-line vegetation indicebe combined with
MCARI to reduce background contributions [17] sugb in the form TCARI/OSAVI or MCARI/OSAVI.
Nevertheless, and despite the successful relaffpmshbtained between specific optical indices aedf |
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biochemistry, estimation of such biochemical comgrus at - -
canopy level from remote sensing requires apprgprieodelling | _‘ '. . l
strategies for these heterogeneous canopies, dotpufor -.‘ E

structure through its dominant effect on the bediional
reflectance (BRDF) signature. Methods $maling-upof indices '
such as MCARI, TCARI and OSAVI have been succebsful |
studied to investigate the effects of scene compisnen indices
calculated from pure crown pixels and from aggregasoil, ll‘
shadow and crown reflectance in olive tree orchg2iy. ':* -
Relationships between optical indices and groundsmed G, ) .y -
LE

yielded reasonable results with 1-m ROSIS imagetyerw
targeting crowns, with the best results obtainedr fo
MCARI/OSAVI, MCARI, and TCARI indices. However, nas
indicated that these combined indices were higlflgcted by
soil background and shadow components in open @es0p
requiring the use of open-canopy radiative transfethods since
canopy reflectance is then function of the threenmonents:
crown, soil and shadows. The linked models
PROSPECT-SAILH-FLIM  improved the estimates of
chlorophyll concentration from open tree canopiesthw
significant effects of soil and shadow scene coreptsion the
aggregated pixels. Similar methods were appliedcfdorosis
detection in vineyards with 1 m CASI imagery (Figu); in this
case PROSPECT linked to the ro/MCRM model, whidbree
to the Markov-Chain Canopy Reflectance Mo@®ICRM) [21-
22] with additions to simulate the row crop struet¢developed
within the frame of th€rop Reflectance Operational Models for
Agriculture project (CROMA)) was used to simulate different
scene component proportions, row orientations, eneyard
dimensions (Figure 2). Field sampling campaigns ewer
conducted in July 2002 and July 2003 for biocheh@nalysis of
leaf Gy in study areas of/itis viniferaL. in Ribera del Duero . . .
D.O. in Northern Spain. A total of 1467 leaves wesed for Figure 1. CASI imagescollected at 1m spati
determination of G on 88 study sites comprising the campaig esolution from olive and vineyard study fields.
conducted in 2002 and 2003, which generated a asd¢abf

optical properties of 605 leaves collected.
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Figure 2. Model simulation of row-structured discontinuoushapies with ro’MCRM radiative transfer model (left)
Vineyard canopy reflectance simulation as functibthe visible strip length in the row crop (St=018n, 1.5m and 2m) (right).
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Table 1. Vegetation indices for biochemical and LAl estirpaticalculated from multispectral and hyperspectral

imagery

Vegetation I ndex

Equation

Reference

Structural Indices

Normalized Difference
Vegetation Index (NDVI)

NDVI = (Ruir - Red )/(Ruir + Red)

Rouseet al.(1974)

Modified Triangular Vegetatior]
Index (MTVI1)

MTVIL =12* [12* (Rypo = Rigo) = 25* (Rezo= Reso)]

Haboudanet al (2004)

Modified Triangular Vegetatior]
Index (MTVI2)

vvi2 = £5*112% (Rioo=Reso) = 25* (Rro~ Reso)]
J@" Rog# 17— (6% Ryo-5" Ry ,) - 05

Haboudanet al (2004)

Renormalized Difference
Vegetation Index (RDVI)

RDVI = (Reoo~Re70)/+/(Reoo* Re70)

Rougean and Breon, (199%

Simple Ratio Index (SR)

SR 3uR/Rred

Jordan (1969);
Rouseet al.(1974)

Modified Chlorophyll
Absorption in Reflectance
Index (MCARL)

MCARIL =1.2* [25* (Rygo= Ryzo) = 13* (Rgo=Reso)]

Haboudanet al (2004)

Modified Chlorophyll
Absorption in Reflectance
Index (MCARL)

MCARI2 = 15" [25* (Ripy= Rz = 13* (Ripo~ R
\/(2* Rsnu+1)2 = (6* Rypo—5* \/@) -05

Haboudanet al (2004)

Soil Adjusted Vegetation Inde
(SAVI)

SAVI = (1+L) * (Rsoo—Rs70)/(Reoo* Re7o+L)
[Le(0,1)]

Huete (1988)
Qi et al.(1994)

Improved SAVI with self-
adjustment factor L (MSAVI)

MSAVI = %[2* Peooﬂ‘\/(z* Reoo*D)?-8* (Reoo~ F"em)}

Qietal (1994)

Optimized Soil-Adjusted

Vegetation Index (OSAVI)

OSAVI (1 + 016) (Rgoo— %70) /
(Reoo + Re7o + 0.16)

Rondeauwet al. (1996)

Chlorophyll Indices

Greenness Index (G)

G =4R)/(Re7)

Modified Chlorophyll
Absorption in Reflectance
Index (MCARI)

MCARI = [(R700— %70) -0.2 (R700
- RSSO)]* (R700/ I:'2670)

Daughtryet al. (2000)

Transformed CARI (TCARI)

TCARI = 3 [(R700— %70) -0.2
(R700_ RSSO)* (R700/ IQ670)]

Haboudanet al (2002)

Triangular Vegetation Index
(TVI)

TVI =05* [120* (Ryso=Res) = 200" (Ryz0— Rsso)]

Broge and Leblanc (2000)

Zarco-Tejada & Miller

ZM = (Rs))/(Ry10)

Zarco-Tejadaet al.(2001)

Simple R. Pigment Ind. (SRPI

SRPI =4£3/(R680)

Pefiuelas et al. (1995)

Normalized Phaeophytinizatio

=

NPQI = (Ri1s— Rizs)/ (Russ + Ruzs)

Barnes et al. (1992)

Index (NPQI)
Photochemical Reflectance PRI1 = (Rus - Rss7)/(Rs2s + Res?)
Index (PRI) PRI2 = (Ra1 - Rs70)/(Rsa1 + Re70) Gamon et al. (1992)

Normalized Pigment
Chlorophyll Index (NPCI)

NPCI = (Rigo - Ruz0)/ (Reso + Ruzo)

Pefiuelas et al. (1994)

Carter Indices

Ctrl = (Ryos)/(Razo)
Ctr2 = (%95)/(R760)

Carter (1994)
Carter et al. (1996)

Lichtenthaler indices

Licl = (Rsoo - Resa)/ (Reoo + Reso)
Lic2 = (Ra0)/(Res0)

Lichtenthaler et al. (1996)

Structure Intensive Pigment
Index (SIPI)

SIPI = (Rioo - Ruso)/ (Reoo + Reso)

Pefiuelas et al. (1995)

Vogelmann indices

Vog1 = (R0)/(Rr20)
Vog2 = (Ras— Ria7)/(R7is + Rize)
Vog3 = (Ras— Ra)/(Rzis + Rrzo)

Vogelmann et al. (1993);
Zarco-Tejada et al. (1999

Gitelson and Merzlyak

GM1=R/Rss0  GM2=Rys¢/R700

Gitelson & Merzlyak (1997

~
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3 RESULTS

The application of optical indices in discontinuoasop
canopies such a3lea europaed.. andVitis viniferaL., where
canopy structure plays an important role, and tifects of
LAl, shadows and soil in the modelled reflectancaveh
demonstrated the requirement for radiative transif@ulation
methods for accurate estimates of biochemical ¢aests.
Relationships between optical indices and groundsoed
Cab yielded reasonable results with 1-m ROSIS imagérgn
targeting crowns, obtaining the best results
MCARI/OSAVI, MCARI, and TCARI indices. Relationstsp
between optical indices and ground measurgdaM@en using
1-m ROSIS imagery targeting olive crowns yield&eDr6 with
TCARI, ’=0.64 with MCARI, f=0.48 with TCARI/OSAVI
combined index, and?¥0.69 with MCARI/OSAVI. The
predictive relationship calculated for the MCARI/®A
index through PROSPECT-SAILH using a gradient af sc
backgrounds from bright to dark soil reflectancelded
r’=0.67 and RMSE=10.Qug/cn? when applied to ROSIS
pure-crown spectra. In the case of aggregated sct
components, when lower spatial resolution imagesy
available, a relationship between MCARI/OSAVI ang, C
developed using PROSPECT-SAILH-FLIM to accounttfoe
scene components that were missing in the PROSPE(
SAILH simulation, significantly improved the estitran of
Cabthan when using only SAILH for aggregated pixels.

Cab (Ig/ c mZ)

fc

C,, (o/cm?) (measured)

In Vitis viniferaL. canopies, leaf reflectance and transmittanc
measurements enabled the validation of opticatewdfor this
crop. Results show that the best optical indicesHdorophyll
estimation in vine leaves were the indices ZM, \Q@OG;,
VOG;, GM,;, GM,, MCARI, TCARI, MCARI/OSAVI, and
TCARI/OSAVI (Table 1 and Figure 3, top). Chlorophgl& b
estimation by inversion of the PROSPECT leaf madihg a
database of 605 leaf reflectance and transmitteimeespectra
yielded a determination coefficient of=0.95, with an
RMSE=5.3 pg/cn? (Figure 3, centre). Thescaling up of
TCARI/OSAVI index through PROSPECT linked
rowMCRM radiative transfer model yielded a deteraion
coefficient of f=0.71 and RMSE=10.fug/cn? (Figure 3,
bottom). These results indicate the validity of thentioned
narrow-band vegetation indices for chlorophyll mestiion in
open tree and vine crops, and the successful dstimaf
chlorophylla & b by PROSPECT model inversion linked to
SAILH+FLIM in orchard trees, and rowMCRM in
row-structured canopies such as vineyards.

to

C,, (lo/cm?) (measured)

4 CONCLUSIONS

Progress made on the estimation of chloropha&lb for stress
and chlorosis detection in open tree crops andstouctured
crop canopies demonstrate the validity of combimetices
such as TCARI/OSAVI, both at the leaf and canopxele
Correct estimation of & at the canopy level was successful
using appropriate radiative transfer simulation hwit
PROSPECT linked to SAILH-FLIM (orchard crops) and
rowMCRM (row-structured crops such as vineyards).
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Figure 3. Relationships found betwe:
vine G, and TCARI/OSAVI at the leaf
level (top), by model inversion (centre),
and at the canopy level by scaling up
TCARI/OSAVI through PROSPECT
linked to rowMCRM model (bottom).
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