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This work advances the evaluation and interpretation of the Photochemical Reflectance Index (PRI) as an indica-
tor of water stress, over a range of canopy structures and pigment content levels. Very high resolution (VHR)
narrow-bandmultispectral (10 cm) and thermal (20 cm) imagery was acquired diurnally, in four airborne cam-
paigns conducted over an experimental vineyard site undergoing three different irrigation treatments. Fieldmea-
surements of leaf stomatal conductance (Gs) and leafwater potential (Ψleaf) were acquired concurrentlywith the
airborne campaigns and compared against the Crop Water Stress Index (CWSI), a widely accepted, thermal-
based indicator of water stress, and against narrow-band multispectral indices calculated from pure-vegetation
pixels. The study proposes a new formulation, a normalized PRI (PRInorm), inwhich the standard PRI index is nor-
malized by an index that is sensitive to canopy structure (Renormalized Difference Vegetation Index, RDVI) and
by a red edge index that is sensitive to chlorophyll content (R700/R670). The hypothesis investigated is that the
new index, calculated as PRInorm = PRI/[RDVI · R700/R670], not only detects xanthophyll pigment changes as a
function of water stress, but also normalizes for the chlorophyll content level and canopy leaf area reduction in-
duced by stress. Results demonstrated that when comparing PRInorm against stomatal conductance (r2 = 0.79;
p b 0.001) and leaf water potential (r2 = 0.77; p b 0.001)measured atmidday, the new index performed better
than the standard PRI (r2 = 0.52 and 0.49, respectively). Further, when using the four flights conducted during
the diurnal experiment, the relationships with stomatal conductance also showed the superior performance of
PRInorm (r2 = 0.68) as opposed to PRI (r2 = 0.4). The proposed normalized PRI was highly related (r2 = 0.75;
p b 0.001) to the thermal indicator of water stress, CWSI, which was used here as a benchmark. In comparison,
the standard PRI index was found to be significantly related to CWSI (p b 0.001), although the relationship was
weaker (r2 = 0.58) than that obtained for PRInorm. In summary, this study demonstrates that PRInorm isolated
better than PRI the physiological changes against a changing background of altered pigments and structure,
tracking more precisely the diurnal dynamics of the stomatal aperture. Simulations conducted, using leaf and
canopy radiative transfer models to elucidate these results, showed that PRInorm is more linearly related to can-
opy pigment content than the standard PRI, and was more capable of differentiating between stress levels, pro-
viding better insight into the results of this diurnal study.

© 2013 Elsevier Inc. All rights reserved.
1. Introduction

The most established indicator of water stress derived from remote
sensing imagery is the Crop Water Stress Index (CWSI) (Jackson, Idso,
Reginato, & Pinter, 1981), which is calculated from thermal infrared
data. The CWSI is based on the difference between canopy temperature
and air temperature (Tc-Ta), normalized by the vapor pressure deficit
(VPD). Jackson and co-workers (Idso, Jackson, Pinter, Reginato, &
954937; fax:+34957499252.
.

ghts reserved.
Hatfield, 1981; Idso, Jackson, & Reginato, 1978; Jackson et al., 1981)
demonstrated that water stress induces stomatal closure, thereby
decreasing evaporative cooling and increasing leaf temperature. The
usefulness of the CWSI in vineyards located in the San Joaquin Valley
of Californiawas demonstrated by Grimes andWilliams (1990).Midday
measures of leaf water potential (Ψleaf) and yield were linearly related
to the CWSI in that study as were several other means to determine
vine water status.

Although the use of imagery was proposed back in the late 1970s, in
operational terms it has not actually beenused untilmore recently,main-
ly as a result of the widespread adoption of emerging technologies that
integrate high-resolution thermal cameras on board small unmanned
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aerial vehicles (UAVs) (Berni, Zarco-Tejada, Suárez, & Fereres, 2009).
In fact, several studies have shown that high resolution thermal imagery
acquired frommanned (Sepulcre-Cantó et al., 2006, 2007) or unmanned
aerial platforms (Berni, Zarco-Tejada, Suárez et al., 2009; Berni, Zarco-
Tejada, Sepulcre-Cantó, Fereres, & Villalobos, 2009; Gonzalez-Dugo
et al., 2012; Zarco-Tejada, González-Dugo, & Berni, 2012) has enabled
the detection of water stress by means of these miniaturized thermal
cameras, delivering errors of less than 1 K in the estimation of surface
temperature of pure vegetation, when the cameras have been duly radio-
metrically calibrated and atmospherically corrected (Berni, Zarco-Tejada,
Suárez et al., 2009).

Whenever very high resolution (VHR) thermal imagery is not avail-
able, as in the case of existing thermal satellite imagery, Moran, Clarke,
Inoue, and Vidal (1994) proposed aWater Deficit Index (WDI) based on
the vegetation index/temperature (VIT) trapezoid approach, which is
applicable to field crops with varying contributions of bare soil in the
aggregated thermal pixel. This method was first proposed for use
with alfalfa crops to enable the application of CWSI to mixed soil-
vegetation pixels, and is mainly used for field crops and homogeneous
canopies that gradually increase their leaf area and fractional cover
over the growing season. Nevertheless, in the case of vineyards and
other woody crop orchards, the large effects of bare soil and shadows
cast by vegetation on the aggregated thermal pixel require the use of
VHR imagery to extract pure vegetation pixels, and eliminate soil and
other background effects (Leinonen & Jones, 2004). This is particularly
critical when the objective is to apply deficit irrigation methods (for a
review see Fereres & Soriano, 2007) with the required precision to en-
able real-time decisions. In such cases, thermal data extracted from
pure vegetation pixels is required, as very small canopy temperature
differences are found as a function of stress levels, i.e. in some cases
approximately 1 K or less (see Zarco-Tejada et al., 2012, for an example
of citrus orchards where differences of less than 1.2 K were found be-
tween deficit irrigation treatments).

Even though theusefulness of CWSI has beendemonstrated in anum-
ber of studies onmonitoringwater deficit levels, alternative narrow-band
indices calculated in the visible and in the red edge spectral region have
also been proposed to detect water stress (Zarco-Tejada et al., 2012).
These newmethods focus mainly on: i) the epoxidation state of xantho-
phyll cycle pigments, using the Photochemical Reflectance Index (PRI)
(Gamon, Peñuelas, & Field, 1992),which serves as a proxy forwater stress
detection (Peguero-Pina, Morales, Flexas, Gil-Pelegrín, & Moya, 2008;
Suarez, Zarco-Tejada, Berni, González-Dugo, & Fereres, 2009; Suarez
et al., 2008; Suarez et al., 2010; Thenot, Méthy, & Winkel, 2002); and
ii) solar-induced chlorophyll fluorescence emission (Flexas, Briantais,
Cerovic, Medrano, & Moya, 2000; Flexas, Escalona, & Medrano, 1999;
Flexas et al., 2002;Moya et al., 2004), which has been shown to be linked
with stomatal conductance under water stress conditions. In fact, since
the 1970s, there have been several studies that have demonstrated
the link between fluorescence and photosynthesis, as well as other
plant physiological processes (Krause & Weis, 1984; Larcher, 1994;
Lichtenthaler, 1992; Lichtenthaler & Rinderle, 1988; Papageorgiou,
1975; Schreiber & Bilger, 1987; Schreiber, Bilger, & Neubauer, 1994).

The justification for focusing on indicators other than the thermal in-
frared indices is twofold:first, although canopy temperaturemay be a di-
rect indicator of canopy transpiration, it does not account directly for
other physiological changes such as photosynthetic pigment changes
(occurring to chlorophyll, carotenoids, and xanthophylls), or non-
stomatal reductions of photosynthesis under water stress conditions.
Furthermore, the diurnal patterns of stomatal conductance in some
plants are such that the relationships between canopy temperature and
stress are not clear-cut. In some species, high vapor pressure deficits in-
duce a continuous decline in leaf conductance, starting in the earlymorn-
ing hours, even when trees are well supplied with water (Fereres, Cruz-
Romero, Hoffman, & Rawlins, 1979; Hall, Camacho-B, & Kaufmann, 1975;
Villalobos, Testi, &Moreno-Perez, 2008). Although stomatal conductance
and photosynthesis are linked, they may change at different rates under
deficit irrigation conditions and during recovery following periods of
water stress (Jones, 1992; Miyashita, Tanakamaru, Maitani, & Kimura,
2005). For these reasons, temperature-derived indicators would under-
estimate the net effect of severe water stress on assimilation and growth
and thus, a water stress index that is sensitive to photosynthetic rates, as
well as to transpiration, may be advantageous.

A further reason for endeavoring to find indicators other than the
CWSI to detect water stress is related solely to practical and operational
aspects: unfortunately, current and near-future satellite missions will
not provide VHR thermal imagery for global monitoring of vegetation.
Furthermore, the current and future satellite thermal sensors planned
for civil remote sensing applications are still very far from providing
the requiredhigh resolution needed tomonitor heterogeneous canopies
on a global scale. By way of example, the latest Landsat Data Continuity
Mission (LDCM), launched only recently in February 2013, delivers two
thermal infrared bands at 100 m resolution, and although it is useful for
certain global monitoring studies, the low resolution of the thermal
bands is a clear limitation when the aim is to monitor heterogeneous
canopies, or apply precision agriculturemethods. Technical and security
reasons prevent the launch of higher resolution thermal satellite
sensors, i.e. with resolutions of approximately 1 m or less. In this sense,
alternatives based on multispectral imagery would be technically com-
patible with the current capabilities of narrow-band multispectral satel-
lite sensors, which will eventually provide VHR maps of physiological
indices related to photosynthetic pigments such as carotenoids and chlo-
rophyll content (Haboudane, Miller, Tremblay, Zarco-Tejada, & Dextraze,
2002; Zarco-Tejada, Guillén-Climent et al., 2013), or even chlorophyll
fluorescence (Damm et al., 2011; Meroni, Colombo, & Cogliati, 2004;
Meroni, Picchi et al., 2008; Meroni, Rossini, Guanter et al., 2009;
Meroni, Rossini et al., 2008; Moya et al., 2004; Zarco-Tejada et al., 2012).

The sensitivity of PRI for water stress detection has been proven in
recent studies (Peguero-Pina et al., 2008; Suarez et al., 2008, 2009,
2010; Thenot et al., 2002; Zarco-Tejada et al., 2012) However, it
has also been documented that there are certain issues with this
index, i.e. the viewing and illumination geometry effects, crown archi-
tecture, and shadow/sunlit fraction (Barton & North, 2001; Hall et al.,
2008; Hilker et al., 2008; Middleton et al., 2009; Suarez et al., 2008);
accordingly, new formulations for PRI using alternative reference
bandswere proposed recently in an attempt tominimize these structur-
al effects (Hernández-Clemente, Navarro-Cerrillo, Suárez, Morales, &
Zarco-Tejada, 2011; Stagakis, González-Dugo, Cid, Guillén-Climent, &
Zarco-Tejada, 2012). Other confounding factors of PRI that have not
yet been assessed are chlorophyll and carotenoid absorption, which
overlap with the spectral bands sensitive to xanthophyll pigments.
Although most of the recent studies on PRI have been conducted on
canopies that have very little variation in their structural and pigment
concentration, and were grown using regulated deficit irrigation tech-
niques (Stagakis et al., 2012; Suarez et al., 2008, 2009, 2010), further
progress is required to elucidate the temporal and spatial dynamics of
PRI on pixels in the presence of varying concentrations of xanthophyll,
chlorophyll, anthocyanins, and carotenoid pigments, or different struc-
tural levels.

Along the lines that progress on narrow-band remote sensing
chlorophyll indices has evolved to ensure less sensitivity to structural
effects, as in the case of the family of indices based on the Chlorophyll
Absorption in Reflectance Index (CARI) and its transformations into
TCARI & MCARI normalized by OSAVI in the form TCARI/OSAVI
(Haboudane et al., 2002), this paper proposes a PRI-based index, nor-
malized by canopy chlorophyll content, using a combination of a struc-
tural index (RDVI) that is less sensitive to leaf area index saturation
(Rougean & Breon, 1995), and the R700/R670 index that is sensitive to
chlorophyll content, which is potentially affected by chlorophyll
fluorescence emission. The hypothesis under study is that a PRI index
normalized by canopy chlorophyll contentwould improve its sensitivity
to variations in canopy stomatal conductance, thereby becoming amore
robust indicator of the diurnal dynamics of water stress. The work was
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based on VHR narrow-band multispectral and thermal imagery
acquired in four diurnal airborne campaigns over a vineyard study site
undergoing three different irrigation treatments. The assessment evalu-
ated the relationships between the proposed new PRI formulation, and
field-measured stomatal conductance and water potential. Relation-
ships with CWSI, which was used as a remote sensing benchmark for
water stress detection, are also discussed herein.

2. Materials and methods

2.1. Study site description

The experiment took place in summer 2009 in a 1.4 ha experimental
vineyard (Vitis vinifera L. cv. Thompson Seedless) located at the Univer-
sity of California Kearney Agricultural Research and Extension Center,
Parlier, California (USA) (36°48′N, 119°30′W). The vine trellis was
comprised of 2.13 m wooden stakes driven into the soil to a depth of
0.45 m at each vine; a 0.6-m cross-arm was placed atop each stake
andwires were attached to either end of the cross-arms. Further details
of the study site can be found in Williams, Baeza, and Vaughn (2012).
The soil on the site is a Handford fine sandy loam, classified as Typic
Torriorthents. Vines were manually irrigated 5 days a week via drip irri-
gation. Irrigation requirements were calculated according to established
crop coefficients previously obtained from an on-site weighing lysimeter
(Williams, Phene, Grimes, & Trout, 2003). Reference ET (ETo) was
obtained from a California Irrigation Management Information System
(CIMIS) weather station #39 located 2 km from the vineyard site. Three
blocks within the vineyard (non-irrigated (NI), Fig. 1) were rainfed
throughout the entire season. A second, intermediate (INT) treatment
was designed in which irrigation was terminated two weeks prior to
the start of the airborne campaigns. Three further blocks were chosen
randomly from the remainder of the well-irrigated vineyard for the
purpose of conducting measurements (IRR treatment; Fig. 1).

Field measurements of leaf stomatal conductance (Gs) and leaf
water potential (Ψleaf) were made concurrently with acquisition of
airborne imagery over the experimental field. Leaf Ψ was measured in
the central row of each block at the time of flights according to the proce-
dure outlined byWilliams and Araujo (2002). Three leaves were selected
for measurement from along the row using a pressure chamber (model
1000; PMS instruments, Corvallis, OR, USA). Pre-dawn leaf water poten-
tial (ΨPD) was measured prior to sunrise. Around the time of each flight,
stomatal conductance was measured using a leaf porometer (SC-1,
Fig. 1.Overview of the experimental vineyard used in this study. Plots with the three irri-
gation treatments are represented by colors, as indicated. IRR refers to well irrigated; NI is
the non-irrigated treatment (rainfed); an intermediate treatment (INT) was designed, in
which irrigation stopped two weeks prior to the airborne campaigns. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)
Decagon Devices, Pullman, WA, USA) on six fully developed leaves per
block that were exposed to direct solar radiation in the central row. Soil
water content was measured as described by Williams and Trout
(2005) in order to estimate grapevine water use of the irrigated (IRR)
and non-irrigated (NI) treatments using soil water budgeting as de-
scribed by Williams, Grimes, and Phene (2010).
2.2. Airborne campaigns

A total of four flights were conducted at 10:00, 13:00, 15:30, and
18:00 h, local time (PST) on 2 July 2009 concurrentlywithfield data col-
lection, using both a multispectral and a thermal camera on board an
Unmanned Aerial Vehicle (UAV). The instruments were operated by
the Laboratory for Research Methods in Quantitative Remote Sensing
(Quantalab, IAS-CSIC, Spain) (Berni, Zarco-Tejada, Suárez et al., 2009;
Zarco-Tejada, González-Dugo et al., 2012; Zarco-Tejada, Guillén-
Climent et al., 2013), as part of a collaborative research project between
the Spanish Council for Scientific Research (CSIC) and the University of
California, Davis (UCD), USA. The UAV used in the airborne campaigns
was a 2 mwingspan, fixed-wing platform,with a 5.8 kg take-off weight
(TOW) (mX-SIGHT, UAV Services and Systems, Germany) and flight en-
durance of 1 h. The flights were conducted at an average height of
150 m above ground level and 70 km/h speed. The UAV was controlled
by an autopilot system (AP04, UAV Navigation, Madrid, Spain) that en-
abled autonomous navigation, based on coordinates programmed dur-
ing mission planning. The autopilot system was equipped with a dual
CPU, controlling an integrated Altitude Heading Reference System
(AHRS) based on an L1 GPS board, 3-axis accelerometers, yaw rate
gyros, and a 3-axis magnetometer (Berni, Zarco-Tejada, Suárez et al.,
2009). The remote sensing multispectral and thermal cameras on
Fig. 2. Multispectral image acquired at 13.00 h from the unmanned aerial vehicle (UAV)
yielding 10 cm resolution and 6 spectral bands at 10 nm FWHM observing the vineyard
site used for field data collection (a); the same experimental field was imaged using a
high resolution thermal camera, acquiring the imagery at 20 cm pixel size (b). The high
resolution used enabled the extraction of pure-vine reflectance and temperature from
each irrigation block at each of the four flight times. The continuous bright red rectangular
area in (a) or bright blue/purple area in (b) is the location of theweighing lysimeter in this
vineyard. Vines in the lysimeter and immediate surrounding areawere trained to an over-
head arbor trellis, therefore a continuous canopy between rows at that location. Vines in
the lysimeter were being irrigated at 100% of measured ETc as described by Williams
et al. (2003). (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 3. Identification of pure-vine pixels extracted from the center of the rows (white line) and used to calculate all reflectance indices (a;c), and Tc-Ta and CWSI from the thermal image (b;d).
Acquired high resolution imagery enabled extraction of the water-stress indices with no shadow or background effects.
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Fig. 4. Mean reflectance extracted from the airborne multispectral imagery acquired at
13:00 h over the experimental site, showing the mean spectra calculated from pure-vine
pixels for the IRR (well-irrigated), non-irrigated (NI), and intermediate (INT) treatments.
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board the UAV were operated by means of a radio link to a ground
station.

The SixCam multispectral camera (QuantaLab-IAS-CSIC, Córdoba,
Spain) comprised six independent image sensors with user-configurable
spectral filters (Berni, Zarco-Tejada, Suárez et al., 2009), and 2592 ×
1944pixelswith 10-bit radiometric resolution.With anoptics focal length
of 8.4 mmand angular field of view (FOV) of 38.04° × 28.53°, the camera
yielded 10 cm spatial resolution. The multispectral images acquired over
the vineyard field enabled identification of pure vines; accordingly, each
experimental block could be distinguished (Fig. 2a). The spectral bandset
selected for this study comprised center wavelengths at 530, 550, 570,
670, 700 and 800 nm acquired at 10 nm full-width at half-maximum
(FWHM), which were subsequently used for computing the vegetation
indices described herein.

The camera was radiometrically calibrated in the laboratory using a
uniform calibration body (integrating sphere, CSTM-USS-2000C
Uniform Source System, LabSphere, NH, USA) set for four different levels
of illumination and eleven integration times. Radiance values were
converted to reflectance using the total incoming irradiance simulated
with SMARTS (Gueymard, 2005) using Microtops II sunphotometer
data (Solar Light Co., Philadelphia, PA, USA) collected in the study
area at the time of each flight to derive aerosol optical depth (AOD)



Table 2
Leaf water potential (Ψleaf, MPa) and stomatal conductance (Gs, mmol m−2 s−1) measured
at each flight time (h, Pacific Daylight Time) except when Ψleaf was measured prior to
sunrise (pre-dawn, measured at 05:00 h). For each variable and time, values followed
by a different letter are significantly different (p b 0.05; n = 3).

Treatment Pre-dawn 10:00 13:00 15:30 18:00

Ψleaf IRR −0.04 a −0.46 a −0.72 a −0.71 a −0.60 a
INT −0.27 b −0.82 b −1.11 b −1.05 b −0.87 b
NI −0.48 c −0.95 c −1.20 c −1.19 c −0.99 b

Gs IRR – 241 a 291 a 271 a 164 a
INT – 154 b 110 b 71 b 43 b
NI – 89 b 44 c 31 c 32 b

Table 1
Narrow-band multispectral indices used in this study.

Index Equation Reference

Structural indices
NDVI NDVI = (R800 − R670)/(R800 + R670) Rouse et al. (1974)
RDVI RDVI = (R800 − R670)/(R800 + R670)0.5 Rougean and Breon (1995)

Chlorophyll indices
TCARI TCARI = 3 ∙ [(R700 − R670) − 0.2 ∙ (R700 − R550) ∙ (R700/R670)] Haboudane et al. (2002)
TCARI/OSAVI TCARI/OSAVI = [3 ∙ [(R700 − R670) − 0.2 ∙ (R700 − R550) ∙ (R700/R670)]]/

[(1 + 0.16) ∙ (R800 − R670)/(R800 + R670 + 0.16)]
Haboudane et al. (2002)

Red edge ratio index R700/R670 Part of TCARI index

Xanthophyll indices
PRI570 PRI570 = (R570 − R531)/(R570 + R531) Gamon et al. (1992)
PRInorm PRInorm = PRI570/[RDVI ∙ (R700/R670)] This study
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at 550 nm; this model has been used previously in other studies,
e.g. Berni, Zarco-Tejada, Suárez et al. (2009), Suarez et al. (2010) and
Guillén-Climent, Zarco-Tejada, Berni, North, and Villalobos (2012).
Both the data obtained from the airborne campaign and sunphotometer
data were collected under clear sky conditions. The sunphotometer
was connected to a GPS-12 model (Garmin, Olathe, KS, USA) to obtain
simultaneous readings of the solar geometry at the time of the spectral
acquisitions.

The thermal camera used in this experiment (MIRICLE 307,
Thermoteknix Systems Ltd, Cambridge, UK) was equipped with a
14.25 mm f1.3 lens, yielding a 20 cm resolution imagery. The image sen-
sor was a Focal Plane Array (FPA), based on uncooled microbolometers,
Table 3
Relationships between structural (NDVI, RDVI), chlorophyll (TCARI, TCARI/OSAVI, R700/R670), p
stomatal conductance (Gs) and leaf water potential (Ψleaf) for a) 13:00 h; b) 13:00 + 15:30 h

Gs (mmol · m−2 · s−1)

13:00 h
(n = 9)

13:00 h + 15:30 h
(n = 18)

10:00 h + 13:00 h + 15:30 h + 18:0
(n = 36)

Structural
NDVI 0.63⁎ 0.33⁎ 0.21⁎⁎

RDVI 0.7⁎⁎ 0.28⁎ 0.11⁎

Chlorophyll
TCARI 0.14 0.2 0.12
TCARI/OSAVI 0.01 0.02 0.01
R700/R670 0.16 0.23⁎ 0.21⁎⁎

Photochemical
PRI 0.49⁎ 0.52⁎⁎⁎ 0.4⁎⁎⁎

PRInorm 0.81⁎⁎⁎ 0.79⁎⁎⁎ 0.68⁎⁎⁎

Thermal
Tc-Ta 0.74⁎⁎ 0.75⁎⁎⁎ 0.59⁎⁎⁎

CWSI 0.74⁎⁎ 0.77⁎⁎⁎ –

⁎ p b 0.05.
⁎⁎ p b 0.01.
⁎⁎⁎ p b 0.001.
with a spectral range of 8–12 μm, yielding a 25 μmpixel size. The camera
acquired 640 × 480 thermal images at 14-bit resolution; radiometric cal-
ibration was conducted in the laboratory using blackbodies at varying
target and ambient temperatures in order to develop radiometric calibra-
tion algorithms, as well as internal calibration for non-uniformity correc-
tion (NUC). The thermal images enabled identification of each treatment
block under study (Fig. 2b). Local atmospheric conditions at the time
of eachflightwere established bymeasuring air temperature, relative hu-
midity, and barometric pressure, using a portableweather station (Model
WXT510, Vaisala, Finland) located in the middle of the experimental
vineyard.

The high resolution multispectral and thermal imagery acquired by
the UAV platform enabled identification of each individual treatment
block (Fig. 2a;b), and also, the extraction of pure vine reflectance and
pure vine temperature, with small mixing effects due to soil and
shadows (Fig. 3). For each treatment block, a region of interest (ROI)
was established in the center of each vine row to extract pure vine re-
flectance (Fig. 3a;c), and pure vine temperature (Fig. 3b;d), using only
pure vegetation pixels. The image reflectance spectra extracted from
each treatment block, coinciding with each flight time, were subse-
quently used to compute the vegetation indices used in the analysis.
Fig. 4 shows the mean pure-vine reflectance for each of the three treat-
ments (IRR, INT, NI) extracted from the midday flight (13:00 h), show-
ing a consistent variation of reflectance at the near infrared (NIR), red
edge, and visible region, as a function of the growth and imposed stress
levels.
hotochemical reflectance indices (PRI, PRInorm) and thermal indicators (Tc-Ta, CWSI), and
; and c) four flights.

Ψleaf (MPa)

0 h 13:00 h
(n = 9)

13:00 h + 15:30 h
(n = 18)

10:00 h + 13:00 h + 15:30 h + 18:00 h
(n = 36)

0.34 0.38⁎⁎ 0.03
0.49⁎ 0.38⁎⁎ 0.01

0.13 0.1 0.11
0.01 0.01 0.05
0.14 0.15 0.17

0.53⁎ 0.49⁎⁎ 0.37⁎⁎⁎

0.82⁎⁎⁎ 0.77⁎⁎⁎ 0.44⁎⁎⁎

0.95⁎⁎⁎ 0.76⁎⁎⁎ 0.57⁎⁎⁎

0.95⁎⁎⁎ 0.78⁎⁎⁎ –
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2.3. Physiological and structural indices calculated from the airborne
imagery

Indices related to leaf physiological condition and canopy structure
were calculated from the imagery (Table 1). The structural indices were
calculated to assess whether the effects of water-stress on the vine struc-
ture could be captured by the Normalized Difference Vegetation Index,
NDVI = (R800 − R670)/(R800 + R670) (Rouse, Haas, Schell, Deering, &
Harlan, 1974), with a modification of NDVI to increase its sensitivity,
in the form of the Renormalized Difference Vegetation Index, RDVI ¼
R800−R670ð Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R800 þ R670ð Þp
(Rougean & Breon, 1995), and using other

widely used ratios, e.g. the Optimized Soil-Adjusted Vegetation Index,
OSAVI = ((1 + 0.16)·(R800 − R670)/(R800 + R670 + 0.16))
(Rondeaux, Steven, & Baret, 1996). In this case, the selected chlorophyll
a + b indices were: the Transformed Chlorophyll Absorption in Reflec-
tance Index (TCARI) (Haboudane et al., 2002); the aforementioned
TCARI, normalized by OSAVI to obtain TCARI/OSAVI, as proposed by
Haboudane et al. (2002) and used by Meggio et al. (2010); and the red
edge ratio index R700/R670, which is sensitive to the chlorophyll absorp-
tion that forms part of the TCARI index. The Photochemical Reflectance
Index (PRI) was calculated using the 570 nm band as a reference
(Gamon et al., 1992) in the form PRI = (R570 − R531)/(R570 + R531).

As part of this study, the PRI index was normalized by canopy
chlorophyll content, which was calculated as the combination of the
RDVI structural index and the red edge index R700/R670, the new index
being referred to herein as PRInorm. The hypothesis is that the new
index, calculated as PRInorm = PRI/[RDVI · R700/R670], would account
for xanthophyll pigment changes as a function of water stress, and
at the same time, would also be sensitive to the effects of canopy
chlorophyll content and leaf area levels on the R700/R670 and RDVI
indices.
Fig. 5. Relationships obtained between stomatal conductance (Gs) and NDVI (a;b;c) and RDVI (
four flights aggregated (c;f). Statistical significance is indicated as * (p b 0.05), ** (p b 0.01), an
2.4. Calculation of CWSI from thermal imagery

The mean pure-vine temperature (Tc), extracted from the images,
and air temperature (Ta) were used to calculate the Crop Water Stress
Index (CWSI), according to the methodology proposed by Idso et al.
(1981).

CWSI ¼ Tc‐Tað Þ− Tc‐Tað ÞLL
Tc‐Tað ÞUL− Tc‐Tað ÞLL

ð1Þ

where (Tc-Ta)LL is the lower limit of the differential between canopy and
air temperature, and corresponds to the value of a canopy transpiring
at the potential rate, where (Tc-Ta)UL corresponds to the upper limit,
i.e. the value of a canopy where transpiration is completely halted. The
Non-Water-Stress-Baseline (NWSB) is defined by the relationship
between the Tc-Ta of a well-irrigated vine and the vapor pressure deficit
(VPD), with the LL being set for a given evaporative demand. The NWSB
used in this study was determined by Grimes and Williams (1990) in
this vineyard (Tc-Ta = 0.695 − 1.575 · VPD). The UL is calculated as
the intercept of the NWSB in an oversaturated atmosphere for a given
negative VPD, in order to overcome the fact that the Tc-Ta value is
positive and different from 0 (Idso et al., 1981). The calculation of
CWSI was restricted to flights conducted at 13:00 and 15:30, coinciding
with the times at which the NWSB was originally obtained.

3. Results

The statistical analysis conducted between the multispectral and
thermal indices calculated from the airborne imagery (Table 1), and
the Gs and Ψleaf measured in the field for each irrigation treatment
(Table 2) at the different flight times, is shown in Table 3. The field
d;e;f) for the flight conducted at 13:00 h (a;d), for the two midday flights (b;e) and for all
d *** (p b 0.001).
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measurements conducted at each flight time showed significant differ-
ences among the three irrigation treatments inmost cases. In particular,
there were significant differences in Ψleaf among irrigation treatments
at all times it was measured, except for the last sample time
(18:00 h). There were also significant differences in Gs among the
three irrigation treatments, with the lowest values occurring in the NI
treatment. Signs of recovery in Ψleaf were detected in all three treat-
ments at the 18:00 h sample time; however, Gs values did not recover
by that time (Table 2). Grapevine water use for the period from 26
June through 2 July was equivalent to 5.84 and 1.54 mm d−1 for the
IRR and NI treatments, respectively.

Table 3 compares the relationships obtained for all indices:
solely for the midday flight (13:00 h); for the two mid-day flights
(13:00 h + 15:30 h); and for the four flights together, including the
morning (10:00 h) and afternoon (18:00 h) flights. A separate analysis
Fig. 6. Relationships obtained between stomatal conductance (Gs) and PRI for the flight
conducted at 13:00 h (a), for the twomidday flights (b) and for all four flights aggregated
(c). Statistical significance is indicated as * (p b 0.05), ** (p b 0.01), and *** (p b 0.001).
was made for the central hours, and likewise, for all flights together,
in order to determine the effects of the viewing geometry on the rela-
tionships over the diurnal course, and also, to assess the sensitivity of
the indices on single flights only, as compared to the entire diurnal
dataset.

Due to the large structural effects (smaller canopies) caused by the
long-term water stress imposed in the NI treatment, compared to the
well-watered treatments, the relationship between Gs and the structur-
al indices (NDVI, RDVI) was strong for the midday flight (13:00 h)
(r2 = 0.63, p b 0.05 for NDVI, Fig. 5a; r2 = 0.7, p b 0.01 for RDVI,
Fig. 5d). The correlation diminished when data from other flight times
were included, obtaining weaker results for the two midday flights
together (13:00 + 15:30 h) (r2 = 0.33 for NDVI, Fig. 5b; r2 = 0.28 for
RDVI, Fig. 5e; p b 0.05 in both cases). When all flights were analyzed
Fig. 7. Relationships obtained between stomatal conductance (Gs) and the normalized PRI
index proposed in this study (PRInorm) for the flight conducted at 13:00 h (a), for the two
midday flights (b) and for all fourflights aggregated (c). Statistical significance is indicated
as * (p b 0.05), ** (p b 0.01), and *** (p b 0.001).



Fig. 8. Relationships obtained between stomatal conductance (Gs) and the Crop Water
Stress Index (CWSI) for the flight conducted at 13:00 h (a) and for the twomidday flights
(b). Statistical significance is indicated as * (p b 0.05), ** (p b 0.01), and *** (p b 0.001).
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together (10:00 + 13:00 + 15:30 + 18:00 h), results showed a signifi-
cant, albeitweak, coefficient of determination for the structural indices vs
the diurnal variation of stomatal conductance (r2 = 0.21 for NDVI,
Fig. 5c; r2 = 0.11 for RDVI, Fig. 5f). The sensitivity of NDVI and RDVI
proved to be consistent at both13:00 h and15:30 hflight times, showing
RDVI to be slightly better related to stomatal conductance than NDVI
(in both cases, r2 = 0.63 for NDVI (p b 0.05), and r2 = 0.7 for RDVI
(p b 0.01)).

As a result of the large structural effects observed between treat-
ments during the experiment, the relationships obtained at 13:00 h
between PRI and Gs were weaker than for the structural indices NDVI
and RDVI (Fig. 6). Nevertheless, PRI captured the diurnal variation
of Gs better than NDVI and RDVI, when analyzing all flights together.
The sensitivity of PRI was comparable for the midday flight (13:00 h)
(r2 = 0.49, p b 0.05, Fig. 6a), and for both midday flights together
(r2 = 0.52; p b 0.001, Fig. 6b). Therefore, sensitivity decreased less
for PRI than for the structural indices, NDVI and RDVI, when the two
midday flights were taken together. The relationship between PRI and
Gs diminished slightly when the data from all four flights were analyzed
together, showing a weaker, albeit significant, relationship (r2 = 0.4,
p b 0.001, Fig. 6c). In comparison, RDVI yielded a weak r2 = 0.11
(p b 0.05), showing that it was highly affected by the diurnal course
of the experiment.

The proposed PRI-based index normalized by structure (RDVI) and
by the red-edge chlorophyll ratio (R700/R670), performed better than
the structural indices alone (NDVI; RDVI), and than the standard PRI for-
mulation for themidday flight (13:00 h) (r2 = 0.81, p b 0.001, Fig. 7a);
the two midday flights together (13:00 + 15:30 h) (r2 = 0.79,
p b 0.001, Fig. 7b); and even when data from all four flights were ana-
lyzed together (r2 = 0.68, p b 0.001, Fig. 7c). The relationships with
Gs were better for the new PRI-based index when normalized by both
structural (RDVI) and chlorophyll (R700/R670) indices, than when PRI
was used in combination with only the structural (RDVI) index (data
not shown). Moreover, PRI normalized by RDVI and R700/R670 obtained
r2 = 0.81 at 13:00 h, and r2 = 0.79 for the twomidday flights,whereas
PRI normalized only by the RDVI was significantly related but less sen-
sitive, yielding r2 = 0.7 at 13:00 h, and r2 = 0.64 for the two midday
flights together. This was due to the fact that, as shown in Table 3,
R700/R670 evidenced some sensitivity to stomatal conductance, yielding
coefficients of determination ranging from r2 = 0.23, p b 0.05 (13:00)
to r2 = 0.21, p b 0.01 (all flights together), and performing better
than TCARI. Although this sensitivity of R700/R670 to Gs might be consid-
ered marginal, the resulting PRInorm, normalized by both structural and
chlorophyll indices exhibited themost robust results when tracking the
diurnal trend of Gs.

The results obtained by the PRInorm were comparable to thermal
water-stress indices such as Tc-Ta and CWSI. As indicated in Table 3, the
coefficients of determination for PRInorm vs Gs were higher in all cases
(when using only midday flights, and when all four flights were used to-
gether)when comparedwith Tc-Ta,which yielded coefficients of determi-
nation ranging between 0.74, p b 0.01 (13:00 h), and 0.59, p b 0.001 (all
flights together). In the case of flights conducted during central hours, the
CWSI yielded r2 = 0.74, p b 0.01 at 13:00 h (Fig. 8a), and r2 = 0.77,
p b 0.001 for the twomidday flights (Fig. 8b), while the PRInorm obtained
r2 = 0.81, p b 0.001 and r2 = 0.79, p b 0.001, respectively (Fig. 7). These
results demonstrated that PRInorm tracked the diurnal variation ofGsmore
accurately than the standard PRI formulation and, at the same time,
showed a level of sensitivity similar to that of standard thermal indicators
of water stress such as CWSI.

With regard to leaf water potential, the results obtained for all
flights (Table 3) showed a similar and consistent behavior than Gs for
all indices, with comparable levels of sensitivity. In summary, the con-
clusions would hold regarding the superior performance of the PRInorm
(r2 = 0.7–0.8) vs PRI (r2 = 0.4–0.5) formiddayflightswhen compared
to leaf water potential. Both Tc-Ta and the CWSI showed similar relation-
ships against water potential than PRInorm for the 13:00 + 15:30 h flight
(r2 = 0.76–0.78 for the three of them, p b 0.001), which diminished
slightly when the 13:00 h flight was assessed on its own (r2 = 0.95,
p b 0.001 for CWSI and Tc-Ta; r2 = 0.82, p b 0.001 for PRInorm). Weaker
relationships were obtained between water potential and structural
indices NDVI and RDVI (both indices yielding r2 = 0.38; p b 0.01
for 13:00 + 15:30 h), even for the single midday flight at 13:00 h
(r2 = 0.34; ns for NDVI) with higher performance for RDVI (r2 = 0.49;
p b 0.05). The red edge index R700/R670 showed weaker sensitivity to
water potential on single and multiple flights, with coefficients of deter-
mination in the range 0.14–0.17 (ns).

The sensitivity of the spectral indices benchmarked against CWSI, as
indicators for water stress detection, demonstrated the robustness of
the new PRInorm index as compared to standard PRI and to structural
formulations (Fig. 9). Moreover, PRInorm yielded r2 = 0.77, p b 0.01
against CWSI for the 13:00 h flight (Fig. 9a), while PRI (r2 = 0.42; ns)
(Fig. 9c) andNDVI (r2 = 0.3; ns) (Fig. 9e), showedweaker relationships
and were not statistically significant. Similar results were obtained for
the two midday flights together (13:00 + 15:30 h) (Fig. 9b;d;f). As
previously observed, the new PRInorm index compared well against
CWSI at the two central hours, when CWSI can be calculated and
when sun angle effects were small on the multispectral indices. PRInorm
and PRI were highly significant (p b 0.001) when compared to CWSI,
but PRInorm obtained better results (r2 = 0.75) than PRI (r2 = 0.58).
Therefore, the superior performance of PRInorm was demonstrated not
only against the diurnal dynamics of stomatal conductance and water
potential at the leaf level, but also when assessed against the thermal-
based CWSI index determined at the vine level.

In order to gain an understanding of the superior results obtained for
PRInorm, compared to the standard PRI index, the diurnal variation of Gs

for each treatment (Fig. 10a) was compared with Tc-Ta (Fig. 10b), PRI



Fig. 9.Relationships obtained between CropWater Stress Index (CWSI) and the index proposed in this study (PRInorm) (a;b), the standard PRI (c;d), and the structural index NDVI (e;f) for
the flight conducted at 13:00 h (a;c;e) and for the two midday flights together (b;d;f). Statistical significance is indicated as * (p b 0.05), ** (p b 0.01), and *** (p b 0.001).
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(Fig. 10c), and PRInorm (Fig. 10d). Results suggest that PRI was not
able to differentiate between the intermediate and NI treatments
(Fig. 10c), while both Gs and Tc-Ta reflected differences among treat-
ments that were captured by PRInorm. This result may partially explain
the superior performance of the PRI index, when normalized by struc-
ture and chlorophyll effects, in distinguishing between irrigation treat-
ments, which the standard PRI alone was unable to do.

4. Discussion

The treatments imposed in this study provided a wide range of vine
water status for the development and validation of remote sensing
indices to detect water stress in grapevines. The rate of water use in
the IRR treatment, which was transpiring near maximum potential
rate was almost four times more than that of the NI treatment. Both
Gs and Ψleaf of the vines in the intermediate stressed (INT) and non-
irrigated (NI) treatments indicated that they were more stressed com-
pared to the IRR treatment (Table 2). Previous studies have demonstrat-
ed that the PRI index is sensitive to water stress levels, although it is
affected by the confounding absorption of photosynthetic pigments,
canopy structure, and background (Suarez et al., 2009, 2010). In con-
trolled experiments where water stress levels are mild or imposed
over short time periods, e.g. when imposing regulated deficit irrigation
techniques, the effects of canopy structure and photosynthetic pigment



Fig. 10. Diurnal variation of Gs (a), Tc-Ta (b), PRI (c) and PRInorm (d) over the course of the experiment. PRI and PRInorm are shown inverted to improve clarity.

47P.J. Zarco-Tejada et al. / Remote Sensing of Environment 138 (2013) 38–50
changes on the PRI index are low, and good sensitivity to stress is gen-
erally found (Suarez et al., 2010; Zarco-Tejada et al., 2012). In large,
commercial, agricultural fields, the spatial variability of pigment con-
centration and canopy size and structure hinders operational use of
the PRI index. These effects are problematic not only under real field
conditions, but also in cases when different varieties are screened for
genetic assessment and phenotyping, and plant breeding applications.

One of themajor current limitations, in terms ofmodeling, is the lack
of simulation of these effects using radiative transfer methods; current-
ly, no simulation methods are available that allow for the diurnal dy-
namics of the xanthophyll cycle pigments and the confounding effects
of chlorophyll, carotenoids, and anthocyanins, or the leaf area index,
and structural, background and shading effects. The methods currently
available to elucidate these effects on PRI rely on simulating the
531 nm and 570 nm spectral bands as a function of leaf pigment con-
centration and canopy structure variation; however, there is no proper
assessment of the rapid conversion of pigments to a photoprotective
form of the xanthophyll cycle pigments as a function of stress. Until a
better modeling procedure is available, experimental studies need to
be conducted to allow for this variability, and to determine its effects
on the PRI index as a proxy for water stress.

In this paper, we show that PRI normalized by canopy chlorophyll
content (RDVI and R700/R670 being proxies for LAI and chlorophyll con-
tent, respectively) is better related to stomatal conductance and water
potential than the standard PRI index in a diurnal experiment. The
better performance of the normalized PRI index in tracking the diurnal
dynamics of stomatal conductance could be due to different reasons.
First, the PRI formulation proposed in this study is normalized by the
total chlorophyll content of the canopy; accordingly, the PRInorm may
allow for limitations in transpiration, as a function of the photosynthetic
capacity, under low chlorophyll content conditions (Farquhar & Wong,
1984). Second, the red edge index R700/R670 used in this study to nor-
malize PRI is calculated on the spectral bands affected by chlorophyll
fluorescence emission (see Fig. 6 in Zarco-Tejada, Miller, Mohammed,
& Noland, 2000; Fig. 4c in Zarco-Tejada, Miller, Mohammed, Noland, &
Sampson, 2002). In fact, it might be that the index R700/R670 used here
is not only tracking changes in chlorophyll content, but is also sensitive
to the diurnal variation of chlorophyll fluorescence emission, which is re-
lated to photosynthesis and to stomatal conductance (see Zarco-Tejada,
Catalina, González, &Martín, 2013; Zarco-Tejada et al., 2012). Further ex-
perimental work is required to understand whether the effects of
diurnal fluorescence on the R700/R670 index are in fact playing a role in
the normalized PRI index used here as an indicator of water stress.

In order to gain a better understanding of the results obtained from
the index normalization proposed in this study, the effects of both
higher LAI, and carotenoid and chlorophyll concentrations (Cxc + Cab)
on the linearity and saturation of PRI and PRInormwere assessed. Simula-
tionsweremade using PROSPECT + SAILH tomodel pure vegetation re-
flectance as a function of a gradient in leaf area index andpigment levels,
observing the effects on both PRI and PRInorm indices. The simulated
scenarios were intended to mimic real conditions in the canopy under
study, i.e. LAI ranging between 2 and 5, and simulating low (Cab =
20 μg/cm2; Cxc = 7 μg/cm2), medium (Cab = 50 μg/cm2; Cxc = 11 μg/
cm2) and high (Cab = 80 μg/cm2; Cxc = 15 μg/cm2) chlorophyll and
carotenoid content levels. The simulations (normalized to the first
case) showed that the PRI (Fig. 11a) saturates earlier than the PRInorm



Fig. 11. Simulations conductedwith PROSPECT + SAILHmodels to assess the effects of leaf area index (LAI) and pigment levels (carotenoids, Cxc; chlorophyll a + b, Cab) on PRI (a;c) and
on the normalized PRI index proposed in this study (PRInorm) (b;d). The scenarios simulated comprised LAI ranging between 2 and 5, for low (Cab = 20 μg/cm2; Cxc = 7 μg/cm2),medium
(Cab = 50 μg/cm2; Cxc = 11 μg/cm2) and high (Cab = 80 μg/cm2; Cxc = 15 μg/cm2) chlorophyll and carotenoid content levels. Simulations were normalized to the first case scenario.
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(Fig. 11b), as Cxc + Cab content increases. The PRI trends for medium
and high pigment levels were very close to each other, showing that
the PRI decreases in sensitivity and reaches saturation at medium
and high pigment levels. In contrast, the PRInorm (Fig. 11b) was shown
to be more sensitive to pigment content levels, probably because the
PRInorm is normalized by both structure and by the red edge
chlorophyll-related index. Another important aspect observed is the lin-
earity of PRI and PRInorm with increasing pigment content levels. Specif-
ically, saturation to medium and high pigment levels is clearly observed
in PRI (Fig. 11c), while PRInorm is more linear, especially for LAI values
beyond 2 (Fig. 11d). In conclusion, the PRInorm is more linearly related
to increasing levels of pigment concentration, and at the same time, is
weakly affected by LAI levels beyond 2. The viewing geometry (sun
angle) effects were small in both PRI and PRInorm, with changes in sun
angle between 35° and 55° below 5% (data not shown).

In summary, this study shows that the PRInorm is a more linearly-
related index to canopy chlorophyll content levels than the standard
PRI index, which may explain the better performance of the PRInorm
compared to the PRI when assessed against stomatal conductance and
water potential. Therefore, the proposed PRI-based formulation, nor-
malized by the red edge and structural indices, may effectively be
more closely linked to the diurnal variation of stomatal conductance,
as shown in the results on this experiment. The high similarity found
between the PRInorm and the thermal-based CWSI and Tc-Ta indices in
the diurnal experiment shows that the PRInorm modulates the physio-
logical changes occurring in a canopy under differentwater stress levels
better than the PRI. Further work would require the development of a
physical model to simulate the diurnal dynamics of xanthophyll
pigments, and the interaction between xanthophyll absorption and
fluorescence emission on the PRInorm index proposed in this study.

5. Conclusions

This study evaluated very high resolution narrow-band multispec-
tral and thermal imagery acquired in a diurnal airborne experiment
comprising three irrigation treatments for water stress detection. The
assessment evaluated the diurnal relationships of a proposed PRI-
based formulation (PRInorm) that allows for variations of the structural
and pigment content of the canopy, as compared to field-measured sto-
matal conductance and water potential. Concurrent acquisition of ther-
mal imagery enabled computation of thewidely accepted CWSI thermal
index that is the establishedmethod for water stress detection, andwas
used here as a benchmark for both the proposed PRI-normalized index
and the standard PRI formulation.

The results of the study demonstrate that, in the presence of struc-
tural and chlorophyll concentration effects that varied due to differ-
ences in vine water status, the standard PRI formulation was sensitive
to water stress, but did not accurately track the diurnal dynamics of sto-
matal conductance and water potential. In the aforementioned condi-
tions, the NDVI was a better indicator of water stress than the PRI,
whenever relationships were obtained at a single timepoint, i.e. when
all diurnal flights conducted throughout the experiment were not
taken together. The study demonstrates that structure and pigment
content (chlorophyll and carotenoids) need to be taken into account
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when PRI is used as a proxy for diurnal variation of stomatal conduc-
tance and water potential. At midday, the combined PRInorm index,
based on the standard formulation of PRI normalized by RDVI (sensitive
to structure) and R700/R670 (sensitive to chlorophyll content, and poten-
tially, to fluorescence emission) proved to be superior when compared
against stomatal conductance (r2 = 0.79; p b 0.001) and water poten-
tial (r2 = 0.77; p b 0.001) than when using the standard PRI index
(which obtained r2 = 0.52 and 0.49, respectively). Furthermore, the
PRInorm and Tc-Ta tracked the diurnal dynamics of Gs better than PRI,
when data from the four flights were taken together. The proposed
PRInorm index was highly related to the CWSI thermal index (r2 =
0.75; p b 0.001), while the standard PRI obtained r2 = 0.58 (p b 0.001).
This strong relationship between PRInorm and thermal-based indicators
of water stress was also found on comparing Tc-Ta for the entire diurnal
experiment, i.e. taking the data acquired at four timepoints during the
day. Simulations showed that the PRI-normalized index proposed
here saturates less to higher chlorophyll, carotenoid content and LAI
levels, being more linearly related to canopy pigment content than the
standard PRI formulation.
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