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1. Introduction

ABSTRACT

This study provides insight into the assessment of the spatio-temporal trends of chlorophyll fluorescence,
narrow-band physiological indices, and structural indices acquired with a hyperspectral imager flown over a
flux tower in a canopy characterized by small seasonal structural changes and a heterogeneous architecture. A
total of seven flights between summer and autumn were conducted with a hyperspectral camera that captured
30 c¢m resolution imagery and 260 spectral bands in the 400-900 nm region. This enabled the identification of
pure-vegetation tree crown pixels around an eddy covariance flux tower without shadow components or back-
ground effects. The hyperspectral imagery was used to study the temporal patterns of canopy fluorescence and
reflectance indices related to physiology and canopy structure. The seasonal trends observed in the airborne in-
dices and fluorescence and their relationship with gross primary production (GPP) demonstrated that vegetation
indices mostly related to structure such as the normalized difference vegetation index (NDVI) and the enhanced
vegetation index (EVI) yielded non-significant relationships (r*=0.17; p>0.05) due to the small structural
changes in the canopy through the season. By contrast, physiological indices related to chlorophyll content
(TCARI/OSAVI), light use efficiency (PRIs7o), and canopy chlorophyll fluorescence calculated through the Fraun-
hofer Line Depth principle (FLD3) showed a similar seasonal trend to that of GPP measured at the same time of
the flights (r? in the range 0.75-0.84; p<0.01). These results are consistent with the physiological trend observed
during summer and autumn, which showed that chlorophyll content increased by 17.9% while the NDVI and the
estimated tree crown projected LAI (LAl,) remained almost constant during the experiment (3% variation). The
time-series hyperspectral dataset demonstrated that the seasonal trajectories of the NDVI and EVI were weakly
related (p>0.05) to the physiological indicators such as TCARI/OSAVI, PRIs7o and fluorescence. The spatial vari-
ability of the hyperspectral indices investigated through the coefficient of variation (CV) showed that fluores-
cence around the tower varied up to 17% at the time of the maximum stress (summer), while LAI, showed
little variation during that time (CV = 1.8%). After the summer stress period, the CV for fluorescence and chloro-
phyll content decreased in autumn down to 9%. This study demonstrates that small physiological changes occur-
ring in an evergreen canopy were still captured by remote sensing physiological indices and high-resolution
airborne fluorescence. These indicators are required for GPP monitoring when the vegetation dynamics are
not captured by remote sensing structural indices.

© 2013 Elsevier Inc. All rights reserved.

index (NDVI) (Rouse et al., 1974) and other robust indices such as
the enhanced vegetation index (EVI) (Huete et al., 2002), developed

Remote sensing research methods proposed for global monitoring
of vegetation dynamics rely on vegetation indices related to canopy
structure. Such indices include the normalized difference vegetation
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to avoid saturation at larger leaf area index (LAI) values and to be re-
sistant to atmospheric effects. The NDVI, the EVI, and other vegetation
indices mostly related to structure have been proposed in several
studies as a proxy for LAI, canopy structure, green biomass, percent
green cover, and fraction of absorbed photosynthetically active radia-
tion (fAPAR) (Asrar et al, 1984; Baret & Guyot, 1991; Goward &
Huemmrich, 1992; Huete et al., 2006; Jiang et al., 2008; Running &
Nemani, 1988; Sellers, 1985). Certain models have identified these
canopy parameters as being critical to scale up estimates of



PJ. Zarco-Tejada et al. / Remote Sensing of Environment 133 (2013) 102-115 103

evapotranspiration, photosynthesis, primary production, and carbon
balance (Running et al., 1999). Other earlier studies demonstrated
that NDVI is related to carbon fixation and canopy resistance and
have proposed this index as input for carbon models (Fung et al.,
1987; Running et al., 1989).

Remote monitoring of net primary production (NPP) has been the
target of several studies aimed at finding relationships with NDVI
(and EVI) time series due to their sensitivity to seasonal phenological
changes. As an example, early studies focused on the time integrals of
NDVI over the growing season to show the correlations with net prima-
ry production (Justice et al., 1985; Prince, 1991; Running & Nemani,
1988; Tucker & Sellers, 1986). By contrast, Huete et al. (2006) tracked
phenological changes in rainforests, showing relationships with gross
primary production (GPP) and demonstrating the sensitivity of the
EVI to changes in canopy photosynthetic capacity over the season.

The NDVI, the EVI, and other vegetation indices proposed to mon-
itor vegetation dynamics are considered structural indices as they
mostly track changes in canopy structure (see Haboudane et al.,
2004 for a complete review) but have little or no sensitivity to
short-term leaf physiological changes that are independent from the
structure. Dobrowski et al. (2005) clearly demonstrated that the
NDVI is not sensitive to diurnal physiological changes induced by
heat and water stress and only tracks the effects in the long term. In
evergreen crop canopies, such as olive and citrus orchards among
others, NDVI-GPP or EVI-GPP relationships are restricted by the very
small seasonal changes experienced by LAI and canopy structure. In
particular, vegetation indices tracking canopy structure are not sensi-
tive to physiological effects caused by heat and water stress or by
absorbed light and canopy temperature. Therefore, using a remote
sensing structural vegetation index as a proxy for GPP has certain lim-
itations. The main drawback is that, in the EVI, for example, the index
acts as a proxy for LAI, while GPP is a function of the actual single-leaf
photosynthetic activity, which is affected by photosynthetic capacity
and microclimatic factors that also fluctuate in the short term
(Nagai et al., 2010). A critical limitation is that both leaf photosyn-
thetic capacity and canopy LAI change seasonally (Muraoka &
Koizumi, 2005) but these changes do not necessarily coincide in
GPP and structural indices such as the EVI. Particularly in evergreen
canopies, these physiological changes occur while canopy LAI re-
mains unchanged. In the case of non-homogeneous canopies such
as row-structured crops or in sparse vegetation, GPP predictions are
less accurate when using EVI or MODIS GPP products due to large
effects caused by shadows and background effects (Sims et al.,
2008) which introduce substantial errors into the carbon exchange
estimates.

There is a growing interest in improving the monitoring of the dy-
namics of vegetation physiology, including more accurate means of esti-
mating GPP. In this context, new remote sensing methods are exploring
indicators directly linked to diurnal changes in photosynthesis, such as
chlorophyll fluorescence (F), physiological indices related to light use ef-
ficiency (LUE), and chlorophyll content (C,. ) indices. In particular,
chlorophyll fluorescence has been proposed as a direct indicator of pho-
tosynthesis, and several studies have demonstrated its relationship with
vegetation functioning at the leaf, canopy, and airborne level (Krause &
Weis, 1984; Lichtenthaler & Rinderle, 1988; Papageorgiou, 1975). This is
based on the competition between steady-state fluorescence (Fs) and
photochemistry for excitation energy. Therefore, F; may act as a poten-
tial means to track changes in the photosynthetic activity of vegetation
via remote sensing (Flexas et al., 2000, 2002; Porcar-Castell, 2011;
Soukupova et al., 2008).

As described earlier, leaf- and laboratory-level experiments have
shown that fluorescence and narrow-band physiological reflectance
indices are able to track diurnal changes caused by heat and water
stress (Dobrowski et al., 2005). These studies have shown diurnal
stress effects tracked by fluorescence extracted from canopy reflec-
tance and detected by derivative indices (Zarco-Tejada et al., 2003).

In particular, fluorescence-sensitive reflectance indices measured at
the canopy level were correlated with physiological measures such
as steady-state fluorescence, tracking CO, assimilation. The retrieval
of the fluorescence signal is very complex, especially under natural
light conditions, as the contribution to canopy radiance is estimated
to be about 2-3%. Yet, several methods have been reported to extract
the fluorescence signal at the leaf and canopy levels (Meroni et al.,
2008a,b, 2009; Moya et al., 2004 ), which proves the feasibility of fluo-
rescence retrieval using the O,-A band feature.

The use of chlorophyll fluorescence as a direct proxy for photosynthe-
sis has received attention for global monitoring purposes, and technical
aspects and challenges have been discussed (Malenovsky et al., 2009).
Such studies have mainly focused on scaling issues (Rascher et al.,
2009) and on the modeling of GPP from fluorescence/assimilation rates
in diurnal patterns (Damm et al, 2010). Part of these efforts were
supported by the FLuorescence EXplorer (FLEX) mission (European
Space Agency, 2008), funded by the European Space Agency (ESA)
Earth Explorer program. More recently, global maps of chlorophyll fluo-
rescence have been published (Frankenberg et al., 2011; Joiner et al,
2011) using the thermal and near infrared sensor for carbon observation
(TANSO) on board GOSAT (Kuze et al., 2009). An assessment found over-
all good agreement between fluorescence quantification by the satellite
sensor and annual and seasonal vegetation patterns (Guanter et al., 2012).

These recent developments in the global mapping of fluorescence
are critical steps forward. Yet, high-resolution validation experiments
are needed to prove the validity of the fluorescence signal associated
with photosynthesis in non-aggregated pure vegetation pixels (Zarco-
Tejada et al., submitted for publication-a,b). Moreover, high-resolution
hyperspectral imagery and ground validation fluorescence data are re-
quired to assess global-coverage low-resolution Fs/GPP relationships re-
cently obtained from GOSAT and observed from future satellite
platforms. This is critical, as vegetation structure, background, illumina-
tion, and atmospheric effects play a crucial role in fluorescence retrieval
(Guanter et al., 2010; Zarco-Tejada et al,, submitted for publication-a,b).
Despite its importance, a limited number of validation studies have
addressed the retrieval of fluorescence at high-resolution image level.
Such slow progress is due to the lack of appropriate imagery acquired
at very high spatial/spectral resolutions, the operational costs involved,
and the complexity of acquiring proper field validation measurements.
Recent studies (Zarco-Tejada et al., 2009) have applied the in-filling
method to 1-nm airborne imagery, showing the feasibility of mapping
fluorescence using an unmanned aerial vehicle (UAV) (Zarco-Tejada et
al, 2012).

In addition to the efforts devoted to chlorophyll fluorescence re-
trieval, the physiological (or photochemical) reflectance index (PRI)
(Gamon et al., 1992) has proven to be sensitive to the epoxidation
state of xanthophyll cycle pigments. This is related to the light use ef-
ficiency of photosynthesis. Recent studies have proven the sensitivity
of this index for vegetation stress detection and short-term physiolo-
gy monitoring (Peguero-Pina et al., 2008; Suarez et al., 2008, 2009,
2010; Thenot et al., 2002).

This manuscript assesses the seasonal trends and relationships ob-
served between, on one side, chlorophyll fluorescence, narrow-band
indicators of physiological status and structural indices obtained
from high-resolution hyperspectral imagery and, on the other side,
GPP data measured with an eddy covariance system over an olive or-
chard. The vegetation dynamics around the eddy covariance tower
were assessed between summer and autumn by studying the season-
al variation of chlorophyll fluorescence and reflectance indices sensi-
tive to chlorophyll content, photosynthetic efficiency, and canopy
structure calculated from pure vegetation pixels extracted from air-
borne hyperspectral imagery. The main hypothesis of this study was
that short-term seasonal variation of GPP in an evergreen canopy
would be captured adequately by physiological narrow-band remote
sensing indices (i.e., below 10 nm FWHM), while indices mostly
linked to canopy structure would be less sensitive.
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2. Materials and methods
2.1. Study site description

The experiment was performed in a 21.5 ha olive orchard (Olea
europaea L. cv. “Arbequina”) in “La Harina” farm located in Cordoba,
Spain (37° 44’ N, 4° 36’ W, altitude 170 m) from summer to autumn of
2011 (DOY =172 —304). The orchard had been planted in 2005, with
4x 1.5 mspacing. The soil was classified as a Xerofluvent (USDA Soil Tax-
onomy classification) and the climate was Mediterranean, with 600 mm
of average annual rainfall and around 1400 mm of average annual refer-
ence evapotranspiration. The orchard was drip-irrigated twice a week for
7 h with two emitters per tree (total discharge rate: 44 1 h™! tree ™).
During the experiment, the height of the canopy was 3 m and the soil
was bare after mowing the weeds in spring.

2.2. Eddy covariance measurements

An eddy covariance system was installed atop a mast (EC tower)
near the center of the orchard (Fig. 1). It took continuous measure-
ments from 21 June 2011 until 31 October 2011 (DOY =172-304)
and consisted of a three-dimensional sonic anemometer (model
CSAT3, Campbell Scientific Inc., Logan, Utah, USA) and an open path
CO,/H,0 analyzer (model LI7500, LI-COR Biosciences, Lincoln,
Nebraska, USA). Both sensors were placed 6 m above the ground
with 20 cm of horizontal separation. Measurements of air tempera-
ture and relative humidity were taken close to the anemometer
with a combined probe (model HMP45C, Vaisala, Helsinki, Finland).
All the sensors were connected to a data logger (model CR1000,
Campbell Scientific Inc., Logan, Utah, USA) that recorded the mea-
surements with a sampling rate of 10 Hz. CO, concentration was
measured at two heights (0.3 and 3.0 m) with a closed-path CO, an-
alyzer (model LI-820, LI-COR Biosciences, Lincoln, Nebraska, USA)
during the night to calculate CO, storage. Soil temperature was mea-
sured 7.5 cm below the surface using type K thermocouples.

The eddy covariance technique calculates the net CO, ecosystem
exchange (NEE, umol CO, m~2s™!) from the covariance between
vertical wind velocity and CO, mixing ratio (Baldocchi, 2003). During
nighttime, the NEE is equal to the ecosystem respiration (Reco,
umol CO, m~2 s~ 1). The raw data were processed using Turbulent
Knight 3 software (Mauder & Foken, 2011) to calculate the NEE for
30-minute periods. After this, the NEE was corrected for CO, storage
based on the profile measurements. Three filters were applied to reject
measurements under conditions unsuitable for the eddy covariance
technique. Two filters corresponded to turbulence development and
stationarity proposed by Foken et al. (2004), with a threshold of 30%,
while the third used the footprint function described by Kormann and
Meixner (2001). If more than 20% of the flux was generated outside
the orchard, the flux was rejected, as recommended by Gockede et al.

Fig. 1. Hyperspectral flightline acquired in the solar plane by the micro-hyperspectral
imager on board the unmanned aerial vehicle with an I[FOV of 0.93 mrad and an angu-
lar FOV of 49.82°, yielding 30 cm pixel resolution at 330 m AGL altitude. The location of
the eddy covariance (EC) tower is indicated.

(2008). The use of the three filters resulted in the rejection of 69% of
nighttime fluxes and 17% of daytime fluxes.

Gross primary production (GPP, umol CO, m~2 s~ ') was deter-
mined as the sum of the NEE measured during daytime and Reco, €x-
trapolated from the nighttime measurements (i.e., GPP=NEE + Rec,)
using a model that described the variation of Re., during the experi-
ment. Ecosystem respiration may change over time due to changes
in root biomass, in the composition of soil biota, or in soil water con-
tent. Richardson et al. (2008) proposed a model based on a first-order
Fourier series to describe the variation of respiration depending on
the day of year. Within each day, respiration increases non-linearly
with temperature, as described by the “Q0” function, resulting in
Eq. (1).

Reco = (B1 + BasinD + PB3cos D)Qy" 201 (1)

where D=DOY m/365, DOY is the day of the year and T is the tem-
perature (°C) of the soil. 1, B2, B3, and Q¢ are empirical parameters
that were determined by minimizing the squares of the residuals be-
tween the model and the data. The analysis started by using a global
optimization with the simulated annealing algorithm and logarithmic
cooling schedule (Bélisle, 1992). Based on the global optimization so-
lution, a local optimization followed using the Nelder-Mead algo-
rithm (Press et al., 2007). All the calculations were performed using
the “bbmle” package in the R programming language (Bolker & R De-
velopment Core Team, 2012). The optimal value of the parameters
and their standard errors was 3;=3.76 (0.17), p,=1.36 (0.16),
p3=0.68 (0.21), and Q;0=1.43 (0.11), with a root mean square
error of 0.91 umol CO, m~2 s~ . Fig. 2 shows diurnal GPP and NEE
values measured for DOY = 242, which coincided with one of the air-
borne flights conducted over the site.

2.3. Airborne campaigns

The airborne campaigns were conducted in 2011 using a micro-
hyperspectral imager on board two unmanned aerial vehicles (UAVs)
operated by the Laboratory for Research Methods in Quantitative Re-
mote Sensing, Consejo Superior de Investigaciones Cientificas (QuantaLab,
IAS-CSIC, Spain) (Berni et al., 2009; Zarco-Tejada et al., 2012). Two UAV
platforms of different size, wingspan, and payload capacity were used
over the course of the experiments, depending on the endurance re-
quired to fly over the study sites. The first UAV platform operated was
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Fig. 2. GPP and NEE data measured in the olive orchard on one of the flight dates (30
August 2011).
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a 2-m wingspan fixed-wing platform with up to 1-hour endurance at
5.8 kg take-off weight (TOW) and 20-minute endurance at 6.3 kg
TOW (mX-SIGHT, UAV Services and Systems, Germany). A second larg-
er UAV platform consisted of a 5-m wingspan fixed-wing platform with
up to 3-hour endurance at 13.5 kg TOW (Viewer, ELIMCO, Seville,
Spain). This larger platform enabled data acquisition with a larger pay-
load, including a micro-hyperspectral imager and a thermal camera
concurrently.

The platforms were controlled by an autopilot for autonomous op-
eration (APO4, UAV Navigation, Madrid, Spain) with a dual CPU con-
trolling an integrated Attitude Heading Reference System (AHRS)
based on a L1 GPS board, 3-axis accelerometers, gyros, and a 3-axis
magnetometer (Berni et al., 2009). The ground control station and
the UAV were radio linked, transmitting position, attitude, and status
data at 20 Hz frequency. This tunneling transmission link was used to
operate the hyperspectral imager from the ground station deployed
at the study site.

The hyperspectral sensor flown was the VNIR micro-hyperspectral
imager (Micro-Hyperspec VNIR model, Headwall Photonics, MA, USA)
configured in the spectral mode of 260 bands at 1.85 nm/pixel, 12-bit
radiometric resolution and a signal-to-noise ratio (SNR) of 300:1 with-
out binning. It yielded a full width at half maximum (FWHM) of 6.4 nm
with a 25-micron slit in the 400-885 nm region. The storage rate on
board the UAV was 50 fps (frames per second) with an integration
time of 18 ms. The 8-mm focal length lens yielded an instantaneous
field of view (IFOV) of 0.93 mrad and an angular field of view (FOV)
of 49.82°, providing a swath of 317 m at 31x33 cm pixel resolution
(resampled to 30 cm) at 330 m AGL altitude and 75 km/h ground
speed (Fig. 1). The micro-hyperspectral sensor was radiometrically cal-
ibrated in the laboratory using derived coefficients with a calibrated
uniform light source (integrating sphere, CSTM-USS-2000C Uniform
Source System, LabSphere, NH, USA) at four levels of illumination and
six integration times. Ortho-rectification of the hyperspectral imagery
acquired with the UAV platforms was conducted using PARGE (ReSe
Applications Schldpfer, Wil, Switzerland). This was done using input
data acquired with a miniaturized inertial measuring unit (IMU)
(MTiG model, Xsens, The Netherlands) installed on board and synchro-
nized with the micro-hyperspectral imager (as shown in Zarco-Tejada
et al., 2012).

In total, seven airborne campaigns were conducted over the olive
orchard between DOY = 209 and DOY =293, flying in the solar plane
at a time between 8:00 and 9:00 GMT in all the campaigns except for
one conducted at 7:30 GMT (Table 1). The flight plan was designed to
overfly the site on each flight date. For each flightline acquired over
the site, a subset of the area surrounding the EC system was created
(Fig. 3) and the radiance spectra extracted.

The high-resolution hyperspectral imagery acquired (30 cm pixel
size) (Fig. 3a) enabled the identification of pure vegetation pixels, re-
moving any shadow or background effects on canopy radiance and re-
flectance. The selection of pure vegetation pixels was conducted using
automatic object-based tree crown detection algorithms (Fig. 3b).
Such algorithms successfully separated tree crowns from shaded and

Table 1

Airborne hyperspectral flight dates and times and meteorological and atmospheric
data measured at the time of each flight. DOY = day of year (days); SZA = solar zenith
angle (°); Ta=air temperature (K); HR =relative humidity (%); P=atmospheric pres-
sure (mbar); AOD = aerosol optical depth.

Date DOY Time (GMT) SZA(°) Ta(K) HR (%) P (mbar) AOD (550 nm)
28/07/12 209 07:31 61.0 3006 489  995.7 0.25
30/08/12 242 08:03 62.9 298.1 53.1 991.9 0.19
21/09/12 264 08:33 61.6 299.1 42.7 996 0.14
30/09/12 273 08:40 62.4 2989 434  996.5 0.32
07/10/12 280 08:40 63.8 298.0 356 9956 0.25
14/10/12 287 08:25 68.1 2978 258 994.1 0.14
20/10/12 293 08:45 66.3 2948 354 996 0.33

sunlit soil components, obtaining pure crown radiance with and with-
out shadow and soil effects (Fig. 3c). As seen in the figure, shadows
and background affect the canopy radiance extracted from the imagery
due to the aggregation of the scene components in this type of
row-structured discontinuous canopies. Pure-vegetation mean radiance
spectra acquired around the EC tower for each date (Fig. 4a) were used
to quantify fluorescence on each date using the O,-A in-filling method. A
total of 13 spectral bands were identified within the O,-A feature with
the airborne micro-hyperspectral imager (Fig. 4b), observing the change
in the depth of the oxygen feature over the course of the experiment. In
addition, canopy reflectance obtained from the radiance spectra was
used to calculate narrow-band vegetation indices as described in the
next section.

2.4. Airborne fluorescence quantification and hyperspectral index calculation

Total incoming irradiance was measured at the time of the flights
using a 0.065 nm full-width half-maximum (FWHM) Ocean Optics
HR2000 fiber-optic spectrometer (Ocean Optics, Dunedin, FL, USA)
and a CC-3 VIS-NIR cosine corrector-diffuser as shown in Pérez-Priego
et al. (2005). The instrument was calibrated in the laboratory using a
LS-1-CAL calibrated tungsten halogen NIST-traceable light source
(Ocean Optics, Dunedin, FL, USA). To avoid ambient temperature effects
on the spectrometer, a Peltier thermally insulated box (model PT-100,
Magapor, Zaragoza, Spain) was used to house the spectrometer, keeping
the internal temperature stable at 24 °C+1 °C during field measure-
ments. Concurrently with the sub-nanometer HR2000 spectrometer
measurements acquired in the 680-770 nm range, an ASD Field Spec-
trometer (FieldSpec Handheld Pro, ASD Inc., CO, USA) with a cosine
corrector-diffuser probe was used to measure irradiance for the entire
400-1000 nm spectral region at lower resolution (3 nm FWHM). In ad-
dition, aerosol optical measurements were acquired with a Microtops II
sunphotometer (Solar Light, Philadelphia, USA) at the 440, 500, 675,
870, and 936 nm spectral bands (Table 1). The sun photometer was
connected to a GPS (model GPS-12, Garmin, Kansas, USA) to obtain si-
multaneous readings of geographic location, altitude, and solar geome-
try at the time of the spectral acquisitions. To match the spectral
resolution of the radiance imagery acquired by the hyperspectral air-
borne sensor, the higher resolution irradiance spectra measured in the
field were resampled through Gaussian convolution.

Pure-vegetation mean radiance spectra extracted from the airborne
hyperspectral imagery for the 260 spectral bands (Fig. 4) were used to
quantify chlorophyll fluorescence and hyperspectral vegetation indices
for each flight date. The Fraunhofer Line Depth (FLD) principle (Moya
et al, 2004; Plascyk & Gabriel, 1975) calculated from a total of two
(FLD2) and three bands (FLD3) using the in (L762 nm) and out bands
(L750 nm; L780 nm) was applied to the hyperspectral imagery to quan-
tify the canopy fluorescence signal. The method is suitable for the
hyperspectral imagery used in this study, characterized by a large spec-
tral oversampling (1.85 nm sampling interval) and 6.4 nm bandwidths
(as shown in Zarco-Tejada et al., 2012). Damm et al. (2011) proved in a
simulation study that the FLD method can retrieve the fluorescence sig-
nal when wider spectral bandwidths (i.e., 5 nm FWHM) are used along
with high spectral sampling (below 2.5 nm) with instruments with a
minimum of 300:1 signal-to-noise ratio. These modeling results agree
with experimental fluorescence retrievals shown in Zarco-Tejada et al.
(2012) and obtained with the micro-hyperspectral imager used in the
present manuscript. A full review of methods to estimate the fluores-
cence signal using the FLD principle and various spectral fitting methods
can be found in Meroni et al. (2010). In addition to chlorophyll fluores-
cence quantified from the canopy radiance spectra surrounding the EC
tower site, narrow-band hyperspectral indices were calculated with re-
gard to: i) chlorophyll a+ b concentration; ii) epoxidation state of the
xanthophyll cycle (EPS); iii) blue/green/red ratio indices; and iv) canopy
structure (Table 2).
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Fig. 3. Identification of pure vegetation pixels from the airborne hyperspectral imagery using automatic object-based detection algorithms (a;b). Mean pure radiance extracted from
the area around the eddy covariance (EC) tower is shown with and without shadow and soil effects (c).

The chlorophyll a + b indices used were the Vogelmann (VOG) index
(Vogelmann et al., 1993), the red edge R7s0/R71¢ index (Zarco-Tejada et
al., 2001), the family of indices based on the CARI index, such as the
TCARI normalized by the OSAVI in the form suggested by Haboudane
et al. (2002) (TCARI/OSAVI), and the triangular vegetation index (TVI)
(Broge & Leblanc, 2000). The xanthophyll pigment indices used were
the photochemical reflectance index (PRI) (PRls7) (Gamon et al,
1992) and the formulation that uses the 515 nm band as a reference
(PRIs;5) to minimize structural effects (Hernandez-Clemente et al.,
2011). The blue/green/red ratio indices used were the Greenness
index G and the blue/green indices BGI1 and BGI2 (Zarco-Tejada et al.,
2005, 2012). Indices sensitive to canopy structure generally used for
the global monitoring of vegetation canopies were calculated to assess
whether changes in the tree crown structure could be captured by the
NDVI (Rouse et al., 1974), the RDVI (Rougean & Breon, 1995), the en-
hanced vegetation index (EVI) (Huete et al., 2002), the modified trian-
gular vegetation index (MTVI1), or the modified CARI2 index MCARI2
(see Haboudane et al., 2004, for a complete review of structural indices
developed for robust estimation of LAl in crops).

In addition to the assessment of the seasonal variation of indices
sensitive to physiology and structure, leaf chlorophyll concentration
was estimated from airborne hyperspectral imagery on each flight
date. The image-based TCARI/OSAVI and NDVI time series were
used to estimate the tree crown projected leaf area index (LAI,) and
chlorophyll content (C,) at the tree level using the equations pub-
lished in Gémez et al. (2011) and Zarco-Tejada et al. (2004), which
were specifically derived for olive orchards. The calculated tree-
level chlorophyll concentration, tree crown projected leaf area
index, and chlorophyll fluorescence were used to explore spatial het-
erogeneity over time around the EC tower. The coefficient of variation
(CV) was calculated using the mean () and standard deviation (0) of

the parameters calculated from each pure-tree spectrum without
shadow and soil contributions (CV = /). The temporal variation of
the CV around the EC tower enabled the generation of maps showing
the spatial variability of the biophysical and physiological parameters.

3. Results

3.1. Relationships between GPP, fluorescence, and narrow-band physiological
indices

The analysis of the half-hourly GPP data shows that the hyperspectral
data were acquired at a time of rapid increase in the morning that reached
its peak around 10.00 GMT (Fig. 5). Due to the large variability of diurnal
ambient conditions throughout the experiment, which included summer
and autumn dates, flux data measured at the time of the airborne flights
(morning, see Table 1) did not show similar patterns when compared
to flux data measured at midday (Fig. 6). In particular, the GPP data ac-
quired at the time of the flights (between 8.00 and 9.00 GMT) showed
stable values throughout the summer (GPP=12-13 pmol CO,/m?/s)
but increased considerably after 30 September (DOY=273) (GPP=
14.9 pmol C0,/m?/s) and remained stable on the last three flight dates
in the range of 14-15 umol CO,/m?/s. In addition, GPP measured
at midday on the same flight dates showed greater variability
during the summer months (GPP in the range of 11.5-
13.9 umol CO,/m?/s). Yet, coincidentally with the morning mea-
surements, GPP reached higher values on DOY = 280 as well (GPP
increased from 12 to 14.8 pmolCOz/mz/s between DOY =273 and
DOY = 280). Nevertheless, midday GPP decreased at the end of
the experiment (from 14.5 to 10.4 pmol COz/mz/s) on the last
two flight dates. The comparison between morning and midday
GPP data measured on the flight dates shows a large diurnal
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Table 2
Narrow-band hyperspectral optical indices used in this study.

variability between morning and midday. This observation is critical as it
has implications for the assessment of the relationship between seasonal
trends of flux data and short-term sensitive physiological indices ex-
tracted from airborne hyperspectral imagery.

The seasonal variation of O,-A depth found in both atmospheric ir-
radiance Ezgaqeprn (calculated as Ezgz-E7s0) and canopy radiance
L762depth (calculated as Ly, —L7509) showed that the O,-A depth re-
duction observed in the airborne imagery agreed with the irradiance
data measured concurrently (Fig. 7). In particular, the absolute radi-
ance values calculated between the in (762 nm) and out (750 nm)
bands over the course of the experiment showed a decrease in the
0,-A band depth after DOY =273. This was similar in both radiance
and irradiance data but inversely related to the morning GPP increase
measured at the same time (Fig. 6). Both radiance and irradiance 0,-A
band depths decreased at the end of summer, although the changes in
irradiance depth at 760 nm occurred earlier than the decrease ob-
served in radiance in-filling. These changes in 0,-A depth cannot be
attributed solely to variations in solar zenith angle and aerosol optical
depth throughout the season as the major drivers (see Table 1). They
are also due to the contribution of the chlorophyll fluorescence signal
in-filling to the 0,-A feature.

An overall assessment of the relationships between GPP and the
narrow-band airborne indices is shown in Table 3. As regards the indices
most sensitive to canopy structure (such as the NDVI and the EVI, among
others), non-significant relationships were found with morning GPP
(r?=0.17; p>0.05). The seasonal variation of the three physiological in-
dices related to chlorophyll content, that is, the TCARI/OSAVI (shown as
OSAVI/TCARI for a direct relationship with GPP, Fig. 8a), light use effi-
ciency, the PRIs7q (Fig. 8b), and chlorophyll fluorescence, FLD3 (Fig. 8c)
showed a close trend when compared with the morning GPP measured
at the same time of the flights. By contrast, neither the NDVI nor the EVI
changed throughout the season (NDVI shown in Fig. 8d). The NDVI
yielded better results than the EVI when compared to GPP. The trend ob-
served for GPP and the indices linked to physiology and structure (Fig. 8)
was captured by the chlorophyll index TCARI/OSAVI (r?>=0.75;
p<0.05), PRIs7o (1> =0.75; p<0.05) and the fluorescence signal quanti-
fied with the FLD3 method (r?=0.8; p<0.05). As mentioned, the NDVI
showed a non-significant relationship with morning GPP (r*=0.17;
p>0.05), as opposed to the physiological indices.

Index Equation

Reference

Chlorophyll indices

Vogelmann (VOG) VOG =R740/R720

Vogelmann et al. (1993)

Red edge R750/R710 R750/R710 Zarco-Tejada et al. (2001)
TCARI TCARI= 3 +[(R700 — Rs70) — 0.2 % (R700 — Rs50) * (R700/Re70)] Haboudane et al. (2002)
TCARI/OSAVI TCARI/OSAVI = [3*[(R700 — Re70) — 0.2+ (R700 — Rs50) * (R700/Re70)11/ Haboudane et al. (2002)

[(1+0.16) * (Rgoo — Re70) / (Rsoo + Re70 + 0.16)]

TVI TVI=0.5%[120%(R750— Rs50) — 200%(Re70— Rs50)]

Xanthophyll indices

Broge and Leblanc (2000)

Gamon et al. (1992)
Hernandez-Clemente et al. (2011)

PRIs70 PRIs70 = (Rs70 — Rs31) /(Rs70 + Rs31)

PRIs15 PRIs70=(Rs15—Rs31)/(Rs15+ Rs31)
Blue/green/red ratio

indices

G G=Rss0/Re70

BGI1 BGI; =R400/Rss0

BGI2 BGI> =Ra4s50/Rss0
Structural indices

NDVI NDVI= (Rgoo — Re70) / (Rsoo + Re70)

RDVI RDVI = (Rgoo —Re70) / (Rsoo + Re70)*

EVI EVI=2.5+(Rgoo — Re70) / (Rsoo + 6 +Re70 —7.5%Rgpo + 1)

MTVI1 MTVI1 = 1.2+[1.2+(Rg00 — Rsso) — 2.5+ (Rs70 — Rss0) ]

MCARI2 MCARI2 — _1:54(2:5+(Rso0 —Rs70) —1.3+(Rsoo —Rss0)]

Fluorescence retrieval
FLD2 (750; 762)
FLD3 (750; 762; 780)

1/ @+Rso0+1)* = (6+Rs00 —5+/Rera ) —0.5
FLD method using 1 reference band
FLD method using 2 reference bands

Zarco-Tejada et al. (2005, 2012)

Rouse et al. (1974)

Rougean and Breon (1995)
Huete et al. (2002)

Based on Broge & Leblanc (2000)
and Haboudane et al. (2004)
Haboudane et al. (2004)

Plascyk and Gabriel (1975),
Moya et al. (2004)
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Fig. 5. Diurnal GPP data measured on selected dates when the airborne hyperspectral
flights were conducted. The shaded band shows the time of the flights.

Results obtained for the seasonal variation of the narrow-band
physiological indices are in agreement with the seasonal variation ob-
served in leaf chlorophyll content estimated from hyperspectral im-
agery over the course of the experiment. In particular, chlorophyll
content estimated from the TCARI/OSAVI increased between summer
(end of July) and autumn (end of October) from 60.9 to 71.8 ug/cm?
(17.9% variation), while LAI, estimated from NDVI remained constant
over the season with variations below 0.15 units of LAI, (3%) (LAI,
ranged from 4.77 to 4.62 throughout the experiment) (Fig. 9). These
changes in chlorophyll and crown structure over the season were
not significantly related (r?=0.31; p>0.05). This proves the different
sensitivity of both indices to biophysical and biochemical (chloro-
phyll content) seasonal variation obtained from hyperspectral
imagery. These results show the small seasonal structural changes
throughout the season in the orchard canopy under study.

3.2. Temporal relationships between narrow-band indices
Seasonal relationships between narrow-band indices calculated

from the hyperspectral imagery acquired over the flux tower site
are shown in Table 4. Overall and as expected, the relationships
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Fig. 6. GPP acquired between 11:25 and 15:25 GMT and at the time of each flight.
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Fig. 7. Depth of atmospheric irradiance (E7edepen) and canopy radiance (L7ezdepen)
measured throughout the season in the 0,-A spectral feature.

obtained between indices of the same functional group were statisti-
cally significant. In other words, the chlorophyll indices used in this
study were well related to each other (p<0.001 in all cases), except
for the R;50/R710 index, which did not relate well over time with the
VOG, TCARI/OSAVI, or TVI indices. Similar results were found for the
structural indices, which were all well related within the same
group of structural indices (p<0.001 in most cases).

Results shown in Table 4 demonstrate that the small structural
changes that occurred throughout the season yielded weak or no re-
lationships with physiological changes captured by indices sensitive
to chlorophyll a+b (such as the TCARI/OSAVI), light use efficiency
(PRI indices), and fluorescence signal emission (FLD2, FLD3). In all
these cases, the indices sensitive to structural changes did not yield
significant relationships with the physiological indices (p>0.05)
and showed relationships only with the VOG and the TVI (p<0.05),
and the blue/green/red ratio indices G, BGI1 (p<0.05), and BGI2

Table 3

Coefficients of determination (r?) and statistical significance
(p-values) for GPP compared with chlorophyll, physiological, blue/
green/red ratio, and structural indices and chlorophyll fluorescence
extracted from pure vegetation pixels surrounding the EC tower.

Index GPP
Chlorophyll indices
Vogelmann (VOG) 0.49
R750/R710 0.49
TCARI 0.68"
TCARI/OSAVI 0.76"
TVI 0.42
Xanthophyll indices
PRls7o 0.75*
PRI515 0.01
Blue/green/red ratio indices
G 0.51
BGI1 0.20
BGI2 0.26
Structural indices
NDVI 0.17
RDVI 0.01
EVI 0.01
MTVI1 0.01
MCARI2 0.01
Fluorescence retrieval
FLD2 (750; 762) 0.74"
FLD3 (750; 762; 780) 0.80"
* p<0.05.
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Fig. 8. Seasonal variation of the physiological indices related to (a) chlorophyll content (TCARI/OSAVI, shown as OSAVI/TCARI), (b) photosynthetic efficiency (PRIs70), (c) chlorophyll
fluorescence quantified by the FLD3 method, and d) NDVI index. The three physiological indices show a trend close to GPP measured at the same flight times.

(p<0.01). The most robust chlorophyll index used in crop canopies
(TCARI/OSAVI) showed no significant relationship with the NDVI
(p>0.05), yielding similar results for the PRI and fluorescence quan-
tified by FLD methods (p>0.05).

The physiological indices were related to each other throughout the
season: the chlorophyll index TCARI/OSAVI was highly related with the
PRIs70 (r=—0.97; p<0.001) and with chlorophyll fluorescence emis-
sion quantified by the FLD3 (r= —0.86; p<0.01). Fluorescence quanti-
fication (FLD2, FLD3) showed highly significant relationships with the
PRIs;o (r>0.9 in all cases; p<0.01). These results suggest that small
physiological changes occurring throughout the season were captured
by narrow-band indices sensitive to different physiological indicators
and calculated from various parts of the spectrum: the visible region
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Fig. 9. Temporal variation of image-estimated chlorophyll (C,.}) content and tree
crown-projected LAI (LAI,) calculated from the pure-tree crowns around the EC tower.

(PRI), the visible and near infrared (TCARI/OSAVI), and fluorescence
quantification through the 760 nm oxygen absorption feature.

The large increase in chlorophyll content, light use efficiency, and
fluorescence during the first part of October is consistent with the
seasonal changes in canopy conductance of olive trees reported by
Testi et al. (2006). This change was not associated to changes in
water supply as no rainfall occurred during the second half of the
experiment.

3.3. Spatio-temporal variation of LAl chlorophyll content, and fluorescence
emission around the tower

Crown-level indices were used to calculate LAI, and chlorophyll con-
tent and fluorescence at the tree level around the tower, enabling the es-
timation of each parameter without shadow or background effects
(Fig. 10 for fluorescence) and generating interpolated maps to show
their spatial variation. This methodology made it possible to obtain con-
tinuous maps around the tower without shadow or soil effects. The spa-
tial variation of LAI, and chlorophyll content and fluorescence showed
consistent results for two dates with large GPP variation over the exper-
iment at the end of the summer (30 Sept.) and the beginning of autumn
(20 Oct.) (Fig. 11). In particular, the maps correspond to dates before and
after the rapid physiological change experienced when the summer sea-
son concluded. The mean values for all trees on DOY = 273 as compared
to DOY = 293 showed an almost nonexistent variation of tree-level LAI,
(u=4.63 for DOY =273; p=4.62 for DOY =293); however, changes
were found in physiological parameters such as chlorophyll content
(u=64.1 ug/cm? for DOY = 273; p=71.8 pg/cm? for DOY =293) and
particularly in chlorophyll fluorescence (u=0.93 W m~2 pum~"' sr~!
for DOY=273; p=236 W m 2 pm~ ' sr—! for DOY=293).

The assessment of the spatial variability of the parameters showed
a smaller variation in LAI, (Fig. 11, top) than in chlorophyll fluores-
cence and chlorophyll content (Fig. 11, middle and bottom). This vi-
sual result agreed with the quantification of the coefficient of
variation (CV) for all dates (Fig. 12), which showed that the
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Table 4
Relationships between narrow-band hyperspectral indices calculated from the time-series airborne imagery acquired over the EC tower site.
Chlorophyll indices Xanthophyll indices | B/ G Ratio Indices Structural indices Fluoir:;icceensce
VOG  R750/R710 TCARI -l;)csef\}l/ TVI PRI570  PRI515 G BGI1  BGI2 NDVI  RDVI EVI MTVI1 MCARI2 |FLD2  FLD3
VOG 1
E’ g R750 /|R710 |-0.37 1
g é TCARI 0.97**  -0.52 1
5 ~ | TCARI/OSAVI | 0.93** -0.64 0.99*** 1
TVI 0.94** -0.21 0.93** 0.88** 1
25 PRI570 -0.84* 0.70 -0.94" -0.97"* -0.84* 1
%= PRI515 -0.59 -0.17 -0.46 -0.38 -0.53 0.27 1
G 0.88** -0.37 0.91** 0.89** 0.92* | -0.89** -0.61 1
4 :53 BGI1 -0.63 -0.20 -0.59 -0.50 -0.69 0.35 049 +0.53 1
- BGI2 -0.74 -0.08 -0.71 -0.63 -0.81* 0.54 072 +0.79* 0.90* 1
NDVI 0.78* 0.18 0.69 0.60 0.83* -0.49 -0.81 0.79* -0.82* -0.94™| 1
T o RDVI 0.59 0.52 0.44 0.31 0.68 -0.18 -0.60 046 -0.75 -0.71 0.85* 1
é’ g EVI 0.58 0.48 0.42 @0 0.68 -0.21 -0.56 047 -0.57 -0.58 0.77* 0.96"* 1
g = MTVI1 0.60 0.50 0.46 0.33 0.70 -0.20 -0.55 046 -0.72 -0.68 0.82* 0.99** 0.97* 1
MCARI2 0.63 0.48 0.47 0.34 0.70 -0.22 -0.64 0.50 -0.69 -0.69 0.85* 0.99*** 0.98"** 0.99"** 1
- FLD2 -0.61 0.88** -0.77*  -0.84* -0.58 0.93** 007 +0.73 009 031 |-020 020 016 017 0.16 1
;_S: % FLD3 -0.63 0.85* -0.79*  -0.86* -0.61 0.94** 0.08 +0.76* 0.16 036 |-024 0.15 013 0.13 0.12 0.99** 1
*p<0.05; “*p<0.01; **p<0.001.

Relationships obtained for p<0.05 or better among the different functional groups of indices are shaded.

fluorescence signal around the tower varied by 17% in summer while
LAI, was little affected (CV=1.8%). The temporal variation of CV for
all dates showed that, after the summer stress period, chlorophyll
fluorescence greatly decreased from CV=17% in summer to CV=
9% in autumn; LAI, remained constant in that period (CV ranged
from 1.5% to 2% between summer and autumn). The trend observed
in chlorophyll content variability around the EC tower during the
same period yielded a CV between 13% and 7%. In the same trees,
the analysis revealed a declining trend in the CV of chlorophyll con-
tent and fluorescence around the end of summer, and a higher CV
of chlorophyll fluorescence than chlorophyll content at the time of
the maximum stress during summer. At the end of the experiment
in autumn, with milder ambient conditions, the CV of both chloro-
phyll content and fluorescence reached closer values (8-9%). The
higher CV obtained for fluorescence and chlorophyll than for the
structural parameter showed the greater spatio-temporal dynamics
of the physiological indices. The maps shown in Fig. 11 and the
spatio-temporal analysis conducted suggest that pixels with similar
canopy densities may contain different levels of chlorophyll content
and fluorescence emission, contributing differently to the carbon
fluxes measured by the EC tower.

4. Discussion

In this study we assessed the seasonal trends of GPP, chlorophyll
fluorescence, and narrow-band physiological indices acquired with air-
borne hyperspectral imagery on seven dates over an orchard
instrumented with eddy covariance throughout summer and autumn.
The study made it possible to draw conclusions regarding the
spatio-temporal variability and sensitivity of physiological and structural
indices to short-term seasonal changes. Moreover, it raises new ques-
tions concerning the accurate assessment of the dynamics of CO,

exchange in non-homogeneous canopies. In particular, the crop under
study was an evergreen canopy, characterized by small seasonal struc-
tural changes and a stable leaf area. The high spatial resolution imagery
was acquired at 30 cm pixel size and 260 spectral bands in the 400-
900 spectral region. This enabled the selection of pure-vegetation
crown pixels to quantify chlorophyll fluorescence through the Fraunho-
fer Line Depth (FLD) principle, physiological reflectance indices related
to chlorophyll content, photosynthetic efficiency, and structural indices.
The results obtained between GPP and the narrow-band indices
acquired from the airborne hyperspectral imagery were non-significant
for the indices sensitive to structure (such as the NDVI and EVI) (r?=
0.17; p>0.05). By contrast, physiological indices related to chlorophyll
content (TCARI/OSAVI), light use efficiency (PRIs;o), and chlorophyll
fluorescence showed a close trend when compared with GPP measured
at the same time (r?>>0.7; p<0.01 for the TCARI/OSAVI, fluorescence,
and PRIs7o). This study highlights that the NDVI and EVI showed a slower
response than the physiological indices to changes in leaf pigmentation,
as they are less sensitive to such physiological dynamics. For this reason,
such indicators based on standard vegetation indices mostly linked to
canopy structure are not good indicators of short-term (i.e., seconds to
days) physiological changes in canopies with a stable structure.

During the season, chlorophyll content estimated from the imag-
ery increased by 17.9% between summer (end of July) and autumn
(end of October), while the NDVI and estimated crown LAI, remained
constant within a small range of variation of 0.15 units (LAI, ranged
between 4.62 and 4.77). This small variation in the NDVI may be
due either to the low net growth of the canopy or to the greater sen-
sitivity of structural indices to vertical rather than lateral canopy
growth. Nevertheless, under such small seasonal variation of NDVI
as an indicator of canopy growth, physiological indices and fluores-
cence showed a consistent behavior throughout the season, showing
trends that resembled the variation of GPP.
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Fig. 10. Chlorophyll fluorescence (F) quantified in pure tree crowns without shadow
and background effects (top) using the FLD3 method (bottom) for 30 September flight
date.

Among the different methods used to quantify chlorophyll fluores-
cence, the Fraunhofer Line Depth (FLD) principle based on three spectral
bands (750 nm; 762 nm; 780 nm) yielded a slightly better performance
than its use based on two bands (750 nm; 762 nm). Yet, their significance
level was the same. This result agrees with those of Zarco-Tejada et al.
(2012) when using the same high sampling interval (1.85 nm/pixel)
and 6.4 nm bandwidth hyperspectral imager. In this study, the flights
were performed in the morning (i.e., 8:00-9:00 GMT, which corresponds
to 10:00-11:00 h local time in summer). This time of day was chosen in-
stead of midday in order to avoid turbulences that would affect the air-
borne platform used to acquire the hyperspectral imagery. A later flight
could have been more related to the midday GPP measured by the
tower, avoiding the rapid changes in GPP in the morning. Yet, other stud-
ies have demonstrated that the highest differences in fluorescence be-
tween stress levels are found in the morning and that such differences
among treatments decrease at midday due to the high saturating irradi-
ance levels and temperature (Zarco-Tejada et al., 2009). This issue
warrants further attention when developing the experimental setups
(i.e., earlier morning flights as opposed to midday) when the aim is to
monitor fluorescence as an indicator of physiological condition.

In addition, careful attention is required regarding the flight altitude
and atmospheric conditions for an accurate retrieval of the fluorescence
signal. In this study, the flights were always conducted at the same alti-
tude and close to the ground (330 m AGL); in addition, atmospheric
data were acquired during the flight to assess whether the fluorescence
retrieval was highly affected by atmospheric changes. When working
with airborne platforms for remote sensing research, flexibility of

operation enables the selection of clear-sky days for the airborne cam-
paigns. Thus, flights are not usually conducted in hazy or cloudy condi-
tions. The assessment conducted to find out whether the atmospheric
conditions affected the retrieval of fluorescence indicated that under
the conditions of this study, no relationships were found between fluo-
rescence quantification and both aerosol optical depth (r>=0.01; n.s.)
and atmospheric pressure (r?=0.06; n.s.); however, the sun angle
showed a weak non-significant relationship as the sun angle changes
were small during the experiment, ranging between 61° and 68°
(r?=0.35; n.s.). Any potential relationships between AOD and GPP
data measured by the tower were also excluded (p> 0.05). Therefore,
the experimental setup of this study, characterized by a low-altitude
sensor flying over a flat area under similar atmospheric conditions,
suggested that the relationships obtained were hardly affected by the
small changes in the atmosphere during the airborne campaigns. Nev-
ertheless, this issue is critical when assessing fluorescence under vary-
ing atmospheric conditions or sun angles in diurnal setups, or when
retrieving fluorescence from future satellite platforms. Hence, further
efforts are needed through dedicated modeling and experimental stud-
ies. Such important atmospheric effects are less critical when low alti-
tude flights are conducted. This is the case of the present study and
most assessments focusing on low-altitude flights for precision agricul-
ture and genetic screenings.

Another important issue that requires attention is the modulation
of the fluorescence signal by irradiance and the relationship between
irradiance levels and GPP over the course of the day and throughout
the season. In this study, the radiance and irradiance depths were cal-
culated in the O,-A band (L7g2depth and E7gadeptn). A comparison of the
data with the seasonal variation of morning GPP showed that radi-
ance depth was more significantly related to GPP than E7g2qeptn (con-
sidering both the coefficient of determination and the statistical
significance, p-value). As expected, GPP showed a modulation with
incoming irradiance measured in the field at the time of the flights. Ir-
radiance depth at 762 nm was related to GPP for the entire time se-
ries (r>=0.68; p<0.05). Yet, both the fluorescence signal quantified
by FLD3 and the L7szdeptn yielded more significant results when com-
pared to GPP (in the range of r* = 0.8; p<0.05 for FLD3 and L762depth)-
Thus, these results show that the in-filling signal extracted from
pure-vegetation canopy radiance was more closely related to GPP
than irradiance depth calculated at 760 nm, suggesting that the sta-
tistically significant relationships obtained by the physiological indi-
ces were not driven by (although they were consistently related to)
irradiance levels only.

The robustness of the hyperspectral dataset used in this study was
demonstrated when assessing the relationships between the various
physiological and structural indices over the season. In fact, the
small structural changes in the canopy that occurred throughout the
season were responsible for the absence of a relationship between
the structural indices and the physiological indices sensitive to chlo-
rophyll a+ b (TCARI/OSAVI), photosynthetic efficiency (PRI indices),
and the fluorescence signal emission (FLD3). In particular, the season-
al trend of the TCARI/OSAVI chlorophyll index was highly associated
with the PRIs7o and chlorophyll fluorescence emission (p<0.01).
Moreover, chlorophyll fluorescence quantification using the FLD
method showed highly statistically significant relationships with the
PRIs7o (p<0.001). Although the PRI obtained good results in this sea-
sonal study, careful attention is required when using the PRI as an
index to track the dynamics of epoxidation state of the xanthophyll
cycle at the canopy level. The reason is that several studies have
shown the very strong impact that canopy structure, illumination,
shadows, observation geometry, and other leaf pigments such as
chlorophyll and carotenoid content have on the PRI when calculated
at the canopy level. Such structural effects were minimized in this
study due to the small canopy variability throughout the season. Nev-
ertheless, they need to be taken into account when time-series PRI
data are used as a proxy for GPP in canopies with fast phenological
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Fig. 11. Interpolated maps of tree crown projected LAI (LAI,) (top), chlorophyll content (C,..,) (middle), and chlorophyll fluorescence (F) (bottom) calculated from single-tree
spectra on flight dates showing large differences in GPP — 30 Sept. (left) and 20 Oct. (right).

changes. In such cases, the PRI may be affected by the structure as a
major driver of the changes observed.

Another interesting result that requires attention is related to the
spatial variability of the remote sensing physiological and structural in-
dices as a methodology to assess vegetation stress and dynamics. This
assessment can be performed using very high resolution hyperspectral
imagery to enable the identification of pure vegetation pixels with low
background or shadow effects. In particular, the spatio-temporal analy-
sis conducted in this study to quantify the variability of the physiologi-
cal and structural hyperspectral indices was based on the coefficient of
variation, using the pure tree pixels identified around the eddy covari-
ance tower. The temporal trend of the CV for all flight dates revealed
that chlorophyll fluorescence emission around the tower varied up to
17% at the time of maximum stress in summer, while LAI, yielded a
low spatial variability during the same period (CV =1.8%). Therefore,
the canopy was structurally homogeneous but greater physiological
variability was found when using remote sensing indices related to
chlorophyll and xanthophyll pigments and fluorescence. Moreover,
after the summer stress period ended, fluorescence and chlorophyll

content showed a decreasing trend in autumn, with a decrease in the
CV around the tower from 17% to 9%. During the same period, the CV
of the NDVI structural index and the estimated LAI, showed a constant
trend (CV=1.5%-2%). During both summer and autumn, the trees
around the tower showed the highest variability in fluorescence emis-
sion, followed by chlorophyll content. In autumn, a time of low ambient
stress conditions, their CV reached similar values (8-9%).

For these reasons, the results of this study demonstrate that even
small physiological changes occurring in an evergreen crop canopy,
characterized by small seasonal structural variation, were captured by
airborne-derived narrow-band indices related to chlorophyll content,
light use efficiency, and chlorophyll fluorescence. Moreover, this re-
search suggests that physiological remote sensing indices related to
photosynthetic pigments (i.e., chlorophyll and xanthophylls) and
fluorescence/photosynthetic hyperspectral indices are required when
the aim is to track short-term photosynthetic variation, using GPP in
this study as a comparison. Results of assessing the spatial variability
of the physiological indices around the tower agree with previous stud-
ies that have suggested using the variability of canopy parameters (i.e.,
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Fig. 12. Temporal trend of the coefficient of variation (CV) calculated for chlorophyll
content (C,p), tree crown projected LAI (LAI,) and chlorophyll fluorescence (F) for
the trees surrounding the EC tower.

in temperature) as an indicator of physiological status (Gardner et al.,
1981). These studies have shown that variability increases with stress
(Fuchs, 1990) but requires high spatial resolution in the case of hetero-
geneous canopies (Leinonen & Jones, 2004; Moller et al., 2007). When
very high-resolution data are available, successful assessment of
within-tree thermal variability has proven to be an indicator of stress
using 12 cm airborne thermal imagery (Gonzalez-Dugo et al.,, 2012). A
similar assessment was conducted in this experiment, although consid-
ering indicators more potentially linked to photosynthesis such as chlo-
rophyll fluorescence and chlorophyll content. Results demonstrated a
consistent behavior of within-field variability of chlorophyll fluores-
cence and chlorophyll content over time as a function of seasonal ambi-
ent conditions. This finding may have implications for quantifying the
dynamics of CO, exchange in trees that appear to have a homogeneous
structure but show a gradient in physiological condition that can influ-
ence their photosynthetic rates.

Further studies will focus on the effects of the spatial variability of
plant physiological conditions on the contribution to the dynamics of
CO, exchange as measured by the EC tower, and the spatial assess-
ment of the actual footprint of turbulence during each flight using
very high resolution imagery as shown in this study. In heteroge-
neous canopies with mixed species, it may be necessary to consider
the variation of physiological conditions among trees combined
with changes in footprint shape throughout the season when
assessing relationships between spectral indices and fluxes. Addition-
al issues that require further attention include the effects of chloro-
phyll fluorescence emission on the narrow bands used to calculate
hyperspectral indices such as the CARI, MCARI, or TCARI family used
to estimate chlorophyll content through the TCARI/OSAVI, as well as
other red edge indices. The temporal dynamics of chlorophyll content
estimated from the TCARI/OSAVI in this study may be partially affect-
ed by the modulation of the chlorophyll fluorescence signal, which
may affect bands in the 670-750 nm spectral range. Other important
issues that require further study are the potential atmospheric and
scattering effects on the retrieval of fluorescence, both considering
high-altitude (satellite) and low-altitude (airborne) levels. The po-
tential effects of aerosol optical depth, flight altitude, atmospheric
pressure, and sun angle need to be assessed through a modeling ap-
proach and validated with ground truth fluorescence data measured
concurrently. A quantification of such effects through physical

modeling will be required as part of the efforts to understand
spatio-temporal trends of physiological indices linked with stress
and carbon dynamics with hyperspectral imagery.

5. Conclusions

This study makes progress on the assessment of the spatio-temporal
trends of chlorophyll fluorescence and physiological indices quantified
with hyperspectral imagery acquired over a non-homogeneous canopy
characterized by small seasonal structural changes. The concurrent
measurements of CO, fluxes acquired with an eddy covariance system
enabled the comparison of the net and gross primary production with
physiological and structural remote sensing indices in a total of seven
flights. Such flights were conducted between summer and autumn
with a hyperspectral camera that captured 30 cm resolution imagery
and 260 spectral bands in the 400-900 nm region, targeting pure tree
crowns without shadow components or background effects. The work
highlights that the seasonal physiological changes occurring in an ever-
green, non-homogeneous canopy with a stable leaf area (as described
by the time series of gross primary production retrieved by eddy covari-
ance) can be captured by remote sensing physiological indices related
to chlorophyll content (TCARI/OSAVI), light use efficiency (PRI) and
chlorophyll fluorescence quantification. In contrast, indices associated
with the structure of the canopy (i.e. NDVI, EVI) showed a very poor cor-
relation with the dynamics of the measured fluxes. This study demon-
strates that physiological remote sensing indices are required for
monitoring gross primary production when standard vegetation indices
associated with structure are insensitive to the seasonal dynamics of the
vegetation.
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