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1182 U. Rascher et al.: CEFLES2: remote sensing component to quantify photosynthetic efficiency

Abstract. The CEFLES2 campaign during the Carbo Eu- depends primarily on light intensity and varies between 0.83
rope Regional Experiment Strategy was designed to providdor leaves of dark adapted higher plants and close to zero at
simultaneous airborne measurements of solar induced fludhigh light intensities (Rascher et al., 2000). Plants have de-
rescence and COfluxes. It was combined with extensive veloped a variety of photochemical and non-photochemical
ground-based quantification of leaf- and canopy-level pro-regulation mechanisms that are either constitutively active or
cesses in support of ESA's Candidate Earth Explorer Mis-are activated on demand to optimise the distribution of en-
sion of the “Fluorescence Explorer” (FLEX). The aim of this ergy for photosynthesis and to avoid damage because of over-
campaign was to test if fluorescence signal detected from aenergetisation of metabolism (Schulze and Caldwell, 1995
airborne platform can be used to improve estimates of planfor a comprehensive summary). Thus, plant photosynthesis
mediated exchange on the mesoscale. Canopy fluorescenge dynamically regulated adapting to environmental condi-
was quantified from four airborne platforms using a com-tions and being affected by the ecological plasticity of each
bination of novel sensors: (i) the prototype airborne sen-species (Turner et al., 2003b; Schurr et al., 2006).

sor AirFLEX quantified fluorescence in the oxygen A and Remote sensing offers the unique possibility to derive spa-
B bands, (ii) a hyperspectral spectrometer (ASD) measuredially explicit information on vegetation status at local, re-
reflectance along transects during 12 day courses, (iii) spagional or landscape scale (Goetz and Prince, 1999; Hilker et
tially high resolution georeferenced hyperspectral data cubeasl., 2008). Reflectance signals alone, however, cannot quan-
containing the whole optical spectrum and the thermal re-ify photosynthetic activity and dynamics of vegetation accu-
gion were gathered with an AHS sensor, and (iv) the firstrately. Great benefits would be expected from remote sensing
employment of the high performance imaging spectrometetechniques that quantify the actual status of photosynthetic
HYPER delivered spatially explicit and multi-temporal tran- carbon fixation. Monteith’s (1972, 1977) mechanistic Light
sects across the whole region. During three measuremendse Efficiency (LUE) concept relates the photosynthetic ca-
periods in April, June and September 2007 structural, funcpacity to LUE, describing the potential to convert absorbed
tional and radiometric characteristics of more than 20 dif- radiation into biomass. Accordingly, gross primary produc-
ferent vegetation types in the Les Landes region, Southwedtlvity (GPP) can be described as a function of the fraction of
France, were extensively characterized on the ground. Thabsorbed photosynthetic active radiatigfagar) and LUE
campaign concept focussed especially on quantifying plan{Turner et al., 2003a; Hilker et al., 2008). LUE is highly vari-
mediated exchange processes (photosynthetic electron tranable and depends on the phenological status, structure and
port, CQ uptake, evapotranspiration) and fluorescence emisspecies composition (Field et al., 1995; Goetz and Prince,
sion. The comparison between passive sun-induced fluorest999). Due to its dynamic variations, the insufficient param-
cence and active laser-induced fluorescence was performegterization of LUE is identified as a major source of uncer-
on a corn canopy in the daily cycle and under desiccationtainties in modeling GPP (Hilker et al., 2008; Running et al.,
stress. Both techniques show good agreement in detecting000).

stress induced fluorescence change at the 760 nm band. OnChlorophyll fluorescence analyses are among the most
the large scale, airborne and ground-level measurements gfowerful techniques to non-destructively quantify photosyn-
fluorescence were compared on several vegetation types sufiietic efficiency and non-photochemical energy dissipation
porting the scaling of this novel remote sensing signal. Thein photosynthetically active organisms under laboratory con-
multi-scale design of the four airborne radiometric measure-ditions. In the field chlorophyll fluorescence emission is
ments along with extensive ground activities fosters a nestedrequently considered to be employed as a complementary,
approach to quantify photosynthetic efficiency and gross pri-high-capacity signal on vegetation dynamics (Papageorgiou
mary productivity (GPP) from passive fluorescence. and Govindjee, 2004). Sun-induced fluorescence can be ob-
tained from remote sensing platforms. Several studies have
shown that it is correlated with photosynthetic efficiency and
thus may serve as a proxy to quantify photosynthetic effi-
ciency (Flexas et al., 2000, 2002).

Photosynthesis harvests light from a variable stream of solar The chlorophyll fluorescence is emitted by a leaf in the
photons and converts this energy to carbohydrates that fudfd and far-red spectral region under natural sunlight, how-
all plant processes and ultimately life on Earth. The effi- €ver fluorescence is only a minor fraction of the total re-
ciency of photosynthetic electron transport and carbon fixaflected light. This makes it particularly difficult to quanti-
tion is highly regulated, depending on plant species and entatively extract the quor_escence signal from rem_ote sensing
vironmental constraints (Rascher and Nedbal, 2006; Schurfata. However, at certain wavelengths, the solar irradiance is

et al., 2006). Quantum efficiency of photosystem Il (PSII) @bsorbed in the solar or earth atmosphere (so-called Fraun-
hofer lines); thus, there is no or greatly reduced incoming

radiation at the Earth’s surface in these wavelengths (Plas-
Correspondence tdJ. Rascher cyk, 1975). Solar irradiance exhibits three main absorption
BY (u.rascher@fz-juelich.de) bands in the red and near infrared wavelength region: the H
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Table 1. Overview about the different methodological approaches during the three CEFLES2 campaigns in Southern France. In the first line
the relevant chapters are given that describe the methods and results; the reference to the Figures indicates the measurement period duril
which data for the corresponding Figure were acquired, “x” indicates measurements that are not presented in this publication.

Leaf-level fluorescence  Active, laser Passive sun-induced Daycourses Simultaneous overpasses
Campaign windows (focus and gas-exchange -induced canopy canopy fluorescence onthe  of AirFLEX flights  of AirFLEX, HYPER and
on the vegetation type) measurements (3.1; 4.1)  fluorescence (3.2.1; 4.2.3) ground (3.2.2;4.2.1;4.2.2) (3.3.1;4.3.1) Dimona (3.3; 4.3.2)
April
(Winter wheat and pine) Fig. 1, Fig. 2a, Fig. 4 (winter wheat) Fig. 2b Fig. 2e, Fig. 5, Fig. 6 Fig. 11 X
June
(Several agricultural crops) Fig. 4 Fig. 6 Fig. 12
September
(corn and other other crops, pine)  Fig. 2h, Fig. 4 (corn) Fig. 2c, d, Figs. 7, 8,9  Fig. 2f, g, Fig. 6, Fig. 9 Fig 10

line at 656.3nm is due to hydrogen absorption in the solar ~ o
atmosphere, whereas two bands at 687-Bp and 760 nm
(O2-A) are due to absorption by molecular oxygen in the ter-
restrial atmosphere. Thex@A and O-B bands especially
overlap with the chlorophyll fluorescence emission spectrum
and, due to their widths, have the potential to be investi-
gated from air- and space-borne platforms. Thus, they can be 0 foibn g ol g,
used for monitoring chlorophyll fluorescence emission under ]
daylight excitation by the method of the Fraunhofer lines in-
filling (Plascyck, 1975).

Several studies are currently under way to evaluate the
accuracy with which sun-induced fluorescence can be usecs
to quantify photosynthetic efficiency. With this paper we <
report the concept and first results from the CEFLES2
campaign that took place in the context of the Carbo
Europe Regional Experiment between April and Septem-
ber 2007 in Southern France (deitp://www.esa.int/esaLP/
SEMQACHYX3F.index 0.html). This campaign combined |
state-of-the-art remote sensing with extensive field-based 44
measurements to quantify the actual status of photosynthetic
efficiency from the level of single leaves to a regional Sca|e.Fig_ 1. Top: solar spectrum showing the;®ands at the spectral
The overarching goal was to better constrain and reduce urnresolution of the AirFLEX sensor. Bottom: red and near-infrared
certainties in modelling mesoscale carbon fluxes using fluo+egion of the fluorescence emission spectrum after full sun light
rescence as a direct input parameter. adaptation of a Velvetgrass leaf. Sun-induced fluorescence was
measured with the special instrument described in Sect. 3.1.3. The
reflectance spectra has been superimposed. It was acquired at the
canopy level with the SpectroFLEX set-up. The positions of the
central wavelengths (Li) of the six channels of the AirFLEX sensor
are also shown. These spectra were required to retrieve the fluores-
cence by the FLD principle.
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2 Quantifying sun-induced fluorescence using the
Fraunhofer Line Discrimination

Under natural sunlight illumination, chlorophyilexhibits a
fluorescence emission spectrum in the red and near-infrared

regions (600-800 nm), characterized by two peaks at abouyavelength without any reflection background (e.g. Corp et
690 and 740 nm. Solar light is reflected by vegetation in they | 2006). This concept has been also successfully adapted
same spectral region (Fig. 1) and therefore the signal reachyyr outdoor application using a pulsed laser as light source for
ing a remote sensor is composed by the superimposition ofyeasuring the so-called laser induced fluorescence (see also
the two fluxes: fluorescence and background reflection fromggct. 3.2.1). However, this approach cannot be currently con-
the surface. sidered for satellite observations because it requires a strong

In laboratory conditions, one can decouple the two sig-|aser pulse that limits its application to the near range.
nals by selecting two non overlapping wavelengths for illu-

mination and observation of the sample: a shorter excitation
wavelength induces fluorescence which is observed at longer

www.biogeosciences.net/6/1181/2009/ Biogeosciences, 6, 11882009
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Fluorescence quantification from the far range must rely3 The integrated concept of CEFLES2: quantifying
on passive measurements (i.e. without the use of an artificial photosynthetic efficiency from leaf- to the regional
excitation source) to decouple the small fluorescence signal scale
from the background reflectance. This goal can be achieved
by selectively measuring the flux upwelling from vegetation CEFLES2 was designed to provide extensive and spatially

in specific spectral lines characterised by very low levels offesolved validation of photosynthesis estimates based on re-
incident irradiance (i.e. Fraunhofer lines). mote sensing fluorescence measurements that can be ob-

In such lines the otherwise much stronger reflectancd@ined using airborne instrumentation. Validation data were

background is significantly reduced, and fluorescence can berovided by extensive ground measurements of plant medi-
decoupled from the reflected signal. In particular, two of ated exchange processes (photosynthetig @ffake, evapo-
these lines (@B and Q-A positioned at 687 and 760 nm transpiration and water use efficiency), fluorescence features
and due to oxygen absorption in the earth atmospheredt the leaf and canopy scale, and by CarboEurope aircraft
largely overlap with the chlorophyll fluorescence emissionfleet that was operating during CERES experimental cam-
spectrum of plants and have often been exploited for fluo-Paigns in Les Landes (France) in April and September 2007.
rescence retrieval (e.g. Moya et al., 1999; Evain et al., 2001; A multitude of vegetation specific ground measurements
Moya et al., 2004; Louis et al., 2005; Meroni et al., 2008; Were acquired during three campaigns (April, June, and
Middleton et al., 2008). September 2007). These included structural parameters (leaf
Fluorescence is estimated in correspondence of these spe@tea index (LAI), canopy height or fractional coveftdyen,
tral lines by using the FLD (Fraunhofer Line Discrimination) biochemical characterizations (chlorophyll, water and dry
method originally proposed by Plascyck (1975). In short, matter content), physiological parameters (PAM fluorometry,
this method compares the depth of the line in the solar irra-gas exchange) and standard field spectroscopy. These more
diance spectrum to that of the line in the radiance spectruniraditional measurements were complemented with novel
up-welling from vegetation. Fluorescence is quantified by set-ups aimed at quantifying fluorescence at the canopy level.
measuring to what extent this depth is reduced by fluoresAs species of major interest, winter wheat was chosen in
cence in-filling. In operation, fluorescence can be decoupled\pril and corn in September. Additionally, investigations
from the reflected signal when measuring in spectral chanwere expanded to rapeseed, grassland and pine in April, corn,
nels close enough so that it can be assumed that both ré2otato, sunflower and pine in June and bean, kiwi, vine and
flectance and fluorescence vary smoothly with wavelengthoak forestin September. The intensive measurement site was
Therefore, FLD relies on spectral measurements inside anlarmande during the whole CEFLES campaign. Further test
outside narrow Fraunhofer lines, in which incident irradiancesites were located in Clairac, Le Bray, Villeneuve-sur-Lot,
is strongly reduced. and Saint Laurent du Bois.

The FLD basic concept has been recently upgraded with . )
several modifications and improvements by different re-3-1 Leaf-level: quantifying photosynthesis and fluores-
search groups (e.g. Gomez-Chova et al., 2006; Meroni and ~ ¢€Nce
Colombo, 2006; Alonso et al., 2008). in order to mcregse.t_hes_l_l PAM fluorometry to derive cardinal points of pho-
accuracy of the method and to exploit the current availability tosynthesis
of hyperspectral high resolution data (for a review of fluores-

cence retrieval method see Meroni etal., 2009). Efficiency of light reactions of photosynthesis were mea-
There is no standardised terminology for sun-inducedgreq on the level of single leaves using the miniaturized

fuorescence available, yet. Thus, we will define ﬂuores'FIuorescence Yield Analyser (Mini-PAM) of H. Walz (Effel-

cence parameters as follows: sun-induced fluorescence Wiprich, Germany) with a leaf clip holder described by Bilger,

be termed E, laser induced fluorescence .FFluorescence Schreiber and Bock (1995) (Fig. 2a). Spot measurements

yield, i.e. the fraction of fluorescence normalized for incom- ¢ photosynthetic photon flux density (PPFD=380nm

ing or absorbed PPFD will be termed-kield and F -yield. to 710nm) were taken by the micro-quantum sensor of

Most of the time fluorescence will be determined at a spe+na Mini-PAM. Effective quantum yield of photosystem I

cific wavelength, e.g. within the oxygen absorption bands;(AF/p ) was calculated as [FF)/F,, whereF is fluores-

in these cases we will use subscript numbers to define th%encemyield of the light adapted se;nmple andis the maxi-

wavelength of determination. E.g. sun-induced fluorescence, m jight-adapted fluorescence yield when a saturating light

at 760nm in the @A band will be termed Ezeo- Alistof 5 se was superimposed. The apparent rate of photosyn-

the fluorescence abbreviations is also given in Appendix A. hatic electron transport (ETR) of photosystem Il was ob-
tained as ETRAF/F,-PPFDO0.5-«, where the factor 0.5 as-
sumes equal excitation of both photosystems; the absorption
factor o was derived from leaf level optical measurements
using an integrating sphere.

Biogeosciences, 6, 1181498 2009 www.biogeosciences.net/6/1181/2009/
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intensity, but may also reflect manifold physiological mech-
anisms. Additional parameters, such as maximum apparent
electron transport rate (ETRx can be derived from light-
response curves. In order to obtain light response charac-
teristics, about 100 randomly distributed spot measurements
were recorded within a field, plotted over PPFD, and anal-
ysed according to Rascher et al. (2000).

3.1.2 Measurement of fluorescence emission spectrum

Algorithms for fluorescence retrieval from airborne data re-
quire the characterization of the fluorescence emission spec-
tra at the leaf level. They were recorded under natural sun
light conditions using a specially built spectro-fluorometer
based on a HR2000+ spectro-radiometer (Ocean Optics).
This instrument used solar radiation as an excitation source.
Solar radiation is filtered by a short pass blue filter and fo-
cused onto the leaf by a converging lens to compensate the
attenuation of the filter (Fig. 2h).

The spectro-radiometer was calibrated spectrally and for
linearity using a standard black body (Li-Cor 1800-02, NE,
USA) and a Hg-Ar standard lamp (CAL-2000, Micropack,
Germany).

_ ) Measurements were performed around solar noon and dur-
Fig. 2. Ground measurement set-up to quantify changes of photo-mg overflights in April, June and September 2007 on grass,

synthetic efficiency from the leaf to the canopy levéh) Mini- —  \ypaat corn and bean leaves from the different experimental
PAM measurement within winter wheat. Fluorescence emission_. -

: . : . . ._sites. Chlorophyll content and PPFD were systematically ac-
and photosynthetic quantum efficiency is characterized with this

fast screening method at hundreds of representative leaves undertf%'ired with a chlorophyll-meter (SPAD-502, Minolta) and a

prevailing environmental conditiongB) Mirror set-up of the active ~ duantum-meter.
FLIDAR imaging system as they were installed in April in winter
wheat.(C) FLIDAR imaging system of the group of G. Agati. The 3:1.3 Gas exchange measurements

laser system was installed inside a van variably targeting mirrors . .
in the field. (D) Computer controlled movable mirror of the ac- USING open gas-exchange system Li-6400 (Li-Cor, USA)

tive FLIDAR imaging system as they were installed in SeptemberPhotosynthetic characteristics, i.e., £@ssimilation rate

a few meters above a corn canog§) The SpectroFLEX set up  (A), stomatal conductance to water vapd@is{, transpira-

for passive fluorescence measurements in theB@687 nm) and  tion rate (C'r) and intercellular C@concentration(;), were
Oo-A (760 nm) bands. The number of bands, widths and centralrecorded for actual PPFD in April. In September whole light
wavelengths have been chosen similar to those of the AirFLEX air-curves allowed the estimation of e.g.,or Tr for saturating
borne sensor. The scaffolding was in the middle of a large grassppPED (41500, Tr1g00). Light response curves were measured
land field in which several acquisition points by the AirFLEX sen- using the LED light source Li-6400-02B (Li-Cor, USA). The
sor were possible. The target was Velvetgradsi¢us lanatus)an o jiances used for the light response curve were 0, 80, 250
erectophile monocot species of about 60 cm heifffit.Schematic 600, 1200 and 180@mol (photons) m2s-1 A ’

drawing of the passive measurements set-up (1) in Sect. 3@)2. Desiccati t . t f donf .
Spectrometric set-up (3) explained in Sect. 3.2.2. An automated arm esiccation Stress experiments were performed on four in-

constantly moved the fibre optics of a FieldSpec system betweeslividual plants. The C@IH>0 fluxes were measured as an
the reflectance standard and three spots of vegetation. Installatiofitegral signal from the central parts of leaves (investigated
above corn in September. The same, cross-calibrated detector wafea 6 cri) on the 4th leaves from the top. The leaves were
used airborne (Fig. 3a)(H) Spectrofluorometer for measurement kept inside the assimilation chamber under constany CO
of sun-induced fluorescence emission spectra. concentration (3885 mol CO, mol~1), air humidity and
leaf temperature (following ambient conditions) during the
measurement. Air flow rate through the assimilation cham-

. L ber was maintained at 5@0mol s 1.
Light within the canopy constantly changed and showed

patches of varying intensity. Thus, leaves were exposed to
rapid changes in PPFD of various duration and intensity,
which could not be determined analyticallyF/F, and ETR

values dynamically adapt primarily to these changes in light

www.biogeosciences.net/6/1181/2009/ Biogeosciences, 6, 11882009
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3.2 Canopy-level zone) was adopted and a spectrum was obtained by averaging
30 spectra per point.

The second one, adopted during the September CEFLES?2
campaign, used a scanning mirror positioned on the top of
Active fluorescence spectra of vegetation were recorded by 6-m high scaffolding tower (Fig. 2d). This configuration,
using a hyperspectral Fluorescence LIDAR (FLIDAR) imag- with the mobile mirror at about 2.7 m above the canopy, per-
ing system that was used in the field for the first time, thusmitted to cover 1 rharea of the corn field within small angles
the technical details are briefly described here (Fig. 2¢). Th&rom nadir. A reference fluorescent plastic target (Walz, Ef-
FLIDAR consists mainly of a Q-switched Nd:YAG laser, feltrich, Germany, about 2010 cnf of size) was positioned
a 1m focal length Newtonian telescope and a 300 mm fo-on the top-left corner of the scanned area; its fluorescence
cal length spectrometer coupled to an intensified, gatedignal was acquired once per each area scan, and used to nor-
512x512 pixels CCD detector. Imaging was carried out malize the fluorescence spectra of the scanned area. The van

3.2.1 Active laser induced fluorescence

by scanning the target with a computer-controlled motor-with the laser was located at about 10 m from the scaffolding

ized mirror.
power DPSS (Diode-Pumped Solid State) laser (emitting in
the green) for geometrical referencing on the target.

The FLIDAR prototype includes also a low tgwer.

In both set-ups, the canopy average temperature was con-
tinuously measured and logged by means of a Minolta Land

The pulsed Nd YAG laser excitation source was operate aCyclops optical pyrometer mounted either in proximity of the

355nm (triple frequency) or at 532 nm (double frequency), four 45 mirrors (Fig. 2b) or on top of the scaffolding tower
with pulse width of 5ns, pulse energy of 8 mJ and 20 mJ for (Fig. 2d).

the UV and green excitation, respectively, and maximum rep-

etition rate of 10Hz. The laser beam divergence is 0.5 mrad3.2.2 Passive sun-induced fluorescence

with a starting beam diameter of 7 mm. Three folding high

energy dielectric mirrors provide the excitation laser beam toSun-induced fluorescence fFwas estimated in the field

be coaxial to the telescope. The telescope is a 25 cm diamet#yith four different set-ups. Three stationary set-ups exploit
f/4 Newtonian reflector. The far field of view is 1 mrad that field spectrometers to collect the signal above the canopy
corresponds to about 2 cm diameter circle spot at a distancéuring the day and differ for the spectral resolution achieved.

of 20 m.

While the first one was manually operated, the second and

The spectral dispersion system is the flat field SpectraProthird system operated autonomously. In addition to the sta-

2300i by Acton Research.

This spectrometer has aionary approaches, a mobile set-up was used to quickly mea-

crossed Czerny Turner layout, 300 mm focal length, f/4.sure the distribution of canopy fluorescence and thus cover
The spectrometer is equipped with three dispersion gratthe spatial distribution of thegsignal.

ings having 150, 600, and 2400groovesmm The

gratings provide a nominal dispersion of 21.2, 5.1 and (1) The core of the first set-up was composed by two

0.9nmmnt!, respectively. The detector is a gateable
512x512 pixel CCD (model PI MAX:512, Princeton Instru-
ments/Acton) equipped with an intensifier (Unigen 11l Gen-
eration). The pointing and scan system for the hyperspectral
imaging is obtained by a movable folding mirror placed be-
tween the telescope and the target. This mirror is mounted
in a controllable motorized fork permitting the rotation on
two orthogonal axes. The primary axis is fixed and coaxial
with the telescope and crosses the geometrical centre of the
folding mirror surface. The secondary axis direction is set by
the rotation of the first one, coplanar with mirror surface and
crossing its geometrical centre. The used stepping motors
give rotation accuracy better than 0.5 mrad.

Two different field set-ups of the FLIDAR were used to
take measurements on vegetation: the first one, adopted dur-
ing the April campaign, relied on the use of 4 mirrors posi-
tioned at 45 at about 1 m above the canopy (Fig. 2b). Wheat
fluorescence was excited at 355 nm and detected in the 570—
830nm and 348-610 nm spectral windows. The 4 canopy
zones (560 crheach) were covered by scanning the motor-
ized mirror, placed near the optical sensor that was mounted
inside a van. A 1&10 sampling grid €100 points per

Biogeosciences, 6, 1181498 2009

HR4000 spectrometers (OceanOptics, USA). One spec-
trometer covered the visible to near-infrared part of the
spectrum (350-1100 nm) with a resolution of 2.8 nm
(Full Width at Half Maximum, FWHM) while a second
spectrometer was limited to a narrower spectral range in
the near-infrared (720—-800 nm) to provide a very high
spectral resolution (0.13 nm FWHM) intended for flu-
orescence retrieval at theo@ band. The canopy was
observed from nadir by bare fibres (2fteld of view).

The manual rotation of a mast mounted horizontally
on a tripod permitted to observe either the white ref-
erence panel or the canopy. The spectrometric set-up
was installed over winter wheat in April and over corn
in September to record canopy diurnal cycle of optical
properties and sun-induced fluorescence (Fig. 2f refers
to the set-up used in the September over corn).

Prior to the field campaign both spectrometers were cal-
ibrated with known standards wavelength calibration
and radiance calibration. The spectroscopy technique
referred to as “single beam” (Milton and Rolling, 2006)
was applied in the field to evaluate the incident and up-
welling fluxes: target measurements are “sandwiched”

www.biogeosciences.net/6/1181/2009/



between two white reference measurements (calibrated
panel, Optopolymer GmbH, Germany) taken a few sec-
onds apart. For every acquisition, 15 and 4 scans (for
the two spectrometers, respectively) were averaged and
stored as a single file. Additionally, a dark current
measurement was collected for every set of acquisi-
tions (four consecutive measurements). Spectrometers
were housed in a Peltier thermally insulated box (model
NT-16, Magapor, Zaragoza, Spain) keeping the inter-
nal temperature at 28 in order to reduce dark current
drift.

Processing of raw data included correction for CCD de-
tector non linearity, correction for dark current drift,
wavelength calibration and linear resampling; radiance
calibration, incident radiance computation by linear
interpolation of two white reference panel measure-
ments, and computation of vegetation optical indices
and sun-induced fluorescence according to Meroni and
Colombo (2006).

(2) A second high performance spectro-radiometer set-

up (SpectroFLEX) for detecting passive fluorescence
signal has been installed at Villeneuve-sur-Lot (Lat.
44.39757%, Long.: 0.763942) during April 2007, in

the middle of a large and homogeneous field of natu-
ral grass (Fig. 2e). The objective was to compare pas-
sive fluorescence data acquired with the airborne Air-
FLEX sensor with similar data acquired on ground on
the same target. The target was composed mainly of
Velvetgrass flolcus lanatus) an erectophil monocot
species of about 60 cm height.

SpectroFLEX is based on a narrow band spectrome-
ter (HR2000+, Ocean Optics, USA). The instrumental
function of 0.2nm FWHM was established using the
atomic lines of a spectral calibration lamp (Cal-2000-
Bulb, Micropack, Germany) also used for wavelength
calibration. Radiometric calibration has been performed
with a black body lamp (Li-Cor 1800-2, Lincoln, NE,
USA). A high pass filter (Schott RG590) prevented for
stray light. The spectro-radiometer was enclosed in a
temperature regulated box at26.5°C, allowing ther-
mal noise reproducibility. A shutter (Inline TTL shut-
ter, Micropack, Germany) allows CCD dark current ac-
quisition for each integration time. All the electronic
components were protected by a waterproof aluminium
box. Fluorescence fluxes were simultaneously acquired
in both G-B band (687 nm) and £A band (760 nm),
using the same channel widths and positions as the Air-
FLEX sensor inboard the Seneca airplane.

Measurements at the canopy level required a nadir view-
ing configuration. The instrument box was installed
in the top of a 2.5m scaffolding. A 2m length opti-

cal fibre connects the sensor head to the spectrometer.

The entrance of the optical fibre is fixed above the tar-
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3)

(4)

get by a 1 m horizontal arm at 2.4 m above the ground
(Fig. 2e). The resulting target diameter is about 1.1 m
which ensures a good spatial integration of the canopy
structure. Local irradiance was measured using a white
frosted PVC board which intercepts alternately the field
of view of the sensor. This reference board was peri-
odically moved by an electromagnet. Radiances mea-
sured with the reference board were used to estimate the
photosynthetic active radiation after calibration against
a quantum meter (SDEC, France). An elementary mea-
surement cycle requires the acquisition of two spectra
on the target and two spectra on the reference. The ac-
quisition frequency is up to 0.4 Hz at maximum illumi-
nation.

A FieldSpec Pro high resolution spectroradiometer (An-
alytical Spectral Devices, Boulder, USA) was used,
which measures reflected radiation within the spec-
tral domain of 350-2500 nm with a nominal bandwidth
of 1.4nm (350-1050nm) and a field-of-view (FOV)
of 25°. A calibrated Spectralon™ panel (25cm)
served as white reference to estimate incident irradi-
ance.

The instrument’s fibre optic was mounted on a robotic
arm of 0.6m length, approximately 1 m above the
canopy. The movement of the robotic arm allowed
to automatically collecting daily cycles of four differ-
ent spots with a circular area of about 0.5 mdiameter
each (Fig. 2g). The acquired dataset consists of spectral
records from four canopy areas, bracketed by measure-
ments of the reference panel. At each position, a trig-
ger signal released the recording of 10 single spectra.
Each spectrum was internally averaged by the spectrom-
eter from 25 individual measurements. Integration time
was automatically optimized during the day in order to
maximize the instrument signal to noise ratio. In June
and September five diurnal courses were acquired dur-
ing the campaign windows. The fluorescence signal was
quantified using the modified FLD method proposed by
Maier et al. (2003) in the @A band.

Several FieldSpec Pro high resolution spectroradiome-
ters were used for a spatially explicit characterization of
the fluorescence signal over a wide range of agricultural
crops and surface classes. During the three campaigns
in April, June, and September 11 different crops were
characterized, whereas one representative field per crop
was selected (exceptionally winter wheat with seven
fields and corn with eight fields). Beside these agricul-
tural canopies, water and bare soil were measured. To
cover the spatial heterogeneity of each field, four repre-
sentative places were selected and three measurements
per place were performed.

At each place in the field, the instrument’s fibre optic
was mounted on a tripod, approximately 1 m above the

Biogeosciences, 6, 11882009
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3.3.1 Repeated transects using AirFLEX

AIrFLEX is an interference-filter based airborne sensor de-
veloped in the framework of the Earth Observation Prepara-
tory Programme of the European Space Agency (Fig. 3a—c).
Basically it is a six channel photometer aimed to measure
the in-filling of the atmospheric ©bands. A set of 3 dif-
ferent channels (each with a specific interference filter) is
used to characterize each absorption band: one at the ab-
sorption peak and two others immediately before and after
the @ absorption feature. The peak positions of these filters
(Omega Optical, Brattleboro, VT, USA) are 685.54, 687.14
and 694.11 nm for the £B band and 757.19, 760.39 and
770.14 nm for the @A band (L1 to L6, respectively, Fig. 1
bottom). The FWHM are 0.5nm and 1.0 nm for the-B
and Q-A band, respectively. In order to maintain stability
of the characteristics of these filters, the filter compartment
was insulated and warmed up to°@30.1 °C. The use of
two filters out of the band allows interpolating the reflectance
within the band. In addition to the narrow band filters, long
pass coloured filters (Schott RG645) in combination with a
baffled hub are used to reduce the stray light.

The AirFLEX sensor was fixed on the floor of the Piper
Seneca airplane of IBIMET (Fig. 3b). During data acqui-
Fig. 3. Airborne instruments that were employed during the cam- sition a synchronised video camera recorded the images of

paign to quantify changes of photosynthetic efficiency from thefieldthe context and a spectroradiometer measured the radlar_1ce
to the regional level(A) Internal sensor head of the AirFLEX sen- Of the target in the spectral range of 200-890 nm. A propri-
sor showing the six channels for,@ and Oy-B fluorescence re- ~ €tary program developed under LABVIEW 7 (National In-
trieval. Each channel requires three spectral bands: within the atstrument) software allows for real time control and display
mospheric absorption feature and on the left and right shoulder obf measured signals. AirFLEX has been calibrated radio-
the absorption featurgB) Picture of AirFLEX installed on board  metrically, with a calibration source (Li-Cor 1800-02, NE,
the CNR SENECA during the campaign¢C) Thermal camera  JSA). The spectral calibration was done with an HR4000
on board the SENECAD) INTA C-212-200 EC-DUQ "Patem-  gpectrometer (Ocean Optics, IDIL, France) and 6035 Hg(Ar)
ina” a!rcraft. Within this aircraft bgth the AHS gnd HYPER sensor lamp (Oriel Instruments, France). The foot print on the
werre 'nitralll?:] for Fa;aglel :?édg‘g ofugugrsmwneﬁer:S dh)(;- i ground is about 1815 m at a repetition rate of 5 Hz. Dur-
perspectra’ imager onboa buQ as arranged cu ging the CEFLES2 campaigns 14 flights were performed by

the CEFLES 2 campaigr{F) Picture of the SIM.GA HYPER sen- . . . .
sor, which was first time used during the CEFLES2 campaig). the Seneca aircraft with the AirFLEX sensor onboard, which

Underwing pod with the FieldSpec hyperspectral reflectance instruf€Present a ground sampling of about 6000 km. AirFLEX
ment. The instrument continuously acquired spectra with 2 Hz resgenerated several products including (i) fluorescence radi-
olution along repeated overpasses during the campaign. The samances at 687 and 760 nm, (ii) fluorescence fractions at the
cross-calibrated detector was used on the ground (Fig. 2h). same wavelengths obtained by dividing fluorescence radi-
ances by the reflected radiance at 687 nm, (iii) the Photo-
chemical Reflectance Index (PRI, Gamon et al., 1992) and
canopy. Three different spots with a circular area of (jy) the Normalized Difference Vegetation Index (NDVI). A
0.5mdiameter each were recorded moving the fibre optommercial thermal camera (Flir, mod. SC500) was installed
tic manually over the canopy. The fluorescence signakogether with AirFLEX providing surface temperature infor-
was quantified as mentioned in set-up 3. mation coregistered with fluorescence data (Fig. 3c).

3.3.2 Repeated transects using an airborne hyperspec-

3.3 Field to regional level using novel airborne sensors tral sensor in the METAIR-DIMO aircraft

On the largest spatial scale, a fleet of several aircrafts was

employed over the region testing different approaches to! he small research aircraft of Metair AG (Switzerland) was

quantify sun-induced fluorescence from airborne platformstSed as platform for hyperspectral measurements. Along-
(Fig. 3). side an extensive range of additional parameters such as

CO,, H20, CO, NOX, (Neininger, 2001; Schmitgen et al.,
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2004) were captured simultaneously. The flight track andsoil/geologic studies. In the MWIR and LWIR regions, spec-

attitude angles were recorded by a TANS Vector phase sertral resolution is about 300 to 500 nm, and the infrared atmo-

sitive GPS system blended with 3-axis accelerometers. Fospheric windows (from 3 to Bm and from 8 to 13:m) are

the collection of hyperspectral reflectance data, a portabldully covered. These spectral features allow to state that AHS

sensor (FieldSpec Pro, ASD Inc., Boulder, CO, USA) wasis best suited for multipurpose studies/campaigns, in which a

mounted in the lefthand underwing pod (Fig. 3g). Reflectedwide range of spectral regions including thermal have to be

light was captured in nadir orientation with a fibre optic that covered simultaneously.

was equipped with a°lforeoptic. Incident light was spec-

trally analyzed in the range from 350 to 1050 nm, with a 3.3.4 First regional map of fluorescence derived from

FWHM of 1.4nm. The instrument was operated in contin- HYPER airborne imager

uous mode and spectra were collected with approximately

2 Hz. Spectral measurements were recorded using radiancédM.GA HYPER is a 512+256-spectral-band push-broom

and exposure time was adjusted to 130 ms for best signal t§€nsor with VNIR and SWIR imaging capability. The instru-

noise ratio and to avoid saturation. In order to improve datament was provided by Galileo Avionica. The airborne hyper-

quality, three spectra were averaged and saved. The FieldPectral system covers the 400-2450 nm spectral region and

Spec device generates a TTL trigger signal that was used (vas operated at 1000 m. The hyperspectral HYPER SIM.GA

to record the time of each hyperspectral measurement ant$ composed of two optical heads (Fig. 3f):

(ii) to capture a video image (643480 pixels, 12-hit, grey )

values) using an industrial video camera (Flea, Point Grey (1) VNIR Spectrometer with a spectral range of 400-

Research, Vancouver, BC, Canada; with a 25 mm lens, Cos-  1000nm, 512 spectral bands with 1.2nm spectral sam-

micar/Pentax). Both camera and hyperspectral sensor share Pling, 1024 spatial pixels across a swath of 722m,

the same viewing orientation, but differ in their field of view which corresponds to a pixel resolution of 7.7 m

(1° for the FieldSpec device and 10.far the video camera).
Data from the FieldSpec hyperspectral instrument are cur-

rently being processed according to the principle of Fraun-

hofer Line Discrimination. The same protocol for ground

based and airborne data is used to test for the influence of at-

mospheric absorption and to establish a consistent data pr

cessing line from the canopy to the ecosystem level.

(2) SWIR Spectrometer with a spectral range of 1000—
2450 nm, 256 spectral bands with 5.8 nm spectral sam-
pling, 320 spatial pixels across a swath of 425 m, which
corresponds to a pixel resolution of 1:38.33 m

%he optical heads are managed by a common data acquisi-
tion and control electronics. The HYPER SIM.GA works
as a push-broom imager. A spatial line is acquired at nadir
and the image is made exploiting the aircraft movement.
The optical head of HYPER SIM.GA is rigidly coupled to

The Airborne Hyperspectral Scanner (AHS) is an 80-band< GPS/INS unit that collects data about platform movements

airborne imaging radiometer (Fig. 3e), developed and bu"t(yav_v, roll, PitCh’ velocity_, altitude, lat, long) allowing to geo-
by SensyTech Inc., (currently Argon ST, and formerly re(_:rtlrfythe images acqmred.h p | £ thi
Daedalus Ent. Inc.) and operated by the Spanish Institute ese campaigns were the first employment of this new

for Aerospace Technology (INTA) in different remote sens- airb_o rne hyperspectra_l instrument and we are currently es-
ing projects. It has 63 bands in the reflective part of the elec-tabl's’hlng the processing routines f°'f geometncal an(_j rafj|o-
tromagnetic spectrum, 7 bands in the 3 tarB range and metrical processing of the data. With th|s_communlgatlon

10 bands in the 8 to 13m region. we present the first results; automated routines allowing the

The AHS was first flown by INTA on September 2003 processing of the extensive data sets are currently developed.

During 2004 the instrument was validated during a number

of flight campaigns which included gxtensivg grognd sur-4 Selected first results highlighting the dynamics of

veys (SPARC-2004 and othe_rs), ar_ld is op_era'uonal_m _INTAs variations in photosynthetic energy conversion

C-212-200 EC-DUQ “Paternina” aircraft since beginning of

2005 (Fig. 3d). AHS has been configured with distinct spec-4 1 | eaf-level: quantifying photosynthesis and fluores-

tral performances depending on the spectral region consid-  ence

ered. In the VIS/NIR range, bands are relatively broad (28—

30nm): the coverage is continuous from 0.43 up toyd@  4.1.1 Diurnal variations of photosynthetic efficiency

In the SWIR range, there is an isolated band centred at

1.6pm with 90 nm width, simulate corresponding band in During the September campaign main focus was put on char-

satellite missions. acterizing corn in the diurnal course. Leaf-level measure-
Next, there is a set of continuous, fairly narrow bands (18—ments showed a physiological limitation of photosynthesis

19 nm) between 1.9 and 2.8n, which are well suited for during different times of the day. Photosynthetic efficiency

3.3.3 Regional mapping with the Airborne Hyperspec-
tral Scanner (AHS)

www.biogeosciences.net/6/1181/2009/ Biogeosciences, 6, 11882009
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PAM fluorometry was used to analyze changes in pho-
tosynthetic activity and condition of photosynthetic appara-
tus of winter wheat plants. Among other parameters, ETR
of photosystem Il and steady-state fluorescence were deter-
mined. Plants increased their ETR in the course of acclima-
tion to the high light period. The increase was strongest in
the morning. However, acclimation was associated with in-
creasing leaf temperatures. At the beginning of the improved
weather conditions, non-photochemical protection was low-
est around midday, but increased with the days in high light
conditions. Concomitantly a slight decrease in potential
quantum efficiency of photosynthesis was observed. This
could be the sign of photoinhibition or of activation of sus-
o o 10 180 800 tained photoprotection mechanisms, due to high light inten-
Wavelength (nm) sities over the days. In contrast, steady-state fluorescence

showed an inverse behaviour. The relation of fluorescence
Fig. 4. Variability of sun-induced fluorescence emission spectra af-with non-photochemical protection revealed a clear negative
ter light adaptation (170@mol photons m?s~1). Adaxial sidesof  correlation, whereas fluorescence and ETR apparently were
Ieave; from four species were measured with the special instrumerigt correlated. This suggests that fluorescence indeed is as-
described in Sect. 3.1.3. Chlorophyll contepcm™2): corn 48, sociated with properties describing the physiological status
bean 42.2, velvetgrass 27.1, wheat 41.9. of photosynthesis and thus, may serve as a remote sensing
measure to quantify changes of the efficiency of photosyn-

was high during morning hours, a clear depression of phoynesis that occur on the relevant time scales. A detailed study
tosynthetic efficiency was obvious during afternoon, when i this topic will be published soon.

conditions were dry and hot, and photosynthetic efficiency

increased again towards the evening, when conditions again.1.3 Characterization of sun-induced fluorescence
became moderate. Diurnal courses of sun-induced fluores- emission spectrum at the leaf level

cence yield of corn were derived from spectrometric mea-

surements and their potential as proxies for LUE was inves-The shape of the fluorescence emission spectrum at the leaf
tigated. GPP was modeled using Monteith's LUE-conceptlevel depends on many different parameters, such as the ex-
(Monteith, 1972, 1977) and GPP and LUE values were com-<itation wavelength, light intensity, pigment concentration or
pared to synoptically acquired eddy covariance data. Thdeaf structure. Figure 4 compares sun-induced fluorescence
diurnal response of complex physiological regulation of pho-emission spectra of leaves from different species under the
tosynthesis could be tracked from sun-induced fluorescencesame conditions of illumination (about 17pénol m—2s-1).
Considering structural and physiological effects, this studylt can be seen that leaves with the same chlorophyll content
showed that including sun-induced fluorescence improvesan show different emission spectra (Fig. 4; e.g. wheat and
modeling of diurnal courses of GPP. For details see Dammbean).

et al. (2009).

S

Fluorescence (a.u.)

ERREEEEREEEE L
680 700

4.2 Canopy-level

4.1.2 Activation of photosynthesis within days
Ground-based diurnal cycles of sun- and laser-induced

During the April campaign special focus was put on win- canopy fluorescence were collected with the aim of charac-
ter wheat that was a main crop in the study area. Weatheterizing the temporal dynamic of fluorescence in addition to
conditions at the beginning of the campaign were wet andthe spatial variation captured by airborne sensors (Sect. 4.3).
cloudy and photosynthesis of the plants was adapted to the

low light and moderate conditions. Midday 18 April, 2007 4.2.1 Variations of sun-induced canopy fluorescence

weather changed and the whole region was abruptly exposed. )
to longer lasting high pressure conditions with concomitantPiUrnal cycles of canopy sun-induced fluorescence were col-
clear skies and warm and dry air. lected during both the April and September campaigns over

This poses good conditions for a test case: photosynthesid@tural grassland (Velvetgrass), winter wheat and corn, re-
of the formerly low-light adapted plants had to acclimate to SPECtively.
the high light conditions. This was a specific advantage to__' "€ diurnal cycle of both fluorescence fluxesséér at

test if these dynamic physiological changes were reflected iff8/ "M and Ezeoat 760 nm) and PPFD during a sunny day is
sun-induced fluorescence. shown in Fig. 5a (21 April, 2007) but similar results are ob-

tained for other days (Fig. 5b). One may observe thagf
closely followed PPFD whereas less diurnal variation was

Biogeosciences, 6, 1181498 2009 www.biogeosciences.net/6/1181/2009/
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Table 2. Simultaneous measurement of thegg7Fs7goratio from the airborn AirFLEX sensor and on ground.

Time NDVI F5687IFS760 FSGSTIFS 760 NDVI
Date (UTM) Plane Plane (AirFLEX) Ground (SpectroFLEX) Ground
21/04/2007 11:27 0.81 1.8D.7 1.44+0.35 0.74
21/04/2007 14:05 0.78 2.30.7 1.76+0.35 0.68

observed on §760 It is hypothesized that this difference, al-
ready observed in other experiments (Louis et al., 2005), is ]
due to a canopy structure effect. Nevertheless the fluores- ]

cence ratio Esg/Fs7e0 Was calculated and compared with ]
] /v/] st Flight Over MMMW Fsgg,

the same ratio calculated for the in board AirFLEX data (Ta-
Fs760

ble 2). On-board data were processed to retrieve the fluo-
rescence flux at the ground level after atmospheric correc-
L AT
)

22 April

(s wssjowr) addd

|-

1000

tions, according to Daumard et al. (2007). Between 11:27
and 14:05, time of the airplane overpass, an increase of sim- ]
ilar amplitude was observed on both on-board and ground ]
measurements. ]

As another example, the diurnal variation af7kg over
winter wheat, measured at three days (22—-24 April) un- " 09:00 12:00 15:00
der comparable meteorological conditions (i.e. clear sky) is 3o 0012
shown in Fig. 5b. As it is generally observed for photo- _ s |
synthesis, E7g0 exhibited a diurnal variation which is par-
tially driven by incident PPFD (i.e. the more photons are ab- -
sorbed, the more are dissipated through fluorescence). How £

2 1.0

ever, while PPFD showed a symmetrical trend around solar

Fs fluxes on ground (r.u.)

0.010

sr'nm™)

2.0 4

¥ 0.008
1.5 1%

m

Fs-yield,q,

0.006 -

—e— 22 April

noon, Fs7ep reached its maximum before solar noon (about  °° i 0004
12:00UTC) and decreased after 13:00 UTC. This trend was oo - P
more easily observable with the Normalizegl(Fs-yield:s0, ' TG Time (HHmm) UTC Time (HHmmy

Fig. 5¢) which is the yield of & per unit incident radiation

(Meroni and Colombo, 2006). The diurnal course @f F Fig. 5. (A) Diurnal course of sun-induced fluorescence at 687 and
yieldzgp, Which is expected to track the canopy LUE (e.g. 760nm, (lseg7and Fs760 and Photosynthetic Photon Flux Den-
Meroni et al., 2008), showed an increase during early mornsity (PPFD), measured at the canopy level with the SpectroFLEX
ing' a depreSSK)n durlng Solar noon When the PPFD reacheépt'up Similar results were obtained on 22 and 23 Aprll, 2007. Ver-

its maximum, followed by a recover in late afternoon. tical black lines indicate the moment at which the reference field has
’ been flown over. The fluorescence ratios inboard and at ground level
4.2.2 Variations of sun-induced canopy fluorescence are compared in Table 2B, C) Diurnal courses of sun-induced flu-

orescence (§) and normalized § (Fs-yield) at 760 nm measured
over three measurement days. Values represent fif8anp=4
consecutive measurements). Measurements were collected over a
winter wheat dense canopy (LAI=6.%m~2) during three days of
measurements (22—24 April, 2007) at the Marmande main site.

over different agricultural crops

Main focus of this analysis was to investigate the variabil-
ity of sun-induced fluorescence within the same field, of the
same crop, and in different canopies. Additionally, the inter-
dependency betweenrsfgoand the well established Normal-
ized Difference Vegetation Index (NDVI) was investigated.
The measured crop types and surface classes provide a higl) at a value of 0.9, wheregkgo still provided a differen-
gradient of canopy structural parameters and the plant phystiation of values (e.g. for winter wheat). On the other, the
iological status. NDVI showed a significant variability for non vegetated sur-

A first relative evaluation of the data showed a non-linearface classes (e.g. bare soil or water), whereggdvalues
relationship of the Ev7ep signal and the NDVI (Fig. 6) for were more consistent with values around O for such non veg-
different crop types and surfaces. The sensitivity of both pa-etated surfaces. Given insights from these first experiments
rameters differs especially at the boundaries of the paramethe focus of future analysis will be put on a differentiated
ter range. On the one hand, the classical vegetation indexiew on the impact of structural and functional response to
saturated in dense canopies (e.g. when LAl is higher tharthe acquired signal.

www.biogeosciences.net/6/1181/2009/ Biogeosciences, 6, 11882009
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4.2.3 Active laser induced fluorescence mapping

The corn fields investigated during the September campaign
were characterized by a large variability in chlorophyll con-

tent within the canopy and heterogeneous chlorophyll con-
centrations along the longitudinal axis of single leaves. Con-
sequently, the shape and intensity of the chlorophyll fluores-
cence spectra at leaf level were markedly dependent on the
leaf position into the canopy (Fig. 7a) and on the part of the
leaf measured (Fig. 7b). This is in accordance with the re-
lationship between chlorophyll content and fluorescence re-
absortion at the red fluorescence band (Buschmann, 2007)

Therefore, the fluorescence spectrum of the canopy was the 0.0 . . . . : : : . !
result of heterogeneous contributions from the top layers as 640 660 680 700 720 740 760 780 800 820
well as of those coming from the inner layers, which under-

went multiple reabsorption processes. Wavelength (nm)

An example of a laser induced fluorescencg) (apping
for a corn canopy is shown in Fig. 8. The Fieasurements Fig._ 7. Laser induced quoresce_nce spectra_l _of s_ingle corn leaves
were performed by the FLIDAR system that covered 21m excited at 532 nm(A) leaves at dllfferent position into the plant (I
area (specifically, the area was abouk8@0 cm) of the corn t? Vfl lflr?m toﬁ of the plant).(B) Different part from the same leaf
field within small angles from nadir (Fig. 8a). The spot effec- (teaf {1 from the top).
tively measured with the FLIDAR system at each laser pulse

was a circular area of 2.5cm in diameter. The whole flu-  ag expected, the fluorescence map was found to be largely
orescence spectrum between 580 and 830 nm was recordegbierogeneous. Although it was difficult to appreciate signif-
for each spot. The spatial resolution, defined as the distancg.gnt changes in the fluorescence evolution over the day, a
between the center of one measu_red spot an(_d the ne>§t ONBeneral decrease of the fgonm signal appeared (Fig. 8b—
was about 4.5cm both in the vertical and horizontal direc-qy Thjs variation was confirmed by the fluorescence signal,
tion. The images consist of &7 pixels and each pixel getermined as average over the canopy area. As shown in
value corresponds to the integral of the fluorescence spegrig. ga, the fluorescence signals decreased in a magnitude of
trum, obtained as an average of 20 spectral measuremenisso, from 08:00 to 15:00 CET. Similar results were obtained

with 532 nm excitation, in the 760 nfi2.5nm band. Mea- o 5 second diurnal course of the same corn canopy recorded
surements with very low fluorescence intensity at 680 nmg, 15 September, 2007 (data not shown).

(e.g. soil or dried vegetation) were marked as black pixels
to exclude them from further analysis.
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Fig. 9. Time evolution of photosynthetic COuptake rate(A),

. leaf transpiration(B), SIF and It 79 Signals(C) and ratio of the
4.2.4 Comparison between Sun Induced Fluorescence  fjgrescence signals at 760 (i) from control and stressed corn

and Laser Induced Fluorescence plants. Circle refer to sun-induced fluorescencs) (Fectangles to
laser induced fluorescencey (F Desiccation stress was applied at

The comparison between sun-induced fluorescengeafd 10:00 a.m. by cutting the plants but keeping them under the same
laser-induced fluorescence (Fmeasurements at the canopy conditions in the canopy. Photosynthetic uptake rates and transpira-
level is important to better understand variation gffithin ~ tion were measured at the leaf level, whilgand i were measured
days and seasons. Furthermore, only few data sets concerfi the canopy level (aboutdl m). Fsand fi_ data were normalized
ing the relationship between active and passive chlorophylfo afluo_rescence standard signal and to the incident solar radiance,
fluorescence are reported in the literature (Moya et al., 2004€e5pecuvely'
Liu et al., 2005; Brez-Priego et al., 2005). In those stud-
ies, the active measurements were restricted to the leaf Ievebutions from leaves in the inner layers to the fluorescence

hence, they were limited for calibration purposes of canopySignal can change with time and may not be adequately nor-

related_lg measurements. malized by using the solar radiation incident on the horizon-
In this study, canopy [Fdata were compared tosFlata, g plane. On the contrary, in_Fmeasurements, the excita-
which were acquired as described in Sect. 2.2.2.- F {on/detection geometry was constant.

measurements were done within the same corn field in Mar- 1o average light intensity of the laser excitation at 532 nm
mande, at the same time but in a distance of few tenths o5 always less than half the incident solar PPFD measured
meters to the £measuremets. Some corn plants were Se-qring the experiment (1100-150@nolm-2s-1), there-
lected next to the control area and the water flow was in-tqre 1o marked perturbation of the leaf photosynthetic state
terrupted by cutting their stem. The plants were fixed with ;..o expected to be induced by the excitation beam.

poles to keep their original position. Leaf level gas-exchange Under desiccation stress, both Bnd Fs values showed

measurements were used to track the desiccation stress. larger decrease during the day with respect to the controls
The time courses of the normalized#o FL7e0, and  (Fig. 9¢). This trend was more evident in the ratio between
maximum photosynthetic and transpiration ratésghoand  control and stressed plant fluorescence signals (Fig. 9d). For
T'rigo0) are shown in Fig. 9 for both the control and treated poth techniques, the difference in fluorescence between con-
areas (stem cutting occurred at 09:30). In general, bot8d=  trol and stressed plants increased with time. The decrease of

and 760 of the control canopies showed a trend to decreasey, 4, in stressed plants was faster than the decreases in F
with time. Afternoon decrease was evident for £&3simi-  and K values.

lation rate, especiallf'r1g00 and k760 reacted similar. The

decrease in thedzeowas less evident, but still visible. This 4.3 Regional level

discrepancy is rather small considering the difference in the

excitation light (wavelength and intensity) and in the excita-4.3.1 Repeated transects using AirFLEX

tion/detection geometry of the two measuring systems. The

passive, sun-induced fluorescence data were largely depeiRRepeated transects using AirFLEX have been performed
dent on the solar-zenith angle that affects penetration of th@ver an area of about 130 km by 80 km covered with various
excitation light into the canopy. Consequently, the contri- vegetation types such as winter wheat, corn, vineyard, fruit
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Fig. 11. Fg7g0(circles, left axis) and PPFD (squares, right axis)
averages at different hours of the day over 118 pine fields (black
circles) and over 47 wheat fields (white circles) during five days of
flights from 18 to 23 April, 2007.
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tion of the video images acquired during the flights. Each
field was marked and basic statistics were computed from
the fluorescence signal. In total, 40 fields were identified
over pine forest and 42 over winter wheat, besides smaller
amounts of fields over other land use classes. Fields had
similar and homogeneous characteristics, in terms of texture
and NDVI. Mean NDVI was computed from the flights was
Fig. 10. Top: AIrFLEX transects over the Marmande test fields on 0.83+0.07 over pine and 0.870.08 over wheat. Not all the
15 September, 2007. Bottom: sun-induced fluorescengggffand  fields were sampled in all the flights, because of track vari-
Fs760 and NDVI measured during the transect marked in red. ations between different flights. Nevertheless, investigating
the aggregated fluorescence response over these fields can
provide information on the spatial and temporal variability
trees, grassland, oak forest, pine forest and also bare fieldsf the observations, and on the absolute magnitudes of flu-
which are useful for calibration purpose. Figure 10 shows aorescence signals at a wider scale with respect to point ob-
map of these transects over some of the Marmande test fieldservations. Figure 11 shows the diurnal coursegyisgover
(top). It also shows the corresponding fluorescence signals ggine and wheat fields respectively, together with incoming
well as the Normalized Difference Vegetation Index (NDVI) PPFD. Variability related to differences between fields is en-
over three different fields covered with corn and bean (bot-compassed by vertical deviation bars. Both fluorescence sig-
tom). NDVI significantly increased between the first corn nals showed a diurnal shape that obviously was driven by in-
field and the bean field, while there were only little changescoming radiation, but important differences in fluorescence
between the bean field and the second corn field. Many fluosignals over different land cover exist. Fluorescence was on
rescence variations were correlated to NVDI variations, how-average 53% higher on wheat then on pine forest, while cor-
ever, larger variations were observed on fluorescence signalsesponding average incoming PPFD, as directly measured at
Fluorescence also showed variations from field to field thatthe time of observations, did not show any remarkable dif-
could not be explained by NDVI changes. It was the case ofference. Even in absence of direct canopy-scale LUE mea-
the Fseg7signal when between the bean field and the secondgurements over target fields, LUE of a fast developing winter
corn field. These fluorescence changes were most probabhyheat canopy in April was expected to be higher than LUE
related to different canopy structure, as bean is a dicot with @ver mature pine forests, suggesting thgtcen potentially
rather planophile structure while corn is a monocot having aexplain LUE spatial variability when compared at different
more erectophile structure. Similar results have been alreadgreas. The influences and the relative importance of struc-
reported in Moya et al. (2006). tural effects on the fluorescence radiometric signals are not
To investigate spatial and temporal variability of fluores- Yet well known and may play a role in explaining part of this
cence signals at a wider spatial scale, an analysis based ore®served variability.
number of target fields along the flight track was performed.
Portions of land belonging to specific land use and land cover
classes were identified and parameterized, by visual inspec-

T T T T T
13:40:10 13:40:15 13:40:20 13:40:25 13:40:30 13:40:35

Local Time
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4.3.2 First regional map of fluorescence derived from
HYPER airborne imager

The spatial analysis of the fluorescence signal by means o
imaging spectroscopy data is complex. The signal recordedy
by airborne line scanners with a relatively large field-of-view
varies strongly across the track, i.e. perpendicular to the flights
direction, due to a variety of disturbing effects (e.g. Kennedy
etal., 1997; Schiefer et al., 2006). With regard to the deriva-
tion of the fluorescence signal the following effects have to
be considered. (1) Data from push-broom sensors like HY-§
PER are influenced by shifts in the position and width of
spectral bands. This view-angle dependency is known a

“smile effect”. (2_) The Inﬂuenf:e of atmospheric scattering Fig. 12. Relative distribution of E7gpsignal as derived from HY-

on the spectral signal varies with path length between SensgsgR imaging spectroscopy data (30 June 2007) without correction
and Earth surface and increases towards larger view-anglegs anisotropic cross-track effects (top) and with empirical correc-
This effect is largest at short wavelengths in the VIS but alsotion of the effects (bottom). Results showFggvalues for all corn
affects the NIR region where fluorescence is derived. (3)fields inthe Marmande area and have been filtered with Zi@ixel
Anisotropic surface reflectance that are a function of the frac-mean filter to reduce statistical noise.

tions of sunlit and shaded surfaces are driven by the direction

of incoming solar irradiance and position of the sensor (Pinty ) ) o
etal., 2002). All these effects require special attention when 'VeVertheless, it was possible to evaluate the spatial distri-
the raw data is transferred into surface reflectance and a nofution of fluorescence and to achieve first insights on the spa-

malization of such effects has to be included into radiometricti@! variations of fluorescence (Fig. 12, bottom). Clear differ-
calibration and atmospheric correction. Moreover, knowl- ences in intra- and inner-field variation of the fluorescence

edge on the directionality of the fluorescence signal as emitf‘:"?ifnaI were obse:ved for agricultural ar_e;’:ls near Malr_mande.
ted by canopies is still very limited and possible influencesPifferences correlate to some extent with traditional index-
cannot be estimated at the moment. based proxies for vegetation or with vegetation fractions de-

First attempts to compute reliable reflectance values fron{Ved from spectral mixture analyses. However, such index-
the HYPER images showed a high degree of statistical noisge_‘s‘ad measures oftgn saturate at val_ues v_vhere fluorescence
and problems with the radiometric calibration because of badptill @llows differentiating photosynthetic activity. Moreover,
pixels and uneven radiometric response of the sensor. ThE€ @bsolute fluorescence signal differed clearly between dif-
across track gradients caused be the smile effect appear to 5gr€Nt Crop types having the same leaf area, providing infor-
dominant (Fig. 12, top). Therefore, it was not feasible to de-mation that cannot be derived by traditional measures.
rive fluorescence in physical values. As alternative we used
an empirical normalization to account for most of the dis- 5 cgnclusions
turbing effects and derive relative fluorescence values. This
empirical normalization used the fact, that the across trackcurrent satellite remote sensing techniques do not have the
effects also exist in soil data, which may be used as referpotential to quantify the actual status of photosynthetic light
ence during the FLD method. For normalization bare soilconversion and light use efficiency (LUE) is thus not imple-
surfaces were manually selected in the image. The spectrghented as an operational input parameter in current carbon
information from these soil surfaces was then used to derivgnodels. The fluorescence signal is to date the most pow-
an average soil signal for each viewing angle. These soil sigerful signal that is directly related to actual photosynthetic
nals were used as reference in the FLD approach and relatgfficiency. With this paper we demonstrated the potential,
to illumination conditions identical to those of the target sig— but also the open questions to measure fluorescence from
nals at this viewing angle. This is a requirement for the FLD the leaf to the mesoscale. We also showed a path how this
method (Moya et al., 2004) Normalized fluorescence valuesjirectly measured signal can be used for a better estimate
were then derived for each viewing angle |nd|V|duaIIy basedof leaf and ecosystem carbon fixation and potentia”y evap-
on the modeled reference signals. However, differences imbtranspiration. Several campaigns and scientific studies are
the directional behaviour of soils and vegetation, as well ascurrently under way to better understand the link between
knowledge gaps on the directionality of emitted fluorescencesun-induced fluorescence and variations in photosynthetic
limit the accuracy and an evaluation of absolute fluorescencearbon fixation and to explore the technical feasibility to de-
value is not feasible with this empirical approach. tect the signal accurately from a space born platform. These

conditions were strongly supported by the FLEX mission as
one of ESA's candidate missions for a future Earth Explorer
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(Rascher, 2007). Fluorescence definitely shows potential as AcknowledgementsThis work has been made possible by the
direct measure of actual photosynthesis, nevertheless, we donding support of the ESA-projects (1) Technical Assistance
not underestimate the challenges especially that of scaling ufpr Airborne/Ground Measurements in support of Sentinel-2
leaf-level methods to the canopy level. The plant canopy is gnission during CEFLES2  Campaign (ESRIN/Contract No.
complex three-dimensional structure that changes due to en2_0801/07/I-LG) (2) Technical Assistance for Airborne/Ground

vironmental factors and structural adaptations of the plants.

Appendix A

Abbreviations:

New terminology for fluorescence

FL laser-induced fluorescence (rel.)
FLes7 laser-induced fluorescence at 687 nm (rel.)
FL 760 laser-induced fluorescence at 760 nm (rel.)

FLes7 FL760
687 nm and 760 nm

Fs sun-induced fluorescence (rel.)

Fses7 sun-induced fluorescence at 687 nm
(Wm=2srinm1)

Fs760 sun-induced fluorescence at 760 nm
(Wm=2srtnm1

FsesdFs7e0 ratio between the peaks of sun-induced
fluorescence at 687 nm and 760 nm

Fs-yield sun-induced fluorescence yield

Fs-yieldsgz  sun-induced fluorescence yield at 687 nm

Fs-yield7ep  sun-induced fluorescence yield at 760 nm

Other abbreviations

A photosynthetic C@uptake rate
(umolCO, m2s71)
A1800 photosynthetic C@uptake rate at saturating (i.e.
1800umol m—2s1) PPFD gumol CO, m—2s°1)
ETR photosynthetic electron transport rate
(umol electrons m2s1)
ETRmax
at light saturationgmol electrons m2s—1)
Scover fraction of vegetation cover
FLD Fraunhofer line discrimination
GPP gross primary production
LAI leaf area index (A of leaf/n? of ground)
LUE light use efficiency
NPQ non-photochemical quenching (rel.)
PPFD photosynthetic photon flux density
(A=400-700 nm) gmol photons m2s~1)
Tr transpiration rate (mmol$O m—2s™1)
Triso0 transpiration rate at saturating (i.e. 1800
pmolm—2s~1) PPFD (mmolHOm2s™1)
AF/F,’ effective quantum efficiency of PS II

(AF=F,’-F) measured at ambient light

Biogeosciences, 6, 1181498 2009

ratio between laser-induced fluorescence at

Measurements in support of FLEX mission proposal during
CEFLES2 Campaign (ESRIN/Contract No. 20802/07/I-LG) (3)
FLEX Performance analysis and requirements consolidation study
(ESTEC/Contract No. 21264/07/NL/FF). Additional financial and
intellectual support was provided by the SFB/TR 32 “Patterns in
Soil-Vegetation-Atmosphere Systems: Monitoring, Modelling,
and Data Assimilation” — project D2, funded by the Deutsche
Forschungsgemeinschaft (DFG).
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