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Abstract

In this paper we present novel automated field spectroscopy systems for collecting unattended, conti-
nuous and long-term measurements of plant canopies and, more in general, of Earth’s ecosystems.
These systems simultaneously collect high and ultra-high resolution spectra in the visible to
near-infrared (VNIR) domain employing two spectrometers: i) the first covers the spectral range
400-1000 nm with a 1.0 nm spectral resolution; ii) the second provides a sub-nanometer spectral resolu-
tion within the 700-800 nm spectral range. The data collected by the first spectrometer allow retrieval
of VNIR reflectance, while the higher spectral resolution data from the second device permit estimation
of vegetation Sun-Induced Fluorescence (SIF) in the O,-A band. The instruments are constructed by
assembling commercial and on-the-shelf optoelectronic devices to facilitate reproduction of the instru-
ment for promoting measurements over different ecosystems. The instrument’s optical design, data col-
lection and processing, laboratory and in-field calibration methods are reported and discussed. The high
spectral resolution and the rigorous calibration methods enable accurate estimation of SIF in physical
units by exploiting almost the same retrieval concept as that of the European Space Agency FLuores-
cence EXplorer mission. The instruments have been operated in several field campaigns with the aim to
show: i) the possibility of continuous and seasonal monitoring of plant growth and activity of an agri-
cultural crop; and ii) the diverse and specific daily course patterns of different types of canopy. The da-
tasets of canopy reflectance, vegetation indices and sun-induced fluorescence collected are shown and

discussed.
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1 Introduction

Hyperspectral remote sensing is becoming a powerful and reliable approach for Earth observations, as it
allows a detailed observation of important bio- and geo-physical parameters related to Earth’s dynamic
processes. The use of hyperspectral sensors has various advantages (Goetz, 2009) including: i) detec-
tion of narrow spectral features related to particular parameters; ii) exploitation of over-determined ma-
thematical equations to increase the retrieval accuracy; and iii) simultaneous estimation of a certain
number of parameters. The benefits of hyperspectral data have been demonstrated for many environ-
mental applications covering studies on the biosphere, atmosphere, cryosphere, lithosphere and hy-
drosphere (Schaepman et al., 2009).

Currently, the Hyperion sensor launched by NASA in November 2000 aboard the Earth Observing-1
(Middleton et al., 2013; Ungar et al., 2003) is still the only hyperspectral satellite mission devoted to
land surface studies. In the last decade, several studies have laid the basis for upcoming space missions
for supplying operational hyperspectral observations of Earth-surface reflected radiance. The Hyper-
spectral Infrared Imager (HyspIRI) (Green et al., 2008) under development by NASA, the Environ-
mental Mapping and Analysis Program (EnMAP) (Kaufmann et al., 2008) by the German Aerospace
Center (DLR) and the Hyperspectral Precursor of the Application Mission (PRISMA) (Galeazzi et al.,
2009) by the Italian Space Agency (ASI), are some of the programs that will be launched in the next
few years.

Beyond these, the FLuorescence EXplorer (FLEX) mission currently candidate to the European Space
Agency (ESA) 8" Earth Explorer (EE8) (Drusch et al., 2008) aims to detect the faint red glow of the
Sun-Induced Fluorescence signal (SIF) emitted by plants. The FLEX satellite carries the FLUORes-
cence Imaging Spectrometer (FLORIS) (Kraft et al., 2013; Kraft, 2012) to measure fluorescence at the
oxygen absorption bands, the reflectance in the red-edge and the Photochemical Reflectance Index

(PRD). It will fly in tandem with the Sentinel-3 satellite to take advantage of complementary measure-
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ments from the Ocean and Land Color Instrument (OLCI) and the Sea and Land Surface Temperature
Radiometer (SLSTR).

The exploitation of the SIF signal is a novel approach to inferring plants’ photosynthetic activity im-
proving vegetation gross primary production models of natural and managed ecosystems (Baker, 2008;
Flexas et al., 2002; Papageorgiou & Govindjee, 2004). In fact, plants respond continuously to the vary-
ing environmental conditions that modulate the photosynthetic rate. The SIF signal is promising as a
probe of this process because it arises directly from the core of the photosynthetic machinery, thus pro-
viding instantaneous information on plant functioning (Damm et al., 2012; Zarco-Tejada et al., 2009,
2013).

In support of future satellite missions, airborne and field spectroscopy measurements have a fundamen-
tal role, offering valuable data to consolidate instrument’s features, algorithm prototyping and to better
understand the link between optical signals and parameters/processes at different observational scales.
Recently, in support of FLEX preparatory studies, the novel high-performance airborne imaging spec-
trometer HyPlant and ground-based high-resolution spectroscopy systems have been developed and
operated during extensive field campaigns to study the spatial and temporal behaviors of SIF. The
HyPlant is a narrow-band imaging spectrometer developed by the Forschungszentrum Julich (Julich
Research Center, Germany) in cooperation with SPECIM Imaging Ltd. (Finland). The imagery pro-
vided by HyPlant (Rossini et al., 2015) was fundamental in retrieving the first airborne maps of SIF at
high spatial resolution (1-3 m) and investigating the contributions of the different landscape elements to
the upwelling signal. In parallel, ground-based instruments provide ground-truth measurements for re-
mote sensing data, and furthermore they are powerful tools in investigating the temporal (i.e. diurnal to
seasonal) behavior of SIF in relation to plant photosynthesis. In the last decade, automatic field spec-
troradiometers for unattended measurements of vegetation by using different instruments and configu-

rations (Corp et al., 2010; Daumard et al., 2010; Drolet et al., 2014; Gamon et al., 2006; Hilker et al.,
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2010; Huber et al., 2014; Leuning et al., 2006; Meroni et al., 2011) have been proposed. A review of
some of the instruments employed for continuous vegetation optical sampling in flux towers sites is
available from Balzarolo et al. (2011). Most of these instruments offer spectral measurements in the
visible to near-infrared (VNIR), but the only ones featuring high-resolution spectrometers for SIF de-
tection are those proposed in Meroni et al., (2011) and Daumard et al., (2010). In this framework, the
international initiatives SpecNet (Gamon et al., 2006), the ESSEM COST action EUROSPEC (ES0903)
and the recently founded ESSEM COST action OPTIMISE (ES1309) aim at the definition of common
ground-based instruments, measurement protocols and data processing as the basis for a further global
network. The distributed and systematic/standardized ground-based measurements within the network
will potentially offer several advantages to the remote sensing community for improving atmospheric
corrections, calibration/validation of airborne and satellite products and understanding optical signals in
both space and time domains.

In this paper, we present two automated field spectroscopy systems, the Multiplexer Radiometer Irra-
diometer (MRI) and its compacted version SFLUOR box, which are capable of collecting unattended,
continuous, long-term hyperspectral measurements. The instruments’ technical design, the rigorous ca-
libration methods, the data collection, and processing chain are explained through the paper. The relia-
bility of radiance, reflectance, and derived spectral indices collected in different remote sensing cam-
paigns are presented and discussed. In particular, the possibility of continuous and long-term monitor-
ing of plant growth and activity is evaluated during the entire growing season of an agricultural crop.
Thereafter, extensive ground-based measurements collected for the calibration and validation of the
HyPlant sensor, allowed to observe the diverse and specific daily course patterns of different types of
canopy. Although the use of these instruments is mainly intended for vegetation studies, spectral mea-

surements collected may be helpful in studying the temporal dynamics over any terrestrial ecosystem
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(e.g. inland water, snow, glaciers, and soils), and they can support calibration and validation of airborne

and satellite remote sensing data.

2 Instruments description

The automated field spectroscopy systems were developed by assembling commercial-grade optoelec-
tronic devices. The design concept is based on the use of an optical switch to sequentially select be-
tween several input fiber optics fixed to the up-looking (i.e. toward zenith) and the down-looking en-
trance foreoptic. The optical switch is a fiber optics multiplexer MPM-2000-2x8-VIS (Ocean Optics
Inc., USA) with optical throughput >40% in the VNIR (350-1000 nm) able to connect up to 8 different
input channels to output ports connected to two different spectrometers. The switch between adjacent
input channels is performed in 150 ms with a positioning accuracy above 99% using a direct current
motor with encoder. The actual configuration connects each spectrometer to 3 input ports: i) the
up-looking CC-3 cosine-corrected irradiance probes (Ocean Optics Inc., USA) to collect the
down-welling irradiance (Eg); ii) the down-looking bare fiber optics with a Field-of-View (FOV) of 25°
to measure the up-welling radiance from the target surface (L) and; iii) a “blind” port used to record the
instrument dark-current (DC). The conceptual layout of the instruments is shown in Figure 1A. The en-
trance foreoptics are connected to the multiplexer input ports using 5 m long optical fibers (one for each
spectrometer) with a bundle core of 1000 um diameter. The connection between the multiplexer output
ports and the spectrometers is obtained with 0.3 m long optical fibers. This set-up enables sequential

measurements of DC, Eq and L spectra simultaneously with two spectrometers.

<Figure 1>

The two spectrometers embedded in these systems are the High-Resolution HR4000 holographic grat-

ing spectrometers (Ocean Optics Inc., USA) covering the VNIR with different spectral resolutions. The
6
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first spectrometer (hereafter SPECky)) covers the 400-1000 nm spectral range with a Full Width at Half
Maximum (FWHM) = 1.0 nm. The second spectrometer (hereafter SPECg,0) is instead optimized to
provide higher spectral resolution (FWHM = 0.1 nm) in the 700-800 nm range around the atmospheric
oxygen absorption band at 760 nm (O,-A). The spectrometer optical bench consists of a 5um wide en-
trance slit, diffraction grating with a groove density of 600 (1800) mm™ for SPECegy (SPECr0) respec-
tively and the 3648-element linear CCD-array detector (Toshiba TCD1304AP, Japan) with a 14-bit A/D
resolution. Currently, commercial linear CCD detectors offer a relatively limited number of pixels over
the spectrum at the different wavelengths. Therefore, the integration of two spectrometers into the MRI
system was required to provide both the high spectral resolution for fluorescence retrieval and the con-
tinuous VNIR spectral coverage at the same time. The main technical characteristics of the HR4000
spectrometers are summarized in Table 1.

<Table 1>

The devices embedded in the field spectroscopy systems are connected to a PC that controls the mul-
tiplexer via RS232 and the spectrometers through a USB 2.0 connection. The multiplexer, spectrome-
ters and electronic devices are hosted in a waterproof box customized to permit connection to the optics
and electrical interfaces. A cooling system limits variations of the box air temperature thus reducing in-

strument-related effects such as spectral drifts and detector noise.

The MRI and SFLUOR box have the same optical design concept and operative procedures. However,
the SFLUOR box was built recently; therefore, minor technical solutions were improved based on the
previous experience. The SFLUOR box differs for an overall compact design (box dimensions 0.31 m x
0.55 m x 0.48 m), and for the integration of the cooling system within the instrument box. These tech-
nical solutions facilitate the field installation of the instrument, especially when it must be operated on

scaffolding towers to perform measurements over forest canopies. A typical example of the installation
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of MRI and SFLUOR box in the field for continuous measurements is shown in Figure 1B and C, re-

spectively.

2.1 Field Spectroscopy technique and Data Collection

Determination of canopy reflectance and fluorescence from field spectroscopy measurements relies on
measurements of Eg and L radiances with the assumption of constant illumination conditions and sur-

face anisotropy (Eq 1).

Ls(D) = p(D) + SIF(Q) Eq. 1

E,()
T
The p is the canopy reflectance and Eg is the integral of incoming radiance over the hemisphere (i.e. di-
rect/diffuse radiances). Since the optical path between the sensor and the target surface is limited to a
few meters during field spectroscopy measurements and is held constant, the influence of the atmos-

phere in the path between target and sensor is neglected.

According to Schaepman-Strub et al. 2006, the ratio of Ls and Egy spectra as collected by MRI and
SFLUOR box is formally referred to as the Hemispherical-Conical Reflectance Factor (HCRF). How-
ever, the reference nomenclature does not account for SIF contribution in the case of measurements
collected over vegetation. In fact, the term Ls (Eq 1) includes both the canopy reflected radiance and

SIF contributions; therefore, the “apparent” reflectance, p* (Eq 2), is introduced (Alonso et al., 2008;

Meroni & Colombo, 2006) to distinguish it from the reflectance term free of fluorescence.

7 Ls(2)

p (1) = )

Eq. 2

The custom-developed software Auto3S synchronizes instrument’s operations to control the
MPM-2000 and to manage the spectrometer settings and spectra collection. This software is the auto-
matic version of the 3S program previously developed by Meroni & Colombo (2009) for manual acqui-

sition of field spectroscopy measurements. The data acquisition program is developed in the LabWin-
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dows/CVI Instruments 2010 environment and compiled into an executable file to run under Microsoft
Windows operating systems. The software application uses the libraries provided with the driver OOI-
WinIP (OOIDrv32.lib, Ocean Optics Inc., USA) to control the HR4000 spectrometers and the RS232
serial protocol to switch between the different channels of MPM-2000.

Spectra acquisition follows the Single Beam Sandwiched method suggested in Meroni et al. (2008). The
methodology consists of the sequential measurement of the incoming irradiance (Eg1), the up-welling
radiance from the target surface (Ls) and a second irradiance measurement (Eg ). The down-welling ir-
radiance at the time of sample acquisition, Eg, is estimated by linear interpolation of Eg; and Eg» at the
time of sample acquisition. This approach is helpful in adjusting small monotonic variations of incident
radiation intensity during a single acquisition session (i.e. between Eg1, Ls and Eg> measurements) that
may occur due to small variations in sun position (i.e. particularly in the morning/afternoon) or due to
slight changes in atmospheric conditions.

The data collection scheme also includes optimization (Opt) of spectrometer integration time (IT) and
measurement of instrument DC. The IT determines the amount of energy that reaches the sensor and is
generally chosen to maximize the usage of the full dynamic range with the aim of maximizing the Sig-
nal to Noise Ratio (SNR) as well. The IT is set automatically at the beginning of each acquisition ses-
sion to evaluate Eq. 3 iteratively until the optimal value is reached. The latter is defined as the one en-
suring that the maximum intensity of the spectrum falls in the range comprised between pre-defined
lower and upper limits (i.e. 85-95%) of the spectrometer saturation value (sv). The use of a range of op-

timal values makes it possible to satisfy Eq 3 earlier than with the use of a single scalar value.

Opt
. =1IT: Eq. 3
ITiy1 = IT; peak, k q

The IT;4+; is the new IT optimized for the new acquisition session; IT; is the IT of the previous mea-
surement session; peak; is the average of 10 spectral bands expressed in digital counts at the maximum

of the current spectrum recorded; and Opt the corresponding optimal value of the signal, defined as the

9
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mean value between the lower and upper limits. The peak; values collected at different ITs during the
algorithm iterations are not corrected for the corresponding DC, thus reducing the time needed for the
execution of the algorithm. The relative contribution of DC to the total signal is not linearly related to
IT because this contribution is lower at higher integration time. Therefore, the optimal value of the IT
cannot be reached in a single step and one more iteration is needed. The k correction coefficient, esti-
mated empirically from measurements at the different ITs (k=1.15), is introduced to achieve optimal IT
within a single iteration. The algorithm-based selection of the optimal IT may fail when sky conditions
are extremely variable (e.g. partly cloudy). In these cases, if the iterative search of the IT cannot be
concluded within a predefined time limit (i.e. 60 s), the measurement session is aborted and the event
traced into the log file. The log file is updated with any event connected with software or hardware fail-
ures that preclude normal completion of the measurement cycle. The typical IT values during a
cloud-free day at mid latitudes around noon (early morning) are about of 0.2 s (1 s) for the SPECgy and
0.7 s (1.8 s) SPECkyo. By default, a number of 10 and 4 scans for SPECg and SPECg,, respectively
are internally averaged by the spectrometers and subsequently stored on the controller pc hard drive as a
binary file. The single acquisition session is initialized systematically with a predefined time step (every
3-5 minutes) which permits completion of the entire sequence of measurements.

The MRI and SFLUOR box up-looking and down-looking optical channels present different optical
throughput, lower for the cosine-receptor foreoptic as compared to the bare fiber. As a result, the energy
reaching the sensor when measuring Ls can be greater than Eg. This uncertainty requires an adaptation
of the IT optimization procedure, normally performed on the incident irradiance in field spectroscopy
operations. Specifically, Auto3S includes three different optimization methods to prevent the saturation
of both the signals: i) the optimization of the up-looking channel for measurements over dark surfaces
(when Eg>> Ly); ii) the optimization of the down-looking channel for measurements over bright surfac-

es (when Ls >>Ey); iii) the optimization of both channels.

10
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The first two operational modes (i.e. single-channel) can be used when the relative magnitude of the
two signals is known. They have the advantage of being faster because the IT optimization algorithm is
launched only once. On the contrary, the third approach (i.e. dual-channel) requires performing the op-
timization twice, but it has the advantage of preventing saturation of both Eg and Ls measurements for
any surface and illumination conditions. Moreover, it allows maintaining the SNR level as high as
possible to exploit a larger spectrometer dynamic range. The latter mode is typically used when the in-
struments are left unattended for a long time period in which surface reflectance may change (e.g. a
crop cycle with a surface ranging from bare soil to fully closed canopy). The detailed flow-chart of the
steps carried out by Auto3S to complete a single acquisition session when the single and the
dual-channel optimization methods are selected are reported in Figure 2.

<Figure 2>

2.2 Spectral and Radiometric calibration

The accurate characterization and calibration to traceable international standards (e.g. US National In-
stitute of Standards and Technology, NIST) is mandatory to provide accurate radiance and reflectance
data. A regular calibration is particularly relevant for instruments aimed at long-term data collection
operated outdoors and continuously exposed to varying environmental factors that affect instrument
performance and cause aging and/or degradation of the sensor (i.e. temperature, rain, humidity, dust
etc.). Furthermore, recent applications, such as detection of SIF, rely on the analysis of very narrow ab-
sorption features and this makes instrument stability and precise characterization of the response fun-
damental for accurate detection of the signal (Damm et al., 2011; Guanter et al., 2009).

Well-established laboratory calibration methods must be performed regularly are not functional to be

conducted regularly in-field to assure high data quality levels. For this reason, traditional methods are
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combined with in-field vicarious techniques for completing a regular check of instrument calibration
factors.

Laboratory spectral calibration is achieved by applying an improved version of the standard methodol-
ogy proposed by the spectrometer manufacturer (Ocean Optics Inc., USA). The lines emitted in the
VNIR range (250-920 nm) by the light calibration source (CAL-2000 Mercury Argon Lamp; Ocean
Optics Inc., US) are used. The band center and FWHM are retrieved by modeling the detected emission
lines by least square fitting of gaussian/lorentzian functions. The wavelength (1) vector is calculated by
least square fitting of a 3" degree polynomial function that refers the theoretical wavelength to the pixel
number where lines are detected. However, the band center positions and FWHMSs may slightly drift
due to the aging and degradation of the optical system, misalignment due to mechanical shocks and
variations induced by environmental factors (Gao et al., 2004; Guanter et al., 2006, 2009). A spectrum
matching technique named SpecCal developed by Meroni et al. (2010) is used as vicarious calibration
to routinely check spectral shift (SS) and FWHM by comparing spectra collected by MRI against theo-
retical spectra modeled with the MODTRANS radiative transfer code (Berk et al., 2006) in selected
spectral windows characterized by strong absorption features.

Absolute radiometric calibration is carried out in the laboratory using a NIST-traceable HL-2000-CAL
Calibrated Tungsten Halogen Light Source (Ocean Optics Inc., USA) and in the field by
cross-calibration against a laboratory-calibrated reference spectrometer. The nonlinear behavior is cha-
racterized and corrected by following the methodology proposed by the spectrometer’s manufacturer.
In-field radiometric cross-calibration measurements are collected by exploiting the following set-up: a
standard white reference panel (Optopolymer GmbH, Germany) is placed in the FOV of MRI and
SFLUOR box down-looking channel and simultaneous measurements of the same panel are acquired
with a reference calibrated spectrometer. In this way, nearly contemporary spectra of E4 are collected

by: i) the cosine-receptor (up-looking channel); ii) the bare fiber optics (down-looking channel); and iii)

12
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reference spectrometer. The measurements are repeated throughout daylight hours (i.e. different solar
zenith angles, SZA) thus reducing the dependence on light intensities and angular distributions. The
spectra are convolved to the bands of the reference instrument and gain factors g(A) are deduced by
comparing reference radiance values with digital counts recorded by MRI and SFLUOR box employing
Eq. 4. This approach allows regular updating of the radiometric calibration coefficients without the

need to take the instrument to in-house calibration facilities.

Counts(1) — DC(A) p

Eq. 4
T %

Ls(A) =
The L is the radiance recorded by the reference spectrometer, Counts are the raw digital counts from

the MRI and SFLUOR box to be calibrated, IT is the integration time used for each measurements and g

the gains factor at different wavelengths.

3 Data processing

3.1 Basic processes and Data Quality

The processing of the large amounts of spectra collected by the automated systems is carried out with a
computer code developed in IDL 8.2.0 (Exelis Visual Information Solutions, USA) programming lan-
guage. The processing chain includes a series of operations to convert instrument digital counts to ra-
diance in physical units. The basic processing steps include: 1) correction for CCD detector nonlineari-
ty; 2) dark-current correction; 3) spectral calibration; 4) radiometric calibration; 5) estimation of Eq at
the time of target measurement; and optionally 6) Savitzky-Golay smoothing filtering.

The quality evaluation of unattended spectral data collected by MRI and SFLUOR box is mandatory to
reject data affected by short-term changes in illumination conditions providing reliable time series. In
fact, changes in illumination conditions during measurements sequences, in order to provide reliable

time series. For this reason, a number of Data Quality (DQ) indices (Table 2) were defined based on
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two major criteria: i) stability of illumination conditions; and ii) performance of automated instrument
operations (e.g. failure of the optimization algorithm). Only the data that meet the DQ indices are re-
tained for subsequent analysis.

<Table 2>

The first data quality indicator DQ is related to the sun position at the time of measurement, large sun
zenith angles cause a significant deviation from an nominal cosine response of the up-looking foreoptic;
hence, data acquired with SZA above a certain threshold (i.e. 60°) are rejected. The DQsg; Verifies that
the collected spectra do not present saturated values. The third indicator DQs takes into account the sta-
bility of the down-welling irradiance measurement (Eg) during completion of an acquisition session. It
iIs computed as the percentage of variation between the first (Eg,1) and the second (Eg,,) irradiance
measurement. For example, if sky conditions change during a measurement session and Eg» is meas-
ured with cloudy conditions, the low quality of the acquisition session can be identified as an increase
in the DQ index. The increase in illumination conditions during measurement of the sampled ground
area (Ls) is detected by assessing the DQq index, computed by the ratio of Ls and E4. Values (i.e., ref-
lectance) larger than 100% occur when Eg is collected with partly cloudy conditions and Ls during a
short clear-sky window. The DQ, evaluates the ratio between Eq (expressed in digital counts) and DC,
which represents the fraction of nominal dynamic range that can actually be used, to exclude data ac-
quired with either too low incoming radiation or a too high DC. These conditions occur primarily at
early morning or late evening (e.g. close to sunrise and sunset) or when cloudy conditions occur during
the daylight hours. The DQy allows checking that the E; maximum value occurs between 50% of the
saturation value and saturation (maximum of the instrument dynamic range). The latter indicator is
useful for excluding data collected with non-optimal values of spectrometer integration time. The DQ
indices are then compared to their thresholds and measurements are retained if they satisfy all the DQ
conditions. Whenever the above criteria are not met, the acquisition is rejected and no longer consi-
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dered. The various thresholds presented in Table 2 were selected on the basis of theoretical and tech-
nical considerations, known deviation from true cosine response, and expert knowledge gained by ana-

lyzing in detail a number of different cases extracted from preliminary field tests.

3.2 SIF retrieval and Vegetation Indices

Once the basic processing phase is accomplished and data quality indices are evaluated, the reflectance
signature is calculated. A number of spectral indices derived from incident irradiance, up-welling ra-
diance and reflectance are calculated routinely for each acquisition. In the next sections, the photosyn-
thetic photon flux density (PPFD), the normalized difference vegetation index (NDVI) (Rouse et al.,
1973), the photochemical reflectance index (PRI) (Gamon et al., 1992), and the SIF are reported as
examples. The PPFD represent the amount of down-welling radiance in the photosynthetically active
radiation domain, the NDVI is a proxy of vegetation greenness, the PRI is indicative of the current
de-epoxidation state of xanthophylls, and SIF is an indicator of instantaneous plant photosynthesis. The
PPFD, NDVI, PRI and other vegetation indices are calculated from spectral measurements acquired
with the SPECg as they do not require high spectral resolution, while SIF is derived from SPECgy,
spectra. In particular, SIF is accurately computed taking advantage of more than 400 spectral bands in
the oxygen absorption band at 760 nm by means of the Spectral Fitting Methods (SFM) (Meroni and

Colombo, 2006; Meroni et al. 2010; Mazzoni et al. 2012).

4 Unattended field spectral measurements

The field installation of the instrument is relevant to collecting high-quality data. The nadir view is
generally preferred to reduce canopy directional effects during diurnal course measurements (i.e., to
minimize hot and dark spots). The set-up of the instrument foreoptic at a given height above the cano-

py, the dimension of the FOV and the viewing angle are key factors in collecting high quality data by
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reducing the directional effect associated with viewing configurations. Tripods are generally used to
hold the instrument foreoptic for canopy heights below 1 m. Higher canopies have required the use of
scaffolding towers or cherry-pickers to ensure a minimum distance away from the observed canopy.

The capabilities of collecting continuous and long-term spectral measurements were tested during sev-
eral field campaigns promoted by ESA to support forthcoming Earth Observation missions. The first
example shows the long-term measurements of vegetation optical signals and SIF during the entire ve-
getation growing cycle of an agricultural crop. The second example shows the collection of diurnal

course measurements of TOC radiance, reflectance and SIF for different types of vegetated canopies.

4.1 Continuous and long-term measurements

In the framework of the ESA SENtinel-3 EXPeriment (SEN3EXP), the MRI was employed for
long-term measurements of canopy reflectance and SIF of an alfalfa crop (Medicago sativa L.) located
in an intensive agriculture area managed by the University of Pisa (43°40°011.04°’N; 10°18°09,90"°E).
The instrument operated from June 13" 2009 (day of the year, DOY=164), until July 19" (DOY=200)
for a total of 27 measurement days covering almost 2 growing cycles. The measurements were acquired
with a three-minute time step roughly between 8:00 am and 4:00 pm local solar time. More than 17000
spectra were collected and covered the following phases of two consecutive growth cycles: full devel-

opment, harvest, canopy growth and again full development.

The radiance spectra collected during a single acquisition session and the resulting reflectance signature
collected by MRI are depicted in Figure 3. The upper panel shows the spectra collected with SPECgy,
while the bottom panel the spectra collected with the high-resolution spectrometer SPECg,o. The blue
lines represent the down-welling radiance spectra (Ey/) and the red lines correspond to up-welling ca-
nopy radiance spectra (Ls). The green lines are the apparent reflectance that show a peak at 760 nm ori-

ginated by the fluorescence infilling of the O,-A band.
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<Figure 3>

The time series of hyperspectral data were filtered according to the data quality criteria, and analyzed
for the retained and rejected data at the different times of the day (Figure 4). A higher number of mea-
surements were collected near noon because the spectrometer integration time is lower, thus resulting in
a shorter time required for each session. A total of 20.8% of data were rejected from the subsequent
processing steps since they did not meet the data quality criteria. Most of the data were rejected due to
unstable illumination conditions, while only a small percentage was rejected due to instrument failures.
Occurrence of data rejection was higher in early morning and late afternoon when each acquisition ses-

sion takes a longer time.
<Figure 4>

The reflectance signatures of investigated alfalfa canopy collected during the second growing cycle are
shown in Figure 5. Immediately after harvesting, the canopy reflectance resembles the typical soil sig-
nature and the slight absorption in the red is due to the biomass still in the instrument FOV. Afterwards,
the absorption in the red and blue increases and the reflection in the near infrared increases following
the progressive growth of the crop and the consequent increase in biomass and chlorophyll content. The

evolution of reflectance continues up to DOY=198, after which the reflectance signatures remain stable.
<Figure 5>

The time series of PPFD, NDVI, PRI and SIF at 760 nm derived from MRI continuous measurements
were recorded and analyzed for diurnal and seasonal variability (Figure 6). The gaps in the spectral time
series are due to harvesting between the two growing cycles at DOY 180. The days characterized by
clear-sky conditions (e.g., DOY=164-167,197-201 etc.) show the typical diurnal evolution of the PPFD

while partly cloudy or cloudy conditions (e.g. DOY=172-175) cause a more scattered pattern.
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The NDVI strongly responds to vegetation growth, the values are almost constant during the beginning
of measurement period when the canopy was fully developed, then they fall after harvesting (with a
further reduction from DOY 184 to 186 due to progressive drying of residual biomass on the ground).
After this initial phase, a rapid increase in NDVI follows the increase in crop biomass until it reaches a
nearly constant value, corresponding to the maximum canopy development (full cover). Strong aniso-
tropy effects related to sun-canopy-sensor geometry are observable in the daily courses. The maxi-
mum/minimum values of NDVI1 occur at larger/smaller SZAs when the direct sunlight beam enters the
canopy obliquely/near vertically and therefore has the highest/lowest probability of interacting with fo-
liage elements. The largest daily variations of NDVI are observed when canopy cover is low to inter-
mediate (40.3%) because the variation in the gap fractions is maximum is such conditions, while at
maximum canopy development the variations are limited to few percent (2.7%).

Similar to NDVI, the time evolution of PRI strongly responds to biomass presence. The daily trajecto-
ries exhibit a minimum at noon, and total variation when the crop is at its maximum development
(54.0%) is greater than NDVI. This can be explained by the fact that, as mentioned before the diurnal
variations of PRI are not only due to directional effects but also to variations in plant physiology.

The inter-day evolution of the SIF signal primarily responds to the amount of chlorophyll in the canopy
during the different growing stages. The intra-day variation is instead modulated by photosynthetic ac-
tivity that is greatest at mid-day, mainly driven by the amount of PPFD absorbed by the canopy.

The average and standard deviation values of PPFD, NDVI, PRI, and SIF were calculated at daily level
(Figure 6). An average of 98 measurements are available for each day. The indices follow similar tra-
jectories that are mostly driven by the canopy phenology. However, PRI and SIF show an additional
sensitivity related to the varying environmental conditions and plant activity. For example, the average
values of PPFD at DOY 168 and 172 are lower (930 umol m™ s) than that at other days (1587 xmol

m™ s™). It can be observed that NDVI does not have any change for the aforementioned DOYs, while
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PRI shows slightly larger values due to a minor activation of the xanthophyll cycle, and SIF has signif-
icantly low values because of the limited amount of solar irradiance. A different pattern occurs at DOY
173, which is characterized by the largest daily variations in PPFD. NDVI remains stable also in this
case, whereas PRI and SIF have the largest standard deviations induced by short-term adaptation to va-
rying solar irradiance levels. However, PRI and SIF also exhibit a different behaviors when illumination
conditions are stable and canopy reaches its maximum development. In fact, PRI slightly increases
during DOYs 164-167 probably due to a reduction of the xanthophyll cycle activation at the end of the
phonological stage, whereas it shows a subtle decrease during DOY's 197-201 when canopy was only a
few days after from its maximum development. Similarly, SIF exhibits fluctuations around the maxi-
mum level values that can be attributed to adaptation of plants related to variation of environmental va-

riables (i.e., temperature, humidity, etc.).
<Figure 6>

The scatterplots between NDVI, PRI, and SIF (Figure 7) offer an additional indication regarding the
different behaviors of the investigated variables at the seasonal level. A robust linear regressions consi-
dering deviations in both x and y variables are calculated following the method proposed in York et al.,
(2004); the 20 parameters uncertainties are estimated by Monte Carlo simulations, assuming errors are
Gaussian and centered. The canopy growth, and the consequent evolution of spectral variables from ex-
tremely low to maximum values, is the major driver for NDVI and PRI (rzad,- = 0.95). This relationship
is partially loss when the canopy is fully developed. On the contrary, the overall correlation between
NDVI and SIF is lower (rzadj = 0.65) and SIF is characterized by highly variable values at full canopy
development. These values, as explained before, are related to the fast response to illumination condi-

tions or physiological processes.

<Figure 7>
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4.2 Measurements on different canopies

The field surveys took place in different sites in Germany and the Czech Republic, between August and
September 2012, encompassing different ecosystems. The datasets were collected on: i) a sugar beet
field (50°36'54.498"N; 6°59'31.009"E) at Campus Kleinaltendorf (CKA) of the University of Bonn,
Germany on August 23™; ii) a grassland field (50°52'9.90"N; 6°27'7.15"E) at Selhausen (SEL), Germa-
ny, on August 27™; and iii) a lawn carpet (49°30'7.56"N; 18°32'12.48"E) at the Bily Kz (BK) experi-
mental site, Czech Republic, on September 5.

The pictures of the three investigated canopies and the daily variations of the canopy reflectance signa-
tures collected during field campaigns are shown in Figure 8. The varying reflectance signatures result
from the different light interception, absorption and scattering processes at the different time of the day
i.e. different sun-target-sensor geometry. These contributions affected the diurnal course of canopy ref-

lectance and the derived spectral indices.
<Figure 8>

The diurnal course of PPFD, NDVI, PRI and SIF show specific vegetation features (Figure 9). The di-
rectional illumination effects observed for the reflectance signatures are partially reduced by use of two
normalized vegetation indices NDVI and PRI, but slight diurnal patterns remain for the different cano-
pies investigated (Figure 9, second and third rows). Such effects are larger for the sugar beet (Figure 9,
left plots) because a greater fraction of the day was captured, the dimension of the leaves is larger, and
the changes in sunlit and shadowed areas within the FOV play a stronger role during the day.

The PRI values are mostly related to the total amount of green biomass and structure: in fact, the grass-
land canopy, characterized by a significant fraction of yellow non-photosynthetic biomass, shows lower

PRI and NDVI1 values than that obtained for the other two sites. The PRI diurnal courses are affected by
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directional effects such as the NDVI. In addition, it also depends on the activation of the xanthophyll
cycle as a photo-protection mechanism during the day. The disentangling of these contributions is not
trivial (Damm et al., 2015) and it is not attempted here. However, for the first time, the fact that the di-
urnal patterns of the different canopies show completely different behaviors (i.e., convex, concave, and
nearly straight) is presented herein.

The SIF signal depends on the actual plant activity and in general, as happens for healthy canopies like
that of sugar beets, it shows a diurnal course mostly driven by the incoming radiations with maximum
emission around midday (Figure 9, bottom row). The diurnal course of canopies with a lower amount of
green photosynthetic biomass appears to be less noticeable. For example, the SIF values measured for
the grassland are lower and they remain almost constant during the day. Besides the study and interpre-
tation of the diurnal course measurements, it is relevant to point out that the unattended and continuous
data collected by MRI and SFLUOR box exhibit reliable diurnal patterns for both vegetation indices

and SIF.

<Figure 9>

5 Discussion

Continuous and long-term ground-based field spectroscopy measurements represent a novel and relia-
ble approach for understanding optical signals of the Earth’s surface. The development of instruments
for collecting reliable time series involves several steps: it begins with the instrument design and
proceeds through the definition of rigorous procedures for data collection, calibration, and processing.
These steps are strictly interlinked and must be carefully integrated for providing high-quality data.
This is particularly relevant for SIF measurements because even small errors, in both instrumental

measurements and/or signal processing, can lead to significant impacts on the final retrieved values.
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Therefore, we developed and integrated our customized methods and operative procedures for gaining
accurate and precise observations. The dedicated software package Auto3S controls the instruments for
rigorous data collection and processing. The accurate spectral and radiometric calibrations are obtained
by laboratory measurements, when the instruments are not deployed in the field, and they are updated
routinely by using in-field methods during long-term measurements. Finally, state-of-art algorithms (i.e.

spectral fitting methods) are used for an accurate retrieval of canopy reflectance and SIF.

The field installation of the automated field spectroscopy systems is relatively easy and can be adapted
to different types of agricultural and forest ecosystems. The instruments were operated in different field
campaigns with the aim of studying the optical signals of different canopies and providing ground-truth
measurements for the novel airborne HyPlant sensor. Unfortunately, SIF cannot be directly measured at
canopy level even with an independent technique; therefore, the validation of SIF measurements at the
top of the canopy is still an open issue for the scientific community. However, the results obtained were
found to be consistent with previous studies based on similar high-resolution spectrometers (Cogliati et
al., 2012; A. Damm et al., 2014; Daumard et al., 2012; Meroni et al., 2008; Rossini et al., 2010).

The continuous and long-term field spectroscopy measurements collected for the entire growth cycle of
a crop show the potential of such instruments in monitoring canopy temporal evolution. Time series of
NDVI, PRI, and SIF are largely sensitive to canopy biomass, chlorophyll and other chemical constitu-
ents, and 3D canopy structure. However, our results indicate that variations in PRI and SIF observed in
certain conditions prove that these variables are sensitive also to dynamic and fast-response processes in
plants. The short-term responses of PRI and SIF, in combination with NDVI (in general canopy reflec-
tance), can provide novel and valuable information for improving vegetation numerical models and
productivity forecast. The data collected on different types of canopy show diverse and specific pat-
terns, which are in part caused by canopy directional effects and in part related to plant physiological

response. Therefore, the interpretation of PRI and SIF in relation to plant activity must carefully involve
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these aspects (Damm et al., 2015) and further studies are needed to decouple the different contributions.
This studies will take advantage from continuous and systematic measurements collected with instru-
ments such as that proposed in this work.

The use of canopy radiative transfer models will be fundamental to improve the understanding of the
measured signals and it may provide an essential tool for further upscaling of the signal at satellite lev-
el. In addition, the recent advances in unmanned airborne vehicles platforms and miniaturized spectro-
meters (Burkart et al., 2014; Zarco-Tejada et al., 2012) provide unprecedented opportunities for
high-spatial, spectral and multi-angular field measurements. This novel approach, in combination with
the continuous and long-term field measurements and radiative transfer models, will provide a better
description of the radiative transfer of the investigated ecosystem in the spatial, spectral, temporal and
angular domains. The synergy of these different measurements and radiative transfer modelling tech-
niques will provide a robust framework for upscaling ground-based measurements towards satellite
based observations.

The MRI and SFLUOR box instruments were mainly developed for vegetation studies and SIF retrieval
from high-resolution data. Nevertheless, they can be used for studying temporal dynamics of other
geophysical parameters. For example, Bresciani et al., (2013) employed the VNIR spectra collected by
MRI to continuously monitor the chlorophyll-a concentrations in a context of inland water quality
study. Moreover, the continuous measurements of down-welling irradiance could be further exploited to
derive atmospheric properties. A growing number of studies estimate aerosols and trace gases by
ground-based hyperspectral measurements (Dunagan et al., 2013; Honninger et al., 2004). Beyond its
relevance for the atmospheric science community, the accurate retrieval of atmospheric parameters in-
ferred by systematic field spectroscopy measurements may also improve the operational atmospheric

correction algorithms of remote sensing data.
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6 Conclusions

In this paper, we presented novel automated field spectroscopy systems able to collect continuous and
long-term field spectroscopy measurements. These instruments employ commercial grade optical de-
vices available on the market with the aim of facilitating the replication of these instruments. This
would promote the usage of such an instrumental concept to a wider community by providing mea-
surements over a range of vegetation species, ecosystems, and environmental conditions. The resulting
spectral library of systematic ground-based observations will provide valuable data for the interpreta-
tion of remote sensing data. The MRI and SFLUOR box instruments were mainly developed for vege-
tation studies and SIF retrieval from high-resolution data, exploiting almost the same retrieval concept
as FLEX. The instruments and the data collection/processing methods developed allow a reliable and
accurate retrieval of canopy VNIR reflectance, derived spectral indices, and SIF. The ensemble of in-
struments and methods developed and tested in this work can be considered a baseline for the recent at-
tempts of ESSEM Cost Action OPTIMIZE aimed at harmonizing field optical instruments and SIF
measurements.

Time series of spectral data collected during several field campaigns prove the ability of providing re-
liable and consistent data. Results show the overall possibility of the proposed instruments in monitor-
ing the vegetation growth, while PRI and SIF give additional information more related to short-term
variations of plant’s activity. The optical signals are strongly affected by chemical and physical charac-
teristics of the canopy and further studies are needed to disentangle such directional effects from varia-
tions in plant activity. MRI and SFLUOR box instruments can help in these studies by providing conti-
nuous and systematic measurements. Therefore, we encourage an extensive usage of automated
ground-based spectrometers and believe that the establishment of an international network involving the

scientific community and space agencies will offer several benefits toward a better understanding of
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Figure captions

Figure 1: A) Schematic drawing of the automated field spectroradiometers (not in scale). (1) co-
sine-response entrance foreoptics points to Zenit to collect Ey; (2) bare fiber optic collects the
up-welling radiance Ls from the target; (3) optical multiplexer is housed inside the protective box; (4)
High Resolution HR4000 spectrometers: (4a) SPECgy; (400-1000 nm), (4b) SPECk, (700-800 nm); (5)
controller PC; (6) cooling system; B) typical field installation of MRI; C) the SFLUOR box operated on

top of a tower.

Figure 2: Flow-chart of the data collection routines implemented in the Auto3S software to collect a
single measurement session by using the single-channel (left) and dual-channel (right) optimization

methods.

Figure 3: Spectra collected throughout a single acquisition session over a vegetated surface:
down-welling radiance Ey/n (blue line), up-welling radiances Ls (red line) and the resulting apparent
reflectance p* (green line) for the SPECgy (upper plot) and SPECg,, (lower plot). The reflectance peak

at 760 nm visible in the SPECg,, data is originated by the fluorescence infilling at the O,-A band.

Figure 4: Occurrence of data rejection in the time series recorded during the SEN3EXP field campaign
at the alfalfa measurement site. The number of spectra collected at different times of the day are indi-
cated by the vertical bars distributed as retained (gray color) and rejected (black color) data. The black

line shows the percentage of data rejected.

Figure 5: Time evolution of the apparent reflectance signature from harvested canopy (i.e. almost bare
soil) to fully developed canopy of the investigated alfalfa crop, from DOY=186 to DOY=198 with a

three-day time step.
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Figure 6: Time series of Photosynthetic Photon Flux Density (PPFD), Normalized Difference Vegeta-
tion Index (NDVI), Photochemical Reflectance Index (PRI) and Sun-Induced Chlorophyll Fluorescence
at 760 nm (SIF) collected over an alfalfa field during the SEN3EXP campaign. The small dots represent
the continuous measurements, squares (scaled for clarity) and error bars represent are daily average and

standard deviations.

Figure 7: Scatterplots between daily average values of NDVI, PRI (left) and SIF (right) during the en-
tire growing season. The linear regression (solid line) and relative uncertainties (dashed line) are shown

in red.

Figure 8: The RGB pictures (upper plot) of the sugar beet, grassland and lawn carpet canopies meas-
ured respectively during field surveys: i) Campus Kleinaltendorf (left plot); ii) Selhausen (middle plot);
ii1) Bily Ktiz (right plot) are shown in the upper plots. The daily course of apparent canopy reflectance
signatures at the different times of the day (expressed as fraction of the day) are shown in the lower

plots.

Figure 9: Measurements of daily courses of PPFD, NDVI, PRI and fluorescence at 760 nm collected on
three different types of canopy. From left to right measurements on: i) sugar beet field Campus Klei-

naltendorf (KA); 11) grassland field Selhausen (SEL); ii1) lawn carpet in Bily KtiZ (BK).
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Table 1: Characteristics of the High-Resolution HR4000 spectrometers; FWHM indicates the
average band width in the covered spectral range, the Spectral Sampling Interval (SSI) refers to the

distance between adjacent spectral bands.

ID Range (hm) FWHM (nm) | SSI (hm)
SPECku 400-1000 1.0 0.25
SPECk0 700-800 0.1 0.10

Table 2: Data Quality indexes developed to select and filter poor-quality data. Threshold is the

criteria for which data are rejected.

Label Description Computation Threshold
DQgza solar zenith angle <60°
DQsat spectrum saturation counts < sv 0

DQs E, stability [Eg1- Eq2[*100/ Eqy; <10%
DQq Eg vs. L stability nLs/Eq*100 >100%
DQ optimization lower limit Eq (counts)/ DC*100 >30%
DQn optimization higher limit max Eg > 0.5 sv 1
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