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Abstract

:

Remote Sensing of Sun-Induced Chlorophyll Fluorescence (SIF) is a research field of growing interest because it offers the potential to quantify actual photosynthesis and to monitor plant status. New satellite missions from the European Space Agency, such as the Earth Explorer 8 FLuorescence EXplorer (FLEX) mission—scheduled to launch in 2022 and aiming at SIF mapping—and from the National Aeronautics and Space Administration (NASA) such as the Orbiting Carbon Observatory-2 (OCO-2) sampling mission launched in July 2014, provide the capability to estimate SIF from space. The detection of the SIF signal from airborne and satellite platform is difficult and reliable ground level data are needed for calibration/validation. Several commercially available spectroradiometers are currently used to retrieve SIF in the field. This study presents a comparison exercise for evaluating the capability of four spectroradiometers to retrieve SIF. The results show that an accurate far-red SIF estimation can be achieved using spectroradiometers with an ultrafine resolution (less than 1 nm), while the red SIF estimation requires even higher spectral resolution (less than 0.5 nm). Moreover, it is shown that the Signal to Noise Ratio (SNR) plays a significant role in the precision of the far-red SIF measurements.
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1. Introduction


For decades, active chlorophyll-a fluorescence measurements have been used, both in laboratory and in the field, to better describe physiological processes of plants, such as photosynthesis, carbon fixation and stress [1]. More recently, techniques for the measurement of the top of canopy Sun-Induced Fluorescence (SIF) from remote sensing platforms have been developed, opening unprecedented opportunity to monitor canopy fluorescence at the ecosystem scale. This will lead to a better understanding of the significance of spatial variability in the SIF signal and will facilitate the up-scaling from the canopy to the landscape levels [2].



SIF is an electromagnetic signal emitted throughout the red and near-infrared (NIR) spectrum by chlorophyll-a, the primary photosynthetic pigment in green vegetation, in response to the absorption of photosynthetically active radiation from the sun. This low signal, typically 1%–5% of the reflected radiation in the NIR, is emitted by the photosynthetic apparatus. Over the past two decades, research has demonstrated the potential use of SIF to monitor photosynthesis and the functional status of vegetation [3,4,5]. In recent years, the growing interest of the scientific community in remote sensing of SIF is attested by the increasing number of scientific studies based on SIF estimation at different scales of investigation [6,7,8]. The global estimation of SIF from space is particularly relevant due to its potential for improving our ability to accurately quantify terrestrial photosynthesis and to monitor plant functional status of ecosystems. This is the scientific rational behind the development of the FLuorescence EXplorer (FLEX), a European Space Agency (ESA) Earth Explorer 8 Mission (a report the mission at the following link: http://esamultimedia.esa.int/docs/EarthObservation/SP1330-2_FLEX.pdf). FLEX, currently scheduled for a 2022 launch, will obtain full spectrum red and far-red SIF emissions [9], as well as other biophysical properties using traditional visible-NIR spectral reflectance indices provided by its tandem orbit with the ESA SENTINEL-3 mission. At the same time, the newly launched NASA Orbiting Carbon Observatory-2 (OCO-2) has been considered a suitable sensor for retrieving samples of the far-red SIF signal at orbital altitudes.



The SIF signal is small relative to reflected radiation, so its detection from airborne and satellite platforms is difficult, and an accurate atmospheric correction is needed. At ground level, the atmospheric influence in the reflected radiance is negligible. In this context, field spectroscopy is considered as a valuable tool for evaluating technical requirements for SIF retrieval. Furthermore, ground level estimates of SIF are useful for improving our understanding of the relationships between SIF and additional biophysical properties of vegetation and to aid in the calibration/validation of airborne- and satellite-derived SIF data. The challenge for SIF retrievals lies in the difficulty to decouple the weak emitted SIF signal from the dominating reflected radiance. The estimation of SIF from radiances recorded both at top of canopy (TOC) [10,11,12] or top of atmosphere [13,14,15,16,17,18] exploits regions of the atmospheric spectrum where the incident irradiance is strongly reduced due to absorption in the Earth’s atmosphere or in the solar atmosphere. Two telluric oxygen absorption features are frequently exploited for SIF retrievals namely, O2-B and O2-A bands centered at 687.0 nm and 760.4 nm, respectively. The chlorophyll fluorescence emission spectrum is characterized by two peaks in the red and in the far-red regions, approximately centered at 690 nm and 740 nm, respectively [19]. The O2-B band is used to retrieve red SIF (at 687 nm); the O2-A band can be used for the far-red SIF estimates (at 760 nm). To detect these narrow atmospheric absorption bands, instruments having fine (Full Width at Half Maximum (FWHM) of 1–5 nm) or ultrafine (FWHM < 1 nm) spectral resolution is required, and different methods have been proposed for SIF retrieval. The ability to apply one method or another often relies on the spectral resolution and on the dynamic range of the device used. The Spectral Fitting Methods proposed by Meroni et al. [20] and the statistical approaches [11] require spectra collected with ultrafine resolution, while the Fraunhofer Line Discriminator (FLD) method [21] or its several different formulations (single FLD (sFLD)), three FLD (3FLD) or improved FLD (iFLD) (see Meroni et al. [6] for a review of algorithms) can be applied on fine resolution spectra [22].



Despite the fact that several research groups are now proposing field prototypes based on different spectroradiometer models to monitor TOC SIF [10,23,24,25,26,27], no studies have been performed comparing SIF retrievals from different systems. In the context of calibration/validation activities, the definition of the proper set-up for reliable SIF estimates is needed. This requires a network of stable sensors that follow the same measurement standards and calibration protocols to allow across-site comparisons [28]. To the best of our knowledge, only one study [22] quantified the expected impacts of sensor characteristics, such as spectral resolution (SR), spectral sampling interval (SSI), stability, and signal to noise ratio (SNR) on the accuracy of SIF retrieval. However, that study only examined the potential retrieval of SIF in the far-red (O2- A band) region and was exclusively based on modeled data.



The present study provides quantitative assessment of the reproducibility of SIF retrieval at both oxygen bands using radiance spectra simultaneously acquired from four spectroradiometers. These include three miniaturized systems from Ocean Optics; two HR4000 and one QE Pro (http://www.oceanoptics.com/) and one ASD Fieldspec Pro (http://www.asdi.com/). The impact of the different device characteristics (e.g., SR, SSI and SNR) on the SIF estimates has been analyzed and discussed and indications on the best performing instruments are provided. We want to clearly state that we are not making any commercial product recommendations. In the analysis, we considered a limited number of instruments currently in use, operated following the most common protocols used in the field to estimate SIF. The selected spectroradiometers are assumed to be representative of the model tested. Further in depth comparisons should be performed (e.g., including other instruments not considered in this comparison and multiple instruments of each type) and we recognize that improvements in the performances of all of the tested instruments might be achieved with optimal settings determined through laboratory analysis. This study therefore offers a preliminary cross examination of commercial off the shelf components that are currently being deployed in prototype tower based SIF observing stations, such as University of Milano Bicocca’s Multiplexer Radiometer Irradiometer (Milan, Italy), Jülich Research Center’s S-FLUO Box (Jülich, Germany), NASA Goddard’s FUSION (Greenbelt, MA, USA), and the CNRS TriFLEX (Paris, France), could be used in ground validation stations to support the FLEX Earth Explorer 8 Mission.




2. Methods


Four spectroradiometers with different characteristics in terms of SR, SSI, and SNR have been considered. The devices were used to collect measurements simultaneously above the same vegetated target (a 50 cm × 40 cm square area of lawn grass, Festuca arundinacea). The same measurement protocol, data analysis procedure and algorithm for SIF estimation were used for all evaluations. Leaf level fluorescence emissions were also measured and used for comparison with the SIF values estimated at canopy level. Indeed, top of canopy SIF estimates cannot be validated except with contemporary in situ measurements exploiting radiative transfer modeling techniques or through comparison with a fluorescence reference with known intensity in the red and far-red region [29].



The spectroradiometers used in this study were: Ocean Optics HR4000 narrow range (spectral range: 670–857 nm), Ocean Optics QE Pro (spectral range: 645–810 nm), Ocean Optics HR4000 full range (spectral range: 197–1115 nm) and ASD FieldSpec Pro (spectral range: 350–2500 nm), hereafter called HRNR, QE, HRFR and ASD, respectively. The instrument characteristics are summarized in Table 1, and the description of the methods used to characterize the devices is reported below in Section 2.1. Two HR4000s (HRNR and HRFR) were hosted in the S-FLUO box, a prototype system owned by the Jülich Research Center (Jülich, Germany), and designed for high temporal frequency acquisition of continuous radiometric measurements. The S-FLUO box is based on a commercial optical multiplexer (MPM-2000, Ocean Optics, Dunedin, FL, USA), able to switch between a channel measuring the incident irradiance (cosine response optic), a down-looking bare fiber (25° of Field Of View, FOV) for the measurement of the upwelling radiance and a blind channel for the spectral dark current measurement [27]. A thermo-regulated system holds the temperature constant at 25 °C while QE is automatically thermo-regulated and the ASD has been operated as commonly used in the field, at ambient temperature.



2.1. Instrument Characterizations


All the instruments have been characterized in terms of radiometric response, spectral noise and resolution in order to properly compare the results. An additional element considered during the analysis has been the oxygen absorption band depth. The analysis was conducted in the laboratory and outdoors, before the intercomparison experiment.



2.1.1. Signal to Noise Ratio and Full Width at Half Maximum Characterization


The SNR characterization was accomplished following the protocol defined by Schaepman and Dangel [30]. The SNR of a spectroradiometer varies within the spectrum and it has been expressed here as average value within the spectral range covered by each instrument: 670–857 nm for HRNR, 645–810 nm for QE, 197–1115 for HRFR and 350–2500 for ASD. The mean SNR values are reported in Table 1.



The spectral resolution, expressed as full width at half maximum (FWHM), of each device was determined by exploiting the SpecCal tool [31,32], which is based on the comparison between measured and modeled solar irradiance spectra. According to the spectral range of each device the number of atmospheric absorption features used for the FWHM determination varies between 4 (for the HRNR) and 11 (for the ASD). The mean FWHM values are reported in Table 1.




2.1.2. Oxygen Absorption Band Depth


The ability of the spectroradiometers to resolve the O2 absorption bands is related to their spectral resolution, their spectral sampling interval, and to a lesser extent, their dynamic range, with the ability to discern increasing feature depth aided by higher spectral resolution. For this reason, the O2 absorption band depth can be considered an indicator of the capability of each device to detect the absorption features within the O2-B (687.0 nm) and O2-A (760.4 nm) bands, respectively, even if the depths vary somewhat due to the sun’s position and/or the direct/diffuse shortwave radiation.



The absorption band depths have been calculated as follows:


   Band   depth   =    L ↓  λ out −  L ↓  λ in    L ↓  λ out     x   100   



(1)




where L↓ is the incident solar radiance. λin refers to the wavelength at the bottom of the O2 feature, around 689 nm for the O2-B band or 760 nm for the O2-A band. λout refers to the wavelength at the shoulder that provides the maximum value in the range of 680–688 nm for the O2-B band or 750–755 nm for the O2-A band. Measurements at these wavelengths were used to determine the feature depth values associated with each spectrometer and are reported in Table 1.





2.2. Experiment Setup and Canopy Fluorescence Measurements


The experiment was conducted at the NASA Goddard Space Flight Center in Greenbelt, Maryland USA (38°59’32.15’’N, 76°50’22.22’’W). The measurements were acquired between 11:00 a.m. and 1:00 p.m. solar time (Solar Zenith Angles, 27–29 degrees) on 24 April 2014 under clear sky conditions. Each measurement cycle consisted of four spectra: first, a measurement of the dark current followed by 3 spectra whereby a measurement of the target’s up-welling radiance was sandwiched between two solar irradiance measurements (e.g., dark current, irradiance, target, and irradiance). The solar irradiance at the time of the target measurement was estimated by linear interpolation over the cycle’s 1 minute duration [33].



For the HR4000s (HRNR, HRFR), the two sensors hosted in the S-FLUO box were used to measure the up-welling target radiance (field of view, FOV of 25 degrees) with the downward channels and the solar irradiance with the upward channels (Ocean Optics cosine receptors were used). The S-FLUO box’s downward channels were kept fixed above the same grass area using a second tripod, while the upward channels were secured to a third leveled tripod looking at the sky. The QE and the ASD Fieldspec spectroradiometers were operated with bare fiber optics where the FOV was 25 and 18 degree’s respectively. A rotating tripod arm with a fiber optic holder was used to ensure that the fibers of the QE, HRNR, HRFR and ASD were as close together as possible in order to measure as similar a spatial area on the target as could be physically achieved (Figure 1). The rotating arm was facing south, avoiding any possible shadow both on the white reference panel and on the vegetation target. The fiber optics of QE and ASD acquired alternating measurements of a calibrated white spectralon panel (99% reflecting Labsphere Inc., North Sutton, NH, USA) and the up-welling radiance of the grass.
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Figure 1. Experimental field setup: (A) The fiber optics connected to ASD Filedspec Pro and QE Pro spectroradiometers are secured to a rotating arm allowing the alternating movement from the white reference panel and the vegetation target; (B) The S-FLUO box downward channels (both HR4000 Narrow Range and HR4000 Full Range) are attached to a fixed tripod looking at the vegetation; (C) S-FLUO box upward channels are horizontally mounted on the third tripod to collect reference measurements. 
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The grass target was observed from nadir at an average distance of 30 cm corresponding to a viewed area of approximately 10 or 15 cm diameter for all spectroradiometers. The integration time of the sensors was set to optimize the signal at around 80% of the dynamic range of each device. Spectrum averages varied according to the instrument, the selection has been made in order to maximize the number of scan repetition without exceeding 3 minutes per each cycle. In particular, the number of spectra averaged was set to: 3 for HRNR, 5 for HRFR, 5 for QE and 25 for ASD. The instruments were warmed up for 1.5 h before beginning the data acquisition. A total of 30 cycles of measurements were collected at the same time by each of these different instruments.




2.3. SIF Retrieval


The different spectral resolution of the spectroradiometers did not allow us to perform any kind of algorithm comparison. Therefore, the SIF retrievals were conducted with FLD-like approaches that were applicable to all of the spectroradiometers used in this study. The 3FLD method was used to estimate far-red SIF for the O2-A band, considered to be the best option following Damm et al. [22]. The assumption of the 3FLD method cannot be considered valid for the red SIF retrieval at the O2-B-band. Therefore, the sFLD method has been used to retrieve SIF at the O2-B-band, using the following formula:


   F =    L ↓  λ out ×  L ↑  λ in −  L ↑  λ out ×  L ↓  λ in    L ↓  λ out −  L ↓  λ in     



(2)




where L↓ is the incident solar radiance and L↑ is the target radiance. λin and λout refer to the wavelengths at the bottoms and at the shoulders of the absorption features, respectively. To minimize possible mismatches due to the wavelength calibrations, an automatic selection of local maxima (outside of the absorption band) and minima (inside the absorption band) was used. In particular, the radiances associated with the deepest absorption band positions at 689 nm and 760 nm were selected to determine L↓ λin and L↑ λin for the O2-B and O2-A bands, respectively. L↑ λout and L↓ λout in the spectral regions outside the absorption feature were parameterized as the 1 nm mean value centered on the maximum radiance values, which were measured between 750 and 755 nm and between 772 and 777 nm in the O2-A band, and between 680 and 688 nm for the O2-B band. When the 3FLD is applied, the measurement made at the single reference wavelength (λout) used in the sFLD is replaced by the average value measured at the two wavelengths outside of the absorption line (L↑ λout and L↓ λout).



The Kruskall–Wallis test was performed to statistically test differences in the SIF retrieval using different spectroradiometers. When this test indicated significant results (p ≤ 0.05), the Wilcoxon–Mann–Whitney test was employed to determine which spectroradiometer had a significantly different SIF retrieval (p ≤ 0.05), as compared to the others.




2.4. Leaf Level Fluorescence Emission Measurements


Leaf fluorescence emissions were also measured on ten grass leaves collected from the target and immediately (10 min) analyzed in the laboratory. Leaf fluorescence emission spectra were measured over the wavelength range from 600 to 810 nm with a spectrofluorometer (Fluorolog-3, Model FL3-22, Spex Industries, Edison, NJ, USA). A monochromatic excitation wavelength set to 530 nm was used to simulate solar radiation, activating fluorescence. Fluorescence emissions were then measured between 640 nm and 810 nm at a sampling resolution of 1 nm. The spectrofluorometer was calibrated with NIST traceable silicon trap detectors and provides simulated SIF intensities reported in mW∙m−2∙nm−1∙sr−1.



The leaf level measurements collected cannot be directly compared with the measured top of canopy spectra, since the laboratory full emission spectrum measurements were induced by a monochromatic light, whereas at canopy scale, fluorescence was induced by sun and only retrieved at the O2-B and O2-A bands. TOC SIF estimates can be compared with other measurements obtained by active techniques, although, at current stage, the best way to evaluate the performance of the estimate relies on the use of canopy radiative transfer models (e.g., Soil Canopy Observation, Photochemistry and Energy fluxes (SCOPE), van der Tol et al. [34]). Overall, there is no formula for establishing the real magnitude of top of canopy SIF. Therefore the results of the experiment have been analyzed and discussed considering a priori knowledge derived from the literature (i.e., experimental estimates and SIF repeated behaviors) and comparing the obtained estimates with leaf level values. The estimates are considered acceptable once they are aligned with literature published values and agree with leaf level comparison.





3. Results and Discussion


3.1. Depth of the Oxygen Absorption Bands


The solar radiance spectra collected by the different spectroradiometers are shown in Figure 2. The graph reports the mean values of the 60 solar radiance spectra measured with the different spectroradiometers in the spectral range (670–800 nm) covered by all of the spectrometers.
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Figure 2. Incoming radiance measured with the four spectroradiometers in the O2-B band (left) and in the O2-A band (right). Each color represents a different instrument. The ability to detect the presence of narrow absorption features is directly related to the Spectral Resolution (i.e., FWHM) of each device. 
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The spectra depicted in Figure 2 show comparable radiance values in the plateau spectral regions. However, due to their finer FWHM, a higher channel-to-channel variability occurred in the Ocean Optics spectroradiometers, as compared with the ASD spectroradiometer. Differences in FWHM among the instruments are also responsible for differences in describing the shape and depth of the two absorption bands (Table 1). The percent O2-B band depth estimates were lowest when made with the ASD (12%), and highest (42%) when made with the HRNR. Comparable but higher values were obtained for the O2-A band with the ASD (49%) and the HRNR (81%).
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Table 1. The characteristics of each spectrometer are reported in terms of spectral range, spectral resolution (FWHM), spectral sampling interval (SSI), signal to noise ratio (SNR) and percentage depth of the two telluric oxygen absorption bands.
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Spectroradiometer

	
Spectral Range [nm]

	
FWHM [nm]

	
SSI [nm]

	
SNR [-]

	
O2-B Depth [%]

	
O2-A Depth [%]






	
HRNR

	
670–857

	
0.2

	
0.05

	
250

	
42

	
81




	
QE

	
645–810

	
0.5

	
0.17

	
1080

	
35

	
80




	
HRFR

	
197–1115

	
1

	
0.3

	
590

	
27

	
77




	
ASD

	
350–2500

	
5.5

	
1

	
1780

	
12

	
49









Note that the shape of the incident radiance spectrum acquired with the HRNR (Figure 2, dark red line) is characterized by narrow absorption features, which are possible to discern with this instrument’s higher spectral resolution, with FWHM of 0.2 nm. These narrow features progressively disappear and the spectra appear to be progressively more smoothed as the spectral resolution of the spectroradiometers decreases for the QE, HRFR and ASD, as compared to the HRNR.



Moreover, an inverse relationship between the FWHM and the estimated depths of the telluric oxygen bands is apparent, with the feature depth decreasing from that acquired with the HRNR (with the smallest FWHM, 0.2 nm) down to the lowest estimate acquired with the ASD (with the widest FWHM at 5.5 nm) (Table 1). The percentage value of the O2 absorption band depths is known to vary according to environmental factors, such as the sun’s zenith position the direct/diffuse shortwave radiation, and surface pressure. Therefore, the values presented in this manuscript are valid for this sensor intercomparison, under the specific conditions of the study and cannot be directly extrapolated to different geographic areas and atmospheric conditions.




3.2. Performances of Different Portable Field Spectroradiometers on Fluorescence Estimates


Figure 3 shows the fluorescence values retrieved from the spectroradiometers considered in the study: red (left panel) and far-red (right panel). The average retrievals per band and instrument are included in Table 2. At the far-red band, the QE and the two HR4000 (HRNR, HRFR) spectroradiometers retrieved the same SIF values (from Wilcoxon–Mann–Whitney test, p-value ≤ 0.05). On the contrary, the ASD estimated a far-red SIF value that was six times higher than the mean value estimated using either HRNR, QE or HRFR. Estimates of the red SIF varied considerably among the different sensors, with values increasing in concert with the FWHM per sensor, with the lowest values obtained with the HRNR.
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Figure 3. Boxplots of red (left) and far-red (right) Sun Induced chlorophyll Fluorescence (SIF) retrieval means and associated standard deviations of the 30 cycles of measurements. The instruments are reported in the order according to the increasing Full Width at Half Maximum (FWHM) and Spectral Sampling Interval (SSI). The red SIF estimations differ, indicating a possible dependency on the Spectral Resolution (SR) and SSI of the sensor. The HR4000 Narrow Range (HRNR), QE Pro and HR4000 Full Range show comparable far-red SIF retrieval estimates. SIF estimated from the ASD Fieldspec Pro is extremely high in both the red and far-red cases. The difference in the standard deviations for the far-red SIF estimates (right) can be explained by the differences in the Signal to Noise Ratio (SNR) of these instruments. 
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It is well known that different retrieval methods and technical device characteristics affect the SIF estimates [20,22,23,35]. Overall, in recent literature, few studies published the measured or modeled absolute TOC SIF values [12,36,37,38,39,40]. From the literature, the far-red SIF estimated at 760 nm is expected to range between 0.5 and 3 mW∙m−2∙sr−1∙nm−1 according to different canopies. Far-red SIF values higher than 3 mW∙m−2 sr−1∙nm−1 have only been reported for a DCMU treated grassland [41]. Thus, a value higher than 3 mW∙m−2∙sr−1∙nm−1 can be considered unrealistic for natural grassland. According to our results, we can affirm that absolute values of far-red SIF in line with literature values can be achieved using any of the higher resolution spectroradiometers examined (HRNR, QE and HRFR) with an average value of 0.7 mW∙m−2∙sr−1∙nm−1, but not with the ASD. The Ocean Optics devices have an ultrafine resolution (FWHM ≤ 1 nm) and a corresponding percentage depth of the O2-A band greater than 75%, a value that, in our experiment, we should consider as a reasonable threshold to obtain reliable far-red SIF data. On the contrary, only a few studies report the absolute values of the red TOC SIF [9,24,41,42,43,44]. In all cases, the red SIF never exceeded the value of 3 mW∙m−2∙sr−1∙nm−1. Contrary to the results obtained for the far-red SIF, there was no agreement among the four sensors examined for the red SIF. The red SIF retrieval exhibits a strong dependency of the absolute mean SIF values on the SR of the devices. This can be noticed even in the spectroradiometers having an ultrafine spectral resolution. SR and the SSI affect the retrievals within this narrow O2-B feature (<5 nm), in contrast to the retrieval for the wider (~8 nm) O2-A NIR band. Figure 3 suggests that the estimated value of red SIF generally increases with the FWHM and the SSI of the spectroradiometer used for the retrieval. Thus, different configurations produce different results (Table 2). Based on these considerations, we are confident that only the estimates obtained by HRNR and QE give acceptable absolute values.



Red SIF values obtained with different spectroradiometers have a similar standard deviation (SD) while the SD varied among spectroradiometers for the far-red SIF estimation. We hypothesize that the differences in the SD of the far-red SIF is related to the SNR of the spectroradiometers [22], since the ASD and QE sensors had similarly low SDs. On the contrary, the higher radiance values recorded in correspondence of the O2-B band (at 687 nm) may reduce the SNR impact, producing a lower SD variability within the red SIF estimates. For the far-red SIF, the smaller SDs for the QE and ASD sensors is related to their very high SNR (>1000). In addition, for the ASD, the small SD for the far-red SIF is related as well to the high number of scans averaged (25). ASD’s large SIF overestimates in both red and far-red are due to the relatively low spectral resolution of the system (actual FWHM of 5.5 nm). Further investigations are necessary to understand the capabilities of ASD to capture the relative variability of far-red SIF on targets emitting fluorescence with known intensities. Although instruments with high SNR value (SNR > 1000) are preferred for such measurements, it does not exclude the use of devices with a low SNR, but this would result in less reliable results. This implies a larger number of replicates needed to obtain less variable (i.e., more precise) mean values (e.g., with the HRNR and HRFR sensors). For example, it would be a simple revision in the data collection protocol for the HRNR to increase the number of scans utilized in order to lower the observed SD of measurements.



Overall, the results of the experiment suggest that spectroradiometers with a high spectral resolution (FWHM ≤ 1 nm) are able to estimate the absolute value of far-red SIF, based on the 3FLD retrieval method. The O2-B absorption band is itself less wide compared to the O2-A band, introducing a physical constraint in the red SIF absolute value retrieval. Only the HRNR and QE device, which have the highest ultrafine spectral resolution gave the most reliable red SIF estimates, and are best retrieved using the sFLD method.



SIF estimates at the canopy level have been qualitatively compared with the leaf level fluorescence emissions at the same wavelengths. Figure 4 shows the leaf level fluorescence emissions acquired in the laboratory.



The spectrum obtained from leaves with 532-nm excitation form a valid estimate for the fluorescence spectrum, although it is not exactly the same as the sunlight-induced spectrum. In particular, absolute values of leaf and canopy fluorescence are expected to differ for two main reasons. First, the light source used to induce laboratory leaf emissions has a peak at 532 nm, which is close to the wavelength peak of solar radiance, but the shape and intensity of the monochromatic light source differs from the natural solar irradiance. Moreover, current studies clearly indicate that the red fluorescence is generally reabsorbed by photosynthetic pigments, which are expected to influence the shape of the emission spectrum within the leaf [19] Furthermore, leaf fluorescence spectral properties are expected to be different at canopy level due to the variable and selective reabsorption of fluorescence by chlorophyll through the canopy [45].
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Figure 4. Grass leaf level fluorescence emissions acquired in the laboratory with the SPEX Fluorolog III spectrofluorometer using a 532 nm excitation wavelength. The red peak is expected to be partially reabsorbed at the canopy level. The ratio between fluorescence obtained at 689 nm and 760 (red/far-red ratio = 1.3) is used to qualitatively assess the SIF retrievals made at canopy level with the different instruments (see Table 2). Traditionally, the red/far-red ratio is computed with the values at the peaks (690 nm, 740 nm), which would provide a far-red = 0.72. The two solid vertical lines denote the peaks of the red and far-red fluorescence, whereas the dotted lines refer to the wavelengths used for the SIF estimation. 
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We computed the red/far-red SIF ratios (Table 2) and compared each with the leaf level value, to determine which spectrometer provided a ratio closest to the single leaf value. The measured leaf level red/far-red ratio value using the SIF wavelengths (689 nm, 760 nm) was 1.3, whereas the traditional red/far-red peak ratio value using the peak wavelengths (690 nm, 740 nm) yields a value of 0.72. HRNR and QE give a ratio which is close to that estimated from leaf level measurements, while HRFR and ASD can be considered out of range. HRNR is the instrument that provides the ratio closest to the leaf level value. However, considering the large variability of the red/far-red standard deviation, we cannot exclude that QE can also likely be used to retrieve absolute values of red SIF.
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Table 2. The mean values and standard deviations of the red, far-red SIF estimates and red/far-red ratio are reported according to each spectrometer used.







Table 2. The mean values and standard deviations of the red, far-red SIF estimates and red/far-red ratio are reported according to each spectrometer used.







	
Spectroradiometer

	
red Fluorescence Mean Value [mW∙m−2∙nm−1∙sr−1]

	
rar-red Fluorescence Mean Value [mW∙m−2∙nm−1∙sr−1]

	
Red/Far-Red Ratio [-]






	
HRNR

	
0.56 ± 0.40

	
0.77 ± 0.50

	
0.72 ± 1.2




	
QE

	
2 ±0.48

	
0.62 ± 0.24

	
3.2 ± 1.5




	
HRFR

	
3.8 ± 0.42

	
0.35± 0.36

	
10.9 ± 4.2




	
ASD

	
26.74 ± 0.55

	
4.52± 0.14

	
5.9 ± 0.2









In summary, the TOC SIF results indicate that two of the four instruments examined, namely the HRNR and QE, have the highest potential for accurate field SIF measurements in both SIF bands. The HRFR gives reliable estimates for far-red SIF only, while the ASD spectroradiometer always overestimates the SIF values in both bands.





4. Conclusions


This study shows an empirical inter-comparison between spectroradiometers with different performance characteristics and their impacts on SIF retrievals. It should be considered a first step in evaluating the best instruments and measurement protocols for their use in field research and for measurements to validate space-based remote sensing retrievals. Our results indicate that different instruments provide different estimates with SNR and SR playing an important role. Regarding the red SIF, an ultra-fine spectral resolution is mandatory, while, for the far-red SIF estimates, the ultra-fine SR plays a minor role and different instruments can be used to achieve a reliable absolute value. Moreover, a SNR greater than 1000 is recommended for determining accurate SIF values. Nevertheless, the reliability of SIF estimates might be enhanced by adjusting the measurement protocol, using either more repeated scans or longer integration times. This study indicates that spectroradiometer configurations like those of the HRNR and QE can be successfully used for near-field quantitative measurements of TOC SIF, while the use of spectroradiometers configured with SR > 1 nm and SNR levels < 500 are discouraged for FLD based SIF retrievals in the telluric O2 features.



Further study should address different topics that have only been partially investigated here. Different approaches in SIF retrieval (e.g., Spectral Fitting Method and statistical approaches) should be considered as it is well known that the performance of these algorithms may significantly impact the SIF estimates. New studies must be addressed to determine the optimal measurement configurations to boost the measurement success of HRNR and QE like spectroradiometers. Additional analyses are also needed to identify the SR limit in capturing relative changes of red SIF on vegetation targets with different fluorescence emissions. The results presented only refer to the particular instruments used, to the specific grass target considered, and to the methodologies used both in acquiring the measurements and in retrieving the SIF values. Nevertheless, credible results have been achieved, demonstrating the relative suitability for SIF retrieval of the instruments examined, and the potential impact on the reliability of in situ SIF values reported in the literature that were collected with similar field instruments as examined here.
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