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Abstract

:

Solar-induced chlorophyll fluorescence (SIF) has been proven to be an efficient indicator of vegetation photosynthesis. To investigate the relationship between SIF and Gross Primary Productivity (GPP), tower-based continuous spectral observations coordinated with eddy covariance (EC) measurements are needed. As the strong absorption effect at the O2-A absorption bands has an obvious influence on SIF retrieval based on the Fraunhofer Line Discrimination (FLD) principle, atmospheric correction is required even for tower-based SIF observations made with a sensor tens of meters above the canopy. In this study, an operational and simple solution for atmospheric correction of tower-based SIF observations at the O2-A band is proposed. The aerosol optical depth (AOD) and radiative transfer path length (RTPL) are found to be the dominant factors influencing the upward and downward transmittances at the oxygen absorption band. Look-up tables (LUTs) are established to estimate the atmosphere transmittance using AOD and RTPL based on the MODerate resolution atmospheric TRANsmission 5 (MODTRAN 5) model simulations, and the AOD is estimated using the ratio of the downwelling irradiance at 790 nm to that at 660 nm (E790/E660). The influences of the temperature and pressure on the atmospheric transmittance are also compensated for using a corrector factor of RTPL based on an empirical equation. A series of field measurements were carried out to evaluate the performance of the atmospheric correction method for tower-based SIF observations. The difference between the SIF retrieved from tower-based and from ground-based observations decreased obviously after the atmospheric correction. The results indicate that the atmospheric correction method based on a LUT is efficient and also necessary for more accurate tower-based SIF retrieval, especially at the O2-A band.
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1. Introduction


Solar-induced chlorophyll fluorescence (SIF) has been proven to be an efficient indicator of vegetation photosynthesis [1]. In recent years, a series of algorithms has been developed for SIF retrieval from ground-based [2,3,4,5,6,7,8], airborne [9,10,11] and satellite [12,13,14,15] observations. The satellite-based SIF products have shown great potential for global monitoring of vegetation gross primary productivity (GPP) [16,17,18,19]. However, many uncertainties regarding the relationship between the SIF and GPP remain.



The tower-based eddy covariance (EC) technique is widely used for the measurement of the carbon flux at the ecosystem scale [20]. To investigate the relationship between the SIF and GPP, tower-based, continuous spectral observations in conjunction with EC measurements are needed. In recent years, a number of tower-based spectral observation systems have been installed at different EC sites. Examples include the Multiplexer Radiometer Irradiometer (MRI) [7,21], the NASA FUSION tower, the HyperSpectral Irradiometer (HSI) [22,23,24], the TriFLEX at Avignon in France [25], the UNIEDI System at the FluxNet Hyytiälä site in Finland [26], the FluoSpec [6], the SIF-Sys [8], and the ChinaSpec [27].



The most commonly used methods of retrieving SIF from ground-based observations based on the Fraunhofer Line Depth (FLD) principle need measurements of both the upwelling radiance and downwelling irradiance at the top-of canopy (TOC) level. For tower-based SIF observations, the downwelling irradiance is usually measured using a cosine corrector with a hemispherical field of view in the nadir direction, and the upwelling radiance is usually measured using a sensor with a conical or hemispherical field of view. For most configurations of tower-based SIF observation systems, the sensors used for both the downwelling and upwelling radiation observations are mounted on the tower at a height of between 5 m and 50 m, depending on the ecosystem type.



For tower-based SIF retrieval, the telluric oxygen absorption bands are most commonly used because these absorption features are relatively strong and broad. However, the depth of the oxygen absorption bands is sensitive to the sensor height. According to the study by Liu et al. [28,29], a bias of 10 m in the sensor height will lead to a bias of about 0.1 mW/m2/nm/sr in the retrieved SIF at the O2-A band. Sabater et al. [30] also reported that the 3FLD method produced large underestimates of SIF values if no oxygen compensation was applied. Therefore, atmospheric correction of observations of both the downwelling irradiance and upwelling radiance is important for tower-based SIF observations, especially for the O2-A band due to the strong absorption effect.



Sabater et al. [30] provided a comprehensive analysis of how atmospheric effects impact SIF estimates made using proximal sensing. The atmospheric absorption and scattering effects are mainly related to the radiative transfer path length (RTPL, determined by the sensor height, and the solar and view zenith angles), the aerosol optical depth, and the pressure and temperature. Although it is possible to measure these parameters for full-physics modelling of the atmospheric radiative transfer effects, it would be too time-consuming for long-term SIF observations, and the errors in the measured atmospheric parameters would accumulate. Therefore, operational and simple methods for estimating the atmosphere transmittance are needed for accurate tower-based SIF observations.



Both the O2-A and O2-B bands have potential for tower-based SIF retrieval, but in this study, we focused on the atmospheric correction at the O2-A band because, (1) the absorption effect at the O2-B band is much weaker than that at the O2-A band, so the atmospheric correction for tower-based SIF observation at the O2-B band is not so important as at the O2-A band; (2) in practice, the SIF retrieved at the O2-A band is more frequently used than that at the O2-B band due to the robustness of retrieval. Different from Sabater et al. [30] which mainly focused on theoretical analysis, this study aims to simplify the problem and to provide an operational solution for the atmospheric correction of tower-based observations of both the downwelling irradiance and upwelling radiance to support long-term, continuous spectral measurements. First, the radiative transfer process for tower-based SIF observation is analyzed theoretically; then, the atmospheric radiative transfer parameters are simulated using the MODerate resolution atmospheric TRANsmission 5 (MODTRAN 5) model [31] for different conditions; and, finally, look-up tables (LUTs) for fast estimation of the upward and downward atmosphere transmittances between the tower-based sensor and top of canopy (TOC) are constructed. The influences of the temperature and pressure on the atmospheric transmittance are also compensated for using a corrector factor of RTPL. The performance of the method is then evaluated using field measurements.




2. Materials and Methods


2.1. Radiative Transfer Process for Tower-Based SIF Observations


The upwelling radiance at the top of the canopy consists of the contributions from both the reflected radiance and the emitted SIF, as expressed in Equation (1):


Lcanopy=Ecanopy·ρπ+Fcanopy,



(1)




where Lcanopy is the upwelling radiance at top of the canopy, Ecanopy is the downwelling irradiance arriving at the top of canopy, ρ is the canopy reflectance, and Fcanopy is the emitted SIF at the top of the canopy.



Therefore, for the retrieval of the SIF, both the upwelling radiance and downwelling irradiance at the top of the canopy are needed. However, for tower-based spectral observations, only the upwelling radiance and downwelling irradiance arriving at the sensor height are available; due to the influence of atmospheric absorption and scattering, these are different from the TOC radiance and irradiance.



The upwelling radiance at height H can be calculated as:


LH=Lcanopy·T↑1−ρS+L0,



(2)




where LH is the upwelling radiance arriving at the observation platform at a height H above the surface; T↑ is the upward transmittance of the atmospheric radiative transfer from TOC to the height of the tower-based sensor (H); ρ is the surface reflectance; S is the atmospheric spherical albedo; and L0 is the atmospheric path radiance. For tower-based observations, the atmospheric scattering effect between the sensor and surface is relatively weak due to the low height. Therefore, the observed upwelling radiance and downwelling irradiance at the sensor height (Lsensor and Esensor) can be approximately expressed as:


⟨Lsensor⟩=⟨Lcanopy⋅T↑⟩,



(3)




and


⟨Esensor⟩=⟨Ecanopy/T↓⟩,



(4)




respectively, where T↑ and T↓ are the upward and downward atmospheric total transmittance (including the effects of absorption and scattering) from the TOC to height of the tower-based sensor, respectively, and <> represents convolution with the instrument spectral response function (ISRF).



As the radiance or irradiance spectra by observed by spectrometers are already convolved with the ISRF, for the atmospheric absorption bands where the transmittance is spectrally unsmooth, it is not possible to calculate the top-of-canopy radiance or irradiance precisely using a fully physical approach due to the mathematical inequality between <a·b> and <a>·<b> [32], especially for data with high spectral resolution (as shown in Figure 1).



In this study, to calculate the upward and downward atmospheric transmittances from the TOC to the height of the tower-based sensor, the MODTRAN 5 model was used to simulate the downwelling irradiance and upwelling radiance arriving at the sensor height and at the TOC. Using the MODTRAN simulations, the upward and downward atmosphere transmittances can be calculated as:


T↑′=⟨Lsensor⟩⟨Lcanopy⟩,



(5)




and


T↓′=⟨Ecanopy⟩⟨Esensor⟩,



(6)




respectively, where T↑′ and T↓′ are the upward and downward atmosphere transmittances from the TOC to the sensor height, respectively. It needs to be noted that due to the convolution with the ISRF before the division shown in the equations, T′ is not strictly the “transmittance”. However, for convenience, “transmittance” is used to refer to T′ in this paper.



The upward and downward atmosphere transmittances are related to the atmospheric absorption and scattering effects, which are mainly influenced by the atmospheric pressure, RTPL, and AOD [29]. To establish a model for estimating the atmospheric transmittances, a dataset including a range of altitudes, solar/view zenith angles (SZA/VZA), and values of the AOD was simulated using MODTRAN 5. The original full-width at half maximum (FWHM) of MODTRAN simulation is 1 cm−1 (about 0.06 nm at 760 nm). The detailed input parameters for MODTRAN are listed in Table 1. The sensor height and surface elevation were set as 25 m and 1.5 km to match the case of tower-based SIF observation system at the Daman site, which was used for validation in the study.



Figure 1 shows the relationships between the AOD, RTPL and the upward/downward atmospheric transmittance for a fixed elevation and atmospheric profile based on the simulations made by MODTRAN 5. To match the field observations that we conducted using an Ocean Optics QE Pro spectrometer, a Gaussian function with an FWHM of 0.31 nm was used as the ISRF and was convolved with the MODTRAN simulations. Based on the results shown in Figure 1, look-up tables for estimating the upward and downward atmospheric transmittances from the TOC to the tower-based sensor height at 760.6 nm (O2-A band) were established with the AOD550 and RTPL as inputs. The upward and downward atmospheric transmittances at 757.8 nm (shoulder of the O2-A band, where the scattering effect dominates) were also shown in Figure 1b,d for reference.




2.2. Estimation of the AOD


As illustrated in Figure 1, the AOD has influence on the atmospheric transmittance, especially for the O2-B band. However, it needs to be noted that, although AOD has influence on the atmospheric transmittance, the effect is spectrally smooth, which is different from the effect by absorption. On the basis of Fraunhofer Line Depth principle, the influence on absorption depth is the main factor influencing the errors in SIF retrieval. Thus, compared to absorption, the scattering effect is less important in atmospheric correction for tower-based SIF measurement. As synchronous measurements of the AOD are not available for all flux sites, in this study, a method for estimating the AOD based on the downwelling irradiance spectra is proposed.



The amplitude of atmospheric scattering effects is spectrally variable and stronger at shorter wavelengths. Therefore, we analyzed the relationship between AOD550 and the ratio of the irradiance at 790 nm to that at 660 nm (E790/E660) based on the MODTRAN simulations. As shown in Figure 2, for a specific SZA, the value of E790/E660 increases with AOD550, and the relationship is close to linear. For a specific AOD550, the value of E790/E660 increases with the SZA. Accordingly, the AOD550 can be estimated using a look-up table that has E790/E660 and SZA as inputs.




2.3. Influence of Atmospheric Pressure and Temperature


The atmospheric pressure and temperature also have an influence on the atmospheric transmittance. Pressure and temperature measurements are usually available for most tower-based flux systems. However, if these values are included in the LUTs for the estimation of atmospheric transmittances, many more simulations are needed and more uncertainty will be introduced into the LUTs. Therefore, following Sabater et al. [30], we used an empirical equation to compensate for the influence of pressure and temperature by using an “equivalent” RTPL (ERTPL). According to Pierluissi et al. [33], the O2 transmittance can be empirically approximated as:


T(λ)=exp[−(10C′(λ)(pp0)n(T0T)mU)a]



(7)




where p0 and T0 are the reference atmospheric pressure and temperature, respectively, U (atm·cm) is the total absorber amount in the path length, and C′ is the spectral coefficients. The MODTRAN code also follows this approximation. For oxygen absorption, the values of the parameters a, m, and n are set to 0.5641, 0.1936, and 0.9353 (refer to Pierluissi et al. [33] for details). According to the Beer–Lambert Law, assuming homogeneous extinction medium, the transmittance is exponentially related to RTPL. Therefore, the ERTPL compensating the influence of pressure and temperature can be expressed as:


ERTPL=(pp0)0.9353×(T0T)0.1936×RTPL,



(8)







If the pressure and temperature for a particular set of conditions are p and T, respectively, the ERTPL can be calculated using the equation. Therefore, only LUTs simulated under the reference pressure and temperature conditions are needed, and the influence of the varying pressure and temperature can be compensated for by using the ERTPL instead of the real RTPL.




2.4. Field Experiments for Validation


To evaluate the performance of the atmospheric correction method for tower-based SIF observations, two field experiments were carried out on an EC site (Daman site) at Zhangye, China (100.37° E, 38.86° N). The altitude of the EC site was 1560 km. A continuous spectral observation system, AutoSIF-1 (Bergsun Inc., Beijing, China), equipped with an Ocean Optic QE Pro spectrometer was mounted on the EC tower at a height of 25 m above the ground. The full-width at half maximum (FWHM) of the spectrometer was 0.31 nm. Two fibers with a switcher were connected to the spectrometer for the measurement of downwelling irradiance and upwelling radiance. A cosine corrector was used to obtain the downwelling irradiance using a hemispherical field of view. A bare fiber was used to observe the upwelling radiance with a conical field of view of 25° and a view zenith angle of 25° (Figure 3). The automatic spectral observation system collected the downwelling irradiance and upwelling radiance every 3 min, and the time lag between the collection of the downwelling irradiance and upwelling radiance was less than 10 s.



The first field experiment was carried out on 27 October 2017, when the summer maize around the EC site was mature and all leaves had turned yellow. Therefore, the SIF emission was expected to be zero. The automatic spectral observation system mounted on the EC tower was used for the collection of the downwelling irradiance and upwelling radiance.



The second field experiment was carried out on 7 September 2018. The summer maize was at the filling stage and the leaves were still green. Synchronous measurements were taken over the ground with an Ocean Optics QE Pro spectrometer with the same configuration as the continuous spectral observation system. The spectrometers used for ground and tower-based measurements were cross-calibrated. The downwelling irradiance was measured using a 40 cm × 40 cm BaSO4 reference panel (produced and calibrated by Anhui Institute of Optics and Fine Mechanics, Chinese Academy of Sciences). The measurements on the ground were made every 10 min from 10:00 to 17:00; the weather was clear and stable during this time.




2.5. SIF Retrieval Algorithm


For SIF retrieval at the canopy level, algorithms based on the Fraunhofer Line Discrimination (FLD) principle [34] are most commonly used. Several different FLD-based algorithms have been developed, including the standard FLD [34], the 3-band FLD (3FLD) [35], the improved FLD (iFLD) [36], and the principal component analysis-based FLD (pFLD) (Liu X. et al., 2015). The 3FLD algorithm has been proven to be relatively robust and simple to use for data with a spectral resolution of 0.3 nm [5], especially for the O2-A band. Using the 3FLD algorithm, only three spectral samples in the region of the absorption band are needed. Several spectral fitting methods (SFM) have also been proposed and have been proven to be more reliable for SIF retrieval from spectral data that have a relatively low spectral resolution and signal-to-noise ratio. However, the SFM methods require continuous spectral measurements, which means the atmospheric correction must be applied to many more wavelengths. Therefore, in this study, the 3FLD algorithm was selected for the SIF retrieval. Using this method, the SIF can be calculated as:


SIFin=(Eleftwleft+Erightwright)Lin−Ein(Lleftwleft+Lrightwright)(Eleftwleft+Erightwright)−Ein



(9)




where w is the weight of the band and is inversely proportion to the distance between the left-hand/right-hand band and the inner band; E is the downwelling irradiance arriving at the TOC; L is the total upwelling radiance at the TOC; and the subscripts “in”, “left” and “right” refer to the bands inside, at the left of and at the right of the absorption band, respectively, as illustrated in Figure 4.



For tower-based observations, downwelling irradiance arriving at the sensor (Esensor) and upwelling radiance arriving at the sensor (Lsensor) were measured. Once the upward and downward atmosphere transmittances (T↑′ and T↓′) were estimated using the LUT approach, the downwelling irradiance arriving at the TOC (Ecanopy) and upwelling radiance at the TOC (Lcanopy) can be calculated using Equations (5) and (6). And consequently, the SIF values at TOC can be retrieved using the 3FLD algorithm (Equation (9)).





3. Results


3.1. Validation of the Atmospheric Correction Using Measurements on Non-Fluorescent Mature Canopy


The performance of the atmospheric correction for tower-based SIF observations was evaluated using the field experiments introduced in Section 2.4.



Figure 5 shows the SIF retrieval results at 760.6 nm from the observations of mature summer maize. As all the leaves had turned yellow, the SIF emission was expected to be zero. The SIF values retrieved from the tower-based observations without atmospheric correction form a “U” shape, decreasing from dawn to noon and increasing from noon to dusk. Most of the values are negative. After the atmospheric correction, the retrieved SIF values are still mostly negative (this is partly related to the so-called “direct radiation infilling effect” due to directional effect of the canopy reflectance, which is discussed in Section 4.1 but much closer to zero, which indicates that the atmospheric correction is effective.




3.2. Validation of the Atmospheric Correction Using Synchronous Tower-Based and Ground-Based Measurements


Figure 6 shows the apparent reflectance spectra at the O2-A band measured on the ground and measured on the tower with/without atmospheric correction. The peaks of the spectra are mainly caused by the SIF in-filling effect on the O2-A absorption feature. As shown in Figure 6, the peak of the spectrum measured on the tower without atmospheric correction is lower than that of the spectrum measured on the ground. After atmospheric correction, the peak of the spectrum measured on the tower is close to that of the spectrum measured on the ground. The results indicate that the atmospheric correction for tower-based SIF measurements is necessary and efficient.



Figure 7 shows the results from the observations of summer maize at the filling stage with green leaves. Observations were made synchronously from the tower and on the ground. Figure 7a shows that for the O2-A band, the SIF values retrieved from the tower-based observations without atmospheric correction are obviously lower than the values retrieved from the ground-based observations. After the atmospheric correction, the retrieved SIF at the O2-A band matches well with the ground-based observations.



For quantitative analysis, the synchronous tower-based and ground-based observations with time lags of less than one minute were selected for comparison, as shown in Figure 7b. For the O2-A band, the data for the SIF from the tower-based observations after atmospheric correction are all close to the 1:1 line, the root-mean-square error (RMSE) between the tower-based and ground-based observations decreases from 0.221 to 0.078 mW/m2/nm/sr, and the coefficient of determination (R2) increases from 0.78 to 0.84. These results indicate that the performance of the atmospheric correction method proposed in this study is satisfactory for the O2-A band.





4. Discussion


4.1. Influence of the Direct Radiation Infilling Effect on the SIF Retrieval


As mentioned in Section 3.2, the diurnal variation in the atmospherically corrected SIF still shows a “U” shape, with negative values at noon. This is partly due to the so-called “direct radiation infilling effect”, which was analyzed by Liu et al. [37]. Damm et al. [38] also pointed out that changes in the sun and observation geometry and in atmospheric properties have a significant influence on the reflectance spectra and, consequently, on SIF retrieval. According to the study by Liu et al. [37], the “direct radiation infilling effect” is proportional to the difference between the direct and diffuse radiation reflectance. Therefore, we simulated the diurnal variation in the direct and diffuse radiation canopy reflectance using the Soil Canopy Observation, Photochemistry and Energy fluxes (SCOPE) model [39], as shown in Figure 8. Here, the Leaf Area Index (LAI) was set to be 4 and the leaf inclination distribution function (LIDF) was spherical. The diffuse radiation canopy reflectance is constant during the day, while the direct radiation reflectance shows a “U” shape and most values are lower than the diffuse reflectance. According to Liu et al. [37], the lower reflectance for the direct radiation will lead to a negative “infilling” effect at the oxygen absorption bands, which can partly explain the “U” shape of the diurnal variation and also the negative values of the retrieved SIF for a mature maize canopy.




4.2. Uncertainties in MODTRAN Simulations and Field Measurements


In this study, the estimates of the atmosphere transmittances were based on the MODTRAN simulations. Therefore, the reliability of the results is directly related to the accuracy of the MODTRAN simulations. Although MODTRAN has been widely used for the modelling of atmospheric radiative transfer, in the case of this study, there are some uncertainties.



First, to match with the observations, the MODTRAN simulations need to be convolved with the ISRF of the specific spectrometers used. In this study, a Gaussian function with an FWHM of 0.31 nm was used as the ISRF for the Ocean Optic QE pro spectrometer. The difference between the Gaussian function and the real ISRF will lead to some error in the simulated atmosphere transmittances. But as the spectral resolution of the spectrometer is high and the O2-A absorption band is relatively wide, the uncertainties related to FWHM should be ignorable. Figure 9 shows the MODTRAN simulated up-welling transmittance convolved with Gaussian, rectangular, and triangular ISRF with an FWHM of 0.31 nm and resampled with spectral interval of 0.155 nm (Sensor height = 25 m, Surface elevation = 1.5 km, VZA = 25°, AOD550 = 0.1). For this case, the transmittances convolved by Gaussian, rectangular, and triangular functions at 760.6 nm are 0.9939, 0.9941, and 0.9937, respectively. The results indicate that the difference of transmittance caused by the ISRF is less than 0.04%, which is very tiny. The mismatch between the spectral sampling of simulations and observations may also lead to uncertainties in the estimation of atmospheric transmittances. Secondly, for tower-based SIF observations, the RTPL is relatively short and the atmospheric absorption effect is relatively weak, which means that accurate radiative transfer modelling is required. MODTRAN has been widely used and is regarded as a highly accurate radiative transfer model [31,40,41], and the LUT-based method used in this study could also improve the robust of the estimation of transmittance.



In this study, synchronous measurements on the ground and on the tower were carried out to validate the results of atmospheric correction. Although the two spectrometers were with very similar configurations and had been cross-calibrated, there could still be mismatch between the measurements by the two spectrometers. Besides, the footprints of the tower-based and ground-based measurements were somewhat different due to the different height of sensors. But as the surface as relatively homogeneous and the canopy was closed, it is reasonable to ignore the influence by different footprints. In addition, although the tower-based measurements of downwelling and upwelling radiance were conducted with the same spectrometer, two fibers were used (see Figure 3). The two fibers were connected to the same spectrometer using a Y-shaped assembly. So there can be slight difference in the light path of the downwelling and upwelling radiance, consequently leading to some spectral shift. Damm et al. [42] pointed out that the spectral shift has an obvious influence on FLD-based SIF retrieval.



Figure 10 shows the downwelling and upwelling radiance at O2-A band measured on the ground and on the tower (without atmospheric correction) at 13:01 on 7 September 2018, at the Daman site. The results show that the amplitude of the downwelling and upwelling radiance measured on the ground and on the tower can match quite well, and no obvious wavelength shift can be observed. Therefore, the comparison between tower-based and ground-based measurement is reliable.



Although the uncertainties in field measurements are unavoidable, the results in Figure 5 (validation using measurements on non-fluorescent canopy) and Figure 5 (validation using synchronous tower-based and ground-based measurements) show some consistency. In theory, the atmospheric absorption effect would lead to underestimation in SIF retrieval. Moreover, the results in both Figure 5 and Figure 7 show that the retrieved SIF increased after the atmospheric correction, which means the underestimation is successfully corrected. The consistency confirms that the atmospheric correction method proposed in this study is efficient.




4.3. Influence of Spectral Resolution on Transmittances


The absorption depth is related to the spectral resolution of the data. In this study, the irradiance and radiance were originally simulated with FWHM of 1 cm−1 (about 0.06 nm at 760 nm) by MODTRAN. To investigate the influence of spectral resolution on transmittance, the original spectra were convolved with a series of Gaussian functions with different FWHM (from 0.06 nm to 0.5 nm) to calculate the transmittances.



Figure 11 shows the upward atmosphere transmittances at 760.6 nm from MODTRAN simulations with different FWHM under a fixed atmospheric condition (mid-latitude summer profile, AOD550 = 0.1, VZA = 25°, sensor’s height is 25 m, and surface altitude is 1.5 km). The transmittances were calculated two ways: <Lsensor/Lcanopy> (T↑, red points) and <Lsensor>/<Lcanopy> (T↑′, blue points). The results show that the transmittance inside the O2-A absorption band increases with the decrease of spectral resolution, and the difference between <Lsensor/Lcanopy> and <Lsensor>/<Lcanopy> is obvious.



This study aims to provide a simple and operational resolution for the process of tower-based measurements. The look-up tables were generated using data with the same spectral resolution of the spectrometers we used for field measurement. For application on different spectrometers, the specific dataset with corresponding spectral resolution was suggested to be simulated.





5. Conclusions


Tower-based SIF observations are important in the field of SIF retrieval and applications, especially for a better understanding of the relationship between SIF and GPP. However, the strong absorption effect at the oxygen absorption bands has an obvious influence on the SIF retrieval. This means that atmospheric correction is required, even for tower-based SIF observations made from a sensor at a height of tens of meters.



In this study, we analyzed the effects of atmospheric radiative transfer on tower-based SIF observations for both downwelling irradiance and upwelling radiance, and proposed an operational solution for atmospheric correction of tower-based SIF observations at the O2-A band. The aerosol optical depth (AOD) and radiative transfer path length (RTPL) were found to be the main factors influencing the transmittance at the oxygen absorption band. Consequently, LUTs based on MODTRAN simulations were established for the estimating the upward and downward atmosphere transmittances from the TOC to the height of the tower-based sensor. The RTPL (the ratio of the irradiance at 790 nm to that at 660 nm), the temperature, and pressure were required input parameters.



According to the results of the field experiments, the atmospheric correction based on LUTs produced more accurate tower-based SIF retrieval at the O2-A band. For observations of a mature summer maize canopy with no SIF emission, the retrieved SIF values after atmospheric correction were closer to zero than those without atmospheric correction. The negative SIF values found were partly due to the so-called “direct radiation infilling” effect. For observations of a green summer maize canopy, the SIF values retrieved from tower-based observations with atmospheric correction matched well with the synchronous retrievals from ground-based observations. The RMSE between the SIF values retrieved from tower-based and ground-based observations decreased from 0.221 to 0.078 mW/m2/nm/sr after the atmospheric correction. The results also indicated that the atmospheric correction for tower-based SIF measurements is important for the O2-A band due to the strong oxygen absorption effect.
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Figure 1. Relationships between the aerosol optical depth (AOD), radiative transfer path length (RTPL), and the upward/downward atmospheric transmittance for a fixed elevation and atmospheric profile at the 760.6 nm (O2-A band) and 757.8 nm (shoulder of the O2-A band) based on the simulations made by MODTRAN 5. The spectral resolution is 0.31 nm. The mid-latitude summer atmospheric profile was used and the altitude was set as 1.5 km. 
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Figure 2. The relationship between AOD550 and the ratio of the irradiance at 790 nm to that at 660 nm (E790/E660) based on the MODTRAN simulations for different solar zenith angles. 
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Figure 3. Illustration of the tower-based automatic spectral observation system. 
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Figure 4. Illustration of the bands used in 3FLD method for solar-induced chlorophyll fluorescence (SIF) retrieval in this study. The vertical dash lines shows the spectral position of the bands at the left of, inside, and at the right of the O2-A absorption feature. 
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Figure 5. Results for SIF retrieved from tower-based spectral observations made on mature summer maize with no green leaves (measured on 27 October 2017, at Daman site). The blue line shows the results without atmospheric correction; the red line shows the results with atmospheric correction. 
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Figure 6. Comparison of the apparent reflectance spectra at O2-A band measured on the ground and on the tower (with/without atmospheric correction) at 13:01 on 7 September 2018, at the Daman site. 
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Figure 7. Results of SIF retrieval from synchronous tower-based and ground-based spectral observations of summer maize at the filling stage (measured on 7 September 2018, at the Daman site). (a) Diurnal variation of SIF retrieved from tower-based observations before/after atmospheric correction, and from synchronous ground-based observations. (b) Relationship between the SIF values retrieved from synchronous ground-based observations and tower-based observations with and without atmospheric correction. 
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Figure 8. Simulated diurnal variation in direct and diffuse radiation canopy reflectance at 760.6 nm using the Soil Canopy Observation, Photochemistry and Energy fluxes (SCOPE) model for an LAI of 4 and spherical leaf inclination distribution function (LIDF). 
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Figure 9. MODTRAN simulated up-welling transmittance convolved with Gaussian, Rectangular and Triangular instrument spectral response function (ISRF) with a full-width at half maximum (FWHM) of 0.31 nm and resampled with spectral interval of 0.155 nm. The FWHM of the original simulation (grey line) is 1 cm−1 (~0.06 nm at 760 nm), the sensor height is 25 m, the surface elevation is 1.5 km, the view zenith angle (VZA) is 25°, and the AOD550 is 0.1. 
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Figure 10. Downwelling and upwelling radiance at O2-A band measured on the ground and on the tower (without atmospheric correction) at 13:01 on 7 September 2018, at the Daman site. 
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Figure 11. Upward atmospheric transmittances at 760.6 nm from MODTRAN simulations with different FWHM. The red points (T↑) are transmittances calculated as <Lsensor/Lcanopy>, and the blue points (T↑′ ) are transmittances calculated as <Lsensor>/<Lcanopy>. <> represents convolution with ISRF. The original FWHM of MODTRAN simulation is 1 cm−1 (about 0.06 nm at 760 nm), and the ISRF were modelled using Gaussian functions with different FWHM. The atmospheric profile is mid-latitude summer, AOD is 0.1, VZA is 25°, sensor’s height is 25 m, and surface altitude is 1.5 km. 
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Table 1. Main input parameters for MODTRAN 5 simulations.
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	Parameter
	Description
	Value/Range
	Unit





	SZA
	Solar zenith angle
	0–70, in steps of 0.5
	degree



	VZA
	View zenith angle
	0–70, in steps of 0.5
	degree



	Sensor height
	Sensor height
	25
	m



	Altitude
	Surface elevation
	1.5
	km



	Atmospheric profile
	Atmospheric profile
	Mid-latitude summer
	-



	AOD550
	Aerosol optical depth at 550 nm
	0.1–1.0, in steps of 0.1
	-



	Aerosol model
	Aerosol model
	Rural
	-



	Reflectance
	Surface reflectance
	0.5
	-



	Band model
	Band model algorithm
	MODTRAN® correlated-k option
	-



	RT mode
	Radiation transport mode of execution
	Thermal plus Radiance
	-



	Multi-scattering
	Program executes with multiple scattering
	True
	-



	DISORT
	DISORT discrete ordinate multiple scattering algorithm
	True
	-



	Number of Streams
	Number of streams to be used by DISORT
	8
	-











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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