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Abstract

:

A knowledge of photosynthetic photon flux density (PPFD: μmol m−2 s−1) is crucial for understanding plant physiological processes in photosynthesis. The diffuse component of the global PPFD on a short timescale is required for the accurate modeling of photosynthesis. However, because the PPFD is difficult to determine, it is generally estimated from incident solar radiation (SR: W m−2), which is routinely observed worldwide. To estimate the PPFD from the SR, photosynthetically active radiation (PAR: W m−2) is separated from the SR using the PAR fraction (PF; PAR/SR: unitless), and the PAR is then converted into the PPFD using the quanta-to-energy ratio (Q/E: μmol J−1). In this procedure, PF and Q/E are considered constant values; however, it was reported recently that PF and Q/E vary under different sky conditions. Moreover, the diffuse ratio (DR) is needed to distinguish the diffuse component in the global PAR, and it is known that the DR varies depending on sky conditions. Ground-based whole-sky images can be used for sky-condition monitoring, instead of human-eye interpretation. This study developed a methodology for estimating the global and diffuse PPFD using whole-sky images. Sky-condition factors were derived through whole-sky image processing, and the effects of these factors on the PF, the Q/E of global and diffuse PAR, and the DR were examined. We estimated the global and diffuse PPFD with instantaneous values using the sky-condition factors under various sky conditions, based on which the detailed effects of the sky-condition factors on PF, Q/E, and DR were clarified. The results of the PPFD estimations had small bias errors of approximately +0.3% and +3.8% and relative root mean square errors of approximately 27% and 20% for the global and diffuse PPFD, respectively.
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1. Introduction


The amount of solar radiation (SR: W m−2) incident on the ground surface is dependent on the presence, extent, and motion of clouds that reflect local weather conditions. The spectrum of SR includes visible radiation, which is the light source for photosynthesis. This radiation is called photosynthetically active radiation (PAR) and it includes wavelengths of 400–700 nm. It is possible to quantify PAR using irradiance (W m−2) and photon flux density (μmol m−2 s−1). Generally, studies that measure and model photosynthesis use quantum units, i.e., the photosynthetic photon flux density (PPFD). It is therefore essential to use the PPFD in relation to the physiological processes incorporated in the biosphere and crop models when predicting primary production and crop yields. For these purposes, the PPFD is usually estimated from the SR [1,2] because the SR is routinely observed at meteorological stations worldwide and because SR data are generally readily available [3].



The method for estimating the PPFD from the SR uses the PAR fraction (PF: unitless) to separate the PAR (W m−2) from the SR, and it then converts the PAR to the PPFD (μmol m−2 s−1) using the quanta-to-energy ratio (Q/E: μmol J−1) at wavelengths of 400–700 nm (i.e., PPFD = SR * PF * Q/E). In earlier studies, the PF and Q/E have usually been taken as constant values [4,5]. However, recent studies have highlighted that PF and Q/E are variable under different local weather/sky conditions on a short timescale [2,6,7,8,9,10,11,12,13,14,15]. Consequently, the existing method using constant values will introduce errors in the prediction results because such estimates of the PPFD include uncertainties [1].



The PPFD estimated from the SR is the global PPFD, i.e., that received from all directions of the whole-sky hemisphere, which comprises both direct and diffuse components. Light-use efficiency in photosynthesis is higher under a cloudy sky than under a clear sky because the diffuse component of the PPFD is greater than the direct component under a cloudy sky [16,17,18,19,20,21,22]. In many places, the sky is usually covered by some type of cloud and it is rare for there to be no clouds at all throughout the day. There are various cloudy sky conditions (e.g., partly cloudy and broken cloud) and they are more important than the clear sky condition when considering light-use efficiency. Therefore, to accurately clarify the physiological processes involved in photosynthesis, the diffuse component under various sky conditions should be treated separately from the global PPFD on a short timescale [1,7]. In fact, the diffuse PPFD has rarely been measured; instead, the diffuse ratio (DR: unitless) is generally used to distinguish the diffuse component of the global PPFD. Clearly, the DR is affected directly by sky conditions, and it has been proposed to estimate the DR using the clearness index (CI: unitless), which is the ratio of radiation on a horizontal plane at the surface to the corresponding extraterrestrial radiation on the horizontal plane [9,14,23]. Additionally, Dye [7] identified that the Q/E ratios in the global and diffuse PAR have completely different characteristics under various sky conditions. Therefore, the Q/E should be considered separately in the global and diffuse PAR. However, the detailed effects of different sky conditions on the PF and Q/E in both the global and diffuse PAR have not yet been clarified using observation data relating to actual sky conditions. To estimate the global and diffuse PPFD precisely, it is important to clarify the relationships between these estimation parameters of the PPFD and various sky conditions on a short timescale.



Given the above background, we considered using whole-sky images to determine various aspects of the actual sky condition, e.g., the status of the clouds, sun, and blue sky. The primary aim of this study was to develop a methodology for estimating the global and diffuse PPFD using ground-based whole-sky images. The merits of using whole-sky images in sky observations are that it is possible to take a continuous series of images at short time intervals, to process digital images as numeric data, and to derive the cloud cover, sun status, and image indices relating to color and brightness. Additionally, ground-based sky observation methods using a whole-sky camera have recently been applied instead of performing a traditional interpretation with the human eye (e.g., [24,25,26,27,28,29,30,31,32,33]). It is thus expected that the use of ground-based whole-sky images could reduce the uncertainty associated with the estimation of the global and diffuse PPFD. The present study derived the sky-condition factors of the cloud cover, the appearance/nonappearance of the sun, and the relative sky brightness from whole-sky images, and it clarified the effects of these sky-condition factors on the parameters used in estimating the global and diffuse PPFD on an hourly timescale. The novelty of this study was that we estimated both the global and diffuse PPFD directly using instantaneous values of the sky-condition factors obtained from whole-sky images, and that we verified the validity of the diurnal changes and daily accumulation of the global and diffuse PPFD according to our estimation results.




2. Materials and Methods


2.1. Observations and Obtained Data


The observation site (35.018°N, 135.768°E) was located in central Kyoto, Japan, which has a temperate humid climate with four seasons. The observational instruments were installed on the roof of a three-story building that was not overshadowed by any higher buildings.



We used LI-200SB (Li-cor, Nebraska, USA) and CM6B pyranometers (Kip & Zonen, Delft, The Netherlands), as well as an MS-700 spectral radiometer (EIKO, Tokyo, Japan) with a rotating shadow blade (PRB-100; PREDE, Tokyo, Japan). We controlled the MS-700 using a personal computer connected to the Internet to update the standard time. We measured the SR (W m−2) at 30-s intervals, and the global and diffuse spectral irradiances (W m−2 nm−1, 350–1050 nm, 1-nm intervals) were measured at 2-min intervals at even and odd minutes, respectively.



The measured global and diffuse spectral irradiances were converted from energy units (W m−2 nm−1) to quantum units (μmol m−2 s−1 nm−1) using Planck’s constant (6.626 × 10−34 J s), the speed of light (3.00 × 108 m s−1), and Avogadro’s number (6.023 × 1023). The global and diffuse PAR (PARg, PARd: W m−2) and PPFD (PPFDg, PPFDd: μmol m−2 s−1) were then derived by integrating from 400 to 700 nm. The diffuse PAR and PPFD were obtained by averaging the two data measured in the minutes before and after the global spectral irradiance was measured. The SR at 2-min intervals was used to correspond with the PARg.



To derive the sky-condition factors, we took whole-sky images using a commercial digital camera (E4500, Nikon, Tokyo, Japan) and a fisheye lens with an equidistant projection (FC-8, Nikon, Tokyo, Japan), a waterproof hard case, and a remote-controlled cable connected to a personal computer for time synchronization with the spectral radiometer. To reduce the saturation of pixels due to intense sunlight, we used a neutral-density filter with 10% transparency (ND1.0; FUJIFILM, Tokyo, Japan). The camera was set up to take images of size 2204 pixels by 1704 lines at 2-min intervals with an 8-bit quantization, at a fixed exposure (i.e., shutter speed: 1/500 s) with an F/2.8 aperture. For this fixed exposure, the pixels corresponding to the solar disk and aureole were saturated, and the relative brightness of the whole sky could be analyzed.



The observational period of this study extended from the end of February 2005 to the beginning of February 2006; however, the SR was observed only from the middle of April 2005 to the end of January 2006. Table 1 lists the details of the data acquisition.




2.2. Method for Estimating Global and Diffuse PPFD


Several parameters are used for the estimation of the PPFD. The estimation of the global and diffuse PPFD from the SR involves three steps.



First, PARg is separated from SR using PF:


PF=PARgSR.



(1)







Previous studies have shown that the PF is dependent on the weather and season [2,10,11,12,13,14,15]. Because the broadband SR is absorbed by the atmosphere and especially by H2O, such as in the case of water vapor and clouds, absorption in the infrared region should depend on the sky conditions. Additionally, it has been shown that the PF can be modeled by a nonlinear function using the clearness index [8,9]:


CI= SRSRtoa,



(2)






SRtoa = SR0(r0r)2 sinθ, 



(3)




where SRtoa is the extraterrestrial horizontal solar radiation at the top of the atmosphere (TOA), SR0 is a solar constant of 1367 W m−2, (r0/r)2 is the correction of the inverse square between r0 (the mean Earth–Sun distance) and r (the Earth–Sun distance) on the observation day, and θ is the solar elevation angle (SEA) at the observation time.



Second, PARd is distinguished from PARg using the diffuse ratio:


DR=PARdPARg.



(4)







Because the diffuse PAR or PPFD are rarely measured, a method for estimating the DR using the CI for PAR wavelengths (CIpar) has been proposed [10,14,23]. Thus, CIpar can be calculated using PARg instead of SR and a solar constant for the PAR wavelengths (PAR0):


CIpar= PARgPARtoa,



(5)






PARtoa =PAR0(r0r)2 sinθ, 



(6)




where PARtoa is the extraterrestrial horizontal PAR. In this study, we took PAR0 as 529 W m−2, which was derived by integrating the extraterrestrial spectral irradiance in the range 400–700 nm [34].



Finally, PARg and PARd are converted to PPFDg and PPFDd, respectively, using Q/E (μmol J−1):


PPFDn=PARn∗QE(n) ,



(7)




where subscript n is either g (global) or d (diffuse). As for Q/E, Dye [7] identified that Q/E(g) would have a representative value of 4.56 (μmol J−1) on a daily timescale, whereas Q/E(d) is modeled by the nonlinear function using DR, even on a daily timescale. On a short timescale, both Q/E(g) and Q/E(d) vary under diverse sky conditions [7].



The global and diffuse PPFD (PPFDg_e and PPFDd_e) estimated from the SR can be calculated as follows:


PPFDg_e=SR∗PF∗QE(g),



(8)






PPFDd_e=SR∗PF∗DR∗QE(d).



(9)







In the case of estimating PARg directly without SR (instead of using PF), both PPFDg_e and PPFDd_e can be calculated using CIpar and PARtoa:


PPFDg_e= PARtoa∗CIpar∗QE(g),



(10)






PPFDd_e= PARtoa∗CIpar∗DR∗QE(d).



(11)







Thus, in the case of estimating the parameters CIpar, DR, Q/E(g), and Q/E(d) directly using the sky-condition factors, PPFDg_e and PPFDd_e can be calculated using Equations (10) and (11), respectively.




2.3. Sky-Condition Factors


To clarify the effects of various sky conditions on the estimated parameters (PF, Q/E, DR, and CI), numerical data of cloud cover (CC), sun appearance (SA), and the relative brightness index for the whole-sky image (BIws) were derived as sky-condition factors using the whole-sky image processing procedure developed in our previous study [28].



The flow of the whole-sky image processing procedure is shown in Figure 1. We used two indices to distinguish the sky conditions from the whole-sky images; i.e., a sky index (SI) and a brightness index (BI), which reflect the levels of blueness/grayscale and brightness, respectively, and which are calculated using the digital number of each red, green and blue channel (DNλ, λ: R,G,B):


SI=DNB−DNRDNB+DNR,



(12)






BI=  DNR+DNG+DNB3∗255.



(13)







The values of SI range between −1.0 and 1.0. The blue-sky portion in an RGB image has higher DNB and lower DNR values, whereas clouds appear as white or grayscale. A higher value of SI therefore indicates a bluer sky, while values toward zero correspond to mixed cloud and sun. The values of BI range between 0.0 and 1.0. Bright pixels in the image have high BI values, and pixels corresponding to sun exhibit values of BI = 1 and SI = 0. The SI and BI threshold line for separating cloud and blue-sky portions was derived from the accumulated frequency of SI and BI pixels. In this case, the form of the threshold curve was determined as BI = e−9*SI. In this way, the proportions of sun, cloud, and blue-sky can be classified using SI and BI.



The sky-condition factors of CC, SA, and BIws at the time of the image acquisition (t) were derived using the procedure outlined in Figure 1. Furthermore, we calculated the solar elevation angle θ (SEA: degrees) as an additional factor. We thus used the four sky-condition factors, as follows.



	
CC: CC is defined as the ratio of the area composed of clouds to the whole-sky area, which is given as a percentage. The whole-sky images were taken using a fisheye lens with an equidistant projection. In calculating the ratio of the areas on a photographic image, it is generally necessary to convert the equidistant projection to an equisolid angle projection. Therefore, the CC was calculated through a multiplication by a correction coefficient [28].



	
SA: SA indicates the degree to which the sun can be seen and the status of the direct component. In cases of clear sky, the sun covers around 2300–4500 pixels with BI = 1. In cases where there are clouds near the sun, there can be more than 4500 pixels with BI = 1. The sun is thus determined as appearing when the number of pixels with BI = 1 is over 2300 (in the specific case of our camera and lens). This diameter of the sun when covering 2300 pixels corresponds approximately to 5.9° on the whole-sky image. This angle is almost equivalent to the field of view of a normal-incidence pyrheliometer; i.e., 5°. We used SA = 1 for the case where the sun is visible and SA = 0 for the case where the sun is hidden by clouds. Additionally, SA can be presented as the SA ratio during the integration time; i.e., an hourly timescale.



	
BIws: The relative brightness index for the whole-sky image is related to the brightness of the sky; i.e., the diffuse component. The value of BI reflects the different levels of brightness of cloud and blue sky under various sky conditions; i.e., thick or thin clouds and dry or humid air, including the presence of aerosols. The value of BIws is the mean of the RGB digital numbers normalized by the maximum quantized digital number (8 bit: 255 values) in the whole-sky image, not including the area classified as sun.



	
SEA: The sun elevation angle θ (SEA; degrees) is the main factor that determines the passage of the SR through the atmosphere, and it is strongly related to the direct and diffuse components under a clear sky. The value of the SEA can be calculated from the latitude and longitude of the study site and the time at which an image was acquired.








3. Results and Discussion


3.1. Instability of PF and Q/E


Recent studies have highlighted that the PF and Q/E are not constants but that they depend on the weather conditions and season because of the different processes of absorption, scattering, and transmittance in the atmosphere [2,6,7,8,9,10,11,12,13,14,15]. To illustrate the seasonal variability of the PF and Q/E under different sky conditions, Figure 2 shows the monthly means of PF, Q/E(g), and Q/E(d) with sky-condition factors of CC, SA, and BIws. It can be seen that the monthly means of PF, Q/E(g), and Q/E(d) clearly change over the course of a year.



The annual mean and standard deviation (St.Dev.) of the PF were 0.430 and 0.052, respectively, and the mean of the PF was approximately 7% lower than the constant value of 0.5 that is commonly used in the field [4]. The monthly difference in the mean PF was highest (0.456) in summer (July) (Figure 2b), when the CC was the highest and the SA the lowest (i.e., the cloudy season) (Figure 2a) and relatively low in spring (April: 0.377) and autumn (November: 0.402), when the CC was low and the SA was high (i.e., the sunny season) (Figure 2a). The PF at the TOA, where there is no influence by the atmosphere, can be calculated as 0.387 using a solar constant of 1367 W m−2 and PAR0 (529 W m−2). The difference in values between the ground surface and the TOA is due to atmospheric absorption. In particular, water vapor and clouds absorb infrared rays well, and the absorption of solar radiation, including the infrared wavelength band, is therefore greater than the absorption of the PAR. Akitsu et al. [2] found a similar seasonal variation between the PF and water vapor pressure.



As for the Q/E(g) and Q/E(d), the annual means (St.Dev.) of the Q/E(g) and Q/E(d) were 4.558 (0.040) and 4.497 (0.064), respectively. The mean of the Q/E(g) was almost the same as the commonly used constant value of 4.57 [5]. The theoretical value of the Q/E at the PAR wavelength is 4.600, calculated using Planck’s constant, the speed of light, and Avogadro’s number; i.e., the blue component is larger than the red component in the case where the Q/E is less than 4.600. The value of the Q/E(d) was found to be less than the Q/E(g) for the present results, which means that the diffuse PAR had much more of the blue component than of the red component. This is due to the processes of Rayleigh and Mie scattering in the atmosphere that depend on the particle size (i.e., wavelength); i.e., the spectral components are imbalanced under different sky conditions. Thus, the Q/E should be lower under a clear sky and higher under a cloudy sky for the diffuse component. In particular, the different seasonal characteristics of the Q/E(g) and Q/E(d) are shown (Figure 2c,d). It can be seen that the Q/E(g) and Q/E(d) were respectively the lowest and highest in July and the highest and lowest in April. The monthly differences in the Q/E(d) were similar to the changes in the CC.




3.2. Effects of Sky-Condition Factors on PF, Q/E, DR, and CI on an Hourly Timescale


Previous studies have proposed methods for estimating the PF using the CI [8,9], estimating the Q/E(g) and Q/E(d) using the DR [7], and estimating the DR using the CI [10,14,23] on a daily or hourly timescale. Both the CI and DR have been used as indices of clearness and cloudiness [7,10]. Here, to clarify the effects of actual sky-condition factors on the PF, Q/E, DR, and CI, including CIpar on an hourly timescale, we performed a multiregression analysis (MRA) using the four sky-condition factors CC, SA, BIws, and SEA as explanatory variables. In this analysis, we used 2707 samples as hourly data (6–18, 5–19, and 7–17 h in spring and autumn, summer, and winter respectively) over 257 days from 18 April 2005 to 1 February 2006. Table 2 lists the MRA results of the partial regression coefficient (p.r.c.) and standard partial regression coefficient (s.p.r.c.), together with the coefficient of determination (R2). The effects of the sky-condition factors on the estimation parameters PF, Q/E, DR, and CI are described as follows.



The PF is affected negatively by the BIws and affected positively by the SEA. When the BIws is low (i.e., when the sky is covered by dark clouds, or when the sun is setting or rising (low SEA)), the PF is high because infrared rays are absorbed more easily into the atmosphere than when there is a clear blue sky. However, when the SEA is low (i.e., the passage through the air mass is longer), the PF should also be high (which is not a positive effect). Meanwhile, in the season in which the SEA is high (i.e., summer), the humidity is also high; i.e., the PF would be high [9]. The result of our measurement shows that the PF is higher in summer (Figure 2b). However, the value of R2 is not high (0.375). Finch et al. [8] and Jacovides et al. [9] obtained results of R2 = 0.32 and 0.31, respectively, by modeling the PF using the CI on a daily scale. It might be difficult to explain the PF using limited factors because of the dependence on the balance between absorption in the infrared range and transmission in the visible range.



The Q/E(g) is affected mainly by the SA with a positive effect. When the SA is high, the direct component should be greater than the diffuse component; i.e., the Q/E(g) would be high because the red component tends to reach the ground. However, the global PAR is the sum of the direct and diffuse components such that the Q/E(g) also depends on the balance of the spectral components in the direct and diffuse PAR. Therefore, the CC, BIws, and SEA interactively affect the Q/E(g). Our value of R2 is not high (0.343) because the Q/E(g) for hourly data has a small St.Dev. of 0.040. Additionally, Dye [8] identified that the Q/E(g) has a representative value of 4.56 (μmol J−1) on a daily timescale. In contrast, the Q/E(d) is affected strongly and positively by the CC (s.p.r.c.: 0.883) with a high value of R2 (0.834). This is because, when the CC is low (i.e., a clear sky), the blue component is greater than the red component in the diffuse component; i.e., the Q/E(d) should be low.



The DR can be explained by the positive effect of the CC (s.p.r.c: 0.474) and the negative effect of the SA (s.p.r.c: −0.556) with a very high value of R2 (0.919). There is no effect by the BIws. The diffuse PAR is close to the global PAR under overcast conditions (i.e., when there is almost no direct component) because the DR is the ratio of the diffuse PAR to the global PAR observed at the ground, not the PAR at the TOA. Therefore, the brightness over the whole sky would not be reflected by the DR. The DR has been modeled using an nth-degree function of the CIpar in previous studies [10,14,23]. Adopting this method, the quadratic function (DR = −1.342CIpar2 + 0.146CIpar + 0.995) was derived with R2 = 0.852. Thus, our result using sky-condition factors might be more reproducible than the results obtained using the CIpar.



Both the CI and CIpar have been used to estimate the PF and DR in previous studies, as mentioned earlier. Our MRA clarified that the CI and CIpar can be explained interactively by the four sky-condition factors with high values of R2 (0.851 and 0.873); i.e., with the positive effects of the SA and BIws and the negative effects of the CC and SEA. This result shows that, in a case where SR data are unavailable, it would be possible to estimate the CI or CIpar using these sky-condition factors. Thus, the SR or PAR could be estimated subsequently from the CI or CIpar.




3.3. Estimation of Global and Diffuse PPFD with Instantaneous Values


The results of the MRA using the hourly data show the possibility of explaining the estimation parameters for the global and diffuse PPFD using the sky-condition factors. We estimated the global and diffuse PPFD using the sky-condition factors. The timescale of the estimation was set as an instantaneous value at the time of the acquisition of the whole-sky images with 2-min intervals. There were 91,511 instantaneous values (i.e., samples) recorded on 300 days from 24 February 2005 to 7 February 2006. To include the data observed under various sky conditions in all seasons in the samples for the model derivation and its validation, we first separated 17,438 samples obtained on 59 days (i.e., day 5, 10, 15, 20, 25, and 30 of each month) for the validation of our estimation models. Thus, we used 74,073 samples obtained on 241 days for the model derivation of the estimation parameters. We also applied an MRA to derive each estimation model of the CIpar, DR, Q/E(g), and Q/E(d) as response variables using the sky-condition factors as explanatory variables. In this analysis, we separated the 74,073 samples into two classes of SA = 1 and SA = 0 because the instantaneous value of the PPFD is affected most by the appearance of the sun. The number of samples in the group with SA = 1 and SA = 0 was 30,894 and 43,179, respectively.



The estimation models of the global and diffuse PPFD were constructed using four functions for SA = 1 and SA = 0 each. Here, the PF was not needed because it is possible to estimate the global PAR directly by estimating the CIpar. The models for the case of the sun appearing (i.e., SA = 1) are as follows:


CIpar= −0.2447 CC+0.4032 BIws+0.6386,



(14)






DR= 0.5086 CC+0.2468 BIws−0.0016 SEA+0.1764,



(15)






Q/E(g)= 0.0727 CC−0.0155 BIws−0.0005 SEA−0.1285 DR+4.626,



(16)






Q/E(d)= 0.2030 CC+0.0794 BIws+0.0004 SEA+4.311.



(17)







The models for the case of the sun hidden by cloud (i.e., SA = 0) are written as follows:


CIpar= −0.1271 CC+0.9823 BIws−0.0049 SEA+0.3239,



(18)






DR= 0.3078 CC−0.2696 BIws+0.0007 SEA+0.6912,



(19)






Q/E(g)= 0.1748 CC+0.0263 BIws−0.0004 SEA−0.2755 DR+4.651,



(20)






Q/E(d)= 0.2010 CC+0.0448 BIws−0.0002 SEA+4.344.



(21)







These model equations were created using only explanatory variables that are considered statistically significant (i.e., having a p-value of <0.001). However, we could not derive the multiregression model for the Q/E(g) using only sky-condition factors. Therefore, similarly to the estimation models of the Q/E(g) shown in Equations (16) and (20), the DR was used as one of the explanatory variables. In the case of estimating the Q/E(g), we used the DR estimated using Equations (15) and (19), together with the CC, BIws, and SEA.



To evaluate the contribution of each explanatory variable in the MRA, Table 3 and Table 4 list the standard partial regression coefficients of the CC, BIws, SEA, and DR (used only for the Q/E(g)) with the multiple coefficient of determination (R2) of each model, for SA = 1 and SA = 0 respectively.



The values of R2 of the CIpar in the case of SA = 1 and of the DR in the case of SA = 0 are low, i.e., 0.156 and 0.273, respectively. This is because the values of the CIpar when the sun appears (SA = 1) and of the DR when the sun is hidden (SA = 0) do not change greatly when distinguishing samples for SA = 1 and SA = 0. Overall, the CC has a positive effect on the DR, Q/E(g), and Q/E(d) in the two cases where SA = 1 and SA = 0. In the case of SA = 0, the BIws contributes positively to the CIpar, while the SEA affects the CIpar negatively. On the hourly timescale, the BIws and SEA are not adopted as explanatory variables for the DR and Q/E(d), respectively (Table 2), but in the data samples with the instantaneous values, the BIws contributes to the DR positively (SA = 1) and negatively (SA = 0), while the SEA contributes slightly to the Q/E(d). By separating the two cases of the sun appearing and being hidden, the sky-condition factors seem to function interactively in explaining each estimation parameter.



We then applied the estimation models expressed as Equations (14)–(21) to the sky-condition factors of the validation samples (n = 17,438), and calculated the estimated global PPFD (PPFDg_e) and diffuse PPFD (PPFDd_e) using Equations (10) and (11). To evaluate our estimation, the relationship between the observed global and diffuse PPFD and the estimations derived using the instantaneous values is shown in the left and right panels of Figure 3, respectively. A linear approximation with a zero intercept is shown in each panel of the figure. The coefficient for the global and diffuse PPFD is 0.948 and 1.0001, respectively, i.e., both coefficients are close to 1.0. The coefficient of determination (R2) for both relationships is >0.85.



Figure 4 shows the cumulative frequency distribution curves [35] of the estimated and the observed PPFD. For the global PPFD (Figure 4; left), a difference of about 3% between the estimated value and the observed value was found at around 500–700 μmol m−2 s−1. Moreover, the curves of both agree well until 800–1400 μmol m−2 s−1. A difference of 3–4% can again be seen at around 1450–1750 μmol m−2 s−1. The global PPFD with instantaneous values over 1750 might be difficult to estimate in this model. As for the diffuse PPFD (Figure 4; right), a difference of 3–5% can be seen at around 200–500 μmol m−2 s−1; however, the two curves are otherwise in good agreement.



To compare our results with the results of existing methods, the estimation accuracy of the global and diffuse PAR and PPFD is summarized in Table 5. The mean bias errors of the global and diffuse PAR (PPFD) were 0.51 W m−2 (1.77 μmol m−2 s−1) and 3.16 W m−2 (14.0 μmol m−2 s−1), respectively. The diffuse components of the PAR and PPFD tend to be somewhat overestimated in comparison with the global PAR and PPFD. However, the relative root mean square error (RMSE) of the diffuse component is less than the global RMSE. The most remarkable point is that the relative RMSEs of the global PAR and PPFD and diffuse PAR and PPFD are almost the same, indicating that our models of the Q/E(g) and Q/E(d) contribute much to the estimation of the PPFD.



Wang et al. [36] estimated the global PPFD using hourly data of the CI and a cosine SEA function with a relative RMSE of 7.0–12.5% at meteorological stations in China. In the case of estimating the global PPFD using instantaneous values of the CI, Sun et al. [37] obtained an RMSE of 40%. In the case of the diffuse PPFD estimation, Jacovides et al. [38] performed estimations using the CIpar and DR with a relative RMSE of 27% on an hourly timescale. Wang et al. [39] estimated the hourly global and diffuse PPFD under clear sky conditions at sites having a complex terrain using the ratios of the global and diffuse PAR to extraterrestrial PAR, and they reported relative RMSEs of 8–26% and 23–26%, respectively. Our estimations of the global and diffuse PPFD using instantaneous values under various sky conditions with relative RMSEs of 27% and 20%, respectively, have good accuracy in comparison with the results of existing methods.




3.4. Validity of PPFD Estimation with Instantaneous Values


The incident global and diffuse PPFDs on a short timescale are important input parameters for the precise modeling of plant physiological processes in the estimation of the carbon gain, biomass, and yields during vegetation growth [1,7,39,40]. To verify the validity of the estimations of the global and diffuse PPFD with instantaneous values, we examined our estimation results at daily and diurnal levels.



First, the relationships between the estimated and observed daily accumulated values of the global and diffuse PPFD are shown in Figure 5. The validation data for all 59 days produce a mean relative error and relative RMSE of the daily accumulated global (diffuse) PPFD of +0.9% (+4.4%) and 8.2% (11.5%), respectively (Table 6). Those days that show a low accumulation of the PPFD tend to have a large relative error of approximately 20–30%. There were 2 days on which the daily global PPFD had a relative error of >30%. The daily global PPFD on these days was low, i.e., 7.1 and 4.5 mol m−2 d−1. The whole-sky images acquired on these days showed a persistent dark cloud.



Second, we examined whether the diurnal fluctuation of the PPFD due to a change of sky condition could be estimated using instantaneous values. Using the coefficient of variation (CV = St.Dev./Mean) of the CIpar per day for all 59 days, it was assumed that a day with a large CV was a day on which sky conditions fluctuated, whereas a day with a small CV was a day on which sky conditions were clear. We selected 3 days with the lowest (0.180, 0.219, and 0.254) and 3 days with the highest (0.907, 0.736, and 0.706) CV values as days with clear and fluctuating sky conditions, respectively. The CV mean (St.Dev.) of all 59 days was 0.433 (0.147). Figure 6 shows the diurnal changes in the observed global and diffuse PPFD and the estimations made with instantaneous values for the 3 days with clear sky conditions (5 May, 25 June 5, and 5 November) and for the 3 days with fluctuating sky conditions (30 June, 10 July, and 30 August). The daily accumulated values of the observed and estimated PPFD are given in Table 7.



On the 3 days when the weather was clear, both the global and the diffuse PPFD increased in the morning and decreased in the afternoon in response to the sun elevation, because there were no cloud effects. On the afternoon of 5 May, as the CC increased and the BIws was high, it seems that the diffuse component was greater owing to the presence of thin clouds. There were occasional differences between the observed and estimated values of the diffuse PPFD in the afternoon of 5 May and around noon on 5 November, with relative errors of the daily accumulated PPFD of +7.6% and +13.5%, respectively. In contrast, for the 3 days with fluctuating sky conditions, it can be seen that the diurnal global and diffuse PPFD changed drastically in a short time owing to the changing sky conditions, especially when the sun emerged from or disappeared behind a moving cloud. These fluctuations almost have the same pattern for the observed and estimated values, i.e., the estimated PPFD values reflect the drastic changes in sky condition at the times when the whole-sky images were acquired. However, when the observed PPFDg becomes instantaneously high, a large difference from the estimated PPFDg is evident. The absolute error in the instantaneous value is large when the sun emerges from or disappears behind a cloud. In terms of the daily accumulated values (Table 7), the relative errors of the global and diffuse PPFD are small (ranging from −0.4 to +9.0%), even on the 3 days with fluctuating sky conditions.



From Table 7 it can be seen that there were no marked differences in the relative error of the daily accumulated value between the clear days and days with fluctuating sky conditions. The process models of ecosystems are generally inputs with a time series of parameters, and they predict accumulated values. In the case of the process of photosynthesis, daily accumulating values are affected by diurnal changes in the PPFD [1,40]. Therefore, it is not possible to reflect the diurnal variation of sky conditions using only a daily value of the PPFD [1]. Here, to compare the diurnal accumulating values between the observed and estimated PPFD, Figure 7 shows the accumulating values for a time series of global and diffuse PPFD on 25 and 30 June (as an example of a clear day and a day with fluctuating sky conditions, respectively) when the SEA was high. The diurnal changes of the SA, CC, and BIws are also shown.



On 25 June, when the sky conditions were reasonably clear (CV = 0.219), both the global and the diffuse PPFD produced smooth curves (Figure 7a). The difference between the global and diffuse PPFD is the direct component. On this day, there was direct sunlight from early morning, and the relative errors of the daily estimated global and diffuse PPFD were −1.2% and −6.8%, respectively (Table 7). The sky conditions on 30 June were variable (CV = 0.736), i.e., after being cloudy in the early morning, it was sunny until early evening when it became cloudy again. The values of the global and diffuse PPFD were almost the same until around 09:40 local time (LT). The global PPFD increased with the appearance of the sun (i.e., the direct component increased) from 09:40 LT until around 16:00 LT. The traces of the global and diffuse PPFD were almost parallel after 16:00 LT (Figure 7b). The diurnal accumulated values of the estimated global and diffuse PPFD were always close to the observations at all times. The relative errors of the global and diffuse PPFD were −0.4% and +4.2%, respectively (Table 7). This result reflects the effects of the sky conditions well.



The above verification shows that our PPFD estimation using instantaneous values could be effective for precise process models of vegetation photosynthesis. Additionally, we expect our proposed methodology for PPFD estimation using whole-sky images to be used not only at existing weather stations but also at any point where a whole-sky camera system could be installed.





4. Conclusions


To develop a methodology for estimating the global and diffuse PPFD using ground-based whole-sky images, we examined the effects of sky-condition factors derived from whole-sky images on the estimation parameters of the PF, Q/E, DR, and CI on an hourly timescale, and then estimated the global and diffuse PPFD using instantaneous values under various sky conditions.



Regarding the effects of the sky condition on the PPFD estimation parameters, four sky-condition factors (i.e., CC, SA, BIws, and SEA) affected each parameter (i.e., the PF, the Q/E in the global and diffuse PAR, the DR, and the CI). It was found that the Q/E(g) was affected mainly by the SA with a positive effect, the Q/E(d) was strongly and positively affected by the CC, the DR was affected positively by the CC and negatively by the SA, and the CI was affected by all four factors of sky condition interactively.



Our estimation results of the global and diffuse PPFD showed good agreement with the observed PPFD, and they had a high or equivalent accuracy compared with the results of existing methods based on the data acquired at meteorological stations. Specifically, our models of the Q/E(g) and Q/E(d) contributed much to the estimation of the global and diffuse PPFD from the PAR. In addition, the estimated values of the global and diffuse PPFD reflected the drastic changes in sky conditions. The findings of the present study could contribute to the application of process models at the community level in relation to local ecosystems.



For the spatial estimation of the global and diffuse PPFD, it will be necessary to observe the sky condition spatially. As future work, we plan to expand our methodology to clarify the spatial PPFD distribution according to multipoint observations of the sky condition, and to produce precise spatiotemporal estimations of the PPFD. There are extensional applications to our study assuming that ground-based sky observations could be applied across a wide area. For the validation of satellite-based observations of both clouds and the Earth’s surface, it seems that establishing a suitable observation system at any site would be useful in terms of collaborating with existing ground-based observation networks. A ground-based whole-sky observation and its application could contribute to improving the quality of satellite-derived products by covering a wide area.
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Figure 1. Flow diagram of the derivation of the sky-condition factors of CC, SA, and BIws from whole-sky image processing. 
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Figure 2. Observed monthly means of (a) the sky-condition factors of CC, SA, and BIws, (b) the PF, (c) Q/E(g), and (d) Q/E(d). The bars show the standard deviations. 
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Figure 3. Scatter plots of the estimated and observed PPFD: (left) global PPFD and (right) diffuse PPFD (n = 17,438). 
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Figure 4. Cumulative probability distributions of the observed and estimated PPFD with instantaneous values: (left) global PPFD and (right) diffuse PPFD. 
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Figure 5. Scatter plots of the estimated and observed daily PPFD: (left) daily global PPFD and (right) daily diffuse PPFD (n = 59). 
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Figure 6. Diurnal changes in the observed and estimated PPFD on 3 days with clear sky conditions (upper plots: 5 May, 25 June, and 5 November) and 3 days with fluctuating sky conditions (lower plots: 30 June, 10 July, and 30 August). 
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Figure 7. Time series of the diurnal accumulation of the observed and estimated global and diffuse PPFD: (a) 25 June and (b) 30 June. The lower graph of each panel shows the diurnal changes of the SA (0,1), CC, and BIws in sky-condition factors. 
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Table 1. The obtained data of the SR, global and diffuse PAR/PPFD, and whole-sky images.
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	Data
	Instrument
	Interval
	Period
	Number of Original Data (Every 2 min)





	SR
	LI-200SB
	30 s
	18 April 2005–1 February 2006
	103,162



	
	CM6B
	30 s
	10 October 2005– 1 February 2006
	38,977



	Global PAR/PPFD
	MS-700
	2 min
	24 February 2005–7 February 2006
	117,030



	Diffuse PAR/PPFD
	MS-700, PRB-100
	2 min
	24 February 2005–7 February 2006
	117,030



	Whole-sky image
	E4500, FC-8
	2 min
	22 February 2005–7 February 2006
	104,845
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Table 2. Partial regression coefficient (p.r.c.) and standard partial regression coefficient (s.p.r.c.) with the multiple coefficient of determination (R2) of the CC, SA, BIws, and SEA, separately, for each response variable of the PF, Q/E(g), Q/E(d), DR, CI, and CIpar.






Table 2. Partial regression coefficient (p.r.c.) and standard partial regression coefficient (s.p.r.c.) with the multiple coefficient of determination (R2) of the CC, SA, BIws, and SEA, separately, for each response variable of the PF, Q/E(g), Q/E(d), DR, CI, and CIpar.





	
Variables

	

	
CC

	
SA

	
BIws

	
SEA

	
Intercept

	
R2






	
PF

	
p.r.c.

	
0.018

	
−0.021

	
−0.233

	
0.002

	
0.436

	
0.375




	
s.p.r.c.

	
0.089

	
−0.164

	
−0.634

	
0.584

	




	
Q/E(g)

	
p.r.c.

	
0.016

	
0.041

	
0.049

	
−0.0004

	
4.529

	
0.343




	
s.p.r.c.

	
0.146

	
0.583

	
0.239

	
−0.296

	




	
Q/E(d)

	
p.r.c.

	
0.206

	
−0.008

	
0.075

	

	
4.328

	
0.834




	
s.p.r.c.

	
0.883

	
−0.058

	
0.177

	

	




	
DR

	
p.r.c.

	
0.448

	
−0.330

	

	
−0.0002

	
0.557

	
0.919




	
s.p.r.c.

	
0.474

	
−0.556

	

	
−0.018

	




	
CI

	
p.r.c.

	
−0.216

	
0.270

	
0.639

	
−0.003

	
0.376

	
0.851




	
s.p.r.c.

	
−0.262

	
0.520

	
0.426

	
−0.265

	




	
CIpar

	
p.r.c.

	
−0.224

	
0.259

	
0.709

	
−0.003

	
0.386

	
0.873




	
s.p.r.c.

	
−0.269

	
0.494

	
0.469

	
−0.248

	








All explanatory variables have p-values of <0.001.
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