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Abstract

:

Solar radiation, the radiant energy from the sun, is a driving variable for numerous ecological, physiological, and other life-sustaining processes in the environment. Traditional methods to quantify solar radiation are done either directly (e.g., quantum sensors), or indirectly (e.g., hemispherical photography). This study, however, evaluates literature which utilized remote sensing (RS) technologies to estimate various forms of solar radiation or components, thereof under or within forest canopies. Based on the review, light detection and ranging (LiDAR) has, so far, been preferably used for modeling light under tree canopies. Laser system’s capability of generating 3D canopy structure at high spatial resolution makes it a reasonable choice as a source of spatial information about light condition in various parts of forest ecosystem. The majority of those using airborne laser system (ALS) commonly adopted the volumetric-pixel (voxel) method or the laser penetration index (LPI) for modeling the radiation, while terrestrial laser system (TLS) is preferred for canopy reconstruction and simulation. Furthermore, most of the studies focused only on global radiation, and very few on the diffuse fraction. It was also found out that most of these analyses were performed in the temperate zone, with a smaller number of studies made in tropical areas. Nonetheless, with the continuous advancement of technology and the RS datasets becoming more accessible and less expensive, these shortcomings and other difficulties of estimating the spatial variation of light in the forest are expected to diminish.
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1. Introduction


The solar radiation in the form of light is a driving variable for many biological, ecological, physiological, and hydrological processes in the environment [1,2,3,4,5]. Aside from photosynthesis and transpiration, radiation in the forest also affects vegetation patterns [5,6], stand development [7], forest growth [5,8], and production efficiency [9,10]. By penetrating through the canopy, the influence of solar radiation can also be seen down to the forest floor, as it is also closely related to germination and understory growth [8,11], regeneration and succession [12,13,14], soil conditions [13,15,16], and even biodiversity [17,18]. It is, therefore, essential to have an understanding of the light condition if one wishes to study forest ecology [19].



Light intensity in the forest is mainly affected by canopy structure, site characteristics, atmospheric conditions and solar elevation [13,19,20,21,22,23]. These factors produce complex understory light patterns that express not only horizontal heterogeneity, but also the vertical variation at any given time [6].



Both solar elevation and atmospheric conditions are primarily dependent on the geographical location of the specified site. Thus, the discussions of these factors were deliberately excluded. The remaining factors: canopy structure and site characteristics are often represented and described with the use of remote sensing (RS) data [21,22,24,25]. Among others, canopy closure, canopy cover or canopy height are proxies of structural and geometrical information of leaves and branches, which are important variables characterizing light conditions inside the stand [6,9,19,26,27,28,29]. Such information carries critical parameters that can only be described effectively in a 3D space. In addition, site characteristics, such as micro relief, aspect, slope, and height above sea level, can be derived from an accurate high-resolution digital elevation model (DEM) acquired with the use of an active system, such as the light detection and ranging (LiDAR) [30,31]. Clearly, the remote sensing technology can be a very useful and important source of information for light condition inside the forest [32,33,34].



Existing comprehensive reviews on quantifying forest light environment have been published so far by Lieffers et al. [28], Comeau [35], and Promis [36]. The authors showed the nature and properties of the different instruments used, methods applied, the accuracies, as well as the associated costs. The use of handheld instruments, called ceptometers, and other quantum-equipped sensors as part of direct measurements, was widely mentioned, while hemispherical photography is considered the most common indirect way. Nonetheless, what was not considered in the scope of the three reviews, was the utilization of RS technology and other allied sciences.



Combined with field data, RS provides a handful of benefits, such as the generation of continuous spatial information with an effective cost on a wider scale. Modeling with the use of geographic information system (GIS), for example, can be used in lieu of field-recorded data for areas where field data is not available, or would be too expensive to record [37]. With this strategy, a continuous map of light conditions can be delivered as a final result.



While a passive optical sensor in two-dimensional format proved to be useful in various forestry applications, three-dimensional data may offer even more canopy details and a better understanding of the forest’s structure [38,39,40]. Aside from that, it overcomes some of the disadvantages of passive remote sensing, such as cloud-cover issues and vegetation index saturation problems [41]. A wide-ranging description of available airborne and satellite sensors and their capabilities, in general, could be referred to in the publications by Wang et al. [42], Brewer et al. [43] and, more recently, by Toth and Jozkow [44], with the latest discussions not only on sensors, but on platforms as well.



This paper, however, evaluates published articles that used or have at least a component of remote sensing in the context of solar radiation at forest stands in various scales. The aim of this study is to (i) synthesize the studies to determine how and what has been done with this state-of-the-art technology, and (ii) detect gaps in methodology or specific technology used to address improvements in the future. The first section of the review presents the physical concepts of solar radiation, and how it transmits through the canopy. The second section focuses on the different techniques and modeling approaches done by researchers on analyzing subcanopy solar radiation with the use of RS data. The next section discusses what we think are the critical issues that came out after synthesizing the articles, and selects papers that stand out and demonstrate novel approaches that only RS technology could offer. Lastly, conclusions and recommendations are laid down on how to improve future directions of similar studies.




2. Overview of Concepts


Scientists estimate that roughly 1368 watts m−2, averaged over the globe and over several years, illuminates the outermost atmosphere of the Earth [45]. This value is known as solar constant or the total solar irradiance (TSI), which is the maximum possible power that the sun can deliver to the Earth at the mean distance between them [23,46]. Only about ¼ of the TSI that is considered the incoming solar radiation, collectively called shortwave radiation, enters the top of Earth’s atmosphere [46]. Out of this proportion, approximately 20% and 30% is absorbed by the atmosphere and reflected back to space, respectively [1]. The remaining 50% penetrates the atmosphere, and is taken in by the land and the oceans [45]. Gibson [47] said that about half of the shortwave radiation is in the visible region (0.4–0.7 μm) of the electromagnetic spectrum, and the other half is mostly in the near-infrared (0.7 μm–100 μm). Ultraviolet radiation (0.01–0.4 μm) makes up only a little over 8% of the total [47]. The entire spectrum of the absorbed radiation drives photosynthesis, fuels evaporation, melts snow and ice, and warms the Earth [46].



Once the shortwave radiation touches the Earth’s surface, there are three forms of interactions that take place—absorption, transmission, and reflection [48]. Their proportions depend on the wavelength of the energy, and the material and condition of the feature [48]. According to Brown and Gillespie [49], a single layer of leaf will generally absorb 80% of incoming visible radiation, whilst reflecting 10% and transmitting the remaining 10%. Approximately 20% of infrared is absorbed, with 50% reflected and 30% transmitted. These interactions may be modified considering the heterogeneous spatiotemporal characteristics of canopy based on the type of leaf, arrangements, density, and the angle of incidence which determines the projected (“shadowed”) leaf area in the direction of the radiation [8,50,51].



Furthermore, in a subcanopy environment, the direct component of radiation is more heterogeneous than the diffused light. A predominantly direct-beam radiation that passes through openings in the forest canopy is called sunfleck [52]. The amount of sunfleck in the understory depends on different, often interacting factors: the coincidence of solar path with a canopy opening, the movement of clouds that obscure or reveal the sun, and the wind-induced movement of foliage and branches [53]. On the other hand, the penetration of the diffuse light is less variable, as it depends on the level of sky brightness, and the number, size, and spatial distribution of canopy openings, the canopy geometry, and the spatial distribution and optical characteristics of the forest biomass [54].



Generally, solar radiation below the canopy and on the forest floor has been expressed as transmittance, which depends on (1) the density and thickness of the vegetation layer, (2) the terrain, and (3) the position of the sun [36,55]. Comeau [35] defined transmittance as the ratio of solar radiation that reaches a sampling point within a forest to the incident radiation measured in the open or over the canopy at the same time. A widely accepted theory on light transmission in the forest is used by treating the canopy as a turbid medium [34,35]. This equation is called the Beer–Lambert–Bouguer law, or simply, Beer’s law [6,56]:


  I =  I 0  e x  p  − k L    



(1)




where: I = below-canopy light intensity



	
   I 0    = incident radiation at the canopy top



	
k = extinction coefficient



	
L = leaf area index (LAI)






The extinction coefficient which corresponds to an optical depth per unit leaf area [51] is determined by a number of factors, such as leaf angle distribution, canopy structure, and clumping level [57]. Depending on the type of vegetation, it usually varies between 0.3 and 0.6 [57,58,59]. For an assumed spherical leaf angle distribution, k is approximated as a function of the solar zenith angle θ [23,58]:


  k =     0.5   cos θ    



(2)







The LAI which represents a structure parameter in the vertical direction is defined as the total one-sided area of leaf tissue per unit ground surface area (m2 m−2) [51,57]. Nearly all vegetation and land-surface models include parameterizations of LAI, as it characterizes the canopy–atmosphere interface, where most of the energy fluxes exchange [57,60]. Estimation of the LAI can be derived from light transmission applying Beer’s law, where the fraction of light that is intercepted (T) changes exponentially as the layer of leaves increases [61]:


  T = 1 − e x  p  − k L    



(3)







So, with a theoretical value of 0.5 for k, an LAI of 1, 3, 6, and 9 intercepts, respectively, 39, 78, 95, and 99% of the visible light [61].



In addition, Nyman et al. [55] describes another way to measure transmittance as a function of the path length (P), based on the earlier work of Seyednasrollah and Kumar [62]. In this approach, the density of the vegetation and the extinction coefficients are combined into a single parameter which describes the rate of absorption per unit path length. Path length of the direct beam is computed as the ratio of canopy height and cosine of solar zenith angle (Figure 1). The probability of attenuation of an incident radiation is directly proportional to the path length itself, leaf density (ratio of LAI and canopy height) and the leaf area facing the beam of light, or the leaf normal oriented in the light’s direction [63].



Solar radiation energy is often measured as an energy flux density (watts per square meter), and is appropriate for energy balance studies because watt is a unit of power [23,64]. But for studies of light interception in relation to plant’s health and growth, the photon density is better suited because the rate of photosynthesis depends on the number of photons received, rather than photon energy [23]. The specific range of 400 to 700 nm wavelength is where photosynthesis is active, and so it is called the photosynthetically active radiation or PAR region [64,65]. Owing to its similarity to spectral range, PAR is often used synonymously with visible light [28,66]. Energy in the PAR region is referred to as photosynthetic photon flux density (PPFD), with units in μmol m−2 s−1 [65].




3. Modelling Approaches Using RS Technology


Based on the selected scientific literatures, a schematic diagram (Figure 2) was created to illustrate how the authors made use of RS technology in building their models. Airborne laser scanning (ALS) and terrestrial laser scanning (TLS) are the two commonly used systems, while additional information was taken from optical images either from satellites or UAV-based digital cameras. Point clouds from either ALS or TLS were processed and transformed into voxels, where transmission model was applied. Most of the voxel modeling relied on Beer–Lambert–Bouguer law, where attenuation of sunlight is calculated as a function of vegetation structure. Generation of LiDAR metrics, such as canopy height or canopy density, was also observed, then used as inputs for further analysis. Others used it in ray-tracing model or as a substitute to LAI, particularly in Equation (1). For simulation of light regime, reconstruction of the canopy was performed especially from the TLS dataset. Letters (a) and (b) of Figure 2 illustrate how laser pulses best represent the direct beam of sunlight hitting various parts of the canopy, as well as the ground. Detailed discussions on how these techniques were executed are given in the subsequent section.



3.1. Physical Models and Techniques


Most of the authors depended on the capability of laser technology where 3D generation of the data is possible. It is probably one of the major advantages of LiDAR over other sensors. The usage of voxel or volumetric pixel modeling is on top of the list where the structure of the canopy is represented by cubical volume elements that are either filled with elements of the vegetation, or not [12,67,68]. The biophysical and structural property of a forest canopy can be derived from LiDAR technique with high detail [16,67].



Another technique of 3D model generation is the explicit geometric reconstruction of the canopy itself as “seen” by the sensor, and then simulation of the radiation regime within it. TLS has been tested successfully as a tool to reconstruct canopy structures, tree trunk, and diameter at breast height (DBH) to estimate LAI, stem volume, and aboveground biomass [38,39,69,70,71]. Van Leeuwen et al. [34] used this kind of technique with good results, utilizing the Echidna Validation Instrument (EVI). EVI is a ground-based laser waveform-recording, multiview angle-scanning LiDAR system designed to capture the complete upper hemisphere, and down to a zenith angle of just under 130° [72]. EVI was demonstrated to retrieve forest stand structural parameters, such as DBH, stand height, stem density, LAI, and stand foliage profile, with impressive accuracy [73]. The data used by Van Leeuwen et al. [34] for stem and canopy reconstruction pipeline was discrete, but the point clouds were derived from full waveform data. Single and last returns were used for creating virtual geometric models of the forest plots. These returns were obtained from the full waveform information using methods described by Yang et al. [71]. Jupp et al. [72] were able to process EVI data to generate canopy gap probabilities at different zenith ring ranges to infer radiation transmission. The canopy gap probability is equivalent to the probability that the ground surface is directly visible from airborne and spaceborne remote sensing platforms [74]. Both Van Leeuwen et al. [34] and Yang et al. [75] found strong relationships between the transmission properties of their respective radiation models and EVI-derived gap probabilities.



Other light transmission models, that are not in the reviewed articles but worth mentioning, are LITE (Light Interception and Transmittance Estimator) [76], SLIM (Spot Light Interception Model) [77], and DART (Discrete Anisotropic Radiative Transfer) [78]. The first two models are separate executable programs that provide a flexible association of utilities for entering light data from several sources and for outputting 3D estimates of leaf area and both instantaneous and seasonal PPFD beneath tree canopies [77]. SLIM prepares data for entry into LITE, but SLIM is also a “stand-alone” utility designed to estimate leaf area index (LAI), gap fraction, and transmittance from hemispherical photographs or ceptometer data. LITE provides maps of LAI and PPFD across the study site, and provides information on the light regime at selected locations [79]. However, we believe that there has not been any attempt yet to integrate RS data to either of the models.



DART [78] is probably one of the most popular tools for simulating remote sensing images for conducting physical models [80,81]. Developed by the Center for the Study of the Biosphere from Space (CESBIO) laboratory in France, DART is a comprehensive physically-based 3D model for Earth–atmosphere radiation interaction, from visible to thermal infrared. It simulates measurements of passive and active satellite/plane sensors for urban and natural landscapes. These simulations are computed in any experimental (atmosphere, terrain, forest, date) and instrumental (spatial and spectral resolutions, viewing direction) configuration [78]. DART successfully simulated reflectance of forests at different spectral domains [82]. The model just recently introduced a method to simulate LiDAR signals, and showed potential for forestry applications [83], but we have not found any actual research applying the model to a specific site.



Whether it is a simple equation-type or computer-based light model, various inputs are needed, which LiDAR metrics can provide. At least four of the articles [16,84,85,86] generated LiDAR-derived canopy or tree metrics before executing their models. Some of these metrics are canopy height and canopy density, essential for voxel modeling. As emphasized by Mucke and Hollaus [13], knowledge about the canopy architecture, meaning the spatial composition of trees or bushes, and the arrangement of their branches and leaves or needles, is of critical importance for the modeling of light transmission, and no other technique, except LiDAR, is well-suited for the derivation of canopy’s geometric information. Moreover, there is a different kind of LiDAR format, called full waveform, which is designed to digitize and record the entire backscattered signal of each emitted laser pulse [87]. Full-waveform data is rich in information, and is particularly useful for mapping within a canopy structure [88]. Unlike the basic metrics from the more popular discrete point clouds, however, this type of system is rarely used, due to acquisition costs, data storage limitations, and the lack of physically-based processing methods for their interpretation [88,89].



Laser beams could act as sunrays (a and b of Figure 2), which are either intercepted by leaves and branches, or penetrate through the holes. The latter is analogous to what a laser penetration index (LPI) does, which, according to Barilotti et al. [90], explains the ratio of the points that reach the ground over the total points in an area. In contrast, Kwak and Lee [91] exploited those point clouds intercepted by the crown, and called it the laser interception index (LII). LPI and LII were used separately to predict LAI ,and both produced high accuracy results [90,91]. For radiation studies, LPI was used by Yamamoto et al. [84], and successfully estimated the transmittance, even with low pulse density (e.g. 2.5 pulses m−2). They utilized a modified LPI to automatically and easily separate the laser pulses into those of canopy and below-canopy returns. The system was called Automated LiDAR Data Processing Procedure (ALPP) [92] and worked by integrating LiDAR Data Analysis System [93] and GRASS software. In ALPP, a top surface model was first created from the locations of treetops extracted from the LiDAR data within a plot. Then, the return pulses within the plot were converted to vertical distance (VD) from which the frequency distribution of 0.5 m class VD was statistically separated into canopy and below-canopy classes. Finally, linear regression between the LPI and diffuse transmittance taken from hemispherical photographs was performed. The highest coefficient of determination (R2 = 0.95) of the regression line was seen at 12.5 m radius LPI cylindrical plots. The accuracy of the methodology may be put to test upon applying to a different forest or a species-type other than cypress in Japan. Moreover, from a logical point of view, the analogy of LPI seemed to be more appropriate for direct component rather than the diffuse one. Musselman et al. [16] utilized LPI to infer solely the direct beam transmittance inside a conifer forest for various types of land surface modeling, such as melting snow. Interestingly, the most effective radius they discovered for LPI extraction, to estimate LAI, was 35 m; almost 3× that of the findings by Yamamoto et al. [84]. Although Musselman et al. [16] used a Beer’s type model specific to direct beam for LAI estimation, this may still be debatable, because like diffuse transmittance, they are both closely related.



Alexander et al. [21] used ALS as a proxy to a hemispherical camera by transforming point clouds into canopy cover and canopy closure. The former was made possible by generating Thiessen polygons from the ALS points, while the latter was done by plotting the same points in the polar coordinate system, with the azimuth angle as the angular coordinate, and the zenith angle as the radial coordinate. Moreover, these synthetic images mimicking hemispherical photos were correlated to the species classified according to Ellenberg values [94]. These values, ranging from 1 to 9, represent varying shade tolerance with 1 denoting species preferring deep shade, and 9 for species preferring full sunlight. It revealed that ALS-based canopy closure is a reasonable indicator of understory light availability, and has the advantage over field-based methods that it can be rapidly estimated for extensive areas.



A convenient way to generate spatial information is to have a working environment in a GIS platform. GIS software that comes with a solar radiation analysis package that could estimate irradiance at a watershed scale has been used by a number of researchers [22,95]. GIS solar models operate on digital terrain model (DTM) raster layers, allowing them to accurately estimate insolation reduction due to slope, aspect, and topographic shading across watersheds [96]. Both Solar Analyst from ESRI’s ArcGIS, and from that of Helios Environmental Modeling Institute, adapt the sky region technique used in hemispherical photos for use with raster grids [97]. On the other hand, the r.sun module of the GRASS software (see sample map in Figure 3) is a clear sky solar model designed to take topographic angles and shading into account [98].




3.2. Summary of the Studies


Table 1 summarizes the literature subjected for review. Each paper’s salient features, some of them unique, are described briefly.



The reviewed studies were generally classified based on the type of sensor the authors preferred to use, either as active or passive. The latter is a type of system that uses the sun as the source of electromagnetic radiation, while the former pertains to sensors that supply their own source of energy to illuminate features of interest [47,105]. Digital cameras on board UAVs and satellite optical imagery sensors are passive types, while radar and LiDAR technologies belong to active sensors. It was found out that the majority of the studies conducted are in the active domain of RS (Figure 4a). Out of the 81% bulk, almost two-thirds are airborne-based (Figure 4b,c).



Only a few solar radiation studies in forest that utilized RS technology were conducted in the late 1990s up to mid-2000 (Figure 5). Although, Brunner [106] cited numerous research studies concerning forest canopy with RS component between 1983 and 1996. However, those articles were of limited use for modeling of light underneath canopy, because the focus of the study was reflection, which is considered a minor part of total irradiation. When the study of Essery et al. [85] came out, they mentioned that airborne remote sensing has not yet been widely used in radiation modeling. The reason probably is that the available RS tools during those years were just inappropriate to apply to such kinds of research. On the other hand, steady research interest on the subject matter started in the last eight years or so. In fact, an increasing trend can be noted, with a peak in the year 2014. It can be observed that most of these papers relied on laser technology. In 1996, there was only one company selling commercial ALS systems, and the service providers could only be counted on the fingers of one hand [107]. Three years later, manufacturers of major ALS components increased, while the number of companies providing services have jumped to forty, worldwide [107]. Furthermore, early development and usage of the laser systems were mainly focused on topographic and bathymetric surveys.





4. Integration of RS Data and Models


Integrating RS datasets of different types or from various sensors has the advantage of increasing the accuracy of the model. Based on literature, multiple RS data, sometimes with field-measured variables, are combined as inputs to a radiative transfer model, or used as predictors in a regression model. Kobayashi et al. [101] used the optical sensor, AVIRIS, to capture canopy reflectance as an additional parameter to perform sunlight simulation within a forest.



On the other hand, the 3D forest light interaction model (FLIGHT) [100] requires tree characteristics, like the crown’s height, radius, and shape as vital inputs for their model. A spectrometer was also used to acquire leaf reflectance and transmittance, which were additional requirements to run the model. Other specific physiological characteristics, such as soil reflectance and vegetation indices, were obtained from a 6-band multispectral camera on board a UAV.



Thomas et al. [86] made ALS-derived canopy variables and physiological tree property from an airborne hyperspectral sensor as independent variables to spatially estimate the fraction of PAR (fPAR). First, mean LiDAR heights were derived from a theoretical cone that originated from below canopy PAR sensor and extended skywards. The angle of the cone was tested with multiple values to determine an optimal one. Accordingly, it is possible to define whether there exists a volume of point clouds located above the PAR sensor that is most closely related to fPAR. Meanwhile, chlorophyll map was derived from the compact airborne spectrographic imager (CASI) sensor having 72 channels with an approximate bandwidth of 7.5 nm over the wavelength range of 400–940 nm. The average values of the maximum first derivative over the red edge were then extracted from the sampling plots, and then compared to the field measurements of average chlorophyll concentration. The linear regression model generated from these two variables was applied to the entire image to produce a map of total chlorophyll for the study site. One of their findings revealed that for a theoretical LiDAR cone angle of 55°, linear regression models were developed, with 90% and 82% of the variances explained for diffuse and direct sunlight conditions, respectively. In addition, fPAR x chlorophyll has stronger correlations with LiDAR than fPAR alone. Probably the only major downsides of this method are the additional cost and other resources necessary to acquire multiple datasets.



Bode et al. [22] have shown the integration of LPI, a LiDAR metric approach, and a GIS-based solar radiation module to produce a solar radiation map (Figure 3). Meanwhile, Nyman et al. [55] modified the LPI introduced by the former, by integrating a weighting factor to account for path length. The weighing factor is 1 when the incident angle is 0 (sun is directly overhead). According to their results, the models that include path length in the transmission term are more flexible in terms of reproducing subdaily and seasonal variations. Although the variant LPI model performed well at their three study sites, it displayed some systematic bias in dense forests, resulting in lower performance. A higher resolution LiDAR data would result in more representative metrics of vegetation structure, and therefore, may improve performance of the model [55].




5. Critical Issues for Future Research Perspective


5.1. The Diffuse Component of Radiation


Ecologists, botanists, and the like, have proven the claim that diffuse component of sunlight is preferred by plants for higher productivity and efficiency [108,109,110,111]. In spite of its role and significance to forest ecosystem and being directly related to PAR [28], there seems to be little interest amongst the RS specialist to focus on the diffuse component exclusively. The majority of the articles opted to incorporate diffuse component into the global radiation, which means it would be difficult to determine exactly the percentage of diffuse, as well as direct, that is involved. Figure 6 illustrates the discrepancy between global radiation and diffuse component in terms of analysis. All those studies with diffuse components were done using ALS. Instruments, like quantum sensors and hemispherical photography, are capable of measuring, separately, the diffuse and direct radiation effectively, but it still seems to be a demanding task when using RS technology.



Bode et al. [22] were able to compute, separately, the direct and diffuse components, then later on, summed up to produce an insolation map beneath the canopy. The authors assessed canopy openness by using laser beams from ALS as a proxy to direct sunlight hitting the forest floor. Using this concept, they calculated LPI by simply dividing the ground hits over the total hits which can be translated as light’s probability of reaching the ground. Also, ALS-derived DEM (or bare earth) was applied to a GIS-based solar radiation tool to generate insolation underneath forest vegetation. After which, the generated insolation was multiplied by LPI to produce the direct component. For the diffuse radiation, however, a simple linear regression was used based on the light from above canopy. Upon validation of selected points with a pyranometer, total and direct solar radiation had a relatively precise estimation (R2 = 0.92 and R2 = 0.90, respectively), but the diffuse component was quite weak (R2 = 0.30). While the overall performance of the model is promising, translating the result to a continuous spatial information (i.e., map) proved to be difficult. As observed from previous studies, an underestimation occurs between map values of diffuse radiation when compared to point measurements, and thus, upscaling it to watershed scale is a significant source of uncertainty [22,86].




5.2. Dataset Fusion


While most of the integration happened by treating multiple data as separate inputs, it might as well be worthy to fuse ALS and TLS datasets to complement each other. Peng et al. [6], as mentioned above, needed to acquire the underbranch height of the forest using a handheld laser rangefinder, not only to describe the canopy structure, but as an input to their ray trace model. While such a method worked well, it could be improved for finer resolution with the use of ground-based LiDAR. Furthermore, to illustrate the fusion advantage, Chasmer et al. [112] collected LiDAR data both airborne and ground-based for a single forest site, then graphed the point cloud frequency distribution (Figure 7). It is apparent that most of the laser pulses from ALS are concentrated on top of the canopy, while the TLS collected a much higher percentage in the understory. Hopkinson et al. [113] integrated terrestrial and airborne LiDAR to calibrate a canopy model for mapping effective LAI. However, co-registering the point clouds from the two data sources presented a challenge. Firstly, the point clouds from the two sources needed to be horizontally and vertically co-registered to ensure that 3D attributes are directly comparable. This was done by surveying the TLS instrument’s location using single frequency rapid static differential GPS to within ~1 m absolute accuracy. After knowing the coordinates of the scanner, a manual interpretative approach was used to translate and rotate the TLS datasets, until they visually matched the ALS data. Such an approach must be performed with extra attention if applied to a more complex and heterogeneous forest. Furthermore, they found out that a radius of ~11.3 m was appropriate for the integration of ALS data captured from overhead, with hemispherical TLS data captured below the canopy. Accordingly, using a radius that corresponds to a plot of 400 m2 is small enough to contain unique tree crown attributes from a single or small number of trees (the study site was a Eucalyptus forest) while being large enough to ensure mitigations of misalignments and spatial uncertainties. It should be noted, however, that their results might not hold to another site with different data acquisition, canopy height, or foliage density conditions.




5.3. Light along Vertical Gradients


There are about three papers in this review [6,32,103] that were able to characterize light intensities at different heights along the vertical gradient of the canopy. Of course, this is something a conventional measurement method could possibly do, but may demand additional resources. The camera assembly for taking hemispherical photographs could be placed on a monopod, a folding step, or climbing ladders that can reach from 3 m up to 12 m in height [65]. Aside from being time consuming, the method is also prone to errors.



Peng et al. [6] were able to describe the spatiotemporal patterns of understory light in the forest floor and along its vertical gradient. The authors not only illustrated the spatial patterns of the light intensity at various heights (0.5, 2, 5, 10, 15, and 20 m, based on the forest floor), but also showed the strong variations at different times of the day. The model was built based on voxels derived from ALS and field-measured data. Working in a GIS environment, a canopy height model (CHM) was generated, first from point clouds, then coupled with another raster of the underbranch height. Both of these were superimposed, and then divided into grids, thus producing the voxels. The authors then modeled the distance travelled by the solar ray in the crowns (the voxels), with consideration of the solar position, which means the ray could travel in many directions. This calculated distance was used to replace a particular parameter, the LAI, in Beer’s Law. In the original equation, LAI can only estimate the light intensity of the forest floor in the vertical direction. The computed distance and transmittance showed exponential relationship, with R2 = 0.94 and p < 0.05. Estimated and observed understory light intensities were obviously positively correlated, with R2 = 0.92 and p < 0.01. As the study introduced the elevation as a parameter to determine if the solar rays reached the ground, mapping the light intensity along the vertical gradient by altering the DEM values was convenient.




5.4. Limited Representation in Terms of Biomes


Figure 8 displays the location of the study sites for each publication gathered. There are areas in the list that are not purely forest, or not a physical forest at all. Van der Zande et al. [3] created a virtual stand of trees to simulate light conditions in a forest environment while the paper by Guillen-Climent et al. [100] was done on a mixed matured orchard. Many authors relied directly on permanent plots inside national parks of experimental forested areas as large as 2 km2, likely because the stand profiles were already available for use. Authors of two papers [6,22] were able to produce a continuous map of solar radiation reaching up to 3.8 km2. The number of sample plots ranges from 1 to 81 for rectangular plots and 29 to 96 for circular plots, with 15 m being the most preferable radius. The average area of each plot is 1642 m2, with a median value of 707 m2. Aside from species name, among the consistently-measured biophysical tree properties were diameter at breast height (DBH), total height, canopy cover, canopy closure, and crown radius. Furthermore, coniferous and deciduous trees comprise 31% and 42%, respectively, as the existing primary species in their corresponding study areas. The remaining 27% were a mixture of both. Species composition is a significant factor, as shown by Cifuentes et al. [99], in that the mean differences between observed and simulated light values in a heterogeneous forest are larger than in a pure forest. While the articles reviewed captured a diverse type of important species and major groups of trees (e.g., deciduous and coniferous), there is a limited number of forest-type biomes covered by existing works. All but one were conducted in temperate regions, mostly in the northern hemisphere, and concentrated in Europe, North America, and Canada. The study site of the research by Tymen et al. [95] was the only one done in a tropical mixed species forest in French Guiana, South America. The same author suggested that the distinction of forest types is meaningful, because differences in microenvironmental conditions, including light, will potentially impact forest dynamics, ecosystem processes, and composition in habitat.




5.5. Cost and Time Consideration


The cost requirements in considering which approach to apply, lies largely on the dataset or the type of sensors to use. Almost all the articles in Table 1 utilized active remote sensors, particularly laser scanners. After a thorough online search, we have found several countries that are making their LiDAR archives accessible to the public. A compilation of these countries with their respective links for accessing LiDAR data is given in Table 2. It must be noted though that most of these are available only in selected states or regions per country. Not all of the surveys made for ALS and the distributions of the same were done by the state or any government organizations, but rather, of academic and research institutes. The readers are encouraged to check the information on the open data policy of each website as they may have different levels of requirements before anyone can download. The OpenTopography facility (http://www.opentopography.org) which is based in University of California, USA, also houses selected datasets from certain areas of Antarctica, Brazil, Canada, China, Mexico, New Zealand, and Puerto Rico.



An initiative called GlobALS (Global ALS Data Providers Database) is being conceptualized, aiming to establish a network of possible providers of ALS data. A worldwide geodatabase could be found in this online map [114]. On the other hand, there are also countries, such as Poland, that are still generous enough to make their remote sensing data generally available for free, as long as it is for research purposes. Apart from acquisition date and other technical issues that might affect a study, the fact that a certain amount of ALS data does exist is not bad at all, to start conducting research-related or forest management activities.



Notwithstanding these initiatives from government agencies and academic communities, many institutions still rely on private companies for data collection. There are “off-the-shelf” datasets available for selected areas, but the price could go even higher for sites not previously flown for acquisition. Although, according to a recent study, LiDAR became affordable in the past 17 years [44]. McGaughey et al. [115] said that while LiDAR system’s capabilities have dramatically increased over the last decade, its data acquisition costs have correspondingly decreased. LiDAR acquisition in the years 2007 and 2015 were USD 3.34 and 2.00 per hectare, respectively [88,116]. Furthermore, a twin otter plane and the associated crew will cost somewhere in the region of USD 4000/h before any data processing. Thus, prices are low per unit area if you have a lot of area to cover, but if sites are small and isolated, costs could be a lot higher [88].



Many TLS systems are commercially available for purchase or rental, and can be easily operated. Static terrestrial LiDAR instruments cost between USD 40,000 and 200,000, including a range of optional features [88]. Due to its limited spatial coverage, this tool requires extensive fieldwork and demands a lot of time and manpower to cover a wide area. Forest type, sample design, scanner specifications, instrument settings, and weather conditions can all significantly extend the time required to complete a campaign [117]. Data handling is also technically demanding, and entails additional processing time. As a guide, scanning a 1 ha plot typically takes a team of three people between 3 and 8 days, dependent upon topography and understory conditions [117].





6. Summary


Treating a forest canopy in voxel elements, which is in 3D form, can ensure spatial distribution of the understory light in forest floor or along the vertical gradient of the forest stand [6]. Although this approach requires more computation time and canopy structural variables than one dimensional models, it is expected to give more reliable energy and carbon fluxes when the canopy structural variables are available [101]. The 3D model can fill the theoretical gap between 1D models and actual ecosystems, and can be used to investigate where and when the simplified models give a large error to simulate the radiation energy and carbon fluxes [101,118]. Nevertheless, most voxel-based calculations focus on the canopy alone, and do not account for the radiation that reaches the forest floor [22]. It was demonstrated by Bode et al. [22] that by using ALS, there are ground hits that should be considered, because it verifies that light penetrates the vegetation, reaching the understory floor. The same author also added that for dense vegetation, voxel shading will overestimate light penetration at low angles, due to an absence of hits near the ground.



Applying ray trace model with Beer’s Law is a widely accepted theory on radiation transmission, as it assumes that the forest canopy is a turbid medium [34,101]. This means that leaves are randomly distributed, and a homogeneous layering of foliage, such as in the case of even-aged mono-tree plantations. However, it is impractical in natural, heterogeneous systems, especially those with extensive riparian areas where species diversity is high [22]. In fact, the radiation transfer model intercomparison [119] found that such models compare well for homogeneous canopies, but still have large discrepancies for complex heterogeneous canopies [85].



Because of improvements in the LiDAR technique in recent years, TLS makes it possible to retrieve the structural data of forests in high detail [67]. The high level of structural detail of these data provides an important opportunity to parameterize geometrically explicit radiative transfer models [34]. TLS has potential use within canopy light environment studies, as well as linking structure with function [88]. What is more, is the advantage of using either ALS or TLS is that they are not affected by light conditions, compared to hemispherical photos [16,21]. Furthermore, integration of ALS and TLS would be something new in this line of research, and may provide a higher degree of accuracy or may fill some gaps. There are differences between the parts of the canopy captured by the two laser scanners, but combining point clouds from these two platforms would result in a higher point density, and thus, we expect it to bear more robust information. However, the algorithm for fusing the two datasets are not yet fully standardized, and therefore, needs further study. In addition, laser sensors on board UAVs is a possible solution to have a uniform distribution of the point cloud coverage, from the top to the bottom of the canopy.



On the other hand, solar radiation software packages can provide rapid, cost-efficient estimates of solar radiation at a subcompartment scale (e.g., stands <10 ha) [120]. Kumar [37] conducted a study to compare the accuracy of such a tool to ground-recorded meteorological data for several locations, and highlight the strong correlation between the two sets. A low error rate (2%) suggests that modelled data can be utilized in micrometeorology and evapotranspiration-related studies with a high degree of confidence. The choice of software is crucial though, especially when working with large scales. Bode et al. [22] tested ESRI’s ArcGIS and its Solar Analyst on raster layers of up to 4 million cells, before failing. He then chose the open-source GRASS for GIS processing, because it is designed to handle large datasets. It could be manifested in the works of Szymanowski et al. [121] and Alvarez et al. [24], who applied it in Poland and Chile, respectively, at a regional scale encompassing various landscape surfaces. Moreover, a number of studies have been relying also on the radiation module of the open-source software System for Automated Geoscientific Analyses (SAGA) [122]. However, to the best of our knowledge, the module has not been implemented in any research relating to canopy light transmission.




7. Conclusions


Understory sunlight condition is absolutely essential in understanding forest dynamics, and is a critical parameter to any modeling in a forested environment condition. For decades, researchers and scientists have developed various approaches to measure it as accurately as possible. At this age, where RS technology offers new sensors and platforms, modeling solar radiation has taken to a new level. Based on this review, the following main conclusions are stated:




	
As far the type of sensors is concerned, the active domain, particularly laser technology, rules the choice in analyzing light conditions below or within the forest canopy.



	
Not a single set of data derived from a passive sensor inferring spatial solar radiation was used in the reviewed studies.



	
Aside from high 3D spatial resolution, airborne laser scanner’s ability to penetrate the canopy through the gap openings is also an advantage, as it takes account of the forest floor. Those studies that utilized laser scanning mostly applied voxel models or the laser penetration index (LPI).



	
The latter may exhibit varying performance and accuracy, depending on the forest type and consequently, the canopy structure.



	
The use of UAVs for future research is also an interesting prospect, as it gives flexibility in terms of the coverage, and can address the gaps by both ALS and TLS.



	
Lastly, as evident in the market where LiDAR technology is getting less expensive and more countries are opening their databases for public access, various entities are encouraged to take advantage and the initiative to expand their research efforts for a more science-based monitoring and management of our resources.
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Figure 1. A diagram showing the path length of ray (P) travelling through the canopy at an angle between the zenith and that of the incident radiation (θ), h—canopy height. Image source [63]. 
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Figure 2. Schematic diagram of how RS technology is used to construct different models and approaches in estimating solar radiation below forest canopy. ALS and TLS are the two commonly used systems. Light attenuation is a function of various vegetation structures. 
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Figure 3. Light condition below canopy at landscape scale made possible by geographic information system (GIS)-based solar radiation tool (left: winter solstice; right: summer solstice) [22]. 






Figure 3. Light condition below canopy at landscape scale made possible by geographic information system (GIS)-based solar radiation tool (left: winter solstice; right: summer solstice) [22].



[image: Remotesensing 10 00694 g003]







[image: Remotesensing 10 00694 g004 550] 





Figure 4. Reviewed articles based on remote sensing (RS) classification (a), sensors used (b), and platforms (c). 
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Figure 5. Summary of studies per year on forest canopy in relation to solar radiation utilizing remote sensing or allied sciences. 
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Figure 6. Components of solar radiation modeled below canopy using RS technology. 
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Figure 7. Average laser pulse frequency (percentile) distributions for airborne laser terrain mapper (ALTM) and intelligent laser ranging and imaging system (ILRIS), a ground-based LiDAR developed by Optech® obtained for the mixed deciduous forest plot [113]. 
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Figure 8. Global locations of the study areas of the reviewed articles. 
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Table 1. Studies on solar radiation below canopy utilizing remote sensing or allied sciences.
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	References
	Salient Methodology Features





	Nyman et al., 2017 [55]
	▪ Compared various transmission models including a light penetration index (LPI) with a weighing factor to account for the path length



	Tymen et al., 2017 [95]
	▪ Developed light transmission model using voxels generated from point clouds

▪ Used LPI



	Cifuentes et al., 2017 [99]
	▪ Voxel-based canopy modeling generated from terrestrial laser system (TLS)

▪ Classified point clouds into leaves and non-leaves, then assigned properties before conducting light simulation



	Yamamoto et al., 2015 [84]
	▪ Utilized owned version of LPI then correlated with relative illuminance



	Bode et al., 2014 [22]
	▪ Used LPI and solar radiation module of GRASS software (r.sun)



	Peng et al., 2014 [6]
	▪ Generated 3D canopy structure from point clouds

▪ Implemented Beer’s Law through voxel models with ray trace method



	Moeser et al., 2014 [29]
	▪ Improvised synthetic hemispherical photos generated from point clouds



	Widlowski et al., 2014 [25]
	▪ Voxel-based canopy reconstruction from TLS

▪ Bidirectonal reflectance factor (BRF) simulation in virtual environment



	van Leeuwen et al., 2013 [34]
	▪ Used ground-based laser scanner Echidna Validation Instrument (EVI) to

▪ reconstruct geometric explicit models of canopy

▪ characterize radiation transmission properties from LiDAR full waveform



	Musellman et al., 2013 [16]
	▪ Used Beer’s-type transmittance model based on LiDAR-derived LAI

▪ Developed solar raytrace model applied to 3D canopy derived from multiple LiDAR flights



	Alexander et al., 2013 [21]
	▪ Estimated canopy cover by producing Thiessen polygons from point clouds

▪ Calculated canopy closure by transforming point clouds from Cartesian to spherical coordinates



	Bittner et al., 2012 [67]
	▪ 3D voxel representation of the canopy architecture derived from TLS

▪ Different attributes of light assigned to voxels of stem, leaf or air



	Guillen-Climent et al., 2012 [100]
	▪ Used a 3D radiative transfer model called forest light interaction model (FLIGHT)

▪ Mapped with high-resolution imagery from unmanned aerial vehicle (UAV) with multispectral camera



	Kobayashi et al., 2011 [101]
	▪ Generated canopy height model, tree and crown segmentation from point clouds as inputs to CANOAK-FLiES (forest light environmental simulator)

▪ Derived canopy reflectance from airborne airborne visible/infrared imaging spectroradiometer (AVIRIS)



	Van der Zande et al., 2011 [3]
	▪ Voxel-based representation of trees derived from TLS

▪ Light simulation using voxel-based light interception model (VLIM)



	Van der Zande et al., 2010 [12]
	▪ Generate 3D representations of the forest stands, enabling structure feature extraction and light interception modeling, using the voxel-based light interception model (VLIM)



	Yang et al., 2010 [75]
	▪ Estimated canopy gap probability from ground-based LiDAR (EVI)



	Lee et al., 2009 [102]
	▪ Defined a conical field-of-view (scope) function between observer points just above the forest floor and the sun, which relates PAR to the LiDAR data



	Essery et al., 2008 [85]
	▪ Colored orthophotograph and laser scanning were used to map out tree locations, heights, and crown diameter as inputs to mathematical radiation modeling and simulation



	Thomas et al., 2006 [86]
	▪ LiDAR metrics generated from airborne laser system (ALS) to determine spatial variability of canopy structure

▪ Canopy chlorophyll concentration was derived from airborne hyperspectral imagery



	Todd et al., 2003 [103]
	▪ Analyzed foliage distribution from LiDAR observation



	Parker et al., 2001 [32]
	▪ Estimated canopy transmittance using the scanning LiDAR imager of canopies by echo recovery (SLICER), a waveform-sampling laser altimeter



	Kucharik et al., 1998 [104]
	▪ Captured visible and NIR images of canopies from 16-bit charge-coupled device (CCD) multiband camera from the ground looking vertically upward to estimate sunlit and shaded foliage
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Table 2. Selected countries with airborne LiDAR dataset available for public use.
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	Country
	Uniform Resource Locator (URL)/Helpful Links





	Australia
	http://www.ga.gov.au/elvis/

http://www.opentopography.org/index.php



	Denmark
	https://download.kortforsyningen.dk/



	Finland
	https://tiedostopalvelu.maanmittauslaitos.fi/tp/kartta?lang=en



	Germany
	https://open.nrw/



	Luxembourg
	https://data.public.lu/en/datasets/LiDAR-projet-pilote-dun-releve-3d-du-territoire-luxembourgeois/



	Netherlands
	https://www.arcgis.com/home/webmap/viewer.html?useExisting=1&layers=9039d4ec38ed444587c46f8689f0435e



	Norway
	https://hoydedata.no/LaserInnsyn/



	Italy
	http://www.pcn.minambiente.it/mattm/en/online-the-new-procedure-for-the-request-of-LiDAR-data-and_or-interferometric-ps/



	Philippines
	https://lipad.dream.upd.edu.ph/



	Scotland
	https://remotesensingdata.gov.scot/



	Slovenia
	http://evode.arso.gov.si/indexd022.html?q=node/12



	Spain
	https://b5m.gipuzkoa.eus/url5000/es/G_22485/PUBLI&consulta=HAZLIDAR

http://www.murcianatural.carm.es/natmur08/descarga.html

http://centrodedescargas.cnig.es/CentroDescargas/buscadorCatalogo.do?codFamilia=LIDAR

http://www.icgc.cat/en/



	Switzerland
	https://geoweb.so.ch/map/LiDAR



	United Kingdom
	http://environment.data.gov.uk/ds/survey/index.jsp#/survey

http://www.ceda.ac.uk/



	USA
	http://www.opentopography.org/index.php

https://coast.noaa.gov/inventory/

https://en.wikipedia.org/wiki/National_LiDAR_Dataset_(United_States)
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