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Abstract

:

Land surface temperature (LST) is a fundamental physical quantity in a range of different studies, for example in climatological analyses and surface–atmosphere heat flux assessments, especially in heterogeneous and complex surfaces such as vegetated canopies. To obtain accurate LST values, it is important to measure accurately the land surface emissivity (LSE) in the thermal infrared spectrum. In the past decades, different directional emissivity canopy models have been proposed. This paper evaluates six radiative transfer models (FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models) through a comparison with in situ emissivity measurements performed using the temperature-emissivity separation (TES) method. The evaluation is done using a single set of rose plants over two different soils with very different spectral behavior. First, using an organic soil, the measurements were done for seven different observation angles, from 0° to 60° in steps of 10°, and for six different values of leaf area index (LAI). Taking into account all LAIs, the bias (and root mean square error, RMSE) obtained were 0.003 (±0.006), −0.004 (±0.005), −0.009 (±0.011), 0.005 (±0.007), 0.004 (±0.007), and 0.005 (±0.007) for FR97, Mod3, Rmod3, 4SAIL, REN 15, and CE-P models, respectively. Second, using an inorganic soil, the measurements were done for six different LAIs but for two different observation angles: 0° and 55°. The bias (and RMSE) obtained were 0.012 (±0.014), 0.004 (±0.007), −0.020 (±0.035), 0.016 (±0.017), 0.013 (±0.015), 0.013 (±0.015) and for FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models, respectively. Overall, the Mod3 model appears as the best model in comparison to the TES emissivity reference measurements.
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1. Introduction


Land surface temperature (LST) is a fundamental physical quantity in a range of diverse studies on physical phenomena, such as climatological analyses, surface-atmosphere heat energy interactions (e.g., evapotranspiration), to mention some examples [1,2]. Atmospheric and surface emissivity corrections are the main factors that affect an accurate retrieval of LST for data acquired from satellite sensors in the thermal infrared spectrum (TIR). Then, a precise characterization of the land surface emissivity (LSE) is important for the LST retrieval [3]. Moreover, the emissivity spectrum is a characteristic feature of each surface, so it could be used to differentiate between different soil classes [4,5], vegetated species [6,7], and other surfaces, such as inland waters or manmade materials.



The emissivity of homogeneous surfaces such as bare soils and rocks is relatively well-known. A number of previous works have analyzed the dependence of soil emissivity on viewing angle [8,9,10] and soil moisture [11,12,13] from an empirical perspective. Different theoretical models based on the Mie theory have been proposed to predict the emissivity of these kind of surfaces considering the refraction index, the size particle distribution, etc., [14,15] that have been recently compared with laboratory data [16,17].



However, for heterogeneous surfaces the emissivity modeling is a more challenging point because of its structural complexity. This difficulty is found over canopy areas. For canopy areas, the emissivity modeling is affected by the interaction of the surface-leaving radiance and the plant elements, and between the different layers of the plant. For that, it is necessary to consider the multiple reflections that take place inside the canopy when the emissivity is being modeled. Different models that estimate the directional canopy emissivity can be found in the literature of the last decades [18]. Mainly, these models can be classified in three types: bidirectional reflectance distribution function models, BRDF [19], geometrical models, GM [20,21], and radiative transfer models, RTM [22,23,24,25]. BRDF models make use of a linear combination of defined kernels in order to obtain the directional-hemispherical reflectance, which is later used to obtain the directional emissivity by applying the Kirchhoff’s law. GMs are based on the assessment of the proportions of the different parts of the canopy actually seen at the instrument viewpoint. To apply the GMs, it is required the prior knowledge of the dimension of the canopy elements viewed by the sensor. With that, the emissivity is estimated taking into account the contribution of each one of the elements to the total measured radiance. Lastly, RTMs obtain the directional emissivity from the simulation of the radiative interaction with the different components of the canopy at the different layers. It is used the directional gap frequency, which is based on the leave density function, in order to estimate the radiance at the top of the canopy cover and, then, the emissivity. These models differ from the GMs in the fact that the canopy is not considered as an opaque medium.



In this work, the different RTMs proposed by François et al. in [22] (FR97 model), François in [23] (Mod3 model), Shi in [26] (Rmod3 model), Ren et al. in [27] (REN15 model), and Cao et al. in [28] (CE-P model) are analyzed. Also, the 4SAIL (scattering by arbitrarily inclined leaves) [25] is used in this study, since it is extensively used as a reference for other simpler algorithms. Different authors compared simulated emissivity values obtained with these models in order to analyze the emissivity spectrum for various leaf area index (LAI) values over a canopy. For example, Sobrino et al. [29] determined that for the FR97 model, the emissivity increases with the observation angle for LAI values lower or equal to 1.0 m2/m2. However, for LAI values higher than 1.0 m2/m2, the emissivity decreases when the observation angle increases. Ren et al. [27] compared the differences between FR97 and Mod3 models with simulated values obtained with the 4SAIL model, which is used as a reference. It is concluded that, since the Mod3 model does not take into account the multiple interactions between the different layers of vegetation, the emissivity values obtained with this method are lower than those obtained with the FR97 model, but both underestimate the values given by the 4SAIL model. Moreover, Ren et al. [27] proposed new values for the cavity effect term of the FR97 model to make their values closer with those given by 4SAIL, especially for high observation zenith angles. Finally, Cao et al. [28] compared simulated measurements of the CE-P with 4SAIL simulations, obtaining absolute differences lower than 0.002 between both models.



To our knowledge, there are no previous works that have analyzed the variation of canopy emissivity with observation angle using in situ measurements with real canopies. However, some studies have analyzed the emissivity of canopies based on in situ nadir measurements. For example, Neinavaz et al. [30] found a relationship between the emissivity and LAI of different canopies for nadir hyperspectral measurements; this relationship allowed obtaining the LAI of a plant from a combination of emissivity measurements in different spectral bands provided that LAI was not very high. Also, in Neinavaz et al. [31], at-nadir canopy emissivity spectra of different species were analyzed, resulting that in the spectral range between 8 |ìm and 10 |ìm the discrimination among species is more accurate. Moreover, it was found that emissivity values increase with increasing LAI, but from LAI values of 4 m2/m2 the emissivity takes a nearly constant value for higher LAI values.



Thus, the objective of this paper is twofold. First, to use a set of in situ emissivity measurements acquired on a canopy at different viewing observation conditions and for LAI values in the range 0.5 m2/m2 to 3.3 m2/m2, for studying the emissivity change with viewing angle and vegetation amount. Second, to compare and evaluate the four RTM-type algorithms described above using these in situ data, in order to investigate their predictive power in the assessment of canopy emissivity. All emissivity measurements were acquired using the temperature-emissivity separation (TES) algorithm [32] adapted to multiband ground radiometers CIMEL Electronique CE312-2 [33].




2. Experimental Setup and Data Processing


The experiment took place at the Facultat de Física of the Universitat de València, Spain (13°30′25″ N, 0°25′13″ W), using a goniometer placed on the roof of the building. It was carried out in two different periods, first on the months of October and November, 2017, and second on four consecutive days, from 29 May to 1 June 2019. For both periods the measurements were made on cloudless days. The same plant species (a set of rose plants) were used in the two periods, but different soil backgrounds were selected for each case: organic soil in the first period and inorganic soil (sand) in the second one. A six-band Cimel Electronique CE312-2 radiometer [34] was used to make the measurements over the sample of the study. In the first period, seven different observation angles, varying from 0° to 60° in steps of 10°, were considered. In order to reduce the LAI values of the sample, the plant leaves were cut off when the set of measurements at different observation angles was done. The measurements were repeated for six different values of LAI ranging from 2.8 m2/m2 to 0.5 m2/m2, which were measured with Android app Pocket-LAI [35]. For the second period, a similar procedure was carried out. This time, we considered observation angles of nadir and 55°, with LAI measured values ranging from 3.3 m2/m2 to 0.6 m2/m2. During the second experiment, the number of observation angles was reduced because of two reasons: First, in García-Santos et al. [10] it was found that the decrease of emissivity on sand sample was observed for observation angles higher than 40°. Second, no significant variation with angle was observed in the emissivity measurements during the first period. Then, the measurements were repeated with just two observation angles because no significant differences with angle were expected for lower observation angles.



In order to assure enough measurements for adequate statistics, the number of radiance measurements was of 15 for each band, observation angle, and LAI value. Therefore, a total of 630 measurements of the sample for each band for the first period and 180 measurements for each band for the second period were used in this study. The height of the radiometer was adjusted for each observation angle in order to assure a constant field of view of 0.048 m2. Also, a second six-band Cimel CE312-2 radiometer was used to measure the hemispherical downwelling radiance, simultaneously to each measurement, making use of a Labsphere golden panel with high reflectivity in the TIR [36]. The experimental setup is shown in Figure 1.



2.1. Cimel ElectroniqueCE312-2


Sample radiances and downwelling hemispheric radiances were measured using two Cimel Electronique CE312-2 radiometers. This field instrument focuses its six spectral bands in the TIR spectrum, covering from 8 to 13 µm. Its first band is a wide band covering all the wavelength range (band 1: 8–13.3 µm), whereas the other five bands are distributed along this spectral range: 10.9–11.7 µm (band 2), 10.2–11.0 µm (band 3), 9.0–9.3 µm (band 4), 8.5–8.9 µm (band 5), and 8.3–8.6 µm (band 6). These five narrow bands are coincident with the ASTER sensor TIR bands. The CE312-2 radiometer has an accuracy of 0.2 K according to the manufacturer and a field of view of 10°. Moreover, both radiometers were calibrated against the National Physical Laboratory (NPL) ammonia heat-pipe reference blackbody during the Fiducial Reference Measurements for validation of surface temperature from satellites (FRM4STS) experiment in June 2016. It was obtained a root mean square error (RMSE) between 0.06 and 0.10 K for bands 1 to 3 and a RMSE between 0.13 and 0.23 K for bands 4 to 6 [33,37].



In order to retrieve emissivity values from sample radiance measurements, it is required to measure the hemispheric downwelling radiance. For that reason, it was measured over an Infragold Reflectance Target (IRT-94-100) made by Labsphere [36]. This target is a high diffuse reflectivity gold panel, with reflectivity values close to 0.92 for the six spectral bands of the CE312-2 radiometer [38].




2.2. TES Algorithm


The TES method [31] was first devised and extensively applied to ASTER sensor [39,40,41], but because of the similarities between the ASTER and the CE312-2 spectral bands, it can also be applied to the latter using the same empirical equations for both instruments [33,42]. The TES algorithm starts with the normalized emissivity method (NEM) [43] using the at-surface and the downwelling radiance measurements taken by the five ASTER TIR channels. NEM calculates five different temperatures assuming a common initial emissivity guess value, typically 0.990. The highest temperature value is assumed as a first-guess land surface temperature, which is known as TNEM. With the obtained TNEM, the so-called NEM emissivity    (   ε  N E M , i    )    is retrieved for each spectral band using the corresponding at-surface and downwelling radiances. Dividing each    ε  N E M , i     by the mean value of the NEM emissivities, the temperature-independent    β i    index is calculated. Next, an empirical relation relating the minimum emissivity    ε  m i n     with the maximum-minimum emissivity difference (MMD) is used to obtain    ε  m i n    . For that, the MMD is obtained from the difference of the maximum and minimum value of    β i    index. To avoid possible systematic errors in the TES results, the empirical MMD-εmin relationship proposed by Hulley and Hook [44] was used, which was obtained using different samples of vegetation (with different covers), rocks, soils, water, and snow, since using a relationship not appropriate for vegetation samples could provide significant errors. Additionally, the CE312-2 radiometer has a relatively low noise equivalent difference of temperature (NEΔT). This fact minimizes the possibility of obtaining MMDs higher than usual, which could result also in systematic errors. Lastly, using both    ε  m i n     and    β i   , the emissivity values are obtained for the five CE312-2 spectral bands.




2.3. Pocket-LAI


Leaf area index (LAI) is a good descriptor of vegetation density. It is defined as half of the total green leaf area per unit projected horizontal ground surface area [45], in units of m2/m2. Two methods are known for LAI estimation. Direct methods make use of destructive procedures on the plant for the measurement of LAI; indirect methods take advantage of optical and radiance analyses to retrieve the LAI [35]. For the latter methods, the instruments which make use of these techniques, are based on the analyzing of the gap fraction by means of radiance measurements at different angles (e.g., LICOR-2000 instrument) or by means of optical properties provided by hemispherical lenses (e.g., hemispherical photography cameras).



Pocket-LAI is a smartphone code that calculates LAI of the canopy using the mobile camera. It is based on the approximation of the projection function to 0.5 for a viewing angle of 57.5°, which is used in the estimation of the gap fraction. Then, from the inversion of the gap fraction equation, the LAI value is obtained [46,47]. Therefore, by making a picture at 57.5° from ground to the leaves (looking upwards), using the mobile accelerometer sensor to assure the viewing angle, Pocket-LAI Android App makes possible to estimate the LAI of the plant.



This inexpensive technique for LAI measurements is analyzed in different studies over a diverse variety of vegetated areas, comparing the results with those obtained with other instruments like AccuPAR ceptometer, LICOR-2000 or digital hemispherical photography (DHP). Overall, Pocket-LAI app values show a good agreement with the other instruments. Francone et al. [48] compared Pocket-LAI app values with an AccuPAR ceptometer over maize and grassland fields, obtaining differences lower than 0.5 m2/m2. Orlando et al. [49] evaluated Pocket-LAI over vineyard, using as a reference a DHP and direct methods. The accuracy obtained in these cases was ±0.57 m2/m2 when the reference was DHP measurements, and ±0.16 m2/m2 when the reference was a direct method. Similarly, Campos-Taberner et al. [47] evaluated the Pocket-LAI values over rice fields using a DHP and a LICOR-2000, obtaining RMSE values of ±0.67 m2/m2 using the DHP, and of ±0.35 m2/m2 using the LICOR-2000. Nevertheless, a disagreement between Pocket-LAI and DHP measurements was found over conifers by Orlando et al. [50], where a correlation coefficient of 0.15 was obtained in the comparison of both instruments. Consequently, it is determined the good performance of the Pocket-LAI app for the LAI retrieval over broadleaved plants, as it is the case of the rose plant leaves used in this study, but not over needle-shaped leaves. Then, although no comparison with other instruments is done in this study for LAI measurements, it is considered that the data obtained from the pocket-LAI measurements is reliable within the uncertainties stated in the above mentioned studies.




2.4. Sample


During this study, we used two sets of twenty-seven rose plants set on an organic soil. The soil of the set used during the second period was covered with sand, which was separated from the organic soil by a piece of fabric, to avoid mixing the samples. They were located in a container with dimensions of 113 cm × 84 cm × 9 cm. During the first period, the plants were watered twice per week. However, in order to assure a constant value in soil emissivity during the study, the soil of the sample was re-covered using dry soil before each set of measurements. At the second period, because of the short time, the plants where watered before covering the organic soil with sand.



The plant and soils samples were selected for different reasons. First, when all the plants are planted together, they form a continuous canopy. The random distribution of rose plants leaves allows cutting off the leaves while controlling the plant structure as convenience to maintain a close uniform distribution during the measurements. Moreover, the rose plant stem is strong but fine enough to have a minimal influence in the canopy emissivity. Two different soils were chosen because of their different features on the spectral and angular emissivity variation. The organic bare soil has a low spectral and angular emissivity variation. The angular emissivity variation between nadir and 60° was measured, obtaining an emissivity decreasing of 0.01 for the 10–12 µm range and of 0.02 for the 8–9.5 µm range. However, the sand has a high spectral and angular emissivity variation, especially for the 8–9.5 µm range, which was measured by García-Santos et al. [10]. The emissivity decreasing observed for the sand was of 0.03 for the 10–12 µm range and of 0.06 for the 8–9.5 µm range.



The nadir emissivity of green leaves, dry organic bare soil (OBS), and sand (inorganic bare soil, IBS) for the five narrow bands of the CE312-2 radiometer, which are shown in Figure 2, are required to apply the canopy emissivity models in order to obtain the canopy emissivity. For that, a sample of cut off leaves and a sample of OBS and IBS were used to characterize its emissivity at nadir using twenty radiance measurements to apply the TES algorithm as described in Section 2.2. The standard deviation of the twenty measurements was taken as the emissivity uncertainty for each sample and spectral band.



Figure 2 shows that the emissivity spectrum is nearly flat for green leaves, with an average value of 0.978 and a difference of 0.006 between the maximum and the minimum values. In contrast, we found lower emissivities for bare soils. For OBS, a difference of 0.018 was obtained between the maximum value and the minimum, with a maximum value of 0.967. In the case of IBS, the difference was up to 0.23, with a maximum value of 0.962. The expected emissivity differences between both soil samples emissivities at 8–9.5 µm spectral range, which are between 0.19 and 0.24, are also observed in Figure 2. Mean uncertainty for green leaves and OBS is ±0.010, and it is ±0.008 for IBS.





3. Models


3.1. FR97 Model


François et al. [22] proposed a physical model to obtain canopy emissivity, which is based on the RTM proposed by Prévot in [51]. The FR97 model aims at the retrieval of canopy components temperature. For that purpose, the directional canopy emissivity is included as a parametric equation. According to François et al. [22], the emissivity must react to the modification of the vegetation distribution within the canopy; consequently, the parametric equation is related with LAI and leaf inclination distribution function (LIDF), the emissivity of soil and leaves and the viewing zenith angle (VZA). Therefore, with these considerations, the directional canopy emissivity (   ε c   ) is given as:


   ε c   ( θ )  = 1 −  k s   (  1 −  ε s   )  −  k l   (  1 −  ε l   )   



(1)




where    k s    and    k l    are soil and leaf coefficients, and    ε s    and    ε l    are the soil and leaf emissivity, respectively, and  θ  is the VZA. The coefficients    k s    and    k l    are dependent on LAI, directional gap frequency    (  b  ( θ )   )   , and the shielding hemispherical factor   (   σ f   )  . These coefficients are defined as    k s  = b  ( θ )  ( 1 −  σ f  )   and    k l  = α  (  1 − b  ( θ )   (  1 −  σ f   )   )   , where  α  is the cavity effect coefficient. François et al. [22] defined the α coefficient as a parameter dependent on the limit emissivity (   ε  l i m    ), obtained for high LAI values, and the leaf emissivity:


  α =   1 −  ε  l i m     1 −  ε l     



(2)







Moreover, François et al. [22] analyzed that  α  is not dependent on LAI, but it should be dependent on the VZA and the LIDF. In the expression given in [22], α is estimated from the limit emissivity, which is the emissivity to which it tends when the LAI value increases. In the case of a spherical LIDF, the  α  coefficient is calculated and tabulated in [23] for each VZA.



Also, for a spherical LIDF, considering a random dispersion,   b  ( θ )    is given as   b  ( θ )  =  e  − 0.5 L A I / cos  ( θ )     , while for these same conditions, according to François in [23], the shielding hemispherical factor could be approximated as    σ f  = 1 −  e  − 0.825 L A I    .



Applying these expressions to Equation (1), the directional canopy emissivity defined by the FR97 model is finally given as:


   ε c   ( θ )  = 1 − b  ( θ )   (  1 −  σ f   )   (  1 −  ε s   )  − α  [  1 − b  ( θ )   (  1 −  σ f   )   ]   (  1 −  ε l   )   



(3)








3.2. Mod3 Model


The Mod3 was proposed by François in [23]. It gives a parametric expression for the directional canopy emissivity, which 9is based on the canopy RTM proposed by Prévot in [51], as the FR97 model. It consists in a variation of the Mod2 model, which is described by Chehbouni et al. in [52]. This modification of the Mod2 model was justified by François in [23] arguing an incorrect consideration of the radiative interactions between the soil and the leaves, which was reflected in the expression that defines the directional canopy emissivity. For that reason, the shielding hemispherical factor was added in Mod3 model, which was not present in the previous model [23].



Therefore, the directional canopy emissivity is given by the Mod3 model according to the following expression:


   ε c   ( θ )  = 1 −  [  1 − b  ( θ )   ]   (  1 −  ε l   )  −   b  ( θ )   (  1 −  σ f   )   (  1 −  ε s   )    1 −  (  1 −  ε s   )   σ f   (  1 −  ε l   )     



(4)







Then, the main difference between the FR97 model and the Mod3 model is the lack of a cavity effect term in the latter. In this model, it is not included the multiple scattering inside the vegetation, and it is just considered between the soil and vegetation components.




3.3. Rmod3 Model


In semiarid areas, it is quite common to find mixed pixel of bare soil and vegetation. The vegetation cover fraction (   P v   ) was introduced by Shi [26] with the intention of improving the Mod3 model for that areas with mixed pixels. Then, the Rmod3 model uses the    P v    as an input in order to modify the Mod3 model.



The directional canopy reflectance obtained in the Mod3 model is weighted by the    P v    in this model. Also, an additional term relating the bare soil emissivity and the fraction of the viewing of the sensor corresponding to bare soil, without vegetation above it. The parametric expression corresponding to the Rmod3 model is defined as:


   ε c   ( θ )  = 1 −  P v   {   [  1 − b  ( θ )   ]   (  1 −  ε l   )  +   b  ( θ )   (  1 −  σ f   )   (  1 −  ε s   )    1 −  (  1 −  ε s   )   σ f   (  1 −  ε l   )     }  −  (  1 −  P v   )   (  1 −  ε s   )   



(5)








3.4. SAIL Model


SAIL is a four stream RTM proposed by Verhoef et al. [53]. It expresses the scattering and extinction coefficients of the canopy in the visible and near infrared (VNIR) spectral regions by means of the LIDF, the leaf optical properties, and the observation geometry. It distinguishes between two direct fluxes, which are the incident solar flux and radiance in the viewing direction, and two diffuse fluxes, corresponding to the upward and downward hemispherical fluxes. Four lineal differential equations, which can be analytically solved, describe the interaction among the four fluxes and form the basis of this model [25].



The 4SAIL is an extended version of the SAIL RTM to the TIR described by Verhoef et al. in [25]. It is programmed and free delivered in Fortran language (available at http://teledetection.ipgp.jussieu.fr/prosail/). In this version, canopy emissivity can be obtained using the leaf and soil emissivity, the LAI and the VZA as inputs. Finally, the hemispherical-directional reflectivity of the canopy is given as an output, which is easily converted to canopy emissivity by applying the Kirchfoff’s law.




3.5. REN15 Model


Ren et al. [27] observed that the α coefficient tabulated in [23] for the FR97 model was overestimated, yielding to differences between FR97 and 4SAIL model specially for large VZAs because of the cavity effect term. REN15 model updates the FR97 model by updating the cavity effect term. For that, the limit emissivity is estimated using the 4SAIL model. Then, α is calculated using Equation (2). Finally, canopy emissivity is estimated using the FR97 model Equation (3) with the α coefficient obtained by REN15.



For this study, α was obtained for the different VZAs and CE312-2 bands applying the REN15 model with the measured component emissivity values (see Section 2.4). As the limit emissivity depends only on the leaf emissivity, the same α values were used for both samples, with organic and inorganic soil.




3.6. CE-P Model


The new directional canopy emissivity model (CE-P model) based on spectral invariants was proposed by Cao et al. [28]. This model makes use of the recollision probability parameter ( p ) instead of the cavity effect parameter used in other models such as FR97 or REN15. The  p  parameter gives the probability that a photon interacts with a component after an interaction with another one. The  p  parameter is commonly used in the VNIR spectral range and it is extended to the TIR spectrum in the CE-P model. This parameter is given by 1 − eu − ed, where eu (ed) is the upward (downward) escape probability [28]. As the previous models, the CE-P model is given as an analytical expression considering a homogeneous vegetation and an spherical LIDF. Then, the CE-P model emissivity is defined by Equation (6):


  ε  ( θ )  =    i 0   ε l    1 − p  (  1 −  ε l   )    +    (  1 −  i 0   )   (  1 −  ε s   )   i 0 ′     ε v    1 − p  (  1 −  ε l   )      1 −  r  c 2  *   (  1 −  ε s   )   i 0 ′    +    i 0   r  c 1  *   (  1 −  ε s   )   i 0 ′     ε v    1 − p  (  1 −  ε l   )      1 −  r  c 2  *   (  1 −  ε s   )   i 0 ′     +    (  1 −  i 0   )   ε s    1 −  r  c 2  *   (  1 −  ε s   )   i 0 ′    +    i 0   r  c 1  *   ε s    1 −  r  c 2  *   (  1 −  ε s   )   i 0 ′     



(6)




where    i 0    is the directional intercept probability    (   i 0  = 1 − b  ( θ )   )   ,    i 0 ′    is the hemispherical intercept probability    (   i 0 ′  = 1 − M  )   ,    r  c 1  *    and    r  c 2  *    are the forward and backward diffuse reflectance of the canopy, which are given by (1 − εl)ed/(1 − 1 − εl)p) and (1 − εl)eu/(1 − (1 − εl)p), respectively.



Different simplifications of this model are proposed in [28,54]; however, the authors recommend not to use the simplification for leaves (soil) emissivity lower than 0.94 (0.90). Then, since the sand emissivity is lower than this soil value, the complete model is used in this study with no simplifications.





4. Results


4.1. Leaf Area Index and Vegetation Cover Fraction Measurements


The LAI values required to apply the different models were obtained using Pocket-LAI App. For each LAI, obtained by cutting leaves of the rose plants used as sample, 36 pictures were taken in order to obtain the statistical values. Therefore, the value given for each LAI corresponds to the mean of these 36 pictures. These LAI values are shown in Table 1. Also, the uncertainty for each value is given. This uncertainty is calculated by the standard deviation of the 36 measurements.



In order to calculate the    P v    needed for Rmod3 model, six pictures were taken of the rose plants, covering the study sample uniformly, for each LAI. Then, the pixels corresponding to vegetation were distinguished by means of the selection of green pixels using image editing software. Finally, the    P v    of each picture was obtained by dividing the quantity of green pixels by the total number of pixels. The results of the mean    P v    value of the six pictures for each LAI, and its uncertainty obtained as the standard deviation, are also shown in Table 1.




4.2. Canopy Emissivity Variation with LAI at Nadir


The emissivities measured in situ with TES algorithm at nadir are compared in Figure 3 with those emissivities given by the six RTM for the different LAI quantities in the case of the organic soil. Figure 3 is composed of five graphs, each one corresponding to a spectral narrow band of the CE312-2 radiometer.



From Figure 3, it is observed that TES emissivity values range from 0.975 to 0.987. The lower values were found for LAI of 0.5 m2/m2 and in 10.2–11.0 µm, whereas the higher value was obtained for LAI of 2.8 m2/m2 in 10.9–11.7 µm. Also, the uncertainties observed for emissivity range from ±0.002 to ±0.008, whereas LAI uncertainties are those of Table 1.



Figure 4 shows the at nadir emissivity obtained from TES measurements and the emissivity estimated from the RTM for the case of the inorganic soil. In Figure 4, TES emissivity values range from 0.887 obtained for 9.0–9.3 µm to 0.984 obtained for 10.9–11.7 µm. The uncertainties found for each emissivity value range from ±0.002 to ±0.009, while LAI uncertainties are those in Table 1. The spectral range of 10–12 µm shows less variation with LAI (around 0.02) because of the soil emissivity is closer to the vegetation emissivity. However, the low emissivity of sand for 8–9.5 µm range causes a high variation in the emissivity with LAI. This variation has a higher slope for LAI < 2 m2/m2, where the difference of LAI has a major effect on emissivity. For LAI > 2 m2/m2, the emissivity trends to plateau, taking values close to the    ε  l i m    .



Because of the spectral variation of sand emissivity, the higher differences between the models and the TES emissivity were found for 8–9.5 µm range in Figure 4. While for 10–12 µm of the inorganic soil measurements, we found similar results to those obtained for the organic soil, because of the similar soil emissivity. In the latter case, FR97, 4SAIL, REN15, and CE-P gave similar results, with differences lower than 0.002 between them. However, these differences are up to 0.01 for the lower LAIs when the difference between soil and leaf emissivity increase (8–9.5 µm range), but they are reduced when the LAI increase. Mod3 model gives similar values to FR97 model for low LAIs, with a difference around 0.002, but they differ with LAI, giving differences up to 0.013, with similar differences for both soils. In the case of Rmod3 model, differences with the Mod3 model decrease with LAI, varying from 0.012 to 0.001 in the case of the organic soil and 10–12 µm range of the inorganic soil. But these differences range from 0.078 to 0.004 in the case of 8–9.5 µm with the inorganic soil, when the soil and leaf emissivity differs more.



The six models were compared with at-nadir TES emissivity. The statistical results are summarized in Table 2 and Table 3 for the different LAI values. For the organic soil, differences between models with TES emissivity were lower. It is observed in Table 2 that, for LAI < 1.5 m2/m2, FR97, 4SAIL, REN15, and CE-P are the models with lower RMSE. However, for LAIs ≥ 1.5 m2/m2, Mod3 model shows the lowest RMSE. Also, the RMSE for Rmod3 model decreases with LAI, because of the soil term is reduced and the values are closer to the Mod3 model. In the overall analyses, where all LAIs and spectral bands are included, Mod3 model has the lowest bias and RMSE, but the values are close to the other models, with differences in RMSE lower than 0.005. Nevertheless, for the case of inorganic soil (Table 3) the Mod3 model gives the lowest RMSE for all LAIs, although for the lowest LAI (LAI = 0.64 m2/m2) the results are the same as those obtained with FR97 and REN15 models. 4SAIL RMSE values are slightly higher than those given by the FR97, REN15, and CE-P models. Moreover, despite of 10–12 µm on Figure 4 shows that Rmod3 is the closest model to the TES measurements, the emissivity of the Rmod3 model decrease considerably for 8–9.5 µm range, yielding to values far to those given by TES emissivity. This decreasing in the Rmod3 canopy emissivity is caused by the difference between the soil and leaf emissivity. In the overall analyses, as occurs with the organic soil, it is the Mod3 model which shows the lower bias and RMSE in comparison with TES emissivity. But in this case, the differences of the Mod3 RMSE with the RMSE obtained for other models are higher, from 0.005 in the case of FR97 model to 0.036 in the case of Rmod3.




4.3. Canopy Emissivity Variation with Viewing Angle for Different LAI Values


4.3.1. Organic Soil


The six directional canopy emissivity models were also compared with the TES emissivity measured for the seven different VZAs in the case of the organic soil, from 0° to 60° in steps of 10° and for the six LAI values given in Table 1 for this soil. In Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, these comparisons are shown, each figure corresponding to one spectral narrow band of the CE312-2 radiometer. They show the emissivity given by the six models, as well as the emissivity measured by the CE312-2 radiometer with the TES algorithm.



Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9 show the emissivity values obtained with TES algorithm for the 5 CE312-2 spectral bands over the rose plants and the organic soil. The obtained values ranged from 0.975 to 0.989 depending on LAI, VZA, and spectral range. The mean uncertainty, obtained as the standard deviation of the measurements, was between ±0.003 (Figure 5 and Figure 6) and ±0.005 (Figure 9).



From Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, very little variation is observed with the VZAs in the range from 0° to 60°. Also, a slight fluctuation on the TES emissivities can be observed in some figures but it is within the measurement uncertainty. As for nadir observation, 4SAIL and FR97 show a slight difference lower than 0.002, while REN15 model is closer to FR97 model for low VZAs and it takes closer values to 4SAIL model when the angle increases, as it was expected [27]. It can be observed how the differences between models are inverted when the LAI is reduced, Mod3 model is close to the FR97 model for lower LAIs (LAI < 2 m2/m2), but it is closer for Rmod3 model when LAIs are higher (LAI > 2 m2/m2), because the increment of    P v    makes their expressions more similar.



The relation of the models with TES emissivity seems to vary with LAI. An overestimation is observed in the FR97, 4SAIL, REN15, and CE-P models for LAIs ≥ 2.0 m2/m2. However, they fit quite well for LAI < 2 m2/m2. In the case of Mod3 model, it slightly underestimates the TES measurements in most cases, but no high differences are observed. Rmod3 model is the model which differs from the TES measurements. Only for high LAIs, when the values are close to those given by the Mod3 model, its values are close to the TES emissivities. Table 4 summarizes the bias and RMSE of the comparison of models emissivity with TES emissivity. As it is observed from Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9, the differences between TES emissivity and FR97, 4SAIL, and REN15 models increase with LAI. Contrarily, for Mod3 and Rmod3 model, the differences decrease with LAI.




4.3.2. Inorganic Soil


For the inorganic soil, the VZAs measured were 0° and 55° for the LAIs defined in Table 1 for this soil. Figure 10, Figure 11, Figure 12, Figure 13 and Figure 14 show the emissivities obtained for the five CE312-2 narrow bands from the six directional emissivity canopy models and the TES emissivity measurement for both angles. The obtained values ranged from 0.887 to 0.988 depending on LAI, VZA and spectral range. The mean uncertainty, obtained as the standard deviation of the measurements, was between ±0.003 (Figure 10) and ±0.009 (Figure 14).



From Figure 10 and Figure 11, because of the emissivity values are close to the organic soil, the models behavior is similar to that of the observed with this soil. However, differences are found in Figure 12, Figure 13 and Figure 14, where the soil emissivity is significantly lower. The differences between FR97 and 4SAIL models increase when the LAI is reduced, giving differences up to 0.01. REN15 and CE-P models remains between both, but they are always close to FR97 model for all angles. Also, the differences between Mod3 and RMod3 model increase with LAI, showing similar values for high LAIs, but the Rmod3 model decrease considerably with LAI, yielding to differences with Mod3 model up to 0.08 for the lowest LAI measured.



In the comparison with TES emissivity, FR97, 4SAIL, REN15, and CE-P models overestimate the emissivity for most cases. Opposite to the observations in the comparison of the organic soil, Rmod3 model is the model that fits better to the TES emissivity for 10–12 µm range. However, this model is largely the model that differs more with TES emissivity for 8–9.5 µm range and LAI < 2.0 m2/m2, as it is shown in Figure 12, Figure 13 and Figure 14. It is Mod3 model which shows the best agreement with TES emissivity in Figure 12, Figure 13 and Figure 14, but it also gives close values for 8.3–8.9 µm and LAI > 1.5 m2/m2. Table 5 shows the bias and RMSE of the comparison of the models emissivity with TES emissivity. Taking into account all data, Mod3 model shows the best agreement with TES emissivity, with an overall RMSE of 0.007. Rmod3 model, although it shows the lowest RMSE and a null bias for LAI = 3.3 m2/m2, it has largely the highest global RMSE. FR97, 4SAIL, REN15, and CE-P models obtain similar RMSE for all LAIs and total data also, obtaining a similar RMSE to Mod3 model just for the lowest LAI.






5. Discussion


Six RTM to retrieve the canopy emissivity were evaluated using in situ TES emissivity over a set of rose plants and two different soils, an organic and inorganic soil. During the time the experiment was carried out, for LAIs higher than 2.0 m2/m2, the canopy was seen as an almost continuous layer of leaves. However, for LAI lower than 2.0 m2/m2, the quantity of ground which was seen by the sensor increased considerably when LAI decreased (See Table 1). Therefore, for lower LAIs, it was expected to obtain higher uncertainty values, mainly because of the arbitrariness of the position of leaves causes the structure of the plant be more unpredictable, and as a consequence, it could be viewed slightly different by the sensor for each VZA. However, all the uncertainties calculated from the measurements resulted in quite similar values.



From the at nadir comparison of the emissivity models, an increase of emissivity from low to high LAI values was observed, obtaining a value close to the limit emissivity for the highest LAI. Although the limit emissivity reached with each soil is the same, since there is no effect of soil emissivity on the limit emissivity retrieval [22,27], closer values to the limit emissivity were obtained for the organic soil for LAI values lower than for the inorganic soil. Then, the soil emissivity has no impact on the canopy limit emissivity, but it does on the value of emissivity for high LAIs analyzed in this study.



When the soil emissivity is high, close to the leaf emissivity, as for the cases of the organic soil at all wavelengths and the inorganic soil at 10–12 µm, all models show differences which could be reasonable taking into account the emissivity error, since the difference values given by the different models are quite close. Despite of that, it is observed that Mod3 model provides slightly better overall results, but they cannot be conclusive, since differences are within the TES uncertainties and also depend on the LAI analyzed. But when differences between soil and leaf emissivity increase, as for 8–9.5 µm range of the inorganic soil, Mod3 is the model that best fits with TES emissivity for the data analyzed in this study. In these cases, the other models show significant discrepancies with TES emissivity. If it is just taken into account the 8–9.5 µm range of the measurements with the inorganic soil, the bias of FR97, 4SAIL, REN15, and CE-P models are 0.011, 0.017, 0.012, and 0.011, respectively, which are similar to those obtained in Table 5. Mod3 model obtains a bias of 0.002 in this case. This model differs from the FR97 model in the consideration of the multiple reflections between the leaves of the canopy. Since Mod3 model takes into account the interaction between the soil and leaves in a more adequate way, then the canopy emissivity obtained is lower than the one obtained with FR97 model; this effect is stressed in the cases where the LAI, and the quantity of leaves, is higher. It is in these cases, when the LAI is higher, in which Mod3 model shows better results than FR97 model, for both organic and inorganic soils. Rmod3 model obtained accurate results when its values were close to those given by Mod3 model, that is, when LAI is high and the contribution of soil emissivity is weak, but also for 10–12 µm range with the inorganic soil. In these cases, the same occurred for REN15, CE-P, and 4SAIL models because of a systematic difference was observed between these models and FR97 model. This is because REN15 model modifies the cavity effect of the FR97 model by using the limit emissivity values obtained from the 4SAIL model. In the case of CE-P model, despite it is based on spectral invariants as the recollision and escape probabilities instead of the cavity effect coefficient, the values obtained are quite close to those obtained by the FR97 and REN15 models. However, when the LAI decreases, and consequently the    P v    does, the soil emissivity gains weight and, if the soil emissivity is much lower than leaf emissivity, a strong decrease in the canopy emissivity is expected. This is why the Rmod3 model considerably decreases when LAI decreases, especially for 8–9.5 µm range measurements over the inorganic soil. In the case of the organic soil, this decrease is not so significant because of the similar values of the soil and leaf emissivity at all wavelengths.



Regarding the angular emissivity variation, a clear trend was not observed in any of the analyzed cases. The organic soil shows a decrease of emissivity with VZA (from 0 to 60°) between 0.01 and 0.02, and the inorganic soil between 0.03 and 0.06 [10]. However, models predict an increase in emissivity when LAI is reduced and more soil is seen, because of the cavity effect. TES emissivity measurements do not reflect clearly the increase or decrease with VZA. In the case of the organic soil, for LAI < 2 m2/m2 and depending on the spectral range, the emissivity increases with angle with respect to the nadir between 0.001 and 0.005, which are values within the uncertainty. For the highest LAI (LAI = 2.8 m2/m2), the emissivity decreases with respect to nadir between 0.003 and 0.008, depending on the spectral range. But for high LAIs, this decreasing should be attributed to the cavity effect. For the inorganic soil, it is expected some decrease with angle; however, it is only observed for all LAIs in 10–12 µm, which are the bands with low decrease when bare soil is analyzed. These differences on the emissivity observed for the different VZAs range from 0.002 to 0.008 depending on the LAI, being higher when more soil is observed. For 8–9.5 µm range and LAI > 2 m2/m2, the decrease observed is around 0.005, and also for 10.9–11.7 µm and LAI of 0.6 m2/m2. But for LAIs between 1 and 2 m2/m2, the emissivity increases around 0.007 with angle. Therefore, taking into account the uncertainty of the TES emissivity measurements, no significant variation of emissivity with VZAs between 0° and 60° is observed for canopy emissivity in this study.




6. Summary and Conclusions


An accurate retrieval of LST requires a precise knowledge of surface emissivity. Over vegetated areas, it is necessary to consider the multiple reflections between ground and vegetation when the canopy emissivity is calculated. Several methods to obtain the canopy emissivity are found in the literature. In this work, six RTM-based directional canopy emissivity models are evaluated with in situ TES emissivity measurements acquired with a CE312-2 radiometer. The selected models are FR97 [22], Mod3 [23], Rmod3 [26], REN15 model [27], CE-P [28], and 4SAIL model [25].



The sample used during the study was a set of rose plants with organic soil as background in the first period and with inorganic soil (sand) in a second period. Several measurements were done over the sample using a CE312-2 radiometer with five bands within 8 µm and 13 µm. We took 15 radiance measurements for each one of the seven (two) VZAs and for six LAI levels for the first (second) period. Also, the component (leaves and soil) emissivities were measured with the TES algorithm. From these emissivities, a flat spectrum was seen for the leaves, close to 0.98. For the bare soils, the obtained values were between 0.949 and 0.967 for the organic soil, and between 0.732 and 0.962 for the inorganic soil. These values were used as the input of the models for each spectral band.



We compared the model-derived and measured emissivities at nadir. For organic soil, results showed that the measured TES emissivities were similar for different LAI values. However, for inorganic soil, where the difference between soil and leaf emissivity was higher, the increase in emissivity predicted by the models is clearly reproduced by the TES measurements. The Mod3 model agreed with the TES measurements better than the other models, according to the RMSE obtained from the statistical analysis with both organic and inorganic soil, especially for bands where the difference on soil–leaf emissivity is high.



The evaluation carried out at different VZAs obtained a quite constant emissivity for both models and TES emissivity, with small variation with the VZA for both organic and inorganic soil. Thus, from this study, no variation with angle is expected for canopy emissivity in similar conditions. From the comparison among models with the TES method, for the organic soil, where the difference of soil–leaf emissivity is little, Mod3 obtained a slightly lower overall RMSE compared with FR97, REN15, CE-P, and 4SAIL, but the differences between them were within the measurement uncertainties. In addition, the model which adjusted best with the reference measurements depended on the LAI range, being the Mod3 model which provided best results for LAI > 2.0 m2/m2 and the FR97 model when LAI < 2.0 m2/m2. However, when the difference soil–leaf emissivity is high, as for 8–9.5 µm range of the inorganic soil, the Mod3 model gave the best results compared with TES emissivity measurements, while the FR97, REN15, CE-P, and 4SAIL models overestimated considerably the TES measurements and Rmod3 largely underestimated the TES emissivity, especially for low LAI values.
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Figure 1. Experimental setup established for the radiometric measurements. 






Figure 1. Experimental setup established for the radiometric measurements.
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Figure 2. Band emissivity of green leaves, organic bare soil (OBS) and inorganic bare soil (IBS) measured in situ with the temperature-emissivity separation (TES) algorithm. 
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Figure 3. TES in situ nadir emissivity and emissivity values given by FR97, Mod3, Rmod3, REN15, CE-P, and 4SAIL models for nadir observation for different LAIs over the organic soil. 
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Figure 4. TES in situ nadir emissivity and emissivity values given by FR97, Mod3, Rmod3, REN15, CE-P, and 4SAIL models for nadir observation for different LAIs over the inorganic soil. 
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Figure 5. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 10.9–11.7 spectral band using an organic soil. 






Figure 5. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 10.9–11.7 spectral band using an organic soil.
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Figure 6. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 10.2–11.0 µm spectral band using an organic bare soil. 






Figure 6. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 10.2–11.0 µm spectral band using an organic bare soil.
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Figure 7. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 9.0–9.3 µm spectral band using an organic soil. 
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Figure 8. TES emissivity measurements, and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 8.5–8.9 µm spectral band using and organic soil. 






Figure 8. TES emissivity measurements, and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 8.5–8.9 µm spectral band using and organic soil.
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Figure 9. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity at different zenith angles and LAI values for the CE312-2 radiometer 8.3–8.6 µm spectral band using an organic soil. 






Figure 9. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity at different zenith angles and LAI values for the CE312-2 radiometer 8.3–8.6 µm spectral band using an organic soil.
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Figure 10. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 10.9–11.7 µm spectral band using an inorganic soil. 
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[image: Remotesensing 11 03011 g010]







[image: Remotesensing 11 03011 g011 550] 





Figure 11. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 10.2–11.0 µm spectral band using an inorganic bare soil. 
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Figure 12. TES emissivity measurements and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 9.0–9.3 µm spectral band using an inorganic soil. 
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[image: Remotesensing 11 03011 g012]







[image: Remotesensing 11 03011 g013 550] 





Figure 13. TES emissivity measurements, and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 8.5–8.9 µm spectral band using an inorganic soil. 
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Figure 14. TES emissivity measurements, and FR97, Mod3, Rmod3, 4SAIL, REN15, and CE-P models emissivity values at different zenith angles and LAI values for the CE312-2 radiometer 8.3–8.6 µm spectral band using an inorganic soil. 
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Table 1. Leaf area index (LAI) and vegetation cover fraction (Pv) measured values required at the different models of the study to the sample with organic soil (OS) and inorganic soil (IS).
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	LAI (m2/m2)—OS
	   P v   —OS
	LAI (m2/m2)—IS
	   P v   —IS





	2.8 ± 0.4
	0.95 ± 0.03
	3.3 ± 0.5
	0.98 ± 0.03



	2.4 ± 0.4
	0.90 ± 0.03
	2.8 ± 0.3
	0.96 ± 0.04



	2.0 ± 0.3
	0.83 ± 0.06
	2.4 ± 0.3
	0.91 ± 0.05



	1.5 ± 0.2
	0.77 ± 0.05
	1.8 ± 0.3
	0.81 ± 0.05



	0.9 ± 0.2
	0.57 ± 0.06
	1.1 ± 0.2
	0.62 ± 0.03



	0.52 ± 0.12
	0.41 ± 0.04
	0.64 ± 0.07
	0.44 ± 0.03
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Table 2. Statistical values from the at-nadir comparison of the canopy emissivity models and TES algorithm for the different LAI measurements and for all bands with the organic soil.
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LAI

	
FR97

	
MOD3

	
RMOD3

	
4SAIL

	
REN15

	
CE-P




	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE






	
0.5

	
−0.005

	
0.005

	
−0.007

	
0.007

	
−0.016

	
0.016

	
−0.003

	
0.004

	
−0.005

	
0.005

	
−0.003

	
0.004




	
0.9

	
−0.0001

	
0.0012

	
−0.003

	
0.004

	
−0.013

	
0.013

	
0.0019

	
0.002

	
0.0001

	
0.0011

	
0.0013

	
0.0017




	
1.5

	
0.006

	
0.006

	
0.000

	
0.002

	
−0.006

	
0.006

	
0.008

	
0.008

	
0.006

	
0.006

	
0.007

	
0.007




	
2

	
0.008

	
0.008

	
0.000

	
0.003

	
−0.004

	
0.006

	
0.009

	
0.009

	
0.008

	
0.009

	
0.009

	
0.010




	
2.4

	
0.008

	
0.009

	
−0.001

	
0.002

	
−0.003

	
0.004

	
0.010

	
0.010

	
0.009

	
0.009

	
0.010

	
0.010




	
2.8

	
0.008

	
0.008

	
−0.0019

	
0.003

	
−0.003

	
0.004

	
0.009

	
0.009

	
0.009

	
0.009

	
0.010

	
0.010




	
Overall

	
0.004

	
0.007

	
−0.002

	
0.004

	
−0.007

	
0.009

	
0.006

	
0.008

	
0.004

	
0.007

	
0.006

	
0.008
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Table 3. Statistical values from the at-nadir comparison of the canopy emissivity models and TES algorithm for the different LAI measurements and for all bands with the inorganic soil.
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LAI

	
FR97

	
MOD3

	
RMOD3

	
4SAIL

	
REN15

	
CE-P




	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE






	
0.64

	
0.003

	
0.009

	
0.001

	
0.009

	
−0.047

	
0.063

	
0.010

	
0.011

	
0.003

	
0.009

	
0.004

	
0.010




	
1.1

	
0.007

	
0.010

	
0.003

	
0.008

	
−0.039

	
0.053

	
0.013

	
0.014

	
0.007

	
0.010

	
0.006

	
0.010




	
1.8

	
0.008

	
0.009

	
0.001

	
0.005

	
−0.025

	
0.034

	
0.012

	
0.012

	
0.008

	
0.009

	
0.007

	
0.009




	
2.4

	
0.009

	
0.009

	
−0.001

	
0.004

	
−0.014

	
0.019

	
0.012

	
0.012

	
0.009

	
0.010

	
0.009

	
0.009




	
2.8

	
0.012

	
0.013

	
0.002

	
0.004

	
−0.005

	
0.008

	
0.014

	
0.015

	
0.013

	
0.013

	
0.012

	
0.013




	
3.3

	
0.012

	
0.013

	
0.001

	
0.003

	
−0.002

	
0.003

	
0.014

	
0.014

	
0.013

	
0.013

	
0.013

	
0.013




	
Overall

	
0.009

	
0.010

	
0.001

	
0.005

	
−0.022

	
0.036

	
0.013

	
0.013

	
0.010

	
0.011

	
0.009

	
0.011
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Table 4. Statistical analyses of the comparison between the canopy emissivity models and TES method at different viewing zenith angles (VZAs) for the different LAI measurements and for all bands and observation angles using the organic soil in the sample.
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LAI

	
FR97

	
MOD3

	
RMOD3

	
4SAIL

	
REN15

	
CE-P




	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE






	
2.8

	
0.010

	
0.010

	
−0.001

	
0.002

	
−0.001

	
0.002

	
0.011

	
0.011

	
0.011

	
0.011

	
0.012

	
0.012




	
2.4

	
0.006

	
0.007

	
−0.003

	
0.004

	
−0.006

	
0.006

	
0.008

	
0.008

	
0.007

	
0.008

	
0.009

	
0.009




	
2

	
0.005

	
0.005

	
−0.004

	
0.005

	
−0.008

	
0.008

	
0.006

	
0.007

	
0.006

	
0.006

	
0.007

	
0.007




	
1.5

	
0.003

	
0.004

	
−0.004

	
0.005

	
−0.010

	
0.010

	
0.005

	
0.005

	
0.004

	
0.004

	
0.005

	
0.005




	
0.9

	
−0.001

	
0.002

	
−0.005

	
0.006

	
−0.014

	
0.015

	
0.001

	
0.002

	
0.000

	
0.002

	
0.0007

	
0.002




	
0.5

	
−0.005

	
0.005

	
−0.007

	
0.007

	
−0.016

	
0.017

	
−0.003

	
0.004

	
−0.004

	
0.005

	
−0.003

	
0.003




	
Overall

	
0.003

	
0.006

	
−0.004

	
0.005

	
−0.009

	
0.011

	
0.005

	
0.007

	
0.004

	
0.007

	
0.005

	
0.007
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Table 5. Statistical analyses of the comparison between the canopy emissivity models and TES method at different VZAs for the different LAI measurements and for all bands and observation angles using the inorganic soil in the sample.






Table 5. Statistical analyses of the comparison between the canopy emissivity models and TES method at different VZAs for the different LAI measurements and for all bands and observation angles using the inorganic soil in the sample.





	
LAI

	
FR97

	
MOD3

	
RMOD3

	
4SAIL

	
REN15

	
CE-P




	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
bias

	
bias

	
RMSE

	
bias

	
RMSE

	
bias

	
RMSE






	
3.3

	
0.015

	
0.015

	
0.002

	
0.004

	
0.000

	
0.016

	
0.016

	
0.017

	
0.016

	
0.016

	
0.016

	
0.017




	
2.8

	
0.014

	
0.014

	
0.003

	
0.005

	
−0.004

	
0.015

	
0.016

	
0.017

	
0.015

	
0.015

	
0.015

	
0.016




	
2.4

	
0.013

	
0.014

	
0.002

	
0.005

	
−0.011

	
0.014

	
0.016

	
0.016

	
0.014

	
0.015

	
0.014

	
0.015




	
1.8

	
0.009

	
0.009

	
0.001

	
0.004

	
−0.026

	
0.010

	
0.013

	
0.013

	
0.010

	
0.011

	
0.009

	
0.010




	
1.1

	
0.011

	
0.013

	
0.006

	
0.009

	
−0.037

	
0.012

	
0.017

	
0.018

	
0.012

	
0.014

	
0.011

	
0.014




	
0.64

	
0.012

	
0.016

	
0.009

	
0.014

	
−0.042

	
0.012

	
0.018

	
0.021

	
0.012

	
0.017

	
0.013

	
0.017




	
Overall

	
0.012

	
0.014

	
0.004

	
0.007

	
−0.020

	
0.013

	
0.016

	
0.017

	
0.013

	
0.015

	
0.013

	
0.015












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






media/file13.jpg





media/file4.png
Emissivity
o
&

i ? ¢ o o
i § s
B ¢ OBS
B RS
i ® Green Leaves
8.0 9.0 10.0 11.0 12.0

Wavelength (um)





media/file18.png
1.00

0.98

0.97

o
©
v

Emissivity
=
8

o
©
)

0.98

0.96

0.95

i
|
|—l,—|
:'l
T.—|
!
|
I

LAl = 2.8 m%/m?
0 10 20 30 40 50 60 70
® ® @ § ®
® o ____ ?
LAl = 1.5 m?/m?
0 10 20 30 40 50 60 70

1.00

0.99

0.98

0.96

0.95

1.00

0.99

0.97

0.96

Zenith Angle (°)

LAl = 2.4 m?/m?
0 10 20 30 40 50 60 70
Zenith Angle (°)
Ps ® P S
LAl = 0.9 m%/m?
0 10 20 30 40 50 60 70

1.00

0.98

0.97

0.96

1.00

0.99

0.98

LAl = 0.5 m%/m?

----- FR97  ---MOD3
- --= RMOD3 ——4SAIL
LAl =2.0 m?*/m? REN15  ceeees CE-P
0 10 20 30 40 50 60 70

0 10 20 30 40 50 60

70





media/file21.jpg





media/file26.png
Emissivity

1.00

0.96

1.00

0.96

0.92

0.88

LAl = 3.3 m?/m?
0 10 20 30 40 50 60 70
v o i e e & ek
LAI = 1.8 m?/m?
0 10 20 30 40 50 60 70

1.00

0.96

0.92

1.00

0.96

Zenith Angle (°)

LAl = 2.8 m?/m?
1 L | | . |
0 10 20 30 40 50 60 70
Zenith Angle (°)
. I
e AT e TR T T S = T
LAl = 1.1 m2/m?
1 L | | . |
0 10 20 30 40 50 60 70

1.00

0.96

1.00

0.96

T . +-
- e FR97  ---MOD3
--- RMOD3 ——4SAIL
I REN15  eeeeer CE-P
LAl = |2.4 mz/nl12 e TES |
0 10 20 30 40 50 60 70
I M
| e EEET T g
soemyme | |
0 10 20 30 40 50 60 70





media/file27.jpg
£

Zenith Ange ) o





media/file3.jpg
Emissivity
°
&

% [ ] . .
L [] f
r ®0BS
| * & uiEs
[} @ Green Leaves
8.0 9.0 10.0 11.0 12.0

Wavelength (pm)





media/file22.png
Emissivity

1.00

0.99

0.98

0.97

0.96

0.95

1.00

_. -

LAl = 2.8 m%/m?

20 30 40 50 60

Zenith Angle (°)

LAl = 3.3 m%/m?
0 10 20 30 40 50 60
L ki I -
LAl = 1.8 m%/m?
0 10 20 30 40 50 60

2

20 30 40 50 60

Zenith Angle (°)

0.99

0.98

0.97

0.96

0.95

0.96

0.95

® - LI T
I — FR97 ---MOD3
L --=RMOD3 ——A4SAIL
LAl = 2.4 m?/m? RENIS  eeo CE-P
L L L . -II—ES L L
0 10 20 30 40 50 60
| ..._---’--*f
@ e _
LAl = 0.6 m2/m? ¢
0 10 20 30 40 50 60





media/file19.jpg





media/file7.jpg





media/file28.png
Emissivity

0.96

0.92

0.88

0.80

LAl = 3.3 m%/m?

0 10 20 30 40 S0 60 70
R T

LAl = 1.8 m%/m?
0o 10 20 30 4 S0 60 70

0.96

0.92

0.88

0.84

LAl = 2.8 m%/m?

Zenith Angle (°)

0 10 20 30 40 50 60 70
Zenith Angle (°)
[ -u-"“":‘.
E';"‘_"_ AT TFET L s = = i
LAl = 1.1 m%2/m?
0 10 20 30 40 50 60 70

1.00

0.92

0.88

0.80

1.00

0.96

0.92

- FRO7 - --MOD3
-~ RMOD3 —43AlL

I REN15 eeeee CE-P

A= 24w/ ° TES |
0 10 20 30 40 50 60 70
I M

TP TIVSFPTRAe :

= o EA-l-; .O—.6. ai/_n;z ...........
0 10 20 30 40 50 60 70





media/file10.png
Emissivity
3

o
©
©

0.97

0.96

0.95

70

?ot EIE I
LAl = 2.8 m2/m?
LAl = 1.5 m2/m?

70

1.00

0.99

0.98

LAl =2.4 m?/m?
0 10 20 30 40 50 60 20
Zenith angle (°)
LAl = 0.9 m%/m?

Zenith angle (°)

0.99

0.98

0.97

0.95

LAI = 0.5 m?/m?
1 1

e FR97 -=-MOD3
=-= RMOD3 ——A4SAIL
_ LAl = 2.0 m%/m? REN15  cceeee CE-P
= I. m mI | . ITES |
0 10 20 30 40 50 60 o

70





media/file14.png
Emissivity

1.00 1.00 1.00

099 [ * _______________ 0.99 ':'_'Z'-'_"_'-'l'_‘J.'.l'_'l'-'ll'.'l'.'.'Z'.'.".'.':'_'_':'_'_':'_’_‘:'_';'_‘_':‘_‘_’:’_'_'
o ¢ S I N
0.98 ‘_; el R .-:.:.—:.i—.:,-_j ____ * 098 ¥ . _i et Tat U
0.97 | 0.97 |
----- FR97 ---MOD3
--- RMOD3 ——4SAIL
- 0.96 | s
0-% A= 2.8 /2 - 0-% 20 /2 REN15 eoeee CE-P
=2.8 m*/m LAl = 2.4 m2/m LAl = 2.0 m2/m ® TES
0.95 L 1 L L L 1 0.95 1 1 1 1 1 L 0.95 1 L L L
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60
Zenith Angle (°)
1.00 1.00 1.00
0.99 F : 3 " 0.99 I 1 0.99
e N T
T [ = ®
® - — — - _ j____i___i___ * _____*___j_ 1 T l ; l [ “;
0.98 E.-vmimimimme e DTS 098 F~ "] " T T T T T T T s e 0.8 prmmasuruasamsy l_:»;—:-:r_—-_—:—;- _____
097 L 097 L 0.7 Frmrmrmrmmm e -
0.96 0.96 I 096
LAl = 1.5 m2/m?2 LAl = 0.9 m2/m? LAl = 0.5 m?/m?
0.95 1 1 1 1 1 1 0.95 1 1 1 1 1 1 0.95 1 1 1 1 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60

Zenith Angle (°)





media/file11.jpg
)

T g )





media/file6.png
1.00

0.99

0.98

0.97

0.96

0.95

1.00

0.99

0.96

0.95

1.00
| - 10.9 - 11.7 um
' K 10.2-11.0 um
1 1 1 1 1 1 0.95 1 1 1 1 1 1
00 05 10 15 20 25 30 35 00 05 10 1.5 20 25 30 35
LAl (m2/m?)
1.00
8.5-8.9um 8.3-8.6 um
1 1 1 1 1 L 0.95 1 1 1 1 1 1
00 05 10 15 20 25 30 35 00 05 1.0 15 20 25 30 35

LAl (m2/m?)

1.00

0.99

0.98

0.97

0.96

0.95

. . . . 9.0-9.3 pm
0.0 0.5 1.0 1.5 20 2.5 3.0 3.5
----- FR97 MOD3
--= RMOD3 —4SAIL
REN15  .eeeee CE-P
® TES





media/file15.jpg





nav.xhtml


  remotesensing-11-03011


  
    		
      remotesensing-11-03011
    


  




  





media/file16.png
0.97

0.96

0.95

Emissivity

1.00

0.99

0.98

..' S S AR g o
C - e - | —
LAl = 2.8 m2/m?
0 10 20 30 40 50 60 70
: L A
S ?
LAl = 1.5 m2/m?
0 10 20 30 40 50 60 70

0.97

0.96

0.95

1.00

0.99

0.96

0.95

';-__i____} ¢ i {'
LAl = 2.4 m%/m?2
0 10 20 30 40 50 60 70
Zenith Angle (°)
I Py s o3
$ I | | | J-
LAl = 0.9 m2/m?2
0 10 20 30 40 50 60 70

Zenith Angle (°)

1.00

0.99

0.96

0.95

e FR97  ---MOD3
--- RMOD3 ——4SAIL
I REN15  -eeee CE-P
LAl = 2.0 m2/m? ® TES
0 10 20 30 40 50 60 70
IR ..
_____________ R SR R
LAl = 0.5 m2/m?
0 10 20 30 40 50 60 70





media/file2.png
»

G@NEL

ROSE PLANTS
(SAMPLE)






media/file20.png
Emissivity

0.98

0.97

0.96

0.95

0.96

0.95

_L Ff-‘v"-‘-q--“ - M‘F-—-" %
LAl = 3.3 m?/m?
0 10 20 30 40 50 60 70
I % -
LAl = 1.8 m?/m?
0 10 20 30 40 50 60 70

0.96

0.95

30 40 50 60

Zenith angle (°)

70

30 40 50 60

Zenith angle (°)

70

0.97

0.96

0.95

0.96

0.95

----- FR97 -==MOD3
L ---RMOD3 ——4SAIL
LAl = 2.4 m2/m? REN15  «eceee CE-P
. . . ® TES |
0 10 20 30 40 50 60 70
T TTTVEVIY
P - e m it it = -
i )
LAl = 0.6 m2/m?
0 10 20 30 40 50 60 70





media/file23.jpg





media/file5.jpg





media/file24.png
Emissivity

1.00 1.00

0.92

0.88

0.84

Zenith Angle (°)

R i T -, m = - Sl N S —— --
; ¢ T et - o é
- 0.92 0.92 F
- 0.88 | o8 + 7 FR97 ~ ---MOD3
-=+-= RMOD3 ——4SAIL
L 0.84 | 0.84 REN15  -eeeer CE-P
LAl = 3.3 m?/m? LAl = 2.8 m2/m? LAl = 2.4 m?/m? ® TES
L 1 1 1 1 L 0.80 1 1 1 1 1 1 0.80 1 1 1 1 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60
Zenith Angle (°)
1.00 1.00
T TS T A T T L I e - e == ¥ - 0.96 F 0.96 |
B et
s TR G T BT Caanttitil o
________________________________ 092 -
0.88 |
0.84 0.84
LAl = 1.8 m?/m? LAl = 1.1 m?/m?
1 1 1 080 1 1 1 1 1 080
10 20 30 0 10 20 30 40 50






media/file1.jpg
ROSE PLANTS
(SAMPLE)






media/file25.jpg
Emissivty

AR R

BEEEE G

st

ZemnAngie )






media/file12.png
Emissivity

1.00

0.99

0.98

0.97

0.96

0.98

0.97

0.96

70

LAl = 2.8 m2/m?
0 10 20 30 40 50 60
____9__-+_--i-__§____§__
: ’
LAl = 1.5 m2/m?
0 10 20 30 40 50 60

70

1.00

0.99 . e . L
e 8 ¢
098 ® = -imrmimmiao o i - ,‘_‘ij _‘_".'j
0.97
0.96
LAl = 2.4 m?/m?
0.95 1 1 1 1 1 1
0 10 20 30 40 50 60 70
Zenith Angle (°)
LAl = 0.9 m?/m?
0.95 1 1 L L L 1
0 10 20 30 40 50 60 70

Zenith Angle (°)

1.00

0.99

0.98

0.97

0.96

0.95

----- FR97 ---MOD3
--- RMOD3 ——4SAIL
I REN15  :eeeee CE-P
LAl = 2.0 m?/m? e TES
Spapaniah Seb ety R SR
LAl = 0.5 m2/m?
0 10 20 30 40 50 60 70





media/file9.jpg





media/file0.png





media/file8.png
Emissivity

1.00

0.96

0.88

0.84

0.80

1.00

0.96

0.92

I e =
e —e - .
10.9-11.7 pm
0.0 1.0 2.0 3.0 4.0
2 8.5-8.9 um
0.0 1.0 2.0 3.0 4.0

1.00
S R ESTEEE CIERC R S
=
0.96 A
0.92
0.88
0.84
10.2-11.0 pm
0.80 L L L
0.0 1.0 2.0 3.0 4.0
LAl (m?/m?)
8.3-8.6 um
0.80 1 1 1 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

LAl (m?/m?)

1.00

0.96

0.92

0.88

0.84

0.80

,
- ’.
;
’ 9.0-9.3 um
0.0 1.0 2.0 3.0 4.0
----- FR97 MOD3
-:-= RMOD3 ——4SAIL
REN15 oo CE-P
® TES





media/file17.jpg





