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Abstract

:

Forest above ground biomass (AGB) extraction using Synthetic Aperture Radar (SAR) images has been widely used in global carbon cycle research. Classical AGB inversion methods using SAR images are mainly based on backscattering coefficients. The polarization coherence tomography (PCT) technology which can generate vertical profiles of forest relative reflectivity, has the potential to improve the accuracy of biomass inversion. The relationship between vertical profiles and forest AGB is modeled by some parameters defined based on geometric characteristics of the relative reflectivity distribution curve. But these parameters are defined without physical characteristics. Among these parameters, tomographic height (TomoH) is considered as the most important one. However, TomoH only corresponds to the highest volume relative reflectivity, which is lower than the actual forest height, affecting the accuracy of forest height and AGB inversion. In this paper, we introduce a new parameter, the canopy height (Hac), for AGB inversion by analyzing the vertical backscatter power loss. Then, we construct an inversion model based on the combination of the new parameter (Hac) and other parameters from the tomographic profile. The P-band polarimetric SAR datasets of the European Space Agency (ESA) BioSAR 2008 campaign acquired over Krycklan Catchment are selected for the verification experiment at two different flight directions. The results show that Hac performs better in estimating forest height and AGB than TomoH does. The inversion root mean square error (RMSE) of the proposed method is 18.325 t ha−1, and the result of using TomoH is 21.126 t ha−1.
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1. Introduction


Forest ecosystems cover around 30% of the land surface, accounting for 75% of terrestrial gross primary production and about 80% of the global plant biomass [1,2]. So, they play an important role in the global carbon balance and climate change [3]. An important parameter reflecting the forest carbon cycle change is above-ground biomass (AGB). Many different techniques have been used to estimate AGB and AGB changes [4,5,6]. Among them, remote sensing techniques perform better in large-scale forest AGB mapping [7,8] than traditional forest inventory techniques.



Over the last two decades, airborne and spaceborne sensors have been used to estimate forest AGB [9,10,11]. Optical remote sensing datasets (e.g., Moderate Resolution Imaging Spectroradiometer, MODIS and Landsat Thematic Mapper, TM) have been successfully used for the estimation of forest parameters and assessment of woody biomass with different quality results, mainly by revealing the correlation between vegetation indices (e.g., normalized difference vegetation index, NDVI) or spectral responses and ground inventory data [12]. However, the retrieved AGB values using optical remote sensing data are usually troubled with saturation effects, especially in the high carbon stock forests [13,14]. Due to the limitation of the penetration in vegetated areas, the spectral responses recorded in optical images are mainly related to the interaction between the solar radiance and forest stand canopies [15], which mainly contains vegetation information in the horizontal direction. The saturation points for optical remote sensing range from 15 t ha−1 to 70 t ha−1 [16].



Compared with optical remote sensing, the synthetic aperture radar (SAR) has the capability to penetrate cloud and vegetation canopies. Therefore, SAR systems can observe the ground surface in all weather conditions and with continuous temporal coverage. This technique has been widely used in earthquake [17,18], landslide [19,20], glacier [21,22], agriculture [23], and forestry monitoring [9]. In particular, the long-wavelength SAR data are more sensitive to forest AGB [24,25,26] at HV [27] and HH polarizations [28,29,30]. Generally, the most frequently used methods in forest parameter estimation with SAR can be classified into several types. The 2D method based on backscattering coefficients from Polarimetric SAR (PolSAR) data can provide an estimation of forest AGB [31]. Most studies used the logarithm of biomass [32,33], square root [34] or cube root [35] of the biomass and the backscattering coefficient (in dB) for biomass prediction. However, the 2D method also has a saturation problem, which depends upon different wavelengths, polarizations, and incidence angles [36,37,38]. Interferometric SAR (InSAR) data or Polarimetric SAR interferometry (PolInSAR) data have proven to be effective for forest AGB estimation, as the ground elevation and tree height can be obtained from interferometric phase and coherence [39,40,41,42], and then, this tree height can be converted into forest AGB by allometric equations and other models [43,44]. This approach involving interferometry has the potential to overcome the saturation problem to some extent, and allows the estimation of forest AGB over a wider range of values at least for homogeneous forests [45]. However, the forest biomass is not only related to forest height, but also tree species, canopy density, and vertical structure. So, it is imperfect to use only forest height to estimate AGB, especially in forests with high heterogeneity in their three-dimensional structure [46].



Recently, some studies have indicated that the vertical profile of relative reflectivity, which is a structure parameter describing the variation of backscatter signal along the vertical direction, is a good indicator for estimating AGB. The tomography profile can be obtained using the multi-baseline InSAR/PolInSAR [47,48,49], SAR tomography [50,51,52], or polarization coherence tomography (PCT) [53]. However, either the multi-baseline InSAR or SAR tomography requires multiple SAR data. As PCT can overcome those limitations, it uses a priori information of volume height and topographic phase to reconstruct vertical profiles. Single baseline PCT is one of the simplest ways to invert the vertical distribution of relative reflectivity using single baseline PolInSAR data [54]. Cloude [53] pointed out that the PCT technology had potential application value in forest biomass estimation. Luo et al. [55] defined nine parameters (P1–P9) to characterize the average vertical profile of relative reflectivity with the L-band SAR data. Li et al. [56] improved this approach and replaced the parameter P8 with the tenth parameter P10 for AGB inversion. In addition, they defined the mean of the canopy profile’s Gaussian fitting as the tomographic height (TomoH), which is more sensitive to the forest AGB than forest heights. However, the TomoH only represents the height of the maximum relative reflectance in the canopy, which is usually lower than the real forest height, especially for long-wavelength (i.e., P-band) SAR data, due to the strong penetration. Meanwhile, these parameters are defined based on geometric characteristics [56], without considering the backscattering signal attenuation in the forest canopy.



In this study, the average tomographic profiles are produced using the PCT method with single baseline P-band PolInSAR data. We introduce a new parameter, the canopy height (Hac), by analyzing the variation of the backscattering power of forest for AGB inversion. Then, the performance of this parameter is assessed by a comparative analysis with the TomoH. The paper is organized as follows. Section 2 provides information on the study area and datasets. Section 3 describes the methods used for vertical profile reconstruction, forest parameters retrieval, model construction, and validation. Results and discussion are presented in Section 4 and Section 5, respectively. Finally, the major conclusions of this work are given in Section 6.




2. Study Area and Data Sets


2.1. Study Area


The test site is located in the Krycklan river catchment (64°16′ N, 19°46′ E) in northern Sweden (Figure 1), which is about 50 km northwest of Umea and covers approximately 9390 ha. It has become the test site for field-based forest research at the Faculty of Forest Sciences, Swedish University of Agricultural Sciences. The dominating forest type is mixed coniferous, including Norway spruce, Scots pine, and Birch [57]. In addition, there are some other small deciduous trees such as Aspen and Rowan. The dominating soil is moraine, with variations in thickness. This area is hilly, with elevation variations from 100 to 400 m throughout the whole scene, and surface slopes of up to 20° [44].




2.2. Field Data


The field survey data were collected and processed as a part of the BioSAR campaign in 2008 [58]. Twenty-seven forest stands with sizes ranging between 3.07 and 24.34 ha (boundaries are showed in Figure 1) were selected for the validation experiment. Within each stand, eight to 13 circular sample plots were laid out with a systematic spacing of 50 to 160 m, depending on the size of the area. The spacing in each stand was confirmed with the aim of obtaining 10 plots, having a radius of 10 m. The total number of plots was 310. In these plots, all trees with a diameter at breast height (DBH) greater than 4 cm were calipered and recorded. On the basis of probability proportional to their basal area, 1.5 sample trees were randomly selected from each plot to measure the height and age. Other parameters were also collected, such as the vegetation type and soil type. The biomass of different tree species, including the stem, bark, branches, and needles, but excluding the stump and roots, was calculated based on Petersson’s biomass functions [59]. In addition, the biomass of each tree species was divided into three components, namely trunks, branches, and leaves. Due to seasonal reason, the leaf biomasses of the deciduous forests were not calculated. Table 1 describes the main features of the 27 forest stands.




2.3. Polarimetric SAR Data


The P-band fully polarimetric SAR data over this study area were acquired in the framework of the European Space Agency (ESA) BioSAR 2008 campaign in the repeat-pass mode. The SAR system used in this campaign was the German Aerospace Center’s (DLR) E-SAR airborne system [58]. The platform height was about 4091 m above ground and the pixel spacing was 1.6 m and 2.12 m in the azimuth direction and slant range, respectively. Four fully polarimetric SAR images were selected for the interferometric process. There were two master images and two slave images with two different flight tracks (314° and 134° from north). In this study area, there were 12 P-band fully polarimetric SAR data in two different flight tracks. These data could constitute five pairs of PolInSAR data in each direction and their baselines were 8 m, 8 m, 16 m, 24 m, and 32 m, respectively. Kugler et al. evaluated the multifaceted effect of the effective spatial baseline by analyzing the vertical wavenumber (Kz). He concluded that a good choice to get reliable forest height estimates with sufficient accuracy for single baseline acquisitions is to select Kz ranging from 0.05 to 0.15 rad/m [60]. According to our statistics of five pairs of PolInSAR datasets in the two flight directions, we found that the baselines of 32 m in both two flight directions can better fulfill the above condition of Kz. Detailed information on these two baselines of PolInSAR datasets is listed in Table 2. The basic data processing including terrain-correction and image-registration were done by the DLR. In addition, an airborne LiDAR measurement was also conducted in the study area to serve as a reference for the parameters estimation. The LiDAR measurement as a part of the BIOSAR 2008 campaign was performed on August 2008 with the TopEye system S/N 425 mounted on a helicopter. Details of the LiDAR data can be found in [58].





3. Methodology


In order to obtain a new parameter from the tomographic profile and achieve a more accurate forest AGB estimation, we firstly acquire two scattering mechanisms by the Phase Diversity (PD) coherence optimal algorithm and calculate the forest height and ground phase. Secondly, the vertical profile of a single pixel is obtained based on the PCT technique with the volume scattering mechanism. Then, we calculate the average vertical distribution of the relative reflectance, according to the polygonal boundary of the forest stand. Thirdly, a new parameter for biomass estimation is proposed by establishing the backscatter power loss area. Finally, the estimation model of the forest AGB is constructed by combining the new parameter and other parameters from the tomographic profile described in [56]. The flowchart is shown in Figure 2.



3.1. Polarization Coherence Tomography


The vertical profile function in penetrable volume scattering is reconstructed by the single-baseline PCT technique. The main observable in PCT is the volume scattering complex interferometric coherence, which depends on vertical structure variations [53]. Therefore, this dependence relationship can be used to build 3-D imaging and extract physical parameters. The complex coherence is shown as follows [53]:
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The complex interferometric coherence     γ ˜     is related to the polarization state w. The vertical wavenumber kZ is related to the interferometric baseline, Z0 is the position of the bottom of the vegetation layer, hv is the vegetation height, and ϕ0 is the topographic phase. f(Z) is the vertical structure function, which physically represents the vertical variations of the scattering signal at a point in the SAR image [61]. It is bounded from the underlying surface to the top of the vegetation layer and can be developed efficiently in a Fourier-Legendre series as shown in (2):
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where     a n     denotes the Legendre coefficient, and     P n   (  Z ′  )     represents the Legendre polynomials with vertical variable    Z ′   . Then, the complex coherence for f(Z) can be rewritten as [59]:
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where fi(i = 1,2,…,n) represents the Legendre polynomial parameter at order i, which is a function of the single parameter kv = kZhv/2, and ai0 is the Legendre coefficient. Equation (3) shows that the coherence can be seen as an algebraic sum of a series of structural functions.



Although multi-baseline PCT provides the potential to improve the resolution of the tomographic profile [53], it increases the number of unknown parameters, thereby increasing the computational complexity. However, single-baseline PCT only requires the second order of the Legendre series to describe the variations of the vertical profile, which is the simplest way to be implemented. In this case, obtaining the second order vertical structure function    f  (  Z ′  )     requires estimating two unknown coefficients (a10, a20) in Equation (3). We use a matrix inversion of Equation (4) to achieve this purpose.
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where      f ^   L 2    (  w , z  )     is the vertical structure function, which varies with the polarization state,    L 2    represents the second order expansion of Fourier-Legendre polynomials, and   z   is the vertical position from (0, hv).



Before implementing the PCT algorithm, we need to estimate the priori information of vegetation height hv and topographic phase ϕ0. We exploit the widely used random volume over ground (RVOG) model and three-stage inversion method to obtain forest height and topographic phase [41,62]. In addition, we also note that the PCT algorithm involves two polarization modes: the dominant volume scattering and the dominant ground surface scattering. Cloude [53] proposed two polarization channels, which are HV and HH-VV, representing the volume and ground surface scattering, respectively. However, the HV channel also has some ground surface scattering contributions, which leads to pure volume coherence error to vertical profile reconstruction. Therefore, we use the phase diversity (PD) coherence optimization algorithm to find the optimal polarization modes (i.e., PDhigh and PDlow) in the polarized space, thereby separating the two-phase centers maximally. The higher phase PDhigh corresponds to the “pure” volume scattering phase and the lower phase PDlow corresponds to the “pure” ground surface scattering phase [63].




3.2. The Retrieval Method of Canopy Height (Hac)


According to the PCT algorithm, the tomographic profile at the pixel scale can be obtained with a 0.2 m interval in vegetation heights [54,64]. The profile values represent relative reflectivity values. However, the relative reflectivity of a single pixel is unrelated to forest biomass, because it is randomly distributed and unable to represent the vertical structure [56]. Therefore, the average of the stand scale is used to obtain change rules of the vertical structure. As shown in Figure 3, we use stands No. 6 and No. 13 of the study area to analyze the vertical distribution of average relative reflectivity. In Figure 3, the vertical distribution curve of the average relative reflectivity is divided into upper and lower parts by h1, and the envelope between h1 and h3 is the distribution of the relative reflectivity values of forest canopy. h1 is the height of the forest corresponding to the inflection point of the upper and lower parts of the curve, and h3 represents the height of the upper half of the curve with the relative reflectivity value closest to 0.001. These data between h1 and h3 constitute the first envelope. h2 is the height position where the relative reflectivity value is the maximum in the first envelope, and the data between 0 and h2 form the second envelope.



After obtaining the vertical distribution of average relative reflectivity, the relationship between the curve and the forest biomass needs to be established. The parameters (Table 3) were obtained by parameterizing the average relative reflectivity [56]. P1 is the ratio of the peak value to the first envelope span. P2 is the integral of the relative reflectivity multiplied by the height in the first envelope. P3, P4 (TomoH), and P5 are the maximum probability, the mean, and the standard deviation of the fitted Gaussian function of the first envelope, respectively. P6 and P7 are the reciprocal of the relative reflectivity summation of the first and second envelopes, respectively. P8 represents the ratio of P6 to P7. P9 is the relative reflectivity summation between h1 and h2 multiplied by the relative reflectivity summation between h2 and h3. P10 represents the integral of the relative reflectivity multiplied by the corresponding height from 0 to h3. These parameters were defined without physical characteristics [56]. Among these parameters, P4 (the tomographic height (TomoH)) is considered as the most important parameter for forest AGB estimation. However, TomoH only corresponds to the highest volume relative reflectivity, which is lower than the actual forest height.



In order to find a parameter closer to the true canopy height of the stand, we characterize the average relative reflectivity as the backscattered power distribution, and then divide the average relative reflectivity distribution of the forest canopy into three parts, taking the No. 13 stand as an example (Figure 4). The first part (between h1 and h3) corresponds to the canopy phase zone, where most of the backscatter is concentrated. Its maximum value corresponds to the stand canopy phase center position, i.e., h2. The second part (between h2 and h3) is the backscatter power loss zone, where the backscatter undergoes a loss along the vertical direction from h2 to h1. The third part (above h3) is the noise zone, where the backscatter power is mostly contributed by noise, unlikely to be associated with physically relevant components. A parameter related to the average height of the stand can be extracted by analyzing the power loss value in the first envelope [50,51,52], which is:
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where      H ¯   P C      is the height of the average phase center of each stand, i is the stand serial number,    P  (    H ¯   P C   , i  )     is the backscattering power at location      H ¯   P C      of stand i, and z is the value ranging from      H ¯   P C      to h3. The power loss value K ranges from 0 to 1 with the step of 0.1. The optimal K is determined by the forest height that is closest to the true value obtained by LiDAR [51]. We name the corresponding forest height as the average canopy height Hac.




3.3. Model Construction and Validation


Since the power function can be used to effectively express the relationship between SAR parameters and biomass [56,65], we use a stepwise regression method to construct a multiple linear biomass estimation model with the natural logarithm of the SAR parameters.


   l n ( B )   =    a  0     +    a  1   l n (  X  1   )   +    a  2   l n (  X  2   )   +   … +    a  i   l n (  X  n   )   
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where B is the biomass (t ha−1), and ai is the coefficient corresponding to the extracted parameters Xn from tomographic profiles.



The stepwise regression method is employed to find the best combination of independent variables to predict the dependent variable. The method introduces the independent variables to the regression model one by one (from small to large), and only those satisfying the test value F remain in the model. Usually, the remaining variables are significant and have large contributions to dependent variable estimation. When no more variables are eligible for inclusion or removal, the process is terminated. After obtaining the estimation model, we must also consider the problem of collinearity between variables. Generally, this problem can be indicated by the values of tolerance and variance inflation factor (VIF) [66].



In this paper, the three independent variables Hac, P6, and P7 are considered more sensitive to forest biomass than other parameters. The canopy height Hac is a new parameter proposed by analyzing the variation of the backscattering power of forest, and P6 and P7 are the reciprocal of the relative reflectivity summation of the first (h1–h3) and second (0–h1) envelopes, respectively. In this study, we use the m-fold (13-fold) cross-validation experiments to test the accuracy of the multiple linear biomass estimation models. We divide the forest stands into 10 groups equally, one of which is used for validation and the others are applied to regression models.





4. Experimental Results and Analysis


4.1. Tomographic Profiles


The vertical structure functions are reconstructed at PDhigh, PDlow, HV, and HH-VV polarimetric channels. The tomographic profiles in the 2500th line (yellow line in Figure 1) along the range direction are demonstrated in Figure 5, where the horizontal axis is the pixel position, the vertical axis is the forest height, and the different colors represent the intensity of relative reflectivity.



From Figure 5, it can be observed that the effect of different polarimetric channels on the tomographic profile reconstruction is significant. In the HH-VV polarimetric channel, where the surface scattering is dominant, the relative reflectivity values are mainly distributed in the ground surface layer. In the HV polarimetric channel, volume scattering is the dominant scattering mechanism and its scattering center of the interferometric phase is closer to the vegetation canopy top than that of the HH-VV channel. However, the HV channel still retains an amount of ground surface scattering contributions, which leads to pure volume coherence error affecting tomographic profile reconstruction. It means the relative reflectivity values still have a high distribution in the ground surface. From the visual perspective of Figure 5a,b, the difference of relative reflectivity vertical distribution is relatively small.



The relative reflectivity distributions are obviously different in PDlow (Figure 5c) and PDhigh (Figure 5d) channels. We note that the ground surface has high reflectivity values distribution in the PDhigh channel, which may be caused by an underlying shrub layer there. In addition, compared with the other three channels, the PDhigh channel contains more abundant vegetation information, which is conducive to extract vegetation parameters. Hence, in this paper, we use the tomographic profile of the PDhigh channel for analysis.




4.2. Parameter Retrieval


According to the method described in Section 3.2, we retrieve the new parameter of average canopy height Hac from the average tomographic profile of each stand (Figure 4). Using the top-of-canopy height LiDAR model [51], we can get the parameter’s location corresponding to a power loss value in each stand, with respect to the stand canopy phase center, ranging from −10 dB to 0 dB. Figure 6 and Figure 7 present the average bias of the stand height and the root mean square error (RMSE) with respect to the LiDAR measurements in different flight tracks, respectively. In the power loss interval of the 314 deg. flight direction, the average bias of 27 forest stands reaches the maximum at the stand canopy phase center, which is 3.162 m. The minimum value is −6.409 m, and the overall trend increases with the power loss from the phase center, which is close to 0 m at −1.549 dB. The RMSE also reaches the maximum at the stand canopy phase center, which is 8.255 m, while the minimum RMSE is found at −1.549 dB. In the power loss interval of the 134 deg. flight direction, the average bias also reaches the maximum at the stand canopy phase center, which is 7.126 m. The minimum value is −2.765 m, and the overall trend is the same as the 314 deg. flight direction increasing with the power loss from the phase center, which is close to 0 m at −6.0206 dB (Figure 7a). The RMSE also reaches the maximum at the stand canopy phase center, which is 7.862 m, while the minimum RMSE is 2.954 at −6.0206 dB (Figure 7b). These results show that −1.549 dB and −6.0206 dB are the optimal power loss values for retrieving the new parameter Hac in the two different flight directions, respectively.



The forest heights corresponding to the power loss values of −1.549 dB and −6.0206 dB are extracted for each forest stand in different flight directions, respectively. We use TomoH [56] to evaluate the performance of parameter Hac in the estimation of AGB. In order to assess the sensitivity of the parameters Hac and TomoH to the forest biomass, respectively, the simple linear model is used to estimate the biomass of 27 forest stands. The estimated biomasses are tested with in situ AGB for each forest stand. As shown in Figure 8 and Figure 9, in the 314 deg. flight direction, the value of the correlation coefficient R2 using the parameter Hac is 0.630, which is much higher than that of TomoH (0.548). Also, the RMSEs obtained by Hac and TomoH are 28.063 t ha−1 and 33.317 t ha−1, respectively. In the 134 deg. flight direction, the RMSEs obtained by Hac and TomoH are 27.061 t ha−1 and 31.311 t ha−1, respectively. Obviously, the sensitivity and the accuracy of Hac inversion are higher than the values of the TomoH inversion in the two different flight directions, respectively, which means that Hac is more helpful for the estimation of forest biomass with P-band ESAR data in the test site.




4.3. Forest AGB Estimation


In this section, we construct a reasonable forest AGB estimation model in the test site using parameter Hac and the nine parameters (P1–P3 and P5–P10) described in [56]. Table 4 shows the results of estimation models obtained through the multiple linear stepwise regression method with the F test. Hac1 to Hac10 are the ten stepwise regression models with parameter Hac and the nine parameters (P1–P3 and P5–P10) in the 314 deg. flight direction. Based on different parameters, these models can be divided into two categories: one category includes parameters Hac and P6 (Hac1, Hac3, Hac5, Hac7, Hac9, Hac11, Hac13); and the other includes Hac, P6, and P7 (Hac2, Hac4, Hac6, Hac8, Hac10, Hac12, Hac14), which indicates that Hac, P6, and P7 are more sensitive to forest biomass than other parameters. According to these models, we can choose one of the best models for biomass estimation in the two categories, respectively. When using the same method to obtain estimation models with Li’s ten parameters (P1–P10), including TomoH, ten models are also obtained in the 314 deg. flight direction. However, based on the same rules, we only choose the best two models for comparison, namely TomoH1 and TomoH2. In addition, we also list the best models using different parameters in the 134 deg. flight direction, named Hac15, Hac16, TomoH3, and TomoH4 (Table 4).



According to Table 4, from models Hac1 to Hac14, considering only collinearity between variables cannot select the best models, because these parameters do not appear to have serious collinearity problems according to the tolerance and variance inflation factor. However, when we consider the correlation coefficient in this table, Hac3 and Hac8 will perform relatively better than other models, whose R2 values are 0.734 and 0.798, respectively. When considering the validated error, tolerance, and variance inflation factor together, we still find that Hac3 and Hac8 are more suitable for forest AGB estimation than other models in the two categories. Then, we choose these four models for analysis in the two different flight directions, respectively. Hac3, Hac8, TomoH1, and TomoH2 belong to the 314 deg. flight direction, whereas Hac15, Hac16, TomoH3, and TomoH4 belong to the 134 deg. flight direction.



The comparison results with field data are showed in Figure 10 and Figure 11. In the 314 deg. flight direction (Figure 10), the correlation coefficient value between field data and AGB derived by Hac8 is 0.761, which is higher than the values obtained by Hac3, TomoH1, and TomoH2 (0.728, 0.573, and 0.687, respectively). Additionally, the RMSEs of Hac3 and Hac8 are 19.941 t ha−1 and 18.824 t ha−1, respectively, which are lower than those of TomoH1 (24.834 t ha−1) and TomoH2 (21.219 t ha−1). Obviously, the performance of Hac8-based inversion is better than that of other models. In the 134 deg. Flight direction (Figure 11), the performance of Hac16-based inversion is better than that of other models, whose correlation coefficient value is 0.776 and RMSE is 18.325 t ha−1.





5. Discussion


Traditional studies on the PCT technology usually focus on forest vertical profile generation [59,61], with rare consideration of the relationship between the vertical profile and the forest parameters. In this study, all the parameters for AGB inversion were extracted by analyzing the geometric characteristics of the average vertical profiles within the forest stand [55,56]. These parameters are mathematically defined without considering physical scattering mechanisms of forest. In references [55,56], TomoH (i.e., P4) is the most important parameter for the estimation of forest AGB. Nevertheless, TomoH only corresponds to the highest volume relative reflectivity, which is lower than the actual forest height, especially for long wavelengths (such as P-band) SAR data [55]. In this study, we use the PCT technique and P-band airborne PolInSAR data to generate the average vertical profile. A new parameter (i.e., Hac) for estimating forest AGB is retrieved through analyzing the variation of the vertical backscatter power, which considers the physical scattering attenuation when radar echo penetrates into the forest. The experiment results (Figure 8 and Figure 9) show that better accuracies are achieved for AGB inversion, which demonstrates that Hac performs relatively better than TomoH. Additionally, we combine Hac with Li’s nine parameters to construct the forest AGB estimation model by a multiple linear stepwise regression method. The results in Table 4, as well as Figure 10 and Figure 11, show that the combination has a better performance than only using Li’s ten parameters, which also indirectly verify the validity and reliability of the new parameter in estimating forest AGB.



Forest biomass estimation is a timely topic, and many scholars have used different data and methods to estimate biomass in different regions. In the test site of this paper (krycklan area), Ulander et al. [67] used a multiple linear regression model based on P-band multi-polarization backscatter to estimate biomass, and the RMSE varied in the range 29–42 t ha−1. Neumann et al. [44] used parametric (linear regression) and non-parametric (random forest, support vector machine) methods to assess biomass estimation performance with polarimetric interferometric synthetic aperture radar (PolInSAR) data at L- and P-band in this test area, and the cross-validated biomass RMSE was reduced to 23 t ha−1 in the best case at P-band. Compared with these methods, PCT technology can extract forest vertical structures from the vertical distribution of relative reflectivity and has the potential to improve biomass estimation. In addition, the potential of P-band TomoSAR to characterize forest structure was assessed in a number of studies relating forest vertical structure to forest biomass [50,51,52]. Compared with TomoSAR technology, the single baseline PCT reduces the amount of data, but it has the problem of inverting the instability of the vertical profile of relative reflectivity in some places (Figure 5) and multi-baseline PCT technology may improve the phenomenon. Moreover, we note that the optimal power loss value for forest parameter extraction in this test site is different at two different flight tracks, and the value also should be different for other test sites, since power loss is always related to the vertical resolution, forest types, density, etc. [58].




6. Conclusions


In this paper, we propose a method based on the polarimetric coherence tomography for forest AGB inversion. A new parameter of average canopy height (Hac) considering scattering attenuation is introduced for AGB inversion. Two pairs of P-band E-SAR full polarimetric SAR data covering the Krycklan river catchment in northern Sweden are selected for experiments. The results show that the tomographic profiles are greatly influenced by the polarimetric channels, and the PD algorithm can provide two more suitable polarimetric channels for the PCT technology. Referenced to the LiDAR forest height, in the 314 deg. flight direction, the power loss of −1.549 dB relative to the canopy phase center’s power is confirmed to be the optimal value and is used to retrieve the new parameter of average canopy height Hac with average bias and RMSE. In contrast with the tomographic height (TomoH), the new parameter Hac is shown to be closer to the top of the stands, and has more advantages for forest AGB inversion. Following this, a high performance and precision inversion model is constructed by combining parameter Hac with other parameters (Li’s parameters). The RMSE is 18.824 t ha−1 in the test area. The same conclusion is reached with the data we use in the other flight direction. The RMSE is 18.325 t ha−1. In this study, we try to introduce a parameter considering scattering characteristics, rather than just from geometric characteristics, for improving the accuracy of forest AGB inversion.
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Figure 1. The test site: P-band synthetic aperture radar (SAR) image in the Pauli basis. The red polygons indicate the forest stands. 
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Figure 2. Flowchart of forest AGB estimation. AGB: above ground biomass; PCT: polarization coherence tomography; PolInSAR: Polarimetric SAR interferometry; P1–P10: parameters. 
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Figure 3. Tomographic profiles of (a) stand No. 6 and (b) stand No. 13. 
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Figure 4. The schematic view of the stand vertical backscatter distribution. 
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Figure 5. Tomographic profiles for different polarimetric channels along the range direction in the line 2500, see the yellow dashed line in Figure 1. (a) HH-VV channel; (b) HV channel; (c) PDlow channel; (d) PDhigh channel. The green lines denote the LiDAR height. PD: phase diversity. 
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Figure 6. Average bias and root mean square error (RMSE) in 314 deg. flight direction (a) Stand height average bias and (b) RMSE versus power loss with respect to stand average canopy phase center elevation. 
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Figure 7. Average bias and RMSE in 134 deg. flight direction (a) Stand height average bias and (b) RMSE versus power loss with respect to stand average canopy phase center elevation. 
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Figure 8. Forest AGB estimation results using (a) Hac and (b) TomoH in 314 deg. flight direction. 
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Figure 9. Forest AGB estimation results using (a) Hac and (b) TomoH in 134 deg. flight direction. 
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Figure 10. Comparison between in-situ AGB and estimated forest AGB derived from model in 314 deg. flight direction (a) Hac3, (b) Hac8, (c) TomoH1, and (d) TomoH2. 
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Figure 11. Comparison between in-situ AGB and estimated forest AGB derived from model in 134 deg. flight direction (a) Hac15, (b) Hac16, (c) TomoH3, and (d) TomoH4. 
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Table 1. Main features of the in-situ data.
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	ID
	Mean DBH (cm)
	Mean Height (m)
	Mean Age (Year)
	Biomass (t ha−1)





	1
	17.6
	13.07
	77.45
	72.39



	2
	20.8
	14.08
	61.22
	69.22



	3
	17.11
	13.12
	57.05
	58.56



	4
	23.76
	16.94
	107.46
	103.68



	5
	23.1
	17.69
	11.28
	134.51



	6
	28.35
	21.41
	12.24
	182.54



	7
	26.54
	18.06
	131.92
	119.13



	8
	16.95
	15.41
	57.38
	106.24



	9
	28.31
	19.59
	143.72
	139.76



	10
	28.84
	20.15
	140.52
	167.11



	11
	26.37
	17.36
	157.15
	116.46



	12
	21.41
	15.39
	63.09
	74.28



	13
	22.67
	17.13
	127.8
	86.03



	14
	25.64
	18.81
	114.4
	158.23



	15
	17.34
	12.31
	52.99
	35.08



	16
	18.28
	13.23
	83.72
	85.6



	17
	21.32
	15.77
	124.83
	89.31



	18
	21.36
	15.73
	124.87
	108.99



	19
	18.76
	14.26
	90.67
	119.8



	20
	19.17
	13.87
	86.88
	84.45



	21
	12.02
	9.56
	34.85
	42.71



	22
	21.01
	16.58
	76.19
	95.75



	23
	27.53
	17.37
	144.12
	111.96



	24
	20
	13.93
	117.7
	110.78



	25
	23.6
	15.99
	93.27
	73.8



	26
	8.65
	7.51
	30.62
	27.46



	27
	22.01
	15.77
	101.06
	112.82







DBH: diameter at breast height.
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Table 2. Parameters of the SAR data.
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Sensor

	
Band

	
Polarization

	
Flight Tracks

	
Purpose

	
Acquisition Time

	
Temporal Baseline

	
Kz






	
E-SAR

	
P

	
Full

	
314°

	
Master

	
2008-10-14

11:44:14

	
70 min

	
0.05–0.24




	
E-SAR

	
P

	
Full

	
314°

	
Slave

	
2008-10-14

12:55:21




	
E-SAR

	
P

	
Full

	
134°

	
Master

	
2008-10-14

11:52:35

	
71 min

	
0.02–0.26




	
E-SAR

	
P

	
Full

	
134°

	
Slave

	
2008-10-14

13:03:38
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Table 3. Parameters of parameterizing average relative reflectivity.
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	Parameter
	Description





	P1
	the ratio of the peak value to the first envelope span



	P2
	the integral of the relative reflectivity multiplied with the height in the first envelope



	P3
	the maximum probability of the fitted Gaussian function of the first envelope



	P4
	the mean of the fitted Gaussian function of the first envelope



	P5
	the standard deviation of the fitted Gaussian function of the first envelope



	P6
	the reciprocal of the relative reflectivity summation of the first envelopes



	P7
	the reciprocal of the relative reflectivity summation of the second envelopes



	P8
	the ratio of P6 to P7



	P9
	the relative reflectivity summation between h1 and h2 multiplied by the relative reflectivity summation between h2 and h3



	P10
	the integral of the relative reflectivity multiplied by the corresponding height from 0 to h3
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Table 4. Models for forest AGB estimation.






Table 4. Models for forest AGB estimation.





	Models
	Computing Formula
	R2
	Tolerance
	VIF
	Validated Error





	Hac1
	ln(B) = −3.797 + 1.866ln(Hac) − 2.977ln(P6)
	0.704
	0.919, 0.919
	1.088, 1.088
	0.392, 0.138



	Hac2
	ln(B) = −9.363 + 2.414ln(Hac) − 6.276ln(P6) − 1.563ln(P7)
	0.769
	0.668, 0.341, 0.363
	1.497, 2.930, 2.757
	0.397, 0.091



	Hac3
	ln(B) = −3.829 + 2.019ln(Hac) − 2.563ln(P6)
	0.734
	0.904, 0.904
	1.106, 1.106
	0.163, 0.276



	Hac4
	ln(B) = −10.007 + 2.401ln(Hac) − 6.288ln(P6) − 1.671ln(P7)
	0.791
	0.655, 0.299, 0.327
	1.527, 3.342, 3.056
	0.025, 0.524



	Hac5
	ln(B) = −3.899 + 2.034ln(Hac) − 2.586ln(P6)
	0.720
	0.894, 0.894
	1.118, 1.118
	0.167, 0.485



	Hac6
	ln(B) = −10.072 + 2.414ln(Hac) − 6.319ln(P6) − 1.667ln(P7)
	0.789
	0.656, 0.300, 0.333
	1.526, 3.336, 3.007
	0.061, 0.529



	Hac7
	ln(B) = −4.010 + 2.020ln(Hac) − 2.751ln(P6)
	0.720
	0.898, 0.898
	1.113, 1.113
	−1.025, 0.466



	Hac8
	ln(B) = −10.334 + 2.421ln(Hac) − 6.508ln(P6) − 1.746ln(P7)
	0.798
	0.658, 0.311, 0.343
	1.519, 3.214, 2.918
	0.043, 0.515



	Hac9
	ln(B) = −3.307 + 1.887ln(Hac) − 2.422ln(P6)
	0.704
	0.907, 0.907
	1.102, 1.102
	0.267, 0.257



	Hac10
	ln(B) = −8.508 + 2.195ln(Hac) − 5.567ln(P6) − 1.447ln(P7)
	0.756
	0.667, 0.308, 0.336
	1.498, 3.246, 2.979
	0.171, 0.236



	Hac11
	ln(B) = −3.784 + 1.883ln(Hac) − 2.918ln(P6)
	0.708
	0.917, 0.917
	1.091, 1.091
	0.055, 0.388



	Hac12
	ln(B) = −9.415 + 2.230ln(Hac) − 6.270ln(P6) − 1.580ln(P7)
	0.773
	0.670, 0.344, 0.367
	1.492, 2.908, 2.726
	0.032, 0.395



	Hac13
	ln(B) = −4.081 + 2.033ln(Hac) − 2.777ln(P6)
	0.715
	0.888, 0.888
	1.127, 1.127
	0.069, 0.478



	Hac14
	ln(B) = −10.166 + 2.418ln(Hac) − 6.387ln(P6) − 1.686ln(P7)
	0.790
	0.661, 0.316, 0.353
	1.513, 3.167, 2.831
	0.061, 0.528



	TomoH1
	ln(B) = −3.544 + 1.789ln(TomoH) − 3.277ln(P6)
	0.615
	0.840, 0.840
	0.493, 0.233, 0.274
	0.136, 0.055



	TomoH2
	ln(B) = −13.199 + 2.437ln(TomoH) − 9.115ln(P6) − 2.539ln(P7)
	0.723
	0.502, 0.230, 0.266
	1.992, 4.352, 3.758
	−0.087, 0.042



	Hac15
	ln(B) = 2.172 + 1.588ln(Hac) + 2.419ln(P6)
	0.744
	0.954, 0.954
	1.049, 1.049
	0.165, 0.132



	Hac16
	ln(B) = 3.876 + 1.468ln(Hac) + 3.505ln(P6) + 0.417ln(P7)
	0.785
	0.868, 0.592, 0.539
	1.152, 1.689, 1.854
	0.201, 0.023



	TomoH3
	ln(B) = 3.333 + 0.691ln(TomoH) + 2.951ln(P6)
	0.706
	0.905, 0.905
	1.105, 1.105
	−0.307, 0.216



	TomoH4
	ln(B) = 5.189 + 0.646ln(TomoH) + 4.736ln(P6) − 0.514ln(P7)
	0.730
	0.880, 0.456, 0.426
	1.136, 2.191, 2.347
	−0.353, 0.069
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