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Abstract

:

Forest canopy height estimation is essential for forest management and biomass estimation. In this study, we aimed to evaluate the capacity of TanDEM-X interferometric synthetic aperture radar (InSAR) data to estimate canopy height with the assistance of an external digital terrain model (DTM). A ground-to-volume ratio estimation model was proposed so that the canopy height could be precisely estimated from the random-volume-over-ground (RVoG) model. We also refined the RVoG inversion process with the relationship between the estimated penetration depth (PD) and the phase center height (PCH). The proposed method was tested by TanDEM-X InSAR data acquired over relatively homogenous coniferous forests (Teruel test site) and coniferous as well as broadleaved forests (La Rioja test site) in Spain. Comparing the TanDEM-X-derived height with the LiDAR-derived height at plots of size 50 m × 50 m, the root-mean-square error (RMSE) was 1.71 m (R2 = 0.88) in coniferous forests of Teruel and 1.97 m (R2 = 0.90) in La Rioja. To demonstrate the advantage of the proposed method, existing methods based on ignoring ground scattering contribution, fixing extinction, and assisting with simulated spaceborne LiDAR data were compared. The impacts of penetration and terrain slope on the RVoG inversion were also evaluated. The results show that when a DTM is available, the proposed method has the optimal performance on forest height estimation.
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1. Introduction


Large-scale forest canopy height estimation is essential for calculating forest biomass [1,2], assessing carbon storage [3] and the carbon sink [4], and is important for other forest services. Spaceborne synthetic aperture radar (SAR) has promising potential for large-scale and even global canopy height mapping due to its complete coverage with a high spatial resolution. TanDEM-X is currently the only bistatic spaceborne SAR system in continuous operation, which allows us to acquire InSAR data without the effect of temporal decorrelation, providing an opportunity for global forest height mapping [5,6,7].



To retrieve canopy height from TanDEM-X InSAR data, two solutions have been proposed. One is the histogram class method [8,9,10,11], which makes full use of the multi-looks or neighborhood observation information to obtain the statistical distribution of scatterers in the height direction from the spatial domain. The other is based on the physical model, where the scattering model is used to establish the relationship between InSAR observations and forest parameters. The most widely used scattering model is the random-volume-over-ground (RVoG) model [12,13]. The RVoG model describes the volume decorrelation as a function of four parameters: forest height, mean extinction coefficient, ground-to-volume power ratio (GVR), and ground phase. Since the TanDEM-X InSAR system normally operates in single-polarization mode, only two observables are provided, which is insufficient to directly invert all unknown parameters of the RVoG model. To solve this limitation, some simplified scattering models for the interferometric coherence amplitude have been proposed, including the SINC model [14], the C-SINC model [15], and other empirical and semi-empirical models [16]. However, canopy height inversion based only on coherence amplitude leads to an unstable process, and the simplification of the RVoG model causes a notable mismatch between the InSAR observables and the data. Another strategy consists of introducing high-precision external digital terrain model (DTM) data, which can be used to transform as the ground phase, reducing the number of unknown parameters. In such cases, by fixing the mean extinction coefficient, a RVoG model related to the interferometric phase and coherence can be employed to estimate the forest height. This method has been successfully used to extract the height of coniferous forests [14,17], temperate broadleaf forests [18,19], and tropical forests [7,20]. However, the existing works have demonstrated that, in many cases, fixing the extinction coefficient or ignoring the GVR can also produce significant forest height error [21,22].



In this paper, to solve the above problem, a GVR model expressed as a function of the penetration depth and the InSAR phase center height is proposed. Penetration depth and phase center height can be directly calculated from InSAR data if an external DTM is available. As a result, the forest height can be estimated from the RVoG model using single-baseline InSAR data without any additional model assumptions.



The rest of this paper is organized as follows: Section 2 presents the GVR model and the algorithms for forest height estimation from single-baseline TanDEM-X InSAR data. Section 3 introduces the test sites and experimental data. The results obtained and a discussion are presented in Section 4 and Section 5, respectively. Conclusions are drawn in Section 6.




2. Inversion Model and Methodology


2.1. Inversion Model


The forward scattering model establishes the relationship between the forest biophysical parameters and the InSAR observables. Among the different scattering models, the RVoG model is the most widely used two-layer coherent scattering model, which expresses the InSAR coherence as [12,13]


    γ  ^  =   e   i   ϕ   0           γ   v    ^  +   μ   1 + μ     1 −     γ   v    ^       



(1)




where     ϕ   0     is the ground phase;   μ   denotes the GVR; and       γ   v    ^    represents the pure volume scattering coherence, which is given by


      γ   v    ^  =     ∫  0     h   v      exp ⁡ (   2 σ z   c o s θ   ) exp ⁡ ( i   k   z   z ) d z       ∫  0     h   v      exp ⁡ (   2 σ z   c o s θ   ) d z      



(2)




where     h   v     is the canopy height;   σ   is the mean extinction coefficient;   θ   represents the local incidence angle; and     k   z     is the vertical wavenumber, which is expressed as


    k   z   = m   2 π   B   ⊥     λ R   sin  ⁡  θ      



(3)




where     B   ⊥     is the length of the perpendicular baseline,   λ   represents the wavelength, and   R   is the slant range. For bistatic acquisitions,   m = 1  , whereas for monostatic acquisitions,   m = 2  . In the absence of ground contribution, Equation (1) can be written as


    γ  ^  =   e   i   ϕ   0         γ   v    ^   



(4)




where the unknown parameters are extinction and forest height, and the InSAR observation information is sufficient to solve the RVOG model by using (4). However, if the ground contribution exists, (1) cannot be solved directly from InSAR data. Therefore, in the next section, we introduce the GVR model derived from the InSAR backscattering to solve the RVoG inversion problem in the presence of ground contribution.




2.2. GVR Model Derived from InSAR Backscattering


According to the RVoG model, the scattering contribution from a forest scene can be attributed to the combination of the canopy layer and the sub-canopy ground (see Figure 1), which can be represented as


  P   e   i   ϕ   I n S A R     =   P   v     e   i   ϕ   v     +   P   g     e   i   ϕ   0      



(5)




where     P   v     represents volume scattering power, (saffron in Figure 1).     P   v     derives from the backscattering contribution of canopy leaves and branches, whose average phase center is     ϕ   v    .     P   g     represents the ground scattering power (blue in Figure 1).     P   g     comes from the double-bounce scattering contribution between tree stems and ground surface as well as the surface scattering contribution on the ground, and their phase centers are all located at     ϕ   0    . Volume scattering and ground scattering contributions constitute together the InSAR backscattering signal (black in Figure 1), including the total backscattering power   P   and the mean phase center of all scatterers in height direction, which is represented as the InSAR phase center     ϕ   I n S A R    . If ground contribution exists,     ϕ   v     is higher than     ϕ   I n S A R    , as shown in Figure 1; otherwise,     ϕ   v     equal     ϕ   I n S A R    . From (5),     ϕ   I n S A R     can be expressed as


    ϕ   I n S A R   =     tan   − 1    ⁡      sin  ⁡    ϕ   v     + μ   sin  ⁡    ϕ   0         cos  ⁡    ϕ   v     + μ   cos  ⁡    ϕ   0          



(6)







In addition,     ϕ   I n S A R     can also be expressed as a function of the height:


    ϕ   I n S A R   =   k   z   ⋅ P C H +   ϕ   0    



(7)




where   P C H   is the InSAR phase center height in the forest, and the phase center of the volume scattering     ϕ   v     can be represented as


    ϕ   v   =   k   z   ⋅   h   v   s a t   +   ϕ   0    



(8)




where     h   v   s a t     is the phase center height of the volume scattering, which can be derived from the RVoG backscattering model [23]:


  P =     P   v     2 σ /   cos  ⁡  θ     ( 1 −   e   −   2 σ   h   v       cos  ⁡  θ       ) +   P   g     h   v     e   −   2 σ   h   v       cos  ⁡  θ        



(9)







From which, the volume phase center height can be defined where the backscattering power is maximal [23]:


    h   v   s a t   =     cos  ⁡  θ   ( 1 + μ )   2 σ μ   .  



(10)







To obtain     h   v   s a t    , we introduce the penetration depth (PD), which is defined as the height deviation between the InSAR phase center and the top of the forest canopy [24]. As shown in Figure 1, in general, forest canopy height is equal to the sum of PD and PCH. Based on the empirical formula of extinction coefficient, the two-way penetration depth PD can be approximated as [12,13,24,25]


  P D ≈     cos  ⁡  θ     2 σ    



(11)







By combining (6) and (8)–(11), the phase center of the forest     ϕ   I n S A R     can be expressed as


    ϕ   I n S A R   =     tan   − 1    ⁡      sin  ⁡  (     k   z     P D ( 1 + μ )   μ   +   ϕ   0   ) + μ   sin  ⁡    ϕ   0         cos  ⁡  (     k   z     P D ( 1 + μ )   μ   +   ϕ   0   ) + μ   cos  ⁡    ϕ   0         .  



(12)







If an external DTM is available,     ϕ   0   =   k   z   ⋅ D T M   can be obtained directly, and     ϕ   I n S A R     can be obtained from the unwrapped interferometric phase. Furthermore, if prior knowledge of the penetration depth is available, the GVR can be estimated.




2.3. Approximate Estimation of Penetration Depth


According to the definition of PD (see Figure 1), it should be expressed as


  P D =   h   v   − P C H .  



(13)




where     h   v     is the canopy height, which can be derived from a simplified model by assuming that there is no contribution from the ground and a null extinction [14,26]:


    h   v   =   1     k   z     (   arg  ⁡      γ  ^    e   − i   ϕ   0         + η ( π − 2   s i n   − 1   (   |   γ  ^  |   0.8   ) ) ) .  



(14)







This formula consists of two parts: the first part represents the phase center height and the second part is an approximation of the SINC function, which is a special form of zero extinction in (2).   η   is a weighting factor that can compensate variations in structure, which is taken as 0.8 in this paper. Combining (13) and (14), the penetration depth can be approximate as


  P D ≈ 0.8 ( π − 2     sin   − 1    ⁡  (   |   γ  ^    |   0.8   ) ) /   k   z    



(15)







It should be noted that the estimated PD will be quite different from the real PD due to no ground contribution and null extinction assumptions. For further analysis, the InSAR complex coherence of forest is simulated by (1), and then the real penetration depth can be calculated from (13) according to the phase center height.



The estimated penetration depth can be obtained by (15) according to the simulated InSAR coherence amplitude. Other parameters include the vertical wavenumber of 0.2 rad/m and the incident angle of 30°. The comparison between the real PD and the estimated PD is shown in Figure 2a,b. Different colors correspond to different forest canopy heights, ranging from 5 m to 20 m with intervals of 5 m. Figure 2a,b have fixed extinction of 0.1 dB/m and 0.3 dB/m, respectively. For a given extinction and canopy height, the GVR gradually increases from left to right. Since complex coherence is used instead of pure volume coherence in (14), the complex coherence will gradually be higher than pure volume coherence as the GVR increases, resulting in a serious underestimation of the estimated PD. Compare with Figure 2a,b, the null extinction assumption leads to an overestimation of the estimated PD, which increases with the increase in extinction. Overall, the estimated PD is more accurate when GVR is small; however, there is serious underestimation when there is a strong ground contribution. The direct use of (14) to obtain canopy height will cause a large inversion deviation. Fortunately, when it is used to estimate GVR by (12), the retrieval of canopy height will not cause a large inversion error. The introduction of Formula (11) not only provides a rough estimation of the extinction coefficient but also restricts the range of extinction coefficient. First, it satisfies the basic law that the greater the PD, the stronger the ground contribution and the smaller the extinction. Secondly, it guarantees that when the PD is higher than 2 m, the extinction coefficient is within 0 to 0.22 dB/m with a 30° incident angle. This range is exactly the corresponding extinction range under the strong ground contribution and, combined with the estimated PD in Figure 2, even if the PD is seriously underestimated under strong ground contribution, the obtained extinction will not be too high, thus ensuring the reliability of the inversion process. The influence of PD error on forest height inversion is discussed in Section 5.3.




2.4. Forest Height Inversion


Due to the limited penetration capacity of X-band SAR signals, in many cases, the SAR signal cannot fully penetrate through the canopy and reach the ground. Hence, it is necessary to identify the different penetration conditions and design different inversion methods adapted to them. According to Praks’s work [27], microwave scattering in a forest can be considered as three cases:



(C1) Penetration depth shorter than half of the forest height: As shown in Figure 3, this situation usually occurs in dense and high forests with a large extinction coefficient, and without ground contribution. As mentioned before, forest canopy height equals the sum of PD and PCH, so if PD < PCH then PD < 0.5(PCH + PD), this case can be identified if PD is smaller than the PCH. The GVR then can be ignored, and the forest height can be estimated by (4) directly. Combined with Figure 2, it can be found that this rule corresponds to the forest with     μ   1 + μ   < 0.2  , which has negligible ground contribution.



(C2) Penetration through the whole canopy: This situation usually occurs in sparse and low height forests with a small or moderate extinction coefficient, and both the GVR and extinction coefficient need to be considered (see Figure 3(C2)). This case can be identified if the phase center height is less than or equal to the penetration depth. The GVR can be estimated by (12) and then substituted into (1) to estimate the forest height. It is worth noting that the estimated PD will be seriously underestimated in the case of a large GVR; however, the corresponding PCH will still be lower than the estimated PD, and this rule can still be applied.



(C3) Strong ground contribution: This is not commonly seen in X-band SAR data; however, due to the very high spatial resolution of TanDEM-X satellites, strong ground contribution is also observed in sparse vegetation in dry environments, especially when the ground owns a large positive slope. In this case, PD will be much greater than PCH. However, due to the strong ground contribution, the estimated PD will be seriously underestimated. It is necessary to combine the situation of PCH for identification and it should be very close to the ground surface (see Figure 2: there is a huge deviation between the estimated PD and the real PD if PCH < 2 m). In this case, the GVR can no longer be obtained by (12) due to the serious underestimation of PD. However, this situation only occurs when the canopy layer has a very small or zero extinction; therefore, fixing a small value of extinction can solve the problem.



In conclusion, the overall methodology employed for forest height inversion is illustrated in Figure 4. The forest is firstly classified according to the estimated PD and PCH. If the penetration depth is less than or equal to the phase center height, the ground scattering contribution can be ignored. Otherwise, the GVR can be estimated from (13). GVR estimation from (12) is a nonlinear solution procedure. Due to the phase center height of volume scattering,     h   v   s a t     should be higher than the InSAR phase center height (PCH) and lower than the tree height; the range of GVR could then be determined by


  P C H < P D   ( 1 + μ )   μ   < P C H + P D .  



(16)







The GVR of each pixel then can be estimated by finding a GVR such that the     ϕ   I n S A R     obtained from (12) is closest to the TanDEM-X observed value     ϕ   I n S A R   0    :


    min  ⁡  |       ϕ   I n S A R   −   ϕ   I n S A R   0     .  



(17)







As shown in Table 1, in order to investigate the performance of the proposed method, three other existing RVoG-based methods [6,21,22] were also used to extract the forest height, making a total of four different cases:




	
Case one: Ground ignored, i.e., GVR = 0.



	
Case two: Extinction fixed.



	
Case three: GEDI simulation, i.e., introduce the LiDAR canopy height model (CHM) data.



	
Case four: The method proposed in this work. If the penetration depth is shorter than forest height, the GVR is ignored. Otherwise, GVR is estimated from InSAR data with the GVR model.










 





Table 1. Different methods for retrieving RVoG model parameters.






Table 1. Different methods for retrieving RVoG model parameters.





	Case
	Method
	Additional Data
	RVoG Parameters





	One
	Ground ignored
	None
	   μ = 0   



	Two
	Extinction fixed
	None
	σ = 0.3 dB/m



	Three
	GEDI

simulation
	LiDAR CHM downsampled

at intervals of 60 m in azimuth

and 500 m in range
	σ and   μ   maps interpolated from

σ and   μ   values along simulated

GEDI tracks



	Four
	Proposed

method
	None
	If PD < PCH then   μ   = 0, if

PD >> PCH or PCH < 2 m then

σ = 0.1 dB/m; otherwise,   μ  

from GVR model








In particular, for case two (fixed extinction), according to the existing works, the extinction coefficient was fixed to 0.3 dB/m. For case three (GEDI simulation), the method used in [22] was adopted, whose core idea is that the simulated spaceborne Global Ecosystem Dynamics Investigation (GEDI) LiDAR data are downsampled by airborne LiDAR data at intervals of 60 m in azimuth and 500 m in range, and then the simulated GEDI CHM product is used to invert the model parameters.





3. Test Sites and Experimental Data


3.1. Test Sites


Two distinct sites, each representative of Mediterranean forests found in Spain [28,29] were selected for the evaluation of our proposed method (see Figure 5). The La Rioja site is situated within Sierra Cebollera, nestled in the Sistema Iberico mountain range. Covering an extension of 1350 km2, the La Rioja site boasts a rich diversity of forest types, which include dense forests of broadleaved deciduous species like Quercus robur, Fagus sylvatica, and Fraxinus sp., and dense coniferous forests of Pinus sylvestris, as well as scattered sparse forests of Quercus ilex and Quercus faginea. This site encompasses 3215 stands of 18.0 ha on average (see Figure 5a). The second site, Teruel, is located in Sierra de Cuenca y Albarracín, which is also situated within the Sistema Ibérico mountain range. Encompassing an area of 1100 km2, the Teruel site is characterized by dense coniferous forests of Pinus sylvestris, P. nigra, and P. pinaster with just some sporadic patches of sparse juniper forests and broadleaved Quercus sp. (see Figure 5b). The Teruel site comprises a total of 3080 stands, with an average size of 34.4 ha. LiDAR measurements from Gómez’s study [28] reveal that the majority of trees at both sites do not exceed 20 m in height.




3.2. LiDAR Data


The airborne LiDAR data were acquired between 2009 and 2015 by the Spanish National Plan for Territory Observation (PNOT) [30] with 0.5 points/m2. The LiDAR-derived forest height data with a resolution of 10 m were generated to validate the retrieved forest height, and the LiDAR DTM data with a resolution of 5 m were used to simulate the ground interferometric phase.




3.3. TanDEM-X InSAR Data


The TanDEM-X SAR data acquired in the HH polarization in coregistered single-look slant-range complex (CoSSC) format enabled the direct generation of the interferograms, with its coverage marked with blue rectangles in Figure 5. Two TanDEM-X InSAR pairs acquired in the leaf-off period and with a suitable height of ambiguity (HoA) were chosen (see Table 2). The coherence was estimated using a 9 × 9 boxcar window, and common band filtering [31] was carried out to compensate the geometric decorrelation. Signal-to-noise ratio (SNR) correction [6] and quantization error compensation [32] were then applied to further compensate the corresponding decorrelations. The LiDAR DTM was used to simulate the bare ground interferometric phase and remove the orbit error phase by the fitting of a polynomial [33]. The final product uses   4 × 4   multi-looks with a spatial resolution of 10 m   ×   10 m.





4. Results


4.1. Penetration Performance in Two Sites


Both the extinction coefficient and the GVR are related to the penetration performance of microwaves in forest. The smaller the extinction, the stronger the penetration and the ground scattering contribution. Therefore, it is necessary to introduce the penetration conditions in the test sites before analyzing the influence of different model parameter acquisition methods on the RVoG inversion. To this end, we define the penetration ratio as the ratio of the penetration depth (LiDAR tree height minus InSAR height) to the LiDAR tree height. The histograms of the penetration ratio vs. the LiDAR tree height are shown in Figure 6 for the two test sites.



To demonstrate the penetration of the X-band for the different types of forest, we rasterized the forest type data, then geocoded it into SAR coordinates, and resampled it to each pixel (see Figure 7). According to the forest type of each pixel, we divided the La Rioja test site into two classes, with one consisting of conifer stands of different densities (conifer 1 and conifer 2) and the other one consisting of broadleaved stands of different densities (broad 1 and broad 2). The histograms corresponding to these classes are shown in Figure 6c and Figure 6d, respectively. From Figure 6a, it is observed that most of the tree heights at the La Rioja test site are less than 18 m and are concentrated in the 3–9 m range. In examining Figure 6c,d, it is found that the trees between 3 m and 9 m are mainly broadleaved, which are almost completely penetrated by the X-band radar. The tree heights for the coniferous forest are mainly distributed in the 9–18 m range, where the penetration depth decreases linearly as the tree height increases. This phenomenon also occurs in some of the broadleaved forest with tree height greater than 9 m. Almost all the areas of broadleaf forest exhibit penetration ratios higher than 0.5, and only a few areas of coniferous forest show penetration ratios lower than 0.5. This means that the phase center height is less than half of the tree height in most areas of the La Rioja test site, where both the GVR and extinction coefficient play a critical role in the RVoG inversion.



From Figure 6b, it is observed that the tree height is concentrated in the range of 6–18 m at the Teruel test site. Although the penetration ratio is still higher than 0.5 in most areas, penetration is much lower than at the La Rioja test site compared to Figure 6a, in which most pixels have penetration ratios higher than 0.8.




4.2. Inversion at the La Rioja Test Site


The inversion results for the four methods defined in Section 2.3 (Table 1) are shown in Figure 8, where the LiDAR-derived forest height is also shown for comparison. The retrieved height shows a high spatial similarity with the LiDAR height, except for the results from case one (ground ignored), in which significant overestimation occurs in some areas due to the inappropriate GVR assumption. The scatter plots computed for validation in the four cases are shown in Figure 9, where the     R   2     coefficient of determination and the root-mean-square error (RMSE) obtained from the comparison of the LiDAR heights and TanDEM-X-retrieved heights are also listed. A 5 × 5 (50 m × 50 m) sliding window is used for an accuracy evaluation. The inversion accuracies for the four cases are quite different in the La Rioja test site, with the RMSE ranging from 1.97 m to 3.73 m and the     R   2     ranging from 0.73 to 0.90. The worst inversion results appear in case one (ground ignored method). From Figure 9a, it is observed that the diagonal line is located above the dense scatter plot area (dark red area) when the tree heights are below 12 m. There is strong penetration in the La Rioja test site with tree heights below 12 m, and this underestimation is caused by ignoring the ground contribution. There is no significant deviation in areas with tree heights above 12 m, indicating that ignoring the ground contribution is feasible in tall forests, where the X-band radar only penetrates into the canopy. There are some overestimated discrete plots in the areas with tree heights below 15 m. When combined with the spatial distribution map of the inversion results, it can be found that all these areas have a large positive range slope. The slope effects are discussed in Section 5.2. Figure 9b shows the inversion results for case two (extinction fixed method), where the excessive extinction coefficient causes overall underestimation of the inversion results, and with the increase in the tree height, the underestimation becomes more relevant. The proposed method achieves the best inversion performance. Compared with the result for case three (GEDI simulation method), both the spatial distribution map and the scatter plot are highly consistent. This means that both of them can accurately estimate the model parameters, but the proposed method does not depend on additional data.




4.3. Inversion at the Teruel Test Site


The retrieved forest heights for the four cases show high spatial consistency with the LiDAR heights (see Figure 10), and the inversion accuracies for the four cases are also comparable (see Figure 11), with the RMSE ranging from 1.71 m to 2.19 m and the     R   2     ranging from 0.81 to 0.88. The similar results indicate that the spatial variations in the GVR and extinction coefficient are limited and very close to our assumptions. On the one hand, it can be seen from Figure 7 that the Teruel site is much more homogeneous (in terms of forest species) than the La Rioja site. It indicates that the model parameters have less spatial variation in a homogeneous forest stand than in a complex forest. On the other hand, in comparing the inversion results of case one (ground ignored method) in the two sites, the ground contribution in Teruel is not as significant as in La Rioja, and a significant underestimation appears in the inversion tree height for the 9 m to 12 m range in Teruel, where the penetration ratio is greater than 0.5 (Figure 6b). Similarly, by comparing the inversion results of case two (extinction fixed method) in the two sites, we find that the extinction coefficient in Teruel is closer to our assumption (0.3 dB) than in La Rioja, which is consistent with the difference in the penetration performance between the two sites.





5. Discussion


5.1. Retrieved Height with Full Penetration


To further demonstrate the effectiveness of the proposed GVR estimation method, we consider in this section the case of strong penetration, where the GVR plays an important role in the RVoG inversion. After masking the area where the phase center was above half of the tree height, scatter plots of the retrieved height versus LiDAR heights in the two test sites were generated and are shown in Figure 12 and Figure 13, respectively. The RMSE ranges from 1.83 m to 4.69 m at the La Rioja test site and from 1.67 m to 3.68 m at the Teruel test site. The inversion accuracy for case one (ground ignored) and case two (extinction fixed) is significantly reduced. This indicates that there was a large GVR when penetrating through the canopy. However, there is a high level of inversion accuracy for both case three (GEDI simulation) and the proposed method in such a situation, which demonstrates the effectiveness of the proposed GVR estimation method. Compared with the result for case three (GDEI simulation) and the proposed method, it can be seen that the inversion result of the proposed method has fewer discrete plots and R2 is improved from 0.80 to 0.91 in the La Rioja site and from 0.64 to 0.87 in the Teruel site. The proposed method can realize a pixel-by-pixel model parameters estimation; however, spaceborne LiDAR can only provide observations along transects or tracks. As a result, the accuracy of model parameter acquisition will gradually decrease with the distance between the pixels and LiDAR observations. Therefore, the inversion results of the proposed method will be more convergent and have fewer discrete points when compared with the GEDI method.




5.2. Slope Effect


Many overestimated plots with tree height below 15 m were observed in the scatter plot for case one (ground ignored) at the La Rioja test site. When compared with the height spatial distribution map, it is apparent that most of these overestimations appear in areas with positive range slope. To analyze the influence of range slope on the inversion of the model parameters, in Figure 14, the RMSE of the inversion results are addressed for the four cases but with range slope ranging between −15° and 20° at 5° intervals. From this, we focus on the areas with a slope below 5°, which can be considered as areas of flat or gentle topography where there is improvement in all methods tested at the La Rioja test site. The proposed method achieves the lowest RMSE (1.34 m), which suggests that it is the optimal method provided that range slope effects can be ignored. Is it important to note that the range of tree heights in all range slope intervals is similar (i.e., mainly from 3 m to 18 m).



The inversion accuracy for case one (ground ignored) decreases notably when the slope exceeds 15°, which is consistent with the findings mentioned above in that ignoring the ground scattering contribution leads to significant overestimation in areas with large positive range slopes. However, the other three cases are not significantly affected, indicating that the effect of positive range slope can be mitigated by giving an appropriate GVR. By comparing with the other cases, it is found that case two (fixed extinction) is affected the most by the slope, and case three, which adopts the fusion of simulated GEDI LiDAR data and TanDEM-X InSAR data to obtain the RVoG model parameters, is less affected by the slope, while the proposed method is affected the least by the slope. This means that the part of the RVoG inversion deviation caused by the slope can be mitigated by adjusting the GVR, and the proposed method can maintain a stable RVoG inversion in such a case.




5.3. Influence of PD Estimation Error on Canopy Height Inversion


The estimated penetration depth obtained based on the SINC model is expected to deviate from the real penetration depth. The effects of this deviation on the forest height inversion need to be analyzed to ensure that this would not introduce a larger model error than fixing inappropriate model parameters. To ensure that it can reflect the full situation in a real scenario, we used a smaller parameter interval than the simulation in Section 2.3. We also simulated the complex coherence of the 5 m to 25 m tree height at 0.5 m intervals from the RVoG model, with a moderate extinction (0.2 dB/m or 0.3 dB/m) and strong ground scattering (    μ   1 + μ     was varied from 0.3 to 0.8, with intervals of 0.02). Other simulation parameters include the vertical wavenumber of 0.2 rad/m and the incident angle of 30°. The estimated PD can then be derived from the amplitude of the simulated complex coherence by (15), and the real PD could be obtained by


  P   D   r e a l   =   h   v s i m   − P C   H   s i m    



(18)




where     h   v s i m     is the simulated tree height and   P C   H   s i m     is the simulated InSAR height. Both     P D   e s t i     and   P C   H   s i m     were used to calculate the simulated GVR by (12). The simulated tree height inversion result could then be derived from (1) by using the simulated GVR. In order to better demonstrate the influence of the PD estimation error on the canopy height inversion, we introduced the relative precision (RP) to demonstrate the inversion accuracy. It can be expressed as


  R P =   1 −     R e a l − E s t i     R e a l     ∗ 100 %  



(19)




where Real represents the true value and Esti represents the estimated value. Figure 15a,c show the difference between the estimated penetration depth based on the SINC model and the real penetration depth. It is clear that the deviation increases as the ground scattering contribution increases due to the zero-ground contribution assumption in the SINC model. However, the canopy height inversion results are less affected by the deviation of estimated penetration depth. As Figure 15b,d show, the relative deviation of the tree height inversion does not exceed 25%. Large inversion deviation only occurs in the combination of extreme model parameters and tall vegetation, where the phase center height is close to half of the tree height. For most natural forest scenes and low vegetation, the relative deviation does not exceed 10%.




5.4. Robustness and Error Sources of the Proposed Inversion Framework


To prove the robustness of the proposed inversion framework, we employed three other distinct methods for retrieving the model parameters: (1) neglecting ground contributions, which demonstrates the impact of inaccurate GVR on canopy height inversion; (2) fixing a large extinction coefficient, which represents the effects of inaccurate extinction coefficient on canopy height inversion; and (3) spaceborne LiDAR CHM-derived model parameters, ensuring the accurate acquisition of both GVR and extinction coefficient values (see Table 1). Moreover, in Section 5.3 we employed a Monte Carlo method to simulate the differences between our proposed inversion method (with GVR estimation) and the RVOG model across various forest scenarios. This analysis provided theoretical evidence for the effectiveness of our approach. Collectively, the comparison experiments conducted above fully demonstrate the reliability and robustness of the proposed GVR model and InSAR inversion framework for canopy height estimation. Moreover, to demonstrate the reliability of our inversion results, we conducted a comparative analysis with Qi’s research [22] (see Table 3). Both studies exhibited similar performance when applying the same methodology. Notably, the least accurate inversions were observed in broadleaved forests when neglecting ground contributions. Besides our proposed approach, the most accurate inversion results were obtained using simulated GEDI data. Furthermore, both studies showed similar accuracy in inverting the three methods within the coniferous forest, while a significant disparity was observed in the case of broadleaved forests. The inversion accuracy of the same method in two studies is close to but not completely the same, and it should be noted that direct comparisons should be made cautiously due to differences in study conditions, such as statistical spatial resolution, baseline, validation data, and forest types.



This paper primarily explores the impact of RVOG model parameters (extinction coefficient and GVR) on canopy height inversion. To eliminate the influence of other factors, we initially compensated the main error sources of TanDEM-X InSAR data: signal-to-noise ratio (SNR) decorrelation and quantization decorrelation, as documented in the existing literature [6,30]. For the selection of the spatial baseline, we drew upon the research of Kugler [19] and Chen [17] opting for a baseline with HOA approximately 30 m, ensuring that it fell within the most suitable range for canopy height inversion, between     h   v     to 3     h   v    . Additionally, as advised by Olesk’s research [34], we selected acquision data during the leaf-off season to avoid seasonal influences. To minimize the impact of range slope, we implemented the S-RVOG model [35] and corrected     k   z     according to Kugler’s research [19], and we still observed residual effects associated with the range slop in our results. In Section 5.2, we conducted an in-depth analysis of the influence of range slope on canopy height inversion by categorizing the outcomes based on different range slope values. In the absence of range slope influence, the RMSE was reduced to 1.34 m (12%), closely approaching the theoretical accuracy of 10% of the RVOG model.





6. Conclusions


In this paper, a GVR estimation method based on InSAR data was proposed, which allows the RVoG inversion to be achieved from single-baseline InSAR data without any model assumption or other prior information except for an external DTM. The effectiveness of the proposed method was demonstrated in both real-data and simulation experiments.



The proposed method establishes a DTM-assisted RVoG inversion framework based on single-baseline InSAR data. For a long time series, the terrain can be considered stable while the forest is changing. As a result, the proposed method is suitable for forest height mapping with a high refresh rate, as well as for change monitoring, in regions with available high-precision DTMs. The proposed method can also be combined with low-frequency SAR data, using the DTM inverted by the low-frequency SAR data, and it can also be applied to some other methods that can obtain a DTM from InSAR data, such as multi-squint [36] and the penetration depth compensation-based method [37].



The proposed GVR estimation method is also applicable to forest height inversion with low-frequency PolInSAR data, which enables the inversion process to be conducted without assuming that a certain polarization channel does not contain a ground contribution, and the GVR can be generated using the data of any polarization channel to obtain the pure volume scattering coherence.



There are some limitations to the proposed method, such as the fact that the proposed GVR estimation method is highly nonlinear and requires some constraints to be added to avoid falling into local optima. Moreover, the proposed method is based on the RVoG model, without considering the influence of the vegetation vertical structure. The applicability for large-scale forest height inversion also needs to be further validated.
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Figure 1. The illustration of different phase centers. The saffron color denotes the volume scattering from the canopy layer, with phase center     ϕ   v    . The blue color represents the ground scattering, with phase center     ϕ   0    . The InSAR backscattered signal consists of the superposition of both; hence, with phase center     ϕ   I n S A R    . 
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Figure 2. Comparison of real penetration depth and estimated penetration depth based on the RVoG model. (a) Fixed extinction as 0.1 dB/m. (b) Fixed extinction as 0.3 dB/m. 
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Figure 3. Microwave scattering processes in different forest scenes. (C1) Only the volume scattering contribution exists. (C2) Both the volume scattering contribution and the ground scattering contribution exist. (C3) Strong ground scattering contribution exists. 
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Figure 4. Flowchart of forest height inversion with single-baseline InSAR data. 
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Figure 5. Locations of the two test sites in Spain. (a) La Rioja test site. (b) Teruel test site. The blue and red rectangles represent the range of the TanDEM-X InSAR pairs and LiDAR data, respectively. The background maps are the LiDAR DTMs. 
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Figure 6. Histograms of the penetration ratio versus LiDAR tree height for the La Rioja and Teruel test sites. (a) La Rioja test site. (b) Teruel test site. (c) Only broadleaved forest at the La Rioja test site. (d) Only coniferous forest at the La Rioja test site. 
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Figure 7. The spatial distribution and proportion map of the forest types. For a detailed description of each forest type, we refer the reader to [28]. (a) La Rioja site. (b) Teruel site. 
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Figure 8. Inversion results for the four cases at the La Rioja test site. (a) LiDAR forest height (unit: m). (b) The TanDEM-X-retrieved forest height in case one:   μ = 0   (unit: m). (c) The TanDEM-X-retrieved forest height in case two: σ = 0.3 (unit: m). (d) The TanDEM-X-retrieved forest height in case three: GEDI simulation (unit: m). (e) The TanDEM-X-retrieved forest height in case four: proposed method (unit: m). 
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Figure 9. Scatter plots of the retrieved height versus LiDAR height for the four cases at the La Rioja test site. (a) Case one:   μ = 0  . (b) Case two: σ = 0.3. (c) Case three: GEDI simulation. (d) Case four: the proposed method. 
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Figure 10. Inversion results for the four cases at the Teruel test site. (a) LiDAR forest height (unit: m). (b) The TanDEM-X-retrieved forest height in case one:   μ = 0   (unit: m). (c) The TanDEM-X-retrieved forest height in case two: σ = 0.3 (unit: m). (d) The TanDEM-X-retrieved forest height in case three: GEDI simulation (unit: m). (e) The TanDEM-X-retrieved forest height in case four: proposed method (unit: m). 
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Figure 11. Scatter plots of the retrieved height versus LiDAR height for the four cases at the Teruel test site. (a) Case one:   μ = 0  . (b) Case two: σ = 0.3. (c) Case three: GEDI simulation. (d) Case four: the proposed method. 
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Figure 12. Scatter plots of the retrieved height versus LiDAR height for the four cases at the La Rioja test site when penetrating the canopy. (a) Case one:   μ = 0  . (b) Case two: σ = 0.3. (c) Case three: GEDI simulation. (d) Case four: the proposed method. 
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Figure 13. Scatter plots of the retrieved height versus LiDAR height for the four cases at the Teruel test site when penetrating the canopy. (a) Case one:   μ = 0  . (b) Case two: σ = 0.3. (c) Case three: GEDI simulation. (d) Case four: the proposed method. 
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Figure 14. RMSE of the inversion height under the four cases for the La Rioja test site with different range slopes. (Blue) Case one:   μ = 0  . (Red) Case two: σ = 0.3. (Yellow) Case three: GEDI simulation. (Green) Case four: the proposed method. 
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Figure 15. Simulation RVoG inversion results. (a) The relative precision of the penetration depth obtained from the SINC model with σ = 0.2 dB/m. (b) The relative precision of the retrieved tree height obtained by the proposed method with σ = 0.2 dB/m. (c) The relative precision of the penetration depth obtained from the SINC model with σ = 0.3 dB/m. (d) The relative precision of the retrieved tree height obtained by the proposed method with σ = 0.3 dB/m. 
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Table 2. TanDEM-X datasets for the two test sites.
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	Area
	Date
	HoA (m)
	Look Angle (°)





	La Rioja
	28 December 2012
	36.58
	34.73



	Teruel
	23 October 2012
	32.29
	37.10










 





Table 3. Comparison of inversion accuracy between our study and Qi’s study.
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Studies/Cases

	
Forest Type

	
RMSE (m)

	
RMSE (%)

	
Correlation Coefficient






	
Qi’s/μ = 0

	
Coniferous forest

	
6.83

	
17.7

	
0.53




	
Broadleaved forest

	
6.22

	
25.9

	
0.32




	
Ours/μ = 0

	
Coniferous forest

	
2.05

	
19.1

	
0.86




	
Coniferous and broadleaved forest

	
3.73

	
35.4

	
0.73




	
Qi’s/μ = 0, σ from GEDI

	
Coniferous forest

	
6.03

	
15.6

	
0.60




	
Broadleaved forest

	
4.21

	
17.5

	
0.50




	
Ours/σ fixed as 0.3 dB/m

	
Coniferous forest

	
2.19

	
21.7

	
0.81




	
Coniferous and broadleaved forest

	
2.66

	
21.4

	
0.84




	
Qi’s/ μ, σ from simulated GEDI

	
Coniferous forest

	
4.30

	
13.1

	
0.44




	
Broadleaved forest

	
2.66

	
11.1

	
0.68




	
Ours/μ, σ from simulated GEDI

	
Coniferous forest

	
1.74

	
16.2

	
0.87




	
Coniferous and broadleaved forest

	
2.32

	
19.7

	
0.87




	
Ours/Proposed Inversion Framework

	
Coniferous forest

	
1.71

	
15.3

	
0.88




	
Coniferous and broadleaved forest

	
1.97

	
15.2

	
0.90
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