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Analysis of 3D Forest Canopy Height Models Resulting from Stereo-Radargrammetric Processing of TerraSAR-X Images Roland PERKO 1 , Hannes RAGGAM, Karlheinz GUTJAHR, and Mathias SCHARDT Institute of Digital Image Processing, Joanneum Research, Graz, Austria Abstract. The presented study focuses on the evaluation of 3D digital surface models and canopy height models resulting from stereo-radargrammetric processing of TerraSAR-X images. These models are compared to highly accurate LiDAR data. It is shown that the accuracy of these DSMs are very high over bare ground, however regions of forest are systematically underestimated, like known from InSAR processing. This bias of about 27% of the real canopy height is caused as the SAR signal in X-band penetrates into the forest canopy. Detailed analysis and evaluations are performed to understand and to correct the underestimation. Keywords: TerraSAR-X, stereo-radargrammetry, 3D mapping, canopy height model.



Introduction Forest parameters are an important source of information for monitoring climate change issues, quantifying renewable resources, and in general to observe deforestation and forest degradation. These parameters can best be estimated when 3D information on forest, i.e., a canopy height model, is integrated into the classification process [1]. Forest is in general hard to map with optical sensors due to cloud coverage, which may be especially high over rain forests. So the question remains whether radar data, in particular high-resolution TerraSAR-X products [2], can be reasonably used for 3D forest mapping. For areas of forest, SAR interferometry using TerraSAR-X data cannot be applied practically due to the strong temporal phase decorrelation caused by the small wavelength of X-band [3]. Therefore, this study is based on stereo-radargrammetric processing which yields highly accurate results due to the exact pointing accuracy of TerraSAR-X [4,5]. The approach is based on the authors' previous works [6,7] where 3D surface reconstruction is performed by stereoradargrammetry incorporating multiple images acquired at different look angles. It is known from studies using InSAR-based processing on airborne X-band data, that tree heights are systematically underestimated. The physical explanation for the observed underestimation is the downward penetration of X-band SAR signal into the canopy causing a shift of the InSAR phase center (cf. [8,9]). The amount of this underestimation dependents on many factors, such as tree species, crown shape, forest density, tree height, terrain slope and look angle. A simulation revealed that this underestimation is in the range of 10 to 80% of the real canopy height [8] and that an improved retrieval is only possible through use of ancillary data on canopy parameters. In this paper we analyze if the same effects occur in stereo-radargrammetric processing of TerraSAR-X data, i.e., if the penetration into the canopy also changes the magnitude of the SAR signal. For doing so, the digital surface models (DSM) resulting from stereo-radargrammetric processing are compared to highly accurate LiDAR data at two test sites and for regions on bare ground and in forested areas. While over regions on bare ground the general quality of our 3D surface reconstruc1
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tion approach can be evaluated, the forested areas are used to analyze the discussed canopy height underestimation. 1. Our approach Stereo matching of forested areas in TerraSAR-X images in general is a very challenging task. In such regions SAR speckle as well as SAR layover, foreshortening and shadow effects complicate the task of identifying homologues points via fully automatic stereo matching procedures. This difficulty gets even worse when incorporating steep look angle images, as the ground sampling distance decreases with the look angle. 1.1. Multi-image DSM generation Our method for deriving digital surface models from multiple TerraSAR-X images is described in detail in [7]. The main steps in the stereo-radargrammetric processing workflow are as follows. First, for each stereo pair image matching is performed by: • Coarse registration of the two stereo images using the TerraSAR-X sensor models, preprocessed by despeckling algorithm • Hierarchical image matching based on the normalized cross-correlation as similarity measure where the geometry of the two images are incorporated together with a coarse digital elevation model (SRTM or ASTER) to get disparity predictions (i.e., an appropriate start location for matching). Second, all matching results are used together to extract one digital surface model: • Within spatial point intersection, i.e., an iterative least squares approach to find the intersection of SAR range circles, the individual matching results are jointly used. In the ideal case a point can be matched in more than one stereo pair yielding over-determination in the point intersection procedure. Due to this over-determination erroneous matching results are either detected and removed or their impact is reduced. To ensure a smooth digital surface model an additional filtering technique is applied by fitting a polynomial of type a0 + a1x + a2 y + a3 xy into the surrounding 3D points using a 7×7 neighbourhood. If the central point deviates more than 0.5 metres in height, it is replaced by the corresponding point on the fitted surface. • The resulting 3D point cloud, irregularly distributed on ground, has to be interpolated into a DSM. The interpolation into a regular raster of height values is followed by a linear hole filling algorithm to close remaining gaps. To be able to analyze the influence of different look angles and also intersection angles several matching strategies are compared in this study. For an image triplet five configurations are tested, which are three pure stereo constellations (1-2, 2-3, and 1-3) and two triplet versions. For triplets one version uses only adjacent images for matching (i.e. 1-2 and 2-3) while the second also incorporates so-called cross-matching (i.e. 1-3). Obviously, the triplet configurations should yield more stable results with a lower standard deviation error. 1.2. Evaluation strategy For evaluating the resulting DSMs accurate reference data is needed. In the presented case such reference DSMs are gathered from airborne laser scanner acquisitions serving as ground truth information. Therefore, for each region of interest the difference, i.e. the residual height error, can be estimated and enables a quantitative evaluation. 538
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For retrieving and analyzing 3D canopy height models (CHM) derived from TerraSAR-X imagery, obviously a digital terrain model (DTM) has to be at hand. When subtracting the DTM from the derived DSM the CHM is extracted over regions of forest (see Figure 1 and Eq. (1)). Such DTMs are existing for many sites, where the once used in this study are gathered via airborne LiDAR acquisitions and are available for whole Austria. These auxiliary information is the basis to extract CHMs and to quantify the expected tree height underestimation from X-band imagery. For an operational 3D canopy height model derivation it is assumed that DTMs are available from prior acquisitions and are more or less static, i.e. not changing over time.



CHM=DSM-DTM



(1)



Figure 1. Explanation of relation between digital surface model (DSM), digital terrain model (DTM) and canopy height model (CHM).



As we also have the LiDAR DTMs it is possible to extract and analyze the TerraSAR-X canopy height models in detail. Therefore, the selected regions are sorted by their average LiDAR canopy height (i.e. the trusted ground truth) and associated with the TerraSAR-X derived canopy height. To visualize the major trend of these functions, lines are fitted into the data based on robust regression (iterated reweighted least-square approach using the Huber influence function). By dividing these two robust estimates canopy underestimation τ in % is extracted as a function of the canopy height. 2. Test sites and data The test data consist of multiple TerraSAR-X multi-look ground range detected (MGD) Spotlight and Stripmap products from ascending, respectively descending, orbit. All images were ordered as single-polarization products (HH) with science orbit accuracy. All Spotlight products are within the full performance look angle range of 20° to 55°, while two Stripmap images are outsite the full performance range of 20° to 45° for Stripmap imagery [2]. An overview of the two test sites is shown in Figure 2. Tables 1 and 2 give detailed parameters of the TerraSAR-X imagery. The ground truth LiDAR data covers four measurements per square metre and were processed to areal DSMs, respectively DTMs, with 1m GSD. Remaining holes, i.e., areas where no measurements were available, were interpolated. The DTMs were produced by classifying regions of vegetation, buildings, bridges and other man-made structures. For the final quality evaluation these models were resampled to a GSD of 2 m by means of bi-cubic interpolation. Figure 3 shows a small subset covering 1200 × 1000 m2, or 600 × 500 pixels, respectively. The ortho photo mosaic just serve for visual interpretation purposes.
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Figure 2. Overview of the test sites “Burgau”, 12 × 12 km2 (left) and “Seiersberg”, 12.4 × 11.9 km2 (right). These topographic maps show regions of forest in green colour.



a)



b)



c)



d)



Figure 3. LiDAR and orthophoto reference data for a subarea of testsite “Burgau”. (a) LiDAR DSM, (b) LiDAR DTM, (c) LiDAR CHM and (d) ortho photo mosaic.



2.1. Test site Burgau This rural test area covers agricultural as well as forest areas and shows flat to slightly hilly terrain, the ellipsoidal heights ranging from 270 to 445 meters above sea level (cf. Figure 2). The imagery were acquired in the period of July and August 2009 and image triplets are gathered from ascending, respectively descending, orbit at different look angles. Table 1 sums up the major parameters of the “Burgau” test site. It should be noted that the images acquired at steep look angles (i.e. asc1 and dsc1) have a lower GSD than all other products. This data set is particularly of interest since the look angles are very similar from ascending and descending orbit, making a direct comparison possible. Table 1. Detailed parameters for the Spotlight images of test site Burgau.



2.2. Test site Seiersberg This sub-urban area covers urban, agricultural as well as forest areas, the ellipsoidal heights ranging from 350 to 750 metres above sea level. Next to the river in the centre there are flat afforested re540
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gions while in the borders there is hilly terrain mostly covered by forest. The TerraSAR-X products were acquired in the period of April to June 2009, in Spotlight and Stripmap mode. These image triplets have been acquired from ascending and from descending orbit at different look angles. Table 2 sum up the major parameters of the “Seiersberg” test site. It should be noted that the image acquired at steep look angle (i.e. Spotlight dsc1) has a lower GSD than other products. Table 2. Detailed parameters for the Spotlight and Stripmap images of test site Seiersberg.



3. Results For each test site five DSMs were derived from TerraSAR-X imagery using the described stereoradargrammetric approach, for ascending and for descending orbit, with a GSD of 2 metres in UTM33 projection. Next, 30 regions of bare ground and 70 forested areas were manually selected for testsite “Burgau” (82 and 78 for “Seiersberg”) .The following tables give a quantitative evaluation of these regions. Each table show the average height error σ in metres, the average standard deviation height error in metres, the starting look angle plus the intersection angle in degrees. For the regions of interest over forest also the average canopy height underestimation is presented in percent. 3.1. Test site Burgau Test site Burgau. reveals that the intersection angle is indirect proportional to the resulting DSM quality (small intersection angles results in large errors, seen in the large standard deviation values of the stereo constellations 23). Therefore, the pure stereo configuration 13 yield best results (cf. [7]). When analyzing the triplets, it can be seen that the triplet using cross-matching performs better. Overall, the best results on bare ground have a mean value below 20 cm with a standard deviation of 2 metres. However, when moving into regions of forest a systematic canopy height underestimation is visible (like predicted from previous studies on InSAR processing over forest).Table 3 reveals that the standard deviation of height error stays the same in regions of forest, while the mean height errors show systematic bias. Again the stereo configuration with the smallest intersection angle can be seen as an outlier and all others yield an underestimation in the range of 25 to 35%. Detail analysis of canopy underestimation and canopy height (see section 1.2) is given in Figure 4 for the triplets using cross-matching for ascending and descending orbits. For the data from ascending orbit the underestimation is between 25 and 30% and increases with the canopy height (cf. Figure 4a) whereas in the descending case the underestimation decreases with canopy height. Since this variation is within 5% of the tree height it can be traced back to inaccurate image matching. The basic trend of underestimation is more or less similar for imagery from the different orbits (as expected). Beside this main trend the individual measurements contain a lot of noise. 541
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Table 3. Detailed 3D height analysis for test site Burgau - Spotlight products.



Figure 4. Burgau Spotlight: canopy height underestimation.



3.2. Test site Seiersberg The results on Spotlight imagery for this test site are similar to the previous test site. Table 4 again shows that the small intersection angles of the constellations 23 yield poor results with large standard deviation height errors. The best triplet configuration result in average accuracy of 20 cm with standard deviations of about 2 metres on bare ground. In regions of forest again the canopy height is underestimated. The underestimation τ is in the range of 20 to 30%, constellations 23 being outliers. Detailed plots on canopy height and their underestimation are shown in Figure 5. The canopy height underestimation drops to 15% for small trees for Spotlight dsc123-c constellation (Figure 5b). This outlier is expected to come from inaccurate image matching. The accuracy of DSMs resulting from Stripmap images are in general lower (cf. [4,5], where regions on bare ground are systematically reconstructed about 1.5 m to high. However, again canopy heights are underestimated in the range of 25 to 40%. 3.3. Overall It should be noted that the underestimation of the canopy height is significantly large in the range of 25 to 35% in our study and on average 26.6%±1.4% for the triplets using cross-matching. As this aspect is a result of an intrinsic physical property of radar sensing in X-band, a similar height bias is to be expected also from TanDEM-X [10] generated surface models over forest. In the presented case the canopy height underestimation can be corrected by applying the factor 1 (1− µ(τ ) / 100 ) . After that the maximal height error over forest is reduced to 0.5 m for the triplet cases. Nevertheless, as the amount of height underestimation over forest depends on a manifold of a-priori unknown factors, deriving a highly accurate canopy height model using TerraSAR-X imagery is and remains 542
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very challenging. Additional experiments over different types of forest (deciduous and coniferous) will show if a pre-segmented forest classification is sufficient to undo the underestimation bias on a large scale. Table 4. Detailed 3D height analysis for test site Seiersberg - Spotlight and Stripmap products.



Figure 5. Seiersberg Spotlight and Stripmap: canopy height underestimation.
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4. Conclusion The presented study revealed that the height of regions of forest are systematically underestimated when the 3D reconstruction is based on stereo-radargrammetric processing of TerraSAR-X data, while regions on bare ground are correctly derived. The same aspect has been shown before on airborne X-band data using InSAR processing. For the test sites used this underestimation is on average 26.6% of the real canopy height - a value that cannot be neglected. Since the underestimation is quite stable for specific angular configurations and processing strategies it can be corrected if a forest/non-forest segmentation exists. The two test sites domiciles more or less exclusively dense deciduous trees. It is therefore expected that the canopy underestimation will be larger for coniferous trees and for clearer stands. However, it is still unknown what factors contribute to which extent and it is very likely that the estimated underestimation can be quite different for other test sites. References [1]
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