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CEH Monks Wood, Abbots Ripton, Huntingdon, Cambridgeshire, PE28 2LS, UK ph. +44-(0)1487-772471, email: [email protected] (2) University of Giessen, Biometry, IFZ B206, Heinrich-Buff-Ring 26-32, 35392 Giessen, Germany ph. +49-(0)641-9937540, email: [email protected] (3) University of Sheffield, Sheffield Centre for Earth Observation Science, Hicks Building, Hounsfield Road, Sheffield, S3 7RH ph. +44-(0)114-2223803, email: [email protected] (4) International Institute of Applied Systems Analysis, A-2361 Laxenburg, Austria, present address: Ontario Ministry of Natural Resources, 435 James Street, Suite 221A Thunder Bay, ON P7E 6S8, Canada ph. (807) 475-1270, email: [email protected] (5) University of Wales, Department of Geography, Singleton Park, Swansea, SA2 8PP, Wales, UK ph. +44 (0)1792 295524, email: [email protected] (6) German Aerospace Research Establishment (DLR),PO Box 1119, D-82230 Wessling, Germany ph. +49-(0)8153-282358, email: [email protected] (7) Geography, University of Jena, Loebdergraben 32, D-07743 Jena, Germany ph. +49-(0)3641-948877, email: [email protected] ABSTRACT Russia’s boreal forests host 11% of the world’s live forest biomass. They play a critical role in Russia’s economy, as well as in stabilising the global climate.The boreal forests of Central and Western Siberia represent the largest unbroken tracts of forest in the world, and are listed as “Last Frontier Forests” by the World Resources Institute. The EU-funded SIBERIA project aimed at producing a forest map covering an area of 1.2 million square kilometres. Two operational Synthetic Aperture Radars (SAR) on board of the satellites ERS-1, ERS-2 and JERS-1 are used to provide remote sensing data. The objective was to combine data from two different wavelengths with SAR interferometry to deliver a large-scale forest map from SAR. The development of an appropriate classification algorithm proved difficult because of large variation in image features between images. An accuracy assessment of the classification results was carried out using spatial forest inventory data from several Russian Forestry Enterprises. Issues of geometric, radiometric, and classification accuracy are discussed and a method for accuracy assessment is presented.
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1. INTRODUCTION Boreal forests are a significant carbon pool. Because of the high latitude ecological processes in these forests are much slower than in the tropical zone. Russia’s boreal forests are therefore currently being discussed by carbon cycle researchers as a potential long-term carbon sink [1]. But forest fires destroy large areas of forest in Siberia every year. Regrowth is slow, and the carbon release during and after a fire contributes to global warming [2]. Because of the less developed infrastructure and remoteness of Siberia, forest inventories are not carried out frequently enough to provide sufficient information. In addition to field surveys and optical data, Synthetic Aperture Radar (SAR) data may become an important tool for updating old forest inventories of Siberian forest at large scales. To demonstrate the operational capabilities of SAR, it has been the aim of the SIBERIA project to map a largely inaccessible area of 1.2 million km2 of boreal forest. The focus of this paper is on methodological development and implementation of the accuracy assessment procedure for the SIBERIA project. 2. DATA AND METHODS 2.1. SAR images In the SIBERIA project more than 600 JERS-1 L-HH SAR images and 366 ERS-1 and ERS-2 C-VV Tandem image pairs were processed. The ERS Tandem coherence was used to derive Digital Elevation Models (DEMs). These were used for topographic correction and geocoding of the SAR images wherever possible. Two types of pre-processed images were produced by DLR: • Geocoded and Terrain Corrected (GTC) images were obtained if the data quality was high enough to derive an accurate interferometric DEM. This DEM was then used to correct the image for topographic effects. • Geocoded and Ellipsoid Corrected (GEC) images were produced if the coherence was too low to derive a DEM. In this case the image geometry was corrected for the Earth’s ellipsoidal shape using orbital parameters and the GTOPO30 DEM provided by the US Geological Survey. A coarse geometric correction but no radiometric correction for topography was carried out. All images were multi-looked and resampled to a pixel spacing of 50 m. The JERS-1 images were co-registered to the ERS frames using an automated method based on intensity tracking developed by Gamma Remote Sensing. The JERS1 images were filtered using a multi-temporal speckle filter with the ERS intensity images which preserves the original spatial resolution [3]. All of the SAR data were then masked for regions of significant topography based on an analysis of the GTOPO30 DEM. 2.2. Forest inventory data Russian forest inventory data provided information on total growing stock volume of the forest, land cover class, dominant tree species, topography and other features. Of these the total growing stock volume is the main parameter of interest. The forest inventory database includes 13 test territories with 50 test areas, of which 38 were free for use in the methodological development and 12 were held back for an independent accuracy assessment of the map. Eight test areas could not be used because they were situated in topographically masked mountainous areas, and four used old aerial photography from 1991 or 1984. 26 test areas in 8 test territories were later used for the accuracy assessment. Because the held back test sites and the other test sites gave similar results in the accuracy assessment, they were later all pooled together. 2.3. Classification methodology L-band backscatter is higher for vegetated areas than for bare soil and is known to be associated with total growing stock volume. In a similar way ERS coherence has been observed to have some dependence on total growing stock. In dense forests slight changes in viewing geometry cause large changes in the signal and the correlation of the two interferometric SAR signals is lower than for open areas. This decrease of coherence with increasing total growing stock is non-linear and saturates for high total growing stock values. The classification algorithm uses both these parameters but not ERS backscatter intensities. The JERS-1 images were coregistered to the ERS frames using an automated method based on intensity tracking developed by Gamma Remote Sensing. Fig. 1 shows an example of a scatterplot of ERS coherence and JERS-1 backscatter. Water exhibits low coherence and low backscatter (bottom left cluster in Fig. 1), smooth surfaces have high coherence and low backscatter (bottom right cluster in Fig. 1), and forest shows a large cluster with a negative slope. This forest cluster can be partitioned to extract total growing stock volume classes. Following initial feasibility studies, the classes “Water”, “Smooth open areas” (including bogs, agriculture and



Fig. 1. Scatterplot of coherence and JERS-1 radar backscatter. Colours indicate point density. grassland) and four total growing stock classes, “≤20 m3/ha”, “20-50 m3/ha”, “50-80 m3/ha” and “>80 m3/ha” were defined as target classes. Signatures of “water” and “smooth open areas” were relatively stable between frames. Water had a mean coherence of 0.16 (stdev = 0.04) and mean JERS-1 σ0 = -17 dB (stdev = 1.8 dB), and smooth open areas had a mean coherence of 0.78 (stdev = 0.08) and mean JERS-1 σ0 = -14.5 dB (stdev = 1.3 dB). Following an extensive analysis of the relationship between Russian forest inventory data and the satellite images, the total growing stock classes of the forest were characterised by two exponential models [4]. Model parameters were derived from forest inventory data of five forest enterprises.
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where γ denotes ERS coherence, γ75 is the coherence value for which the coherence histogram of a satellite scene reaches 75% of its maximum, and v is the total growing stock volume in m3/ha.
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where σ is the JERS-1 backscatter coefficient in dB, and σ75 is the backscatter value for which the backscatter histogram of a satellite scene reaches 75% of its maximum. The parameters γ75 and σ75 are taken from frame-specific histograms and account for the between-frame variation of the exponential models. A Maximum Likelihood classification was carried out with the model-derived means and fixed standard deviations derived from a previous training site analysis. The classifications were further improved by a contextual classification using the ICP algorithm [5]. This algorithm is based on a Bayesian classification using adaptive a priori probabilities. The initial Maximum Likelihood classification is iteratively refined by taking spatial information about the a posteriori probabilities of each pixel into account. 0



2.4. Accuracy assessment methods A frequent problem in accuracy assessment is that the actual accuracy of the map cannot be determined because the reference data have associated errors of unkown magnitude. In this case only the correspondence of the map to the reference data can be quantified. A commonly used tool for assessing map accuracy is the confusion matrix [6]. This matrix is obtained by counting the correpondence of forest inventory data with the classified map. Two types of coefficients of agreement have been developed correcting for expected chance agreement: • A priori coefficients like τ [7, 8] use prior knowledge of the expected class frequencies to estimate the chance agreement between the classification and the forest inventory data. Class frequencies may be assumed equal if no prior knowledge exists. In the case of Siberian forest, the assumption of equal class frequencies is not justified and any other prior knowledge is too uncertain. • A posteriori coefficients of agreement like κ [9] estimate the chance agreement from the observed marginal distributions of the confusion matrix. We followed this approach. These coefficients can be in the range of –1 to +1. κ is calculated from the confusion matrix by
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p j • and p•k are the row and column sums of the confusion matrix.



κ only distinguishes between a correctly or incorrectly classified object by summing over the main diagonal pjj to calculate p0. For ranked classes like the total growing stock volume classes in the SIBERIA map, a modified coefficient is proposed which is weighted by the seriousness of the classification error. The weighted κw coefficient [10, 11, 12] uses every single element pjk of the confusion matrix to determine the observed agreement p0:
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A polygon from the Russian forest inventory is the basic element of the accuracy assessment. To evaluate the accuracy of a classified ERS frame, the following processing steps were carried out: • Co-registration of forest inventory vector database to the ERS frame using an automatic coarse registration and a manual fine registration with ground control points; • Masking of areas with rugged topography and polygon erosion at the edges by two pixels to reduce the impact of co-registration errors on map accuracy assessment; • Calculation of the median class per polygon; • Calculation of κw with a quadratic weighting function (Tab. 1). The polygon erosion increased κw by approximately 0.1. Non-forest classes (water and smooth open areas) were excluded from the accuracy assessment because there was an insufficient number of polygons with these classes in the forest inventory database. 3. RESULTS Methodological development and implementation of the accuracy assessment procedure revealed a number of potential error sources that are relevant to radar projects such as SIBERIA. 3.1. Map accuracy assessment The classified Forest Cover Map is the first radar-based forest map of Siberia on such a large scale and was only made possible through advances in radar remote sensing technology, particularly the ERS Tandem mission and SAR interferometric techniques. The map will be delivered as a digital data product, but will also be cut into 123 map sheets on a scale of 1:200 000. Many forest enterprises do not have up-to-date spatial information on harvested areas in their forest inventories, and particularly the secondary regrowth is not regularly monitored. The printed map sheets will serve those Russian forest enterprises which do not yet have GIS capabilities as background information for sustainable forest management. 12 ERS frames, half of which are GTC products, covering forest inventory data of 26 test sites were used to assess the accuracy of the classified Forest Cover Map. The κw coefficient varies strongly between the sites from 0.33 to 0.88. The polygon counts of the confusion matrices of all test sites were added to get a pooled confusion matrix for the overall map (Tab. 2, κw = 0.72). Tab. 2 shows high errors of commission for the intermediate growing stock classes 20-50 m3/ha Tab. 1. Weight matrix for calculation of κw for the four forest classes. forest inventory data remotely sensed 80 m3/ha 0.00 0.56 0.89 1.00



Tab. 2. Pooled confusion matrix for all test sites. Numbers are polygon counts. κ = 0.43, κw = 0.72. κ and κw were calculated with σε = 0. forest inventory data remotely 80 total user accuracy sensed data [m3/ha] [m3/ha] [m3/ha] [m3/ha] 80 31 96 223 5327 5677 94% total 899 547 593 6603 8642 producer 66% 20% 50% 81% accuracy



and 50-80 m3/ha, as was anticipated from the high frequency of the class >80 m3/ha in the forest inventory data and the high scattering of the radar signals. 3.2. Treatment of error sources in SAR images and forest inventory data 3.2.1. Geometric errors in the imagery We discovered some important geometric errors introduced during the SAR processing. • Co-registration of the two single-look complex ERS SAR images for interferometric processing. Poor coregistration accuracy results in low coherence estimates. The image quality was checked by inspecting coherence histograms and scatterplots of coherence and total growing stock volume for all ERS frames used for accuracy assessment. • Forest inventory vector registration to the ERS frame. The root mean sqaure error (rmse) was usually less than 1.5 pixels. • Co-registration of JERS-1 to ERS images. • Terrain correction of ERS images to GEC/GTC products. Classification accuracy of GEC products was slightly poorer than that of GTC products. Global digital elevation data are available from the US Geological Survey as the GTOPO30 data product. The pixel size of GTOPO30 is 30 arc seconds and thus depends on the Northing of the location. Its height rmse depends on the data source that was used and for Siberia is approximately 18 m. In all areas were a GTC image could be produced from the ERS tandem data, an interferometric DEM (InSAR DEM) with a pixel spacing of 50 m is delivered as a by-product (Fig. 2). This was achieved for half the study area, roughly 600 000 km2. The accuracy of the InSAR DEM was assessed by our Russian colleagues using 416 reference points of known height. Outlier elimination was carried out by excluding reference points above 800 m height. A regression of the InSAR DEM to the reference DEM showed r2 = 0.69, a slope of 1.04 and a constant offset of 53 m. An important issue is the effect of different viewing geometries of JERS-1 and the ERS satellites in conjunction with the two different DEMs, which generated pixel displacements in the co-registered images. Two cases of co-registration were carried out: 1. JERS-1 GTPO30 to ERS GTC InSAR DEM 2. JERS-1 GTOPO30 to ERS GEC GTOPO30 A case study was conducted at test site Ukarsk. Fig. 2 (a) and (b) shows that GTOPO30 is much coarser than the InSAR DEM, which results in large differences in height for small-scale features. The InSAR DEM has smaller values than GTOPO30, which is caused by the little valleys that are only being picked up by the fine resolution InSAR DEM. The mean height of the InSAR DEM is 47 m smaller than for GTOPO30. The ground offset ∆g that this height difference causes can be calculated from the incidence angle and the topographic height h [13]. Given the incidence angles in mid-range of 23° for ERS and 35° for JERS-1, the ground offset for case 1 is: ∆g InSAR / GTOPO = 2.36(hInSAR − htrue ) − 1.43(hGTOPO − htrue ) (5) where htrue is the real topographic height. The ground offset between the two images is smaller if the errors of both DEMs have the same signs. Due to the smaller incidence angle of ERS, the image offset is more sensitive to the errors of the InSAR DEM.



(a) (b) Fig. 2. Comparison of DEMs at Ukarsk. (a) ERS InSAR DEM, shaded relief, (b) GTOPO30 DEM, shaded relief.



The ground offset for case 2 is:



∆g GTOPO / GTOPO = 0.9(hGTOPO − htrue )



(6) The ground offset between the ERS GECs and the JERS-1 images is approximately equal to the height error of the GTOPO30 DEM. For an estimated standard deviation of 25 m for the InSAR DEM, and 75 m for the GTOPO30 DEM, the standard deviations of the ground offsets are 120 m or 71 m. 95% of the ground offset values are in the intervals ±240 m (or ±5 pixels) for case 1 and ±142 m (or ±3 Pixels) for case 2. Ground offsets are higher for rugged terrain than for gently undulating areas. Therefore mountainous regions were masked out for both cases of co-registration. For the remaining pixels this geometric error was reduced by a polygon erosion by two pixels at the edges to ensure that pixels from neighbouring forest stands are not displaced into other stands. 3.2.2. Modelling the uncertainty in the forest inventory data The forest inventory data for the accuracy assessment has an unknown error associated with it. The estimates of total growing stock are generated by manual airphoto interpretation and their uncertainty is of unknown quantity. A confidence interval as broad as ±20 m3/ha is possible for some forest stands (Vaschuk, pers. comm.). The Russian forest inventory manual requires 15% accuracy (with 95% confidence) for growing stock estimates based on aerial photography. Forest inventory data are provided as rounded values in steps of 5 m3/ha up to 30 m3/ha, and in steps of 10 m3/ha for greater values. To assess the effect of this uncertainty on the coefficient of agreement, uncertainty was modelled as a white noise process: V =η +ε ε ~ N (0, σ ε ) (7) The measured value V of total growing stock of a polygon in the forest inventory is the (unknown) true total growing stock η added by the white noise process ε. ε is Gaussian distributed with zero mean and standard deviation σε. κ and κw coefficients were recalculated for σε of 0, 1, 5, 10, 20, 30, 40 and 50 m3/ha. The results are shown in Fig. 3. For higher uncertainty both κ and κw increase non-linearly. The tolerance of κw against classifying a polygon as a neighbouring growing stock volume class means that κ increases faster than κw. κ and κw tend towards similar values for high uncertainty. The use of a weight matrix in calculating κw makes it more tolerant to unknown uncertainty in the forest inventory data than the unweighted κ. The slope of the increase is greatest for low uncertainty (Fig. 3). For the accuracy figure from the Russian forest inventory manual κ equates to approximately 0.50 and κw above 0.70. Accepting a higher uncertainty in the forest inventory data (up to 20 m3/ha) gives κ values around 0.72 and κw of 0.86. Another important impact on the confusion matrix is the rounding of the total growing stock values in the forest inventory data. A value of 20 m3/ha in the forest inventory actually means ≥18 m3/ha and ≤22 m3/ha. Some polygons are thus correctly classified but counted as a neighbouring class. This effect can be removed by accepting a higher



Fig. 3. Accuracy assessment curves for the uncertainty model of the forest inventory data. stdev = σε of the white noise process ε in (7). Dashed: κw, solid: κ. uncertainty in Fig. 3. 4. DISCUSSION The Forest Cover Map of the SIBERIA project is unique for this region in resolution and scale. The map will enhance our understanding of the global carbon cycle and global climate change with respect to vegetation dynamics. It can be used to improve the Full Carbon Account for Russia [14] by providing better estimates of disturbance rates in conjuction with previous forest inventories [15]. For the Russian forest enterprises in Krasnoyarsk Kray and Irkutsk Oblast the map will provide an update of some older forest inventory databases and a basis for sustainable forest management. Disturbances through human-induced fire are a key issue. The full extent of burnt areas in Siberia is not fully known, and the Forest Cover Map will provide an inventory of the current state of natural resources, including recent burns and clearings for many forest enterprises. The ERS Tandem mission proved crucial to the success of the SIBERIA project, as ERS coherence was the primary source of information on total growing stock volume. The map fills a gap in NASDA’s Global Boreal Forest Monitoring Programme and provides a unique base for monitoring changes in global forest cover with future spaceborne SAR sensors like Envisat, TerraSAR, LightSAR, BioSAR or ALOS. The accuracy assessment of the classified SIBERIA map was more complex than anticipated and motivated the study on the impact of uncertainty in the forest inventory data. Based on the uncertainty model the “true” accuracy of the map is likely to be κ∈[0.52; 0.72] and κw∈[0.76; 0.86]. κw was found to be a useful coefficient of agreement that reflects the correspondence for ranked classes in a much more plausible way than the unweighted κ. The results of the accuracy assessment of the forest map indicate a high map accuracy. This is despite not accounting for errors like recent forest fires, cutting, thinning and regrowth in the forest stands since the forest inventory date which are seen as “classification errors” by the accuracy assessment. The true accuracy of the classification is thus higher than indicated by the errors of commission (or user accuracy) and κw in Tab. 2. Considering the many factors influencing the coefficients of agreement it can be concluded that the Forest Cover Map fulfills the requirements of a high-quality large-scale map. REFERENCES [1] E.D. Schulze, J. Lloyd, F.M. Kelliher, C. Wirth, C. Rebmann, B. Luhker, M. Mund, A. Knohl, I.M. Milyukova, W. Schulze, W. Ziegler, A.B. Varlagin, A.F. Sogachev, R. Valentini, S. Dore, S. Grigoriev, O. Kolle, M.I. Panfyorov, N. Tchebakova and N.N. Vygodskaya, “Productivity of forests in the Eurosiberian boreal region and their potential to act as a carbon sink - a synthesis”, Global Change Biology, vol. 5, pp. 703-722., 1999.
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