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Abstract: 
 
Understanding of processes in boreal forests and their effect on radar observations is essential for 
designing and exploiting future spaceborne Synthetic Aperture Radar systems aimed for global forest 
monitoring. The BioSAR 2010 campaign was specifically planned and implemented to investigate 
possibilities for a future spaceborne P-band polarimetric and interferometric SAR with a life-time of 
multiple years. During the campaign, airborne SAR data were collected over the same test site 
(Remningstorp, Sweden) as used during a previous campaign BioSAR-1 in 2007. The more than three 
years of time span between the campaigns provides a unique opportunity to study forest changes and 
their affect on the radar observations. 
     The airborne SAR data were collected by ONERA SETHI system on 23 September 2010 and included 
ten flight tracks and three headings. Five of the tracks were identical to tracks flown in 2007. Precision 
processing and calibration resulted in six fully polarimetric SAR images at P-band (277-443 MHz) and L-
band (1250-1400 MHz). Analysis of the SAR data is supported by an extensive ground data set, including 
helicopter LiDAR acquisitions and in-situ forest measurements as well as soil moisture, weather data and 
field observations at selected sites. Most importantly, the ground data have been used to derive reference 
biomass maps to support the SAR data analysis. A major challenge in the study has been the fact that a 
different airborne SAR system (DLR E-SAR) was used to collect the data in 2007. Although the basic 
system parameters (P/L-band, full polarimetry) are similar to the SETHI system used in 2010 they are not 
identical and special care has been necessary in campaign planning and data analysis. 
     Data analysis has mainly focused on the P-band SAR data and several new results have been 
obtained. A few of the main results should be pointed out. Firstly, backscatter analysis has shown that not 
only clear cuts can be detected but also growth in young forests during the three years as well as 
silvicultural treatments such as thinning. Secondly, long-term interferometric coherence, measured by 
combining SAR data from 2007 and 2010, shows relatively high values (mean coherence up to 0.6 for HH 
polarisation, lower values for VV and HV). Thirdly, forest height retrieval using a PolInSAR standard 
algorithm show a standard deviation of 5 m when compared with LiDAR data over selected areas. 
     The SETHI data from 2010 have also been used to assess the consistency of radiometric calibration 
compared to E-SAR data from 2007. It is concluded that the backscattering coefficients measured during 
2010 are up to 3 dB higher compared to 2007, depending on polarisation combination and acquisition 
date. The smallest difference is found compared to E-SAR data from March 2007 and the largest from 
May 2007. Analysis indicate that the backscatter difference found between 2010 and 2007 can only partly 
be explained by radiometric calibration and forest growth, and that varying moisture conditions also have 
a significant impact. More work is, however, needed to fully understand the underlying causes. 
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2 INTRODUCTION 
This report presents an overview of the different data sets collected in connection to the BioSAR 2010 
campaign, carried out in southern Sweden during the fall 2010. The main campaign objectives are 
summarized and descriptions of the test site, the airborne and ground data acquired, and the processing 
to be applied to the various data types are given.   

BioSAR 2010 is an ESA funded activity in support of the BIOMASS mission. BIOMASS is one of three 
remaining candidates undergoing Feasibility Study (Phase A) for the seventh Earth Explorer Mission within 
ESA’s Living Planet Program. The BIOMASS mission will consist of a single satellite equipped with a P-
band polarimetric SAR sensor operating at 435 MHz [1][2]. The overall goal is to provide polarimetric, 
interferometric and tomographic radar mapping of forested areas to improve our understanding of carbon 
sinks and sources in the context of climate and vegetation modeling. Primary mission objective is to 
produce global maps of biomass stocks and its change at a spatial resolution of 100 m. Secondary 
mission objective is exploratory and focuses on sub-surface and inundation mapping using long 
wavelength radar. 

BioSAR 2010 (BioSAR-3) is the most recent data collection experiment undertaken within the BIOMASS 
framework and funded by ESA. The first two campaigns were BioSAR 2007 (BioSAR-1) and BioSAR 2008 
(BioSAR-2). Both of them were carried out already during the Assessment Study (Phase 0) and took place 
in Sweden, i.e. at test sites consisting of hemiboreal or boreal forest types.  

In BioSAR 2007, DLR's airborne SAR E-SAR successfully acquired P/L-band SAR data over the 
Remningstorp forest test site in southern Sweden during March - May 2007. The SAR data were 
supported by a large ground data base including in-situ forest measurements and helicopter LiDAR data. 
Following processing and analysis results of the data acquired in the campaign have since been delivered 
to ESA [3]. The main focus of BioSAR 2007 was to evaluate repeat-pass PolInSAR at P- and L-band for 
biomass retrieval and, in particular, establish the level of temporal coherence to be expected over a 2-
month period, i.e. on time scales compatible with a future spaceborne mission. Analysis of biomass 
retrieval using P- and L-band backscatter, respectively, has been performed [4][5]. Multi-baseline data 
were also collected and processed for SAR tomography [6]. 

The BioSAR 2008 airborne campaign took place at Krycklan test site in northern Sweden during October 
2008. Again, DLR’s E-SAR successfully acquired P/L-band repeat-pass multi-baseline PolInSAR data 
which were processed and delivered to ESA [7]. The main focus of BioSAR 2008 was to evaluate biomass 
retrieval in boreal forests with respect to ground topography and local slopes [8][9]. Four flight headings 
were therefore implemented to provide data of the same forest stands at different imaging geometries. 
Single-pass X-band interferometric data were also collected and processed to a digital elevation model 
(DEM). 

The first campaign in support of BIOMASS during Phase A was TropiSAR 2009. SAR data were gathered 
at L- and P-band over tropical forests in French Guiana during a period of three weeks in August - 
September 2009 [10][11]. Two main test sites were used and exhibited both fairly flat and more 
topographic parts. The experiment layout was defined to address the same problems as for the boreal 
forest registrations, including tomographic flight lines. The airborne SAR system SETHI, developed and 
operated by ONERA, was used for TropiSAR. 

BioSAR 2010, in focus of this report, is the second data collection campaign conducted in support of 
BIOMASS during Phase A. In contrast to the earlier campaigns the number of flight missions was limited 
to only one in BioSAR 2010 [12][13][14]. 

 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 10 of 177 
 

2.1 BioSAR 2010 Campaign Objectives 

The BioSAR 2010 campaign was defined to leverage the data and results from the BioSAR 2007 
campaign to address additional requirements linked to the BIOMASS mission. In particular, the campaign 
addresses the ability of the mission to detect and map temporal changes in forest biomass and 
disturbances. These represent an intrinsic element of the mission concept and exploitation but for which 
suitable data sets are lacking. To be able to study the changes of forest conditions the test site had to be 
the same as in BioSAR 2007, i.e. Remningstorp in southern Sweden. The SAR sensor used for the data 
registrations in the new experiment was not E-SAR but SETHI.  

The main objectives for the BioSAR 2010 campaign are to provide feedback on: 

• The ability of BIOMASS in detecting and mapping changes by updated retrieval of forest parameters 
(due to forest growth or disturbances such as thinning or clear-cuts). 

 
• Cross-calibration between the ONERA SETHI airborne SAR system and DLR E-SAR to ensure 

consistent interpretation of radar signatures across campaign datasets and the validity of global 
retrieval algorithms developed based on such data sets. 

 
• Robustness of biomass retrieval algorithms with respect to changes in forest conditions, e.g. soil 

moisture and local ground slopes. 
 
• Long-term coherence of P-band over forested and other natural surfaces. 

These objectives were to be achieved through the collection and analysis of airborne SAR data at P- and 
L-band from BioSAR 2007 and BioSAR 2010 over selected areas in Remningstorp with relevant co-
located ancillary data (e.g. LiDAR height measurements and in-situ forest data). 

In the planning phase of the airborne radar data acquisition part of BioSAR 2010 access to the waypoints 
for the flight lines used by E-SAR was crucial. The coordinates were kindly provided by DLR. Taking into 
account that one SAR flight mission was allocated for BioSAR 2010 only a sub-set of flight lines could be 
repeated and had to be selected carefully to be able to fulfil the main objectives listed above in the best 
way. 

 

2.2 Campaign Institutions 

The data collections during BioSAR 2010 have been carried out under the responsibility of four different 
institutes in two countries: 

• FOI (Swedish Defence Research Agency) 
Division of Information Systems 
P.O. Box 1165 
SE-581 11 Linköping 
Sweden 

 
• ONERA (Office National d’Études et de Recherches Aérospatiales) 

Electromagnetism and Radar Department 
BA 701 
FR-13661 Salon Air Cedex 
France 

 
• SLU (Swedish University of Agricultural Sciences) 

Department of Forest Resource Management 
SE-901 83 Umeå 
Sweden 
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• Chalmers University of Technology 
Department of Earth and Space Sciences 
SE-412 96 Göteborg 
Sweden 

 

Besides those four organisations two commercial companies have taken part in the data acquisitions. The 
French company AVdef operates the Falcon 20 aircraft in which the SETHI SAR is installed and the 
Swedish company Blom Sweden AB owns and operates the helicopterborne laser scanner used for the 
LiDAR mapping of the test site. The latter is a subsidiary to the Norwegian company Blom ASA. 
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3 REMNINGSTORP TEST SITE 
The Remningstorp test site used in the BioSAR 2007 and BioSAR 2010 experiments is located in southern 
Sweden, see Figure 3.1. The test site has been overlaid in black on a standard road map in Figure 3.2. 
The two large fresh water lakes Vänern and Vättern can be seen here in blue in the upper left and lower 
right corner, respectively. 
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Figure 3.1. The location of Remningstorp test site in southern Sweden (58°30´N, 13°40´E). 

 

 

Figure 3.2. Map showing the northern part of the Swedish county of Västergötland. The properties belonging to 
Remningstorp can be identified as the dark area in the middle. The encompassing square in black has a size of 

25 km by 25 km. (© Map: Lantmäteriet Gävle). 
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3.1 Test Site Description 

The Remningstorp estate consists of over 1500 ha of land and water. About 1200 ha are productive 
forested land and are managed by the Forestry Society’s Estate Management Company. The estate 
boundary is outlined in black on the map in Figure 3.3. Most of the forestry studies taking place here over 
the years have been defined and conducted by the Swedish University of Agricultural Sciences (SLU). 
Since year 2000, large efforts have been made in collecting forest inventory data at Remningstorp test site 
using different inventory designs with varying degree of accuracy. The inventories have in general been 
funded by Hildur and Sven Wingquist’s Foundation for Forest Research. The forest is divided into over 300 
stands as illustrated in Figure 3.4. The dominant tree species are Norway spruce (Picea abies), Scots pine 
(Pinus sylvestris) and birch (Betula spp.), with an annual growth yield of about 9 m3ha-1year-1. A few forest 
stands are dominated by oak (Quercus robur) and beech (Fagus sylvatica). The dominant soil type is till, 
and the field layer, where present, consists of blueberry (Vaccinium myrtillus) and narrow thinned grass 
(Deschampsia flexuosa). This is mainly a production forest with a range of stem volume conditions up to a 
maximum value of about 620 m3/ha (~370 tons/ha) at stand level. The area is overall rather flat with height 
variations in the ground topography between 120 m to 145 m above sea level. However, local ground 
slopes are in some areas sufficient to give an impact on the forest backscatter despite the small range of 
elevation variation. 

 

 

Figure 3.3. Remningstorp test site. The square grid corresponds to an area size of 1 km by 1 km with 
coordinates given in the Swedish reference system RT90. (© Map: Lantmäteriet Gävle). 
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Figure 3.4. The forest stands in Remningstorp with the assigned identification numbers given. 

 

More information about the Remningstorp estate and different forestry research programs carried out there 
over the years can be found in [15]. 

 

3.2 Radar Reflector Deployment 

The Remningstorp area was selected to be one of the calibration sites for the PALSAR instrument 
onboard the Japanese Advanced Land Observing Satellite (ALOS). In preparation for the ALOS calibration 
and validation phase, four large trihedral corner reflectors were deployed in April 2006 and used 
throughout the year for this purpose. Three of the reflectors were still in place during BioSAR 2007 and 
imaged with the E-SAR system. Later on, one of the reflectors has been removed which means that two 
were available for the BioSAR 2010 campaign. Referring to the original numbering, the two reflectors are 
called trihedral number 3 and 4. Their locations within the Remningstorp test site are shown in Figure 3.5. 

The trihedral reflectors were originally developed for CARABAS-II, a Swedish airborne VHF SAR system 
[16]. To be suitable for the ALOS L-band frequencies the inside of the trihedral was covered with metal 
plates [17]. The size of an assembled trihedral is given in Figure 3.6.  
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Figure 3.5. Delineation of forest stands in Remningstorp. The arrows show the approximate locations of the two 
5 m trihedrals used both in BioSAR 2007 and BioSAR 2010. 

 

 

Figure 3.6. Size of the deployed trihedrals in Remningstorp. This is unit number 2 that was available for the 
calibration of ALOS but had been removed at the time for both BioSAR 2007 and BioSAR 2010. 
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The baseplane of the trihedral can be elevated from horizontal and upwards but not in the opposite 
direction, i.e. the structure can only be tilted backward with respect to the trihedral apex. In azimuth the 
trihedral can be rotated over the full circle, i.e. 360°. The mechanical mechanism to elevate the whole unit 
is based on a number of adjustable straps that are attached to anchor points in the ground. With this 
arrangement the reflector can be put into a fixed orientation in a very stable manner. 

The two trihedrals were adjusted on 7 September in accordance with the imaging geometry defined for the 
SETHI mission. With only two trihedrals available it was decided to have them oriented for the same flight 
heading to get a calibration target in both near and far range. When checking the geometry for the two E-
SAR headings to be repeated by SETHI it turned out that only one of the headings could be selected, i.e. 
BioSAR 2007 Line 20 with heading 179° (true North). The other line (Line 10, heading 200°) would require 
a change of the baseplane in a direction not possible (downwards) for the trihedral found in far range. 

The values obtained in azimuth and elevation for trihedral number 3 and 4 are summarized in Table 3.1. 
The values are estimated to be within ±1°. The compass declination in Remningstorp is about 2° east, i.e 
267° magnetic corresponds to 269° true north. Figure 3.7 and Figure 3.8 show the trihedrals after the 
adjustments. 

 

Trihedral Baseplane elevation angle Look direction angle (magnetic) 
# 3 (CR3) 20° 267° 
#4 (CR4) 5° 267° 

Table 3.1. Measured angles of the trihedrals after the preparations for the BioSAR 2010 SAR data collection.  

 

 

Figure 3.7. Trihedral number 3 in position during the BioSAR 2010 campaign. Photo captured on 23 September. 
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Figure 3.8. Trihedral number 4 in position during the BioSAR 2010 campaign. Photo captured on 23 September. 

 

The apex positions of the two trihedrals were measured in BioSAR 2007 and are found in Table 3.2.  

 

Trihedral Latitude (WGS 84) Longitude (WGS 84) Height (ellipsoidal, m) 
#3 (CR3) 58.4531219028°  13.6346293306° 161.0 
#4 (CR4) 58.4524607667° 13.6684512667° 171.0 

Trihedral Northing UTM Zone 33 Easting UTM Zone 33 
#3 (CR3) 6 479 969.20 420 319.52 
#4 (CR4) 6 479 855.90 422 291.70 

Table 3.2.  Apex positions of trihedral number 3 and 4 measured with differential GPS during BioSAR 2007. 

 

Since trihedral number 4 was adjusted for the same flight heading (Line 20) in BioSAR 2010 compared to 
BioSAR 2007 the apex position can be considered to be about the same. Trihedral number 3, on the other 
hand, was optimized for the second E-SAR track (Line 10) during BioSAR 2007. This means that the 
ground coordinate given in Table 3.2 will now differ some decimetres for trihedral number 3. It was not 
possible to conduct a new differential GPS measurement of trihedral number 3 during the campaign. 
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3.3 Digital Elevation Model of the Test Site 

The existing Digital Elevation Model (DEM) covering the whole of Sweden is fairly coarse, i.e. having a 
grid size of 50 m by 50 m. The height accuracy of the DEM is claimed to be 2 m or better. The geo-coding 
of SETHI slant range imagery results performed by ONERA is based on this height data. Upon request 
and specification provided by ONERA a coarse DEM was obtained from the National Land Survey of 
Sweden (“Lantmäteriverket”, “Lantmäteriet” or “LMV”) [18]. This product is commercial and subject to a 
license agreement. The data set purchased is therefore a single user license with ONERA defined as the 
end-user. In case other research groups working with BioSAR 2010 data are interested in this DEM 
product they have to order their own data set using the information and point of contacts found at the web 
site [18]. The area of interest to be covered by the coarse DEM was prescribed by ONERA and defined in 
the Swedish grid system RT90 according to: 

• N 6492000 - E 1365000 (Upper left corner, North-West) 

• N 6474000 - E 1385000 (Lower right corner, South-East) 

This DEM covers the test site with very wide margins as illustrated in Figure 3.9. It should be mentioned 
that all three Swedish organisations participating as team members in BioSAR 2010 have in-house DEM 
licenses for the whole country of Sweden and thus access to this data type when needed in the analysis. 

 

 

Figure 3.9. Map covering the same area as the 50 m x 50 m grid of DEM data available for ONERA under a 
single user license. The red rectangle encompasses the Remningstorp estate boundary shown in Figure 3.3. (© 

Map: Lantmäteriet Gävle). 
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4 AIRBORNE SAR DATA ACQUISITION 
The SAR data acquisition in BioSAR 2010 was made with the airborne system SETHI developed by 
ONERA [10][19][20]. The system is installed in a Falcon 20 aircraft owned and operated by the French 
company AVdef (Aviation Défense Service) [21]. 

 

4.1 Pre-campaign activities 

The BioSAR 2010 campaign was launched as an add-on to a joint French-Swedish experiment with focus 
on bistatic SAR data collection at P-band. 

The bistatic SAR campaign was scheduled to take place during two weeks in September 2010. The ferry 
flight from Nîmes-Garons airport to Sweden and back for the Falcon 20, with SETHI installed on board, 
was fully funded by the common French-Swedish project. The airport selected for all bistatic SAR 
measurements as well as the BioSAR 2010 data acquisitions was the military airfield Malmslätt. It is 
located approximately 112 km east of Remingstorp as is illustrated by the map in Figure 4.1. 

 

 

Figure 4.1. Location of the military airfield in Malmslätt used by the Falcon 20 aircraft during BioSAR 2010. 

 

The Falcon 20 aircraft could share the same hangar at Malmslätt airfield as the Sabreliner aircraft used as 
the platform for the Swedish LORA system. This gave an efficient working environment between the two 
SAR teams. ONERA installed all computer equipment for SAR data quality checks in an office room 
adjacent to the hangar space. All raw data stored on the disk system in SETHI were transferred to this 
facility through an optical cable that was attached after landing and parking in the hangar. By this means 
copies and backup of all radar raw data were taken on external disks and checks on the data quality could 
be carried out on site, including some preliminary SAR processing for a few imaging passes using a 
reduced signal bandwidth in general. The procedure was the same for both the bistatic and the BioSAR 
2010 acquisitions, except that the latter also included L-band data. 
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Much of the preparations and logistic issues in connection to the deployment of the SETHI sensor in 
Sweden were thus handled through the bistatic SAR campaign. Since one of the planned bistatic test sites 
was Remningstorp an application to get permission to transmit and image at P-band in that part of Sweden 
had been filed already before the formal launch of BioSAR 2010 by ESA. The two authorities involved in 
this process were the Swedish Armed Forces and the Swedish Post and Telecom Agency (PTS) [22][23]. 
An approval to transmit at P-band was given but with the requirement to include the following three 
notches in the waveform: 

• One notch at 243 MHz with a width of 100 kHz. Spectrum used for Military Air Distress (MAD) signals. 
 
• One notch at 332 MHz with a width of 6 MHz. Spectrum used for the carrier frequency of the glide path 

signal used in the Instrument Landing System (ILS) at airports. 
 
• One notch at 406 MHz with a width of 100 kHz. Spectrum used for signals emmited by Emergency 

Position Indicating Radio Beacons (EPIRBs) 

The notch at 243 MHz was not relevant for BioSAR 2010, with the P-band waveform as it is outside the 
the transmitted band 260 MHz to 460 MHz. The two other notches were the same ones that were already 
implemented in the TropiSAR 2009 waveform as it was chosen to use the same waveform. 

The only application of permission that had to be submitted specifically for BioSAR 2010 concerned the 
imaging and transmission at L-band in the Remningstorp area. An approval was given for the frequency 
interval 1250 MHz to 1400 MHz, without any requirement of introducing notches. Hence, the TropiSAR 
2009 L-band waveform could be used unchanged also in this case. In fact, two notches are found in the 
transmitted L-band signal but originate from the frequency restriction in France, i.e. 5 MHz wide at 1290 
MHz and 1360 MHz, respectively. 

The single flight mission planned for BioSAR 2010 had to take place within the two weeks time frame for 
the main bistatic SAR activities bringing SETHI to Sweden. The Falcon 20 aircraft arrived to the airfield in 
Malmslätt at lunch time on Monday 20 September 2010, see Figure 4.2. 

 

  

Figure 4.2. The Falcon 20 aircraft at the military airfield Malmslätt during the two weeks of operation in Sweden 
in the second part of September 2010. The two pods visible under the wings contain the radar antennas with P-

band in the left pod and L-band in the right. (Photo: Pia Ericson, FMV). 

 

With only one flight mission planned for BioSAR 2010 during the time period of two weeks there was a 
flexibility to select an optimal day with respect to the weather conditions. In particular, effects of the 
prevailing wind were recognized to be critical. The SAR data acquisition with SETHI should for several 
imaging passes be made along the same flight lines pre-defined for E-SAR in BioSAR 2007. To obtain the 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 21 of 177 
 

best results it was thus highly desirable to minimize any disturbances on the platform from strong winds. 
The weather forecast for 23 September looked promising in this perspective and the prevailing wind 
conditions was confirmed in the morning of that day. It was therefore decided to conduct the BioSAR 2010 
in the afternoon of 23 September, taking off from Malmslätt around four o’clock. The postponement to the 
later part of the day allowed team members to drive the 200 km to Remningstorp and start the work with 
field observations in forest stands. 

 

4.1.1 System and calibration check of SETHI  

After each installation of the SETHI SAR in the Falcon 20 aircraft, operated by the French company AVdef, 
a pre-flight is always carried out in order to check and verify the system performance figures. The pre-flight 
in preparation for BioSAR 2010 took place on 15 September, just a few days before the scheduled ferry 
flight from France to Sweden. Fully polarimetric radar data were acquired at L- and P-band over the airport 
of Nîmes-Garons, which is the standard calibration test site used by ONERA for SAR system verifications. 

 

4.1.2 Selection of the flight tracks 

The Falcon 20 aircraft was based at Malmslätt military airfield. The expected endurance for the mission 
over Remningstorp was two hours and thirty minutes: 20 minutes for warming up the system and reaching 
the altitude to be ready to collect data, then 120 minutes for the acquisitions and finally the remaining 
landing phase. 

To maximize the common swath and a zero-baseline configuration between the BioSAR 2007 and BioSAR 
2010 campaigns, the SETHI flight tracks were calculated such that the SETHI P-Band antenna phase 
center would follow the same reference trajectory as E-SAR P-Band antenna in 2007 [12]. This means that 
the waypoints given to the pilot differ between the two campaigns because of the different relative location 
between the GPS receiver and the antennas in the two planes, illustrated in Figure 4.3. The original E-
SAR waypoints and the recalculated SETHI figures are summarized in Table 4.1. The flight line in the 
table called “BIOSAR-3-L30” is new and introduced for SETHI only. It was defined to also enable studies 
on effects from local ground slopes, as one of the objectives for the BioSAR 2010 campaign.  

Note also that the SETHI P- and L-band antennas are installed in different pods under the wings of the 
Falcon 20 aircraft, i.e. P-band on the left side and L-band on the right. This means that the L-band antenna 
will differ more compared to E-SAR used in BioSAR 2007. E-SAR has the phase centers of the two 
antenna systems closely aligned along the flight axis. 
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Figure 4.3. Relative position between GPS antenna and P-band phase center for the two SAR platforms. A 
schematic front view of the two aircraft is shown. 

 

Table 4.1. Waypoints and altitudes for BioSAR 2007 (BioSAR-1, grey) and BioSAR 2010 (BioSAR-3, black). 

Line ID 
Alt 
MSL 

Alt 
MGL 

Length Lat. start Long. start Lat. end Long. end 

 ft ft km WGS84 

BIOSAR-1-L10  13250 12719 10 58.51580416° 13.59918446° 58.43060258° 13.54402028° 

BIOSAR-3-L10** 13253 12722 10 58.51580416° 13.5991227° 58.43060258° 13.5439585° 

BIOSAR-1-L20 13250 12719 8 58.50081645° 13.58624774° 58.42882019° 13.59102429° 

BIOSAR-3-L20** 13253 12722 8 58.50081645° 13.586186° 58.42882019° 13,5909626° 

BIOSAR-3-L30 13353 12822 8.4 58.496972° 13.684526° 58.496972° 13.537462° 

            (**) Updated values based on BioSAR 2007 (BioSAR-1) as input 

 

Given the constraints of one flight mission only and a mission endurance of approximately two hours over 
Remningstorp a flight program of eight imaging passes was defined and are summarized in Table 4.2. 
Note that the heading is defined as true north in WGS84 coordinates which is different to the UTM 
coordinates used in the E-SAR flight planning. The main campaign objective is also indicated for each of 
them. For each imaging pass fully polarimetric L- and P-band data are collected simultaneously 

The area coverage of the L-band imaging swaths obtained after that the radiometric calibration procedure 
has taken place is shown in Figure 4.4 for the three flight headings to be used in BioSAR 2010.  
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Table 4.2. The planned BioSAR 2010 flight program with three main flight lines and eight data takes in total. 

ID Line Site Heading MGL 
altitude [ft] 

MSL 
altitude [ft] 

Baseline Objective 

1 Line 10 Remningstorp 199° 12722 13253 ZB BioSAR-1 / BioSAR-3 
radiometric comparison 

2 ″ ″ 199° 12722 13253 ZB ″ 

3 ″ ″ 199° +100 feet 13353 30.5 m BioSAR-3 PolInSAR 

4 ″ ″ 199° -50 feet 13203 15.2 m ″ 

5 Line 20 ″ 178° 12722 13253 ZB Calibration BioSAR-1 / 
BioSAR-3 radiometric 
comparison  

6 ″ ″ 178° 12722 13253 ZB ″ 

7 Line 30 ″ 270° -100 feet  13253 30.5 m  BioSAR-3 topography 
analysis 

8 ″ ″ 270° 12822 13353 ZB** ″ 

             (**) A new zero-baseline (ZB)  introduced in BioSAR 2010 (BioSAR-3) 

 

 

Figure 4.4. The different ground swaths defined for BioSAR 2010 at L-band. The incidence angle within the 
swath varies between 28° to 47° from near to far range. The coverage from flight heading 178° is shown in 

purple (Line 20), heading 199° in orange (Line 10) and heading 270° in blue (Line 30). In white, the 
corresponding flight tracks. The P-band coverage will extend further in the far range direction (double the 

ground swath). The two corner reflector positions are also indicated. (© Photo: Google Earth). 
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4.1.3 Corner reflector settings  

The radiometric calibration of the SAR scenes acquired during the BioSAR 2010 campaign is based on the 
response obtained from the two radar reflectors (trihedrals) deployed in Remningstorp. The local incidence 
angle at the two locations, calculated from the flight mission plan, is found in Table 4.3. 

 

Table 4.3. Incidence angles for the two trihedrals in Remningstorp when illuminated from the flight heading 
178°. 

 CR3 CR4 

Incidence 34.2° 50° 

Size 5.15 m 5.15 m 

 

4.1.4 GPS measurements of the SETHI platform 

A precise IMU (Inertial Measurment Unit) is installed in the aircraft as part of the navigation system to 
measure the flight track accurately enough for high quality SAR processing. The IMU information are 
combined with data registered by a differential GPS unit augmented by an OmniSTAR receiver, providing 
a typical real-time position accuracy of 20 cm. The real-time navigation solution is also distributed to a 
screen in the cockpit allowing the pilots to have direct access to this information. This is a very important 
feature since for PolInSAR and SAR tomography experiments the pilots are required to fly the same flight 
line repeatedly with a high accuracy. The indicated altitude is WGS84 reference ellipsoidal height. 

 

4.2 SAR Acquisitions 

The flight took place on 23 September 2010 over Remningstorp. The take-off time was 16:03 (local time, 
UTC + 2h) and the landing time was 18:48, i.e. a total duration of 2 hours and 45 minutes. The wind speed 
varied during the flight from 30 to 39 knots with a heading of 238°-240°. 

Table 4.4 summarizes the system parameter used for both radar bands during BioSAR 2010. The P-band 
data were gathered using the UHF-VHF hardware upgrade of SETHI. The maximum signal bandwidth that 
can be transmitted has been increased considerably compared to the first P-band hardware realization 
which was limited to 70 MHz only. Figure 4.5 shows the common imaging geometry for the two frequency 
bands. 
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Table 4.4. System parameters for SETHI used during the BioSAR 2010 campaign. 

Parameter P-band L-band 

Geometry     

Altitude [ft / m] 13000 / 3962 

Velocity [m/s] 120 

Antenna     

Elevation aperture [°] 100 20 

Azimut aperture [°] 60 16 

Waveform     

Mode Full-polar Full-polar 

Peak power [W] 500 200 

Actual PRF [kHz] 2.5 5 

Sampling rate [MHz] 500 500 

Bandwith [MHz] 260-460 1250-1400 

Processed wave length [m] 0.676-1.082 0.214-0.24 

Processed bandwidth [MHz] 277-443 1250-1400 

Relative bandwidth [%] 46 11 

Range resolution [m] 0.78 0.92 

Azimut resolution [m] 0.79 0.92 

Range pixel spacing [m] 0.55 0.75 

Azimuth pixel spacing [m] 0.55 0.75 

Near range [m] 4350 4350 

Number of pixels in range 7251 2600 

Incidence angle range [°] 24-62 24-47 
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Figure 4.5. P- and L-band acquisition geometry for SETHI during BioSAR 2010. 

 

4.2.1 SAR measurements overview 

The SETHI configuration was L- and UHF-VHF-band (i.e. P-band) simultaneously in full polarimetric mode. 
Table 4.5 summarizes the acquisitions made in BioSAR 2010. The data acquisition flight in the late 
afternoon of 23 September went smoothly and the hardware behaved nominally. 

The imaging passes Bio01 and Bio08 were doubled (Bio01b and Bio08b) to increase the chance of 
having a good zero-baseline trajectory. 

The incidence angle of the antennas in each pod was adjusted mechanically to 45° for UHF-VHF-band 
and 55° for L-band to optimize boresight with respect to the pre-defined imaging geometries. 

The calibration reflectors deployed by FOI are adjusted for track L20. Hence, the calibration process is 
based on the passes Bio05 and Bio06. 
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Table 4.5. The SETHI acquisitions conducted on 23 September during BioSAR 2010. 

BioSAR 2010 SETHI SAR data acquisitions 

Pass Track Heading Mode  Altitude (GPS) 

Bio01 L10 199° P+L full polar 13253 ft 

Bio01b L10 199° P+L full polar 13253 ft 

Bio02 L10 199° P+L full polar 13253 ft 

Bio03 L10 + 100 ft 199° P+L full polar 13353 ft 

Bio04 L10 - 50 ft 199° P+L full polar 13203 ft 

Bio05 L20 178° P+L full polar 13253 ft 

Bio06 L20 178° P+L full polar 13253 ft 

Bio07 L30 - 100 ft 270° P+L full polar 13253 ft 

Bio08 L30 270° P+L full polar 13353 ft 

Bio08b L30 270° P+L full polar 13353 ft 

 

4.2.2 Trajectory quality 

The waypoints given in Table 4.1 correspond to the reference trajectories at the location for the GPS 
antenna. This reference trajectory is indicated with the orange arrow in Figure 4.6. To check the obtained 
trajectory quality, the trajectory associated with the differential GPS receiver was modified 
(translation/rotation linked to the platform attitude) to take into account the P-band phase centre position, 
illustrated with the green arrow in the same figure. 

The different plots presented in this paragraph for the trajectories of the imaging passes correspond to the 
difference between the intended or reference UHF-VHF antenna phase center trajectory and the real 
ones, i.e. the difference between the green and the blue arrows in Figure 4.6. These differences are 
described in 3D but in order to represent them in a useful manner, they are projected onto the plane 
perpendicular to the line-of-sight and therefore representing the perpendicular baseline at 45° incidence. 
This parameter is important to check the perpendicular baseline for interferometric passes and gives an 
idea of the height of ambiguity. 

When looking at the true flown altitude, it appears that the altitude of the flight tracks varied within 3 m 
around prescribed reference altitude. 
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Figure 4.6.  Illustration of the different trajectories. In orange the reference trajectory at the GPS antenna 
location, in green the reference trajectory at the UHF-VHF antenna phase center and in blue the real trajectory 

of the UHF-VHF antenna phase center. 

 

4.2.3 Analysis of zero-baseline acquisitions from flight line L10  

To study the temporal decorrelation it is important that the aircraft repeats the same passes with high 
accuracy minimizing therefore other sources of decorrelation such as the volume. As a result, the height of 
ambiguity is high and the topography or volume has a weak influence on the interferometric coherence. 

The perpendicular baseline with respect to the reference trajectory is shown in Figure 4.7 and Figure 4.8 
for flight line L10 and the two imaging passes Bio01 and Bio02, respectively. The variations are less than 
10 m around 5 m average, resulting in an ambiguity height of: 
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, for a 5 m baseline                                     (Eq. 4.1) 

 

Figure 4.9 shows the same kind of plot as in Figure 4.7 and Figure 4.8 but for the repeated imaging pass 
Bio01b. 

 

 

 

45° 

Perpendicular plane to the line-of-sight 

GPS UHF-VHF antenna 
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Figure 4.7.  Perpendicular baseline between antenna position and reference track for the imaging pass Bio01. 
The grid size is 1 s (horizontally) by 1 m (vertically). 

 

 

Figure 4.8. Perpendicular baseline between antenna position and reference track for the imaging pass Bio02. 
The grid size is 1 s (horizontally) by 1 m (vertically). 

 

 

5m 

6m 
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Figure 4.9. Perpendicular baseline between antenna position and reference track for the imaging pass Bio01b. 
The grid size is 1 s (horizontally) by 1 m (vertically). 

 

4.2.4 Radar raw data signals 

The SETHI UHF-VHF signal bandwidth is 200 MHz, from 260 MHz to 460 MHz according to Table 4.4. To 
avoid interference with SETHI on two critical services frequency notches had to be included in the 
transmitted signal bandwidth. The notches are centred at 332 MHz and 406 MHz with a width of 6 MHz 
and 100 kHz, respectively. The former interval is allocated for the carrier frequency of the glide path signal 
implemented in instrument landing systems (ILS) at airports. The latter is used by emergency beacons. 
The reduced signal levels obtained by this procedure are pointed out by the blue colour in the received P-
band Vv-polarized spectrum from imaging pass Bio05 shown in Figure 4.10. 

Severe external radio frequency interference (RFI) was detected when analyzing the received P-band raw 
data spectrum over Remningstorp, in particular for the vertical polarized signal received where a stronger 
impact could be observed. This can be observed in Figure 4.10. Impact from the RFI present at several 
parts of the spectrum will create a significant reduction in the SAR image quality if not handled in the 
signal processing. Hence, the received data are filtered in the processing and the method used is to 
replace the disturbed frequency components by putting in the value zero instead. For P-band data 
acquired during BioSAR 2010 the following parts of the full spectrum have been modified in this way for all 
polarization channels and are indicated for Vv-polarization in Figure 4.10: 

 

• 0 - 277 MHz 
• 328 - 336.3 MHz 
• 369.6 - 372 MHz 
• 373.6 - 376.6 MHz 
• 385 - 395 MHz 
• 443 - 500 MHz 

 

0m 
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The received L-band frequency spectrum from the same imaging pass Bio05 is found in Figure 4.11. The 
impact from strong external sources is much lower and the RFI filtering step can in general be ignored in 
the SAR processing. Two notches have been introduced in the transmitted L-band chirp also in this case 
and are clearly visible as reduced levels in the received spectrum. The width is approximately 5 MHz and 
centred at 1.29 GHz and 1.36 GHz, respectively. The notches were not a requirement from the Swedish 
authorities but inherent to the TropiSAR L-band waveform definition applied unchanged for the BioSAR 
2010 imaging. 

 

 

Figure 4.10. UHF-VHF-band raw data spectrum for Vv-polarization from the imaging pass Bio05 acquired over 
Remningstorp. The notched parts of the transmitted signal are indicated in blue. External RFI indicated by the 

red boxes are filtered and replaced by zeros in the subsequent SAR image formation. The green box shows the 
total bandwidth that have been used in the quick-look processing, i.e. from 277 MHz to 443 MHz. 

 

 

Figure 4.11. L-band raw data spectrum for Vv-polarization from the imaging pass Bio05. The spectrum 
corresponds to the total signal bandwidth that has been used in the quick-look processing, i.e. from 1250 MHz 

to 1400 MHz. No RFI filtering is applied in the SAR image generation of the Vv-polarization. 

 

4.2.5 Quick-look processing of the acquired SAR data 

Data from all imaging passes have been checked using a quick-look processor available for SETHI and 
developed by ONERA. The output from this processing step is polarimetric and uncalibrated SAR images 
in slant range. Measurements in the images for which the 5 m trihedrals in Remningstorp are optimized 
give a spatial resolution at P-band (UHF-VHF-band) of 0.78 m in slant range and 0.79 m in azimuth, 
respectively. The corresponding figures for L-band are 0.92 m in both directions. 

Quick-look images have successfully been produced at both P- and L-band from all eight flight lines, 
including the two passes that were repeated during the mission. For L-band the processing has been 
limited to the Hh-polarization only.  
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This quick look processing was performed in order to check the quality of the different acquisitions. All 
acquisitions were identified as being satisfactory and the selection of the six acquisitions to be delivered 
could be performed by the project team in conjunction with ESA. 

 

4.3 SAR Data Acquisitions to Be Used in the BioSAR 2010 Analysis 

Based on the quick-look images generated from all ten imaging passes a decision was made which six 
data acquisitions, according to the contract, that should be selected for the full SAR processing scheme 
and subsequent data analysis to meet the BioSAR 2010 campaign objectives in the best way. The six 
tracks finally selected are summarized in Table 4.6. Pass 1, 2 and 5 are chosen to match with the E-SAR 
acquisitions performed in 2007. Pass 3 is chosen to obtain a PolInSAR pair from line L10. Pass 7 and 8b 
are chosen to obtain PolInSAR pair also from line L30 in order to evaluate a large number of forest stands 
and topographic effect from a different flight heading 

 

Table 4.6. The SETHI data acquistions selected to be used in the BioSAR 2010 analysis. 

BioSAR 2010: Identification of the SAR data to be fully processed 
Pass Track Heading Mode  Altitude (GPS) 

Bio01 L10 199° P+L full polar 13253ft 
Bio02 L10 199° P+L full polar 13253ft 
Bio03 L10+100ft 199° P+L full polar 13353ft 
Bio05 L20 178° P+L full polar 13253ft 
Bio07 L30-100ft 270° P+L full polar 13253ft 
Bio08b L30 270° P+L full polar 13353ft 

 

4.4 P-band Processing Procedure 

4.4.1 Waveform 

The UHF-VHF (P-band) bandwidth is 200 MHz, i.e. going from 260 MHz to 460 MHz. Details of the P-band 
waveform with notches introduced on both transmit and receive are described in Section 4.2.4. Figure 4.10 
shows a typical spectrum for the Vv-polarization registered at P-band during BioSAR 2010. The green box 
in the figure covers the total signal bandwidth used also in the full SAR processing of the all P-band data, 
i.e. from 277 MHz to 443 MHz.  

 

4.4.2 Estimation of electronic delays 

The quality of focalization and localization depends on the accurate estimation of the radar electronic 
delays. The simplest way to estimate them is to geo-localize a corner reflector. FOI measured the corner 
reflector locations (latitude, longitude and altitude in WGS84) with an accuracy of about 1 m. The corner 
reflector CR4 is used to estimate the delays. Figure 4.12 shows the quality of the geo-location for the 
UHF-VHF (P-band) data. The corner reflector CR4 is accurately geo-localized (as it was used for the 
determining the electronic delays of the sensor) and the resulting CR3 location accuracy is about 1 m. The 
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yellow cross represents the reflector location according to Table 3.2. By this methodology we ensure an 
accurate geo-location of the generated UHF-VHF images. 

 

           

Figure 4.12. Location of the two corner reflectors CR3 (left) and CR4 (right). The electronic delays are tuned to 
match the CR4 position measured on ground by FOI during BioSAR 2007 using differential GPS techniques. 

Reflector CR3 is then used to validate the delay. The location accuracy is 0.97 m. The yellow cross represents 
the reflector location measured by differential GPS. 

 

FOI provided ONERA with DEM (Digital Elevation Model) data covering the imaged area with considerable 
margins with respect to the imaged swaths on ground. Note that the knowledge of the height is essential to 
provide an accurate location measurement and there is a 1 m difference between the DEM height at CR3 
(160 m) and the measured height (161 m). The DEM is a commercial product with a single user license 
and hence not included as a deliverable. 

In order to properly set the electronic delays for the cross pol channels, a further constraint is enforced. 

The accurate polarimetric phase calibration involves the respect of the relation between the electronic 
delays for the different polarimetric channels [24]: 

 

VhHvVvHh ττττ +=+                                                                                                                         (Eq. 4.2) 

 

4.4.3 Band distortions 

System band distortions (in phase and amplitude) are measured on the trihedral reflector CR3 for the 
polarizations Hh and Vv, the cross polarization distortion is estimated as the mean distortion between the 
co-polarization distortions. These distortions are corrected during the SAR processing. At the end of the 
processing and band correction, the measured trihedral reflector responses for the Hh and Vv 
polarizations are given in Figure 4.13. 
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Figure 4.13. The corner reflector response is given for the Hh polarization (top) and the Vv polarization (bottom) 
and for the CR3 (left) and CR4 (right). 

 

4.4.4 Interferometric processing 

All imaging passes acquired under the same reference track are computed in a common geometry for 
interferometric applications. The resulting images are then co-registered in SLC (Single Look Complex) 
geometry 

 

4.4.5 Cross-talk procedure 

At the end of the processing a cross-talk removal stage is processed. This procedure is based on the 
method described by Oriot [25]. 

After the removal procedure, the cross-talk level is measured to about -27 dB according to Figure 4.14. 
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Figure 4.14. Cross-talk estimation after the removal procedure has been applied on one of the six data sets 
(Bio05) selected for the BioSAR 2010 analysis. The measured cross-talk level is about -27 dB. 

 

4.4.6 P-band calibration and validation 

The calibration process is based on the 5.15 m corner reflectors available for the heading 178° (pass 5). 
The theoretical value of the radar cross section (RCS) of this reflector computed for the centre frequency 
is 36.28 dBm²/m². 

The geometric optics simulation gives 35.81 dBm²/m², taking into account the azimuth pattern of the 
reflector. This is 0.47 dBm²/m² less than the theoretical value computed at the centre frequency. These 
values do not take into account the holes in the bands done to filter the RFI disturbances nor the large 
relative bandwidth. The theoretical RCS value of the corner reflectors when taking into account the holes 
in the band and the RCS variation in frequency is 35.37 dB m²/m², the corrected geometric optics value is 
then 34.90 dB m²/m² (applying the 0.47 dBm²/m² difference between theory and simulation). The 
calibration process uses this value for the RCS of the trihedral reflectors. 

The phase calibration assumes that the phase difference between polarizations Hh and Vv is null for the 
reflector and the phase difference between the polarizations Hv and Vh is null for the forest. 

The polarimetric calibration is based on the method described by Sarabandi [26]. 

The obtained responses of the corner reflectors CR3 and CR4 are presented in Figure 4.13 for both the 
Hh and Vv polarizations. The upper curve in each of the four plots represents the slant range response 
whereas the bottom curve shows the azimuth response. The retrieved RCS and phase values of the 
reflectors and three different forested areas are summarized in Table 4.7 and based on images generated 
from the data set Bio05 for which the orientation of the corner reflectors are optimized.  

 

Table 4.7. Calibration validation for the Bio05 (pass 5, heading 178°). 

incidence( °)
RCS / sigma0
Hh (dBm²/m²)

RCS / sigma0
Hv (dBm²/m²)

RCS / sigma0
Vh (dBm²/m²)

RCS / sigma0
Vv (dBm²/m²)

Hh‐Vv phase 
(°)

Hv‐Vh phase 
(°)

CR3 50 34,84 34,94 0,52

CR4 34,2 34,88 34,89 0,61

Forest 1 38 ‐4,73 ‐12,13 ‐12,14 ‐6,88 0,03
Forest 2 50 ‐2,41 ‐14,27 ‐14,23 ‐8,6 0,36
Forest 3 57 ‐7,34 ‐14,89 ‐14,73 ‐8,38 ‐0,33  
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During the data validation stage the Noise Equivalent Sigma0 (NeS0) is estimated. The estimation is 
based on the coherence variation between the polarization Hv and Vh. As can be seen in Figure 4.15 the 
P-band NeS0 values vary in general between about -30 dB and -25 dB along the slant range axis.  

 

 

Figure 4.15. Noise Equivalent Sigma0 (NeS0) estimations for the UHF-VHF band (P-band). 

 

4.4.7 P-band image examples 

Figure 4.16 to Figure 4.18 show three of the fully processed SAR images generated for the BioSAR 2010 
data analysis. The images are presented in slant range and have been acquired from the three different 
flight headings used during the flight mission, i.e. 199°, 178° and 270°, respectively. 

 

 

Figure 4.16. The UHF-VHF band SLC image Bio01 acquired from the flight heading 199°. The RGB colour 
coding used is in Red: Hh polarization, in Green: Hv and in Blue: Vv. 
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Figure 4.17. The UHF-VHF band SLC image Bio05 acquired from the flight heading 178°. The RGB colour 
coding used is in Red: Hh polarization, in Green: Hv and in Blue: Vv. 
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Figure 4.18. The UHF-VHF band SLC image Bio07 acquired from the flight heading 270°. The RGB colour 
coding used is in Red: Hh polarization, in Green: Hv and in Blue: Vv. 

 

4.4.8 Sigma0 meaures 

This section is dedicated to the measure of the sigma0 at the UHF-VHF band for the same 58 stands 
defined already in the analysis of the BioSAR 2007 data [5]. The coordinates of the stands in WGS84 were 
provided by FOI and transformed by ONERA into ROI-files (Region of Interest), compliant with IDL format 
for each SLC image. The transformation between the Excel-file, provided by FOI, in the SLC geometry is a 
direct application of the grid file transformation. Indeed, knowing the latitude, the longitude and altitude in 
WGS84 the image coordinate (line, row) is read in this file having an extension *.grille. See Section 4.7.6 
for more details concerning the grid file. 

Table 4.8 to Table 4.13 summarize all measurements made of the 58 forest stands for all polarizations and 
all six data acquisitions selcted for the BioSAR 2010 analysis. For each mesured sigma0 value the local 
incidence angle for the corresponding forest stand is also found at the same row in tables. Some of the 58 
forest stands are not covered by the imaging swath depending on the flight heading used during the 
corresponding data acquisition.  
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Table 4.8. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio01. 

Zone IncAng HH HV VH VV
ROI1 34.20 ‐1.18 ‐10.20 ‐10.23 ‐2.47
ROI2 37.69 0.66 ‐8.85 ‐8.96 ‐2.24
ROI3 37.38 1.71 ‐8.13 ‐8.17 ‐1.95
ROI4 35.90 ‐1.24 ‐10.08 ‐10.20 ‐3.04
ROI5 33.84 ‐0.82 ‐9.94 ‐9.98 ‐3.33
ROI6 38.27 1.08 ‐8.92 ‐8.98 ‐2.64
ROI7 40.05 ‐4.71 ‐11.41 ‐11.49 ‐4.38
ROI8 38.83 ‐1.63 ‐10.43 ‐10.50 ‐3.61
ROI9 41.26 ‐3.22 ‐11.20 ‐11.25 ‐4.11
ROI10 41.99 ‐2.09 ‐10.99 ‐11.06 ‐4.34
ROI11 43.91 ‐2.89 ‐10.67 ‐10.70 ‐5.98
ROI12 41.72 ‐3.16 ‐10.34 ‐10.36 ‐3.63
ROI13 40.60 0.43 ‐9.50 ‐9.53 ‐3.14
ROI14 39.32 ‐0.13 ‐8.84 ‐8.89 ‐2.57
ROI15 37.79 0.65 ‐8.89 ‐8.97 ‐1.78
ROI16 36.98 ‐0.02 ‐9.45 ‐9.85 ‐3.79
ROI17 38.79 0.17 ‐9.30 ‐9.33 ‐4.07
ROI18 42.27 ‐8.62 ‐18.40 ‐18.39 ‐9.71
ROI19 43.14 ‐3.10 ‐11.11 ‐11.12 ‐5.54
ROI20 39.78 ‐0.73 ‐9.67 ‐9.68 ‐2.32
ROI21 36.01 1.18 ‐8.70 ‐8.73 ‐2.71
ROI22 44.55 ‐0.02 ‐10.44 ‐10.49 ‐4.15
ROI23 44.44 ‐1.60 ‐11.67 ‐11.71 ‐4.60
ROI24 41.05 ‐1.55 ‐10.81 ‐10.88 ‐4.50
ROI25 40.53 ‐3.01 ‐11.76 ‐11.81 ‐4.47
ROI26 38.92 ‐2.11 ‐10.77 ‐10.83 ‐4.42
ROI27 44.38 ‐6.71 ‐12.53 ‐12.62 ‐4.46
ROI28 44.85 ‐1.74 ‐10.51 ‐10.52 ‐4.79
ROI29 46.08 ‐0.79 ‐10.57 ‐10.60 ‐5.31
ROI30 37.58 0.62 ‐9.16 ‐9.18 ‐2.56
ROI31 46.24 ‐6.55 ‐13.92 ‐13.95 ‐4.12
ROI32 42.85 ‐1.49 ‐10.72 ‐10.75 ‐3.94
ROI33 44.09 ‐2.37 ‐11.04 ‐11.12 ‐4.89
ROI34 42.08 ‐0.73 ‐11.20 ‐11.20 ‐3.95
ROI35 40.91 ‐1.70 ‐9.83 ‐9.85 ‐4.45
ROI36 42.86 ‐3.94 ‐11.46 ‐11.52 ‐3.86
ROI39 46.52 ‐0.97 ‐11.08 ‐11.11 ‐4.99
ROI40 47.13 0.02 ‐10.50 ‐10.55 ‐3.85
ROI41 45.48 ‐3.13 ‐12.50 ‐12.50 ‐3.59
ROI42 44.59 ‐8.88 ‐17.52 ‐17.80 ‐8.19
ROI43 42.69 1.27 ‐9.62 ‐9.63 ‐0.95
ROI44 43.87 1.00 ‐9.40 ‐9.42 ‐2.65
ROI45 39.30 ‐5.21 ‐11.66 ‐11.69 ‐2.91
ROI46 44.52 ‐4.09 ‐11.41 ‐11.40 ‐2.67
ROI47 43.93 ‐3.04 ‐11.58 ‐11.59 ‐5.05
ROI48 45.53 ‐1.72 ‐11.91 ‐11.94 ‐2.03
ROI49 49.55 ‐6.48 ‐15.32 ‐15.27 ‐5.59
ROI50 50.30 ‐2.20 ‐11.77 ‐11.73 ‐1.00
ROI51 48.89 ‐1.05 ‐10.84 ‐10.82 ‐5.17
ROI52 36.35 ‐3.32 ‐11.00 ‐11.05 ‐4.25
ROI53 39.53 ‐3.59 ‐10.48 ‐10.54 ‐3.19
ROI54 41.13 ‐4.31 ‐11.45 ‐11.52 ‐4.27
ROI55 39.77 ‐8.99 ‐17.85 ‐17.94 ‐8.16
ROI56 42.36 ‐2.87 ‐10.77 ‐10.81 ‐3.84
ROI57 41.23 2.38 ‐7.80 ‐7.82 ‐1.57
ROI58 40.68 ‐2.46 ‐10.81 ‐10.87 ‐4.46  
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Table 4.9. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio02. 

Zone IncAng HH HV VH VV
ROI1 34.20 ‐1.27 ‐10.21 ‐10.26 ‐2.55
ROI2 37.69 0.50 ‐8.81 ‐8.94 ‐2.23
ROI3 37.38 1.56 ‐8.07 ‐8.14 ‐1.98
ROI4 35.90 ‐1.37 ‐10.10 ‐10.22 ‐3.10
ROI5 33.84 ‐0.90 ‐9.96 ‐10.00 ‐3.40
ROI6 38.27 0.79 ‐8.84 ‐8.95 ‐2.61
ROI7 40.05 ‐4.97 ‐11.48 ‐11.61 ‐4.35
ROI8 38.83 ‐1.87 ‐10.45 ‐10.54 ‐3.52
ROI9 41.26 ‐3.52 ‐11.27 ‐11.34 ‐4.07
ROI10 41.99 ‐2.41 ‐11.02 ‐11.14 ‐4.28
ROI11 43.91 ‐3.42 ‐10.74 ‐10.80 ‐5.87
ROI12 41.72 ‐3.54 ‐10.35 ‐10.40 ‐3.49
ROI13 40.60 0.03 ‐9.56 ‐9.61 ‐3.04
ROI14 39.32 ‐0.43 ‐8.89 ‐8.93 ‐2.54
ROI15 37.79 0.38 ‐8.92 ‐9.03 ‐1.75
ROI16 36.98 ‐0.15 ‐9.52 ‐9.89 ‐3.90
ROI17 38.79 ‐0.17 ‐9.33 ‐9.37 ‐4.02
ROI18 42.27 ‐9.03 ‐18.46 ‐18.57 ‐9.79
ROI19 43.14 ‐3.56 ‐11.18 ‐11.22 ‐5.51
ROI20 39.78 ‐0.93 ‐9.71 ‐9.78 ‐2.37
ROI21 36.01 1.03 ‐8.67 ‐8.71 ‐2.76
ROI22 44.55 ‐0.50 ‐10.52 ‐10.58 ‐4.05
ROI23 44.44 ‐2.02 ‐11.74 ‐11.81 ‐4.44
ROI24 41.05 ‐1.79 ‐10.93 ‐11.01 ‐4.60
ROI25 40.53 ‐3.19 ‐11.82 ‐11.88 ‐4.50
ROI26 38.92 ‐2.29 ‐10.84 ‐10.89 ‐4.50
ROI27 44.38 ‐7.03 ‐12.62 ‐12.71 ‐4.34
ROI28 44.85 ‐2.08 ‐10.61 ‐10.68 ‐4.67
ROI29 46.08 ‐1.21 ‐10.68 ‐10.71 ‐5.19
ROI30 37.58 0.47 ‐9.20 ‐9.25 ‐2.56
ROI31 46.24 ‐6.90 ‐14.03 ‐14.09 ‐3.96
ROI32 42.85 ‐1.83 ‐10.83 ‐10.89 ‐3.94
ROI33 44.09 ‐2.70 ‐11.11 ‐11.21 ‐4.76
ROI34 42.08 ‐0.99 ‐11.31 ‐11.31 ‐3.94
ROI35 40.91 ‐1.96 ‐9.91 ‐9.92 ‐4.37
ROI36 42.86 ‐4.16 ‐11.55 ‐11.65 ‐3.81
ROI37 43.18 ‐0.04 ‐10.33 ‐10.37 ‐3.38
ROI38 45.92 ‐3.36 ‐13.14 ‐13.25 ‐4.31
ROI39 46.52 ‐1.33 ‐11.17 ‐11.20 ‐4.82
ROI40 47.13 ‐0.32 ‐10.62 ‐10.69 ‐3.74
ROI41 45.48 ‐3.39 ‐12.59 ‐12.67 ‐3.52
ROI42 44.59 ‐9.06 ‐17.48 ‐18.00 ‐8.21
ROI43 42.69 1.02 ‐9.79 ‐9.82 ‐0.93
ROI44 43.87 0.75 ‐9.61 ‐9.64 ‐2.60
ROI45 39.30 ‐5.41 ‐11.72 ‐11.81 ‐2.92
ROI46 44.52 ‐4.43 ‐11.59 ‐11.55 ‐2.70
ROI47 43.93 ‐3.38 ‐11.72 ‐11.80 ‐5.00
ROI48 45.53 ‐2.10 ‐12.09 ‐12.19 ‐1.99
ROI49 49.55 ‐6.98 ‐15.49 ‐15.53 ‐5.54
ROI50 50.30 ‐2.68 ‐11.94 ‐11.98 ‐0.90
ROI51 48.89 ‐1.49 ‐11.10 ‐11.12 ‐5.06
ROI52 36.35 ‐3.50 ‐11.12 ‐11.16 ‐4.35
ROI53 39.53 ‐3.72 ‐10.56 ‐10.62 ‐3.29
ROI54 41.13 ‐4.51 ‐11.57 ‐11.63 ‐4.33
ROI55 39.77 ‐9.19 ‐17.96 ‐18.20 ‐8.25
ROI56 42.36 ‐3.18 ‐10.92 ‐10.95 ‐3.92
ROI57 41.23 2.11 ‐7.85 ‐7.89 ‐1.54
ROI58 40.68 ‐2.72 ‐10.87 ‐10.97 ‐4.47  
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Table 4.10. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio03. 

Zone IncAng HH HV VH VV
ROI1 34.20 ‐1.68 ‐10.61 ‐10.64 ‐2.86
ROI2 37.69 0.10 ‐9.24 ‐9.30 ‐2.49
ROI3 37.38 1.14 ‐8.48 ‐8.51 ‐2.04
ROI4 35.90 ‐1.77 ‐10.32 ‐10.51 ‐3.32
ROI5 33.84 ‐1.28 ‐10.23 ‐10.25 ‐3.60
ROI6 38.27 0.57 ‐9.06 ‐9.16 ‐2.80
ROI7 40.05 ‐5.07 ‐11.59 ‐11.66 ‐4.45
ROI8 38.83 ‐2.09 ‐10.68 ‐10.74 ‐3.73
ROI9 41.26 ‐3.76 ‐11.46 ‐11.51 ‐4.26
ROI10 41.99 ‐2.74 ‐11.35 ‐11.40 ‐4.38
ROI11 43.91 ‐3.54 ‐10.96 ‐11.01 ‐6.02
ROI12 41.72 ‐3.62 ‐10.58 ‐10.61 ‐3.66
ROI13 40.60 ‐0.14 ‐9.93 ‐9.95 ‐3.27
ROI14 39.32 ‐0.74 ‐9.22 ‐9.26 ‐2.62
ROI15 37.79 0.14 ‐9.36 ‐9.40 ‐1.82
ROI16 36.98 ‐0.58 ‐9.83 ‐10.03 ‐3.98
ROI17 38.79 ‐0.45 ‐9.71 ‐9.74 ‐4.19
ROI18 42.27 ‐9.29 ‐18.88 ‐19.04 ‐9.82
ROI19 43.14 ‐3.77 ‐11.37 ‐11.41 ‐5.57
ROI20 39.78 ‐1.44 ‐10.05 ‐10.08 ‐2.49
ROI21 36.01 0.62 ‐9.19 ‐9.21 ‐2.95
ROI22 44.55 ‐0.82 ‐10.90 ‐10.95 ‐4.21
ROI23 44.44 ‐2.49 ‐12.07 ‐12.16 ‐4.55
ROI24 41.05 ‐2.21 ‐10.99 ‐11.05 ‐4.65
ROI25 40.53 ‐3.66 ‐12.02 ‐12.08 ‐4.54
ROI26 38.92 ‐2.64 ‐10.98 ‐11.05 ‐4.51
ROI27 44.38 ‐7.49 ‐12.81 ‐12.99 ‐4.46
ROI28 44.85 ‐2.63 ‐10.80 ‐10.92 ‐4.76
ROI29 46.08 ‐1.63 ‐11.01 ‐11.06 ‐5.23
ROI30 37.58 0.13 ‐9.21 ‐9.23 ‐2.79
ROI31 46.24 ‐7.45 ‐14.28 ‐14.38 ‐4.07
ROI32 42.85 ‐2.27 ‐11.13 ‐11.18 ‐3.99
ROI33 44.09 ‐3.13 ‐11.33 ‐11.44 ‐4.85
ROI34 42.08 ‐1.45 ‐11.54 ‐11.57 ‐4.05
ROI35 40.91 ‐2.37 ‐10.20 ‐10.23 ‐4.50
ROI36 42.86 ‐4.53 ‐11.79 ‐11.84 ‐3.85
ROI37 43.18 ‐0.39 ‐10.57 ‐10.60 ‐3.47
ROI38 45.92 ‐3.70 ‐13.34 ‐13.43 ‐4.35
ROI39 46.52 ‐1.79 ‐11.43 ‐11.47 ‐4.83
ROI40 47.13 ‐0.60 ‐10.91 ‐10.98 ‐3.84
ROI41 45.48 ‐3.69 ‐12.87 ‐12.94 ‐3.67
ROI42 44.59 ‐9.25 ‐17.86 ‐18.29 ‐8.26
ROI43 42.69 0.58 ‐10.01 ‐10.05 ‐1.15
ROI44 43.87 0.52 ‐9.76 ‐9.81 ‐2.74
ROI45 39.30 ‐5.72 ‐12.04 ‐12.11 ‐3.06
ROI46 44.52 ‐4.60 ‐11.77 ‐11.78 ‐2.82
ROI47 43.93 ‐3.62 ‐11.93 ‐11.98 ‐5.18
ROI48 45.53 ‐2.38 ‐12.23 ‐12.33 ‐2.05
ROI49 49.55 ‐7.19 ‐15.54 ‐15.78 ‐5.69
ROI50 50.30 ‐2.89 ‐12.21 ‐12.20 ‐0.96
ROI51 48.89 ‐1.75 ‐11.32 ‐11.35 ‐5.18
ROI52 36.35 ‐3.86 ‐11.20 ‐11.24 ‐4.53
ROI53 39.53 ‐3.89 ‐10.65 ‐10.70 ‐3.35
ROI54 41.13 ‐4.86 ‐11.68 ‐11.79 ‐4.32
ROI55 39.77 ‐9.51 ‐18.25 ‐18.54 ‐8.40
ROI56 42.36 ‐3.55 ‐11.10 ‐11.17 ‐3.94
ROI57 41.23 1.69 ‐7.86 ‐7.90 ‐1.61
ROI58 40.68 ‐2.97 ‐11.03 ‐11.09 ‐4.63  
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Table 4.11. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio05. 

Zone IncAng HH HV VH VV
ROI3  32.39 0.11 ‐8.99 ‐8.94 ‐3.40
ROI5  27.99 ‐2.14 ‐10.10 ‐10.08 ‐4.35
ROI6  29.19 ‐0.21 ‐8.73 ‐8.75 ‐2.50
ROI7  31.31 ‐4.80 ‐10.96 ‐10.96 ‐4.30
ROI8  29.83 ‐2.61 ‐10.18 ‐10.16 ‐3.70
ROI9  32.05 ‐3.85 ‐11.34 ‐11.33 ‐4.46
ROI10 34.53 ‐3.00 ‐11.40 ‐11.41 ‐4.89
ROI11 35.79 ‐4.12 ‐11.31 ‐11.32 ‐6.81
ROI12 33.20 ‐3.12 ‐9.67 ‐9.66 ‐3.40
ROI13 31.63 ‐1.21 ‐9.58 ‐9.56 ‐3.24
ROI14 29.12 ‐1.72 ‐8.74 ‐8.74 ‐2.77
ROI15 27.17 ‐0.95 ‐9.05 ‐9.07 ‐2.06
ROI16 31.46 ‐1.07 ‐9.85 ‐9.82 ‐3.72
ROI17 27.94 ‐1.60 ‐9.71 ‐9.71 ‐4.19
ROI18 31.74 ‐8.55 ‐18.24 ‐18.37 ‐8.98
ROI19 33.64 ‐4.14 ‐10.88 ‐10.87 ‐5.61
ROI20 34.52 ‐2.18 ‐10.71 ‐10.70 ‐4.03
ROI22 35.02 ‐1.69 ‐10.66 ‐10.66 ‐4.92
ROI23 34.43 ‐3.26 ‐11.74 ‐11.74 ‐4.95
ROI24 34.44 ‐2.55 ‐11.27 ‐11.27 ‐5.29
ROI25 33.78 ‐4.37 ‐12.52 ‐12.51 ‐5.69
ROI26 32.71 ‐3.20 ‐11.34 ‐11.34 ‐5.20
ROI27 32.68 ‐6.34 ‐12.41 ‐12.40 ‐4.92
ROI28 34.50 ‐3.30 ‐10.77 ‐10.78 ‐6.22
ROI29 35.67 ‐2.34 ‐10.82 ‐10.81 ‐5.59
ROI30 31.48 ‐1.34 ‐9.26 ‐9.23 ‐3.50
ROI31 34.77 ‐6.80 ‐13.61 ‐13.63 ‐5.15
ROI32 31.39 ‐3.12 ‐10.64 ‐10.64 ‐4.33
ROI33 32.05 ‐4.01 ‐11.47 ‐11.46 ‐5.22
ROI34 28.44 ‐2.02 ‐10.71 ‐10.73 ‐3.78
ROI35 28.01 ‐3.01 ‐9.84 ‐9.86 ‐4.38
ROI36 29.33 ‐3.94 ‐10.23 ‐10.24 ‐2.97
ROI37 29.40 ‐1.57 ‐9.83 ‐9.81 ‐3.40
ROI38 33.51 ‐3.95 ‐12.61 ‐12.58 ‐4.77
ROI39 34.44 ‐2.18 ‐10.89 ‐10.88 ‐5.47
ROI40 34.98 ‐1.42 ‐10.49 ‐10.46 ‐4.26
ROI41 31.26 ‐3.82 ‐11.88 ‐11.85 ‐3.75
ROI42 31.01 ‐6.21 ‐16.47 ‐16.50 ‐5.52
ROI43 28.30 ‐0.37 ‐8.70 ‐8.69 ‐1.31
ROI44 28.90 ‐0.58 ‐8.75 ‐8.74 ‐2.63
ROI46 28.92 ‐3.42 ‐9.92 ‐9.91 ‐2.52
ROI47 27.57 ‐3.14 ‐10.64 ‐10.65 ‐4.80
ROI48 30.18 ‐2.71 ‐10.68 ‐10.67 ‐2.75
ROI49 36.05 ‐6.67 ‐14.61 ‐14.61 ‐5.95
ROI50 36.18 ‐1.76 ‐10.42 ‐10.39 ‐0.26
ROI51 34.41 ‐2.68 ‐10.94 ‐10.94 ‐5.58
ROI52 29.16 ‐3.91 ‐10.84 ‐10.84 ‐4.76
ROI53 31.58 ‐3.62 ‐10.78 ‐10.78 ‐3.84
ROI54 34.89 ‐4.67 ‐11.97 ‐11.96 ‐5.13
ROI55 34.97 ‐8.70 ‐18.55 ‐18.59 ‐8.94
ROI56 34.74 ‐3.28 ‐11.04 ‐11.05 ‐4.48
ROI57 34.14 1.29 ‐8.01 ‐8.01 ‐2.93
ROI58 32.41 ‐3.72 ‐11.57 ‐11.55 ‐5.13  
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Table 4.12. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio07. 

Zone IncAng HH HV VH VV
ROI1 23.09 ‐1.16 ‐8.26 ‐8.27 ‐1.48
ROI2 24.07 1.03 ‐6.33 ‐6.31 ‐0.84
ROI3 25.76 1.28 ‐6.51 ‐6.51 ‐1.18
ROI4 25.21 ‐0.84 ‐7.88 ‐7.88 ‐1.64
ROI5 25.74 ‐1.46 ‐8.78 ‐8.76 ‐2.43
ROI6 38.63 0.19 ‐9.48 ‐9.48 ‐2.87
ROI7 37.37 ‐4.91 ‐11.50 ‐11.51 ‐4.66
ROI8 38.04 ‐2.79 ‐11.16 ‐11.17 ‐4.46
ROI9 36.48 ‐3.77 ‐11.36 ‐11.37 ‐4.38
ROI10 37.18 ‐2.93 ‐10.82 ‐10.78 ‐4.30
ROI11 39.72 ‐4.32 ‐11.76 ‐11.77 ‐6.73
ROI12 39.42 ‐5.15 ‐11.83 ‐11.84 ‐4.37
ROI13 39.70 ‐0.62 ‐10.20 ‐10.22 ‐3.48
ROI14 40.84 ‐1.76 ‐10.26 ‐10.27 ‐2.98
ROI15 40.40 ‐0.60 ‐10.40 ‐10.42 ‐2.39
ROI16 26.73 ‐0.54 ‐8.55 ‐8.53 ‐2.45
ROI17 41.28 ‐0.35 ‐10.18 ‐10.18 ‐4.22
ROI18 42.54 ‐10.17 ‐19.63 ‐19.81 ‐11.06
ROI19 41.42 ‐5.62 ‐12.84 ‐12.87 ‐6.07
ROI20 28.99 0.09 ‐8.08 ‐8.06 ‐1.44
ROI21 21.96 0.17 ‐7.59 ‐7.60 ‐1.20
ROI22 42.71 ‐0.16 ‐10.13 ‐10.17 ‐3.97
ROI23 44.49 ‐3.08 ‐12.38 ‐12.41 ‐4.62
ROI24 33.58 ‐2.25 ‐10.33 ‐10.34 ‐4.38
ROI25 29.96 ‐2.75 ‐9.95 ‐9.96 ‐3.22
ROI26 31.30 ‐2.61 ‐10.43 ‐10.47 ‐4.05
ROI27 45.99 ‐8.09 ‐13.56 ‐13.58 ‐4.74
ROI28 45.82 ‐1.95 ‐11.47 ‐11.48 ‐4.32
ROI29 45.24 ‐2.11 ‐11.16 ‐11.18 ‐5.28
ROI30 30.90 ‐0.01 ‐8.93 ‐8.92 ‐2.56
ROI31 47.08 ‐8.47 ‐15.15 ‐15.16 ‐4.51
ROI32 46.64 ‐2.81 ‐11.79 ‐11.83 ‐4.76
ROI33 47.82 ‐3.45 ‐12.10 ‐12.12 ‐5.71
ROI34 47.83 ‐1.66 ‐12.31 ‐12.32 ‐4.95
ROI35 47.02 ‐2.50 ‐11.29 ‐11.29 ‐5.36
ROI36 48.55 ‐5.04 ‐13.07 ‐13.10 ‐5.65
ROI37 49.46 ‐0.08 ‐11.52 ‐11.53 ‐4.37
ROI38 49.30 ‐3.87 ‐14.00 ‐14.02 ‐4.88
ROI39 47.96 ‐2.39 ‐12.25 ‐12.26 ‐5.12
ROI40 50.04 ‐1.40 ‐11.98 ‐12.01 ‐5.12
ROI41 50.76 ‐3.90 ‐13.73 ‐13.74 ‐4.74
ROI42 50.02 ‐9.52 ‐18.62 ‐18.71 ‐10.20
ROI43 50.31 0.93 ‐10.88 ‐10.90 ‐2.21
ROI44 51.41 0.23 ‐10.99 ‐11.02 ‐4.46
ROI45 23.26 ‐2.16 ‐9.14 ‐9.14 ‐1.24
ROI46 53.10 ‐5.27 ‐12.66 ‐12.66 ‐3.80
ROI47 54.01 ‐4.99 ‐12.52 ‐12.54 ‐5.87
ROI48 54.10 ‐2.92 ‐13.48 ‐13.49 ‐2.92
ROI49 54.75 ‐8.07 ‐16.63 ‐16.69 ‐5.40
ROI50 55.16 ‐4.92 ‐13.73 ‐13.77 ‐2.04
ROI51 55.08 ‐3.23 ‐12.38 ‐12.37 ‐5.45
ROI52 32.06 ‐3.53 ‐10.83 ‐10.82 ‐4.27
ROI53 32.65 ‐2.86 ‐9.97 ‐9.97 ‐3.15
ROI54 32.52 ‐3.23 ‐10.43 ‐10.43 ‐4.12
ROI55 26.25 ‐3.68 ‐14.71 ‐14.79 ‐2.50
ROI56 34.27 ‐2.68 ‐10.24 ‐10.26 ‐3.60
ROI57 34.84 2.64 ‐6.36 ‐6.36 ‐1.01
ROI58 35.42 ‐2.78 ‐10.84 ‐10.83 ‐4.19  
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Table 4.13. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio08b. 

Zone IncAng HH HV VH VV
ROI1 23.09 ‐1.49 ‐8.63 ‐8.65 ‐1.64
ROI2 24.07 0.69 ‐6.78 ‐6.78 ‐1.01
ROI3 25.76 0.98 ‐7.01 ‐7.03 ‐1.38
ROI4 25.21 ‐1.21 ‐8.28 ‐8.29 ‐1.86
ROI5 25.74 ‐1.72 ‐9.15 ‐9.16 ‐2.65
ROI6 38.63 ‐0.13 ‐9.90 ‐9.91 ‐3.05
ROI7 37.37 ‐5.16 ‐11.83 ‐11.83 ‐4.92
ROI8 38.04 ‐3.10 ‐11.49 ‐11.51 ‐4.66
ROI9 36.48 ‐4.00 ‐11.65 ‐11.66 ‐4.61
ROI10 37.18 ‐3.05 ‐11.09 ‐11.10 ‐4.60
ROI11 39.72 ‐4.45 ‐11.98 ‐12.01 ‐6.95
ROI12 39.42 ‐5.35 ‐12.10 ‐12.10 ‐4.63
ROI13 39.70 ‐0.86 ‐10.57 ‐10.60 ‐3.70
ROI14 40.84 ‐2.10 ‐10.66 ‐10.70 ‐3.14
ROI15 40.40 ‐0.93 ‐10.78 ‐10.79 ‐2.50
ROI16 26.73 ‐0.78 ‐8.95 ‐8.96 ‐2.66
ROI17 41.28 ‐0.70 ‐10.55 ‐10.58 ‐4.35
ROI18 42.54 ‐10.43 ‐19.98 ‐20.12 ‐11.21
ROI19 41.42 ‐5.86 ‐13.16 ‐13.17 ‐6.29
ROI20 28.99 ‐0.26 ‐8.40 ‐8.39 ‐1.78
ROI21 21.96 ‐0.21 ‐7.96 ‐7.98 ‐1.34
ROI22 42.71 ‐0.26 ‐10.41 ‐10.46 ‐4.18
ROI23 44.49 ‐3.25 ‐12.65 ‐12.67 ‐4.89
ROI24 33.58 ‐2.45 ‐10.62 ‐10.65 ‐4.60
ROI25 29.96 ‐2.99 ‐10.26 ‐10.28 ‐3.44
ROI26 31.30 ‐2.90 ‐10.84 ‐10.86 ‐4.33
ROI27 45.99 ‐8.28 ‐13.76 ‐13.76 ‐4.92
ROI28 45.82 ‐2.14 ‐11.58 ‐11.57 ‐4.63
ROI29 45.24 ‐2.25 ‐11.34 ‐11.35 ‐5.52
ROI30 30.90 ‐0.24 ‐9.45 ‐9.46 ‐2.80
ROI31 47.08 ‐8.60 ‐15.35 ‐15.37 ‐4.72
ROI32 46.64 ‐3.10 ‐12.00 ‐11.98 ‐4.96
ROI33 47.82 ‐3.78 ‐12.41 ‐12.44 ‐5.86
ROI34 47.83 ‐2.14 ‐12.75 ‐12.78 ‐5.07
ROI35 47.02 ‐2.92 ‐11.60 ‐11.62 ‐5.50
ROI36 48.55 ‐5.44 ‐13.36 ‐13.41 ‐5.74
ROI37 49.46 ‐0.52 ‐11.97 ‐12.01 ‐4.49
ROI38 49.30 ‐4.15 ‐14.24 ‐14.28 ‐5.00
ROI39 47.96 ‐2.55 ‐12.41 ‐12.44 ‐5.30
ROI40 50.04 ‐1.51 ‐12.07 ‐12.13 ‐5.32
ROI41 50.76 ‐4.33 ‐14.02 ‐14.03 ‐4.89
ROI42 50.02 ‐9.89 ‐18.93 ‐18.95 ‐10.20
ROI43 50.31 0.46 ‐11.35 ‐11.39 ‐2.32
ROI44 51.41 ‐0.23 ‐11.44 ‐11.49 ‐4.55
ROI45 23.26 ‐2.43 ‐9.44 ‐9.46 ‐1.47
ROI46 53.10 ‐5.71 ‐12.94 ‐12.99 ‐3.86
ROI47 54.01 ‐5.34 ‐12.80 ‐12.82 ‐5.95
ROI48 54.10 ‐3.38 ‐13.81 ‐13.88 ‐2.99
ROI49 54.75 ‐8.33 ‐16.69 ‐16.78 ‐5.51
ROI50 55.16 ‐5.08 ‐13.84 ‐13.87 ‐2.09
ROI51 55.08 ‐3.47 ‐12.57 ‐12.62 ‐5.43
ROI52 32.06 ‐3.86 ‐11.25 ‐11.26 ‐4.47
ROI53 32.65 ‐3.18 ‐10.35 ‐10.35 ‐3.43
ROI54 32.52 ‐3.39 ‐10.68 ‐10.70 ‐4.37
ROI55 26.25 ‐3.90 ‐15.06 ‐15.15 ‐2.67
ROI56 34.27 ‐2.93 ‐10.48 ‐10.52 ‐3.76
ROI57 34.84 2.48 ‐6.83 ‐6.84 ‐1.28
ROI58 35.42 ‐3.00 ‐11.10 ‐11.12 ‐4.47  
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4.5 L-band Processing Procedure 

4.5.1 Waveform 

The L-band bandwidth is 150 MHz, i.e. going from 1250 MHz to 1400 MHz. Details of the L-band 
waveform with notches introduced on transmit only are described in Section 4.2.4. Figure 4.11 shows a 
typical spectrum for the Vv-polarization registered at L-band during BioSAR 2010 and illustrates the small 
impact from strong external sources. This made it possible to ignore the RFI filtering also in the full SAR 
processing of the all L-band data where the total bandwidth from 1250 MHz to 1400 MHz was used. 

 

4.5.2 Estimation of electronic delays 

The quality of focalization and localization depends on the accurate estimation of the radar electronic 
delays. The simplest way to estimate them is to geo-localize a corner reflector. FOI measured the corner 
reflector locations (latitude, longitude and altitude in WGS84) with an accuracy of about 1 m. The corner 
reflector CR4 is used to estimate the delays. Figure 4.19 shows the quality of the geo-location for the L-
band data. The corner reflector CR4 is accurately geo-localized (as it was used for the determining the 
electronic delays of the sensor) and the resulting CR3 location accuracy is about 2 m. The yellow cross 
represents the reflector location according to Table 3.2. By this methodology we ensure an accurate geo-
location of the generated L-band images. 

 

     

Figure 4.19. Location of the two corner reflectors CR3 (left) and CR4 (right). The electronic delays are tuned to 
match the CR4 position measured on ground by FOI during BioSAR 2007 using differential GPS techniques. 
Reflector CR3 is then used to validate the delay. The location accuracy is 2.3 m. The yellow cross represents 

the reflector location measured by differential GPS. 

 

The accurate polarimetric phase calibration involves the respect of the relation between the electronic 
delays for the different polarimetric channels according to Eq. 4.2 [24]. 
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4.5.3 Band distortion 

System band distortions (in phase and amplitude) are measured on the trihedral reflector CR3 for the 
polarizations Hh and Vv, the cross polarization distortion is estimated as the mean distortion between the 
co-polarization distortions. These distortions are corrected during the SAR processing. At the end of the 
processing and band correction, the measured trihedral reflector responses for the Hh and Vv 
polarizations are given in Figure 4.20.  

 

       

       

Figure 4.20. The corner reflector response is given for the Hh polarization (top) and the Vv polarization (bottom) 
and for the CR3 (left) and CR4 (right). 

 

4.5.4 Cross-talk procedure 

At the end of the processing a cross-talk removal stage is processed. This procedure is based on the 
method described by Quegan [27]. 

After the removal procedure, the cross-talk level is measured to about -25 dB for L-band according to 
Figure 4.21. 
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Figure 4.21. Cross-talk estimation after the removal procedure has been applied on one of the six data sets 
(Bio05) selected for the BioSAR 2010 analysis. The measured cross-talk level is about -25 dB. 

 

4.5.5 L-band calibration and validation 

The calibration process is based on the 5.15 m corner reflectors available for the heading 178° (pass 5). 
The theoretical RCS value of this reflector computed for the centre frequency is 47.60 dBm²/m². 

The geometric optics simulation gives 47.40 dBm²/m², taking into account the azimuth pattern of the 
reflector. Since no RFI filtering is applied at L-band the calibration process uses this value for the RCS of 
the trihedral reflectors. 

The phase calibration assumes that the phase difference between polarizations Hh and Vv is null for the 
reflector and the phase difference between the polarizations Hv and Vh is null for the forest. 

The polarimetric calibration is based on the method described by Sarabandi [26]. 

The obtained responses of the corner reflectors CR3 and CR4 are presented in Figure 4.20 for both the 
Hh and Vv polarizations. The upper curve in each of the four plots represents the slant range response 
whereas the bottom curve shows the azimuth response. The retrieved RCS and phase values of the 
reflectors and three different forested areas are summarized in Table 4.14 and based on images 
generated from the data set Bio05 for which the orientation of the corner reflectors are optimized 

 

Table 4.14. Calibration validation for the Bio05 (pass 5, heading 178°). 

incidence( °)
RCS / sigma0
Hh (dBm²/m²)

RCS / sigma0
Hv (dBm²/m²)

RCS / sigma0
Vh (dBm²/m²)

RCS / sigma0
Vv (dBm²/m²)

Hh‐Vv phase 
(°)

Hv‐Vh phase 
(°)

CR3 50 47,4 47,4 0

CR4 34,2 47,4 47,4 0

Forest 1 31,38 ‐5,26 ‐10,43 ‐10,28 ‐5,7 0,32
Forest 2 43,66 ‐3,77 ‐10,61 ‐10,48 ‐7,38 0,71
Forest 3 50,73 ‐5,51 ‐12,07 ‐12,02 ‐8,73 ‐0,33  

 

During the data validation stage the Noise Equivalent Sigma0 (NeS0) is estimated. The estimation is 
based on the coherence variation between the polarization Hv and Vh. As can be seen in Figure 4.22 the 
L-band NeS0 values vary in general between about -40 dB and -30 dB along the slant range axis. 
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Figure 4.22. Noise Equivalent Sigma0 (NeS0) estimations for the L-band. 

 

4.5.6 L-band image examples 

Figure 4.23 to Figure 4.25 show three of the fully processed SAR images generated for the BioSAR 2010 
data analysis. The images are presented in slant range and have been acquired from the three different 
flight headings used during the flight mission, i.e. 199°, 178° and 270°, respectively. The three images 
have been registered simultaneously with the corresponding P-band images shown in Figure 4.16 to 
Figure 4.18. 

 

 

Figure 4.23. The L-band SLC image Bio01 acquired from the flight heading 199°. The RGB colour coding used 
is in Red: Hh polarization, in Green: Hv and in Blue: Vv. 
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Figure 4.24. The L-band SLC image Bio05 acquired from the flight heading 178°. The RGB colour coding used 
is in Red: Hh polarization, in Green: Hv and in Blue: Vv. 

 

 

Figure 4.25. The L-band SLC image Bio07 acquired from the flight heading 270°. The RGB colour coding used 
is in Red: Hh polarization, in Green: Hv and in Blue: Vv. 

 

4.5.7 Sigma0 measures 

This section is dedicated to the measure of the sigma0 at the L-band for the same 58 stands defined 
already in the analysis of the BioSAR 2007 data [5]. The coordinates of the stands in WGS84 were 
provided by FOI and transformed by ONERA into ROI-files (Regions of Interest), compliant with IDL format 
for each SLC image. The transformation between the Excel-file, provided by FOI, in the SLC geometry is a 
direct application of the grid file transformation. Indeed, knowing the latitude, the longitude and altitude in 
WGS84 the image coordinate (line, row) is read in this file having an extension *.grille. See Section 4.7.6 
for more details concerning the grid file. 

Table 4.15 to Table 4.20 summarize all measurements made of the 58 forest stands for all polarizations 
and all six data acquisitions selcted for the BioSAR 2010 analysis. For each mesured sigma0 value the 
local incidence angle for the corresponding forest stand is also found at the same row in tables. Some of 
the 58 forest stands are not covered by the imaging swath depending on the flight heading used during the 
corresponding data acquisition. 
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Table 4.15. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio01. 

Zone IncAng HH HV VH VV
ROI1 34.38 ‐3.92 ‐10.53 ‐10.25 ‐6.59
ROI2 37.86 ‐3.57 ‐10.05 ‐9.75 ‐6.79
ROI3 37.55 ‐3.70 ‐10.33 ‐10.04 ‐6.79
ROI4 36.06 ‐3.67 ‐10.00 ‐9.72 ‐6.50
ROI5 34.02 ‐4.76 ‐11.10 ‐10.80 ‐7.16
ROI6 38.44 ‐2.80 ‐10.02 ‐9.73 ‐7.19
ROI7 40.21 ‐3.96 ‐10.73 ‐10.43 ‐7.18
ROI8 38.99 ‐2.93 ‐9.97 ‐9.69 ‐6.55
ROI9 41.41 ‐3.47 ‐10.20 ‐9.92 ‐6.82
ROI10 42.14 ‐3.61 ‐10.40 ‐10.15 ‐7.21
ROI11 44.06 ‐5.25 ‐11.46 ‐11.22 ‐7.93
ROI12 41.87 ‐3.35 ‐9.91 ‐9.66 ‐6.92
ROI13 40.76 ‐3.48 ‐10.24 ‐9.97 ‐6.99
ROI14 39.48 ‐4.10 ‐10.30 ‐10.00 ‐6.84
ROI15 37.96 ‐3.79 ‐10.50 ‐10.20 ‐7.04
ROI16 37.15 ‐3.95 ‐10.73 ‐10.44 ‐7.08
ROI17 38.95 ‐4.35 ‐11.49 ‐11.19 ‐7.78
ROI18 42.42 ‐8.59 ‐18.30 ‐18.04 ‐11.42
ROI19 43.29 ‐3.87 ‐10.71 ‐10.46 ‐7.74
ROI20 39.94 ‐2.75 ‐10.14 ‐9.85 ‐7.06
ROI21 36.19 ‐3.64 ‐10.20 ‐9.90 ‐6.47
ROI22 44.69 ‐5.19 ‐11.73 ‐11.49 ‐8.48
ROI23 44.58 ‐4.19 ‐11.04 ‐10.81 ‐8.00
ROI24 41.21 ‐3.81 ‐10.60 ‐10.32 ‐7.27
ROI25 40.68 ‐3.51 ‐10.45 ‐10.17 ‐7.36
ROI26 39.07 ‐3.22 ‐10.32 ‐10.04 ‐7.19
ROI27 44.52 ‐5.32 ‐12.04 ‐11.77 ‐8.80
ROI28 44.99 ‐4.02 ‐10.64 ‐10.40 ‐7.02
ROI29 46.22 ‐5.19 ‐11.77 ‐11.55 ‐8.34
ROI30 37.75 ‐3.13 ‐10.06 ‐9.79 ‐7.00
ROI31 46.37 ‐5.86 ‐12.80 ‐12.56 ‐9.38
ROI32 43.00 ‐4.66 ‐11.48 ‐11.24 ‐8.20
ROI33 44.24 ‐5.05 ‐11.59 ‐11.33 ‐8.41
ROI34 42.24 ‐4.13 ‐10.94 ‐10.64 ‐7.37
ROI35 41.07 ‐4.18 ‐10.65 ‐10.34 ‐7.41
ROI36 43.01 ‐3.82 ‐10.50 ‐10.23 ‐7.54
ROI37 43.34 ‐3.83 ‐10.69 ‐10.43 ‐7.81
ROI38 46.06 ‐5.87 ‐12.33 ‐12.10 ‐8.85
ROI39 46.66 ‐4.48 ‐11.50 ‐11.28 ‐8.59
ROI40 47.26 ‐4.17 ‐11.27 ‐11.07 ‐8.14
ROI41 45.62 ‐5.40 ‐11.61 ‐11.37 ‐7.90
ROI42 44.73 ‐8.34 ‐16.85 ‐16.54 ‐10.96
ROI43 43.30 ‐3.10 ‐10.02 ‐9.79 ‐7.08
ROI44 44.02 ‐3.96 ‐10.52 ‐10.31 ‐7.22
ROI45 39.45 ‐3.42 ‐10.04 ‐9.74 ‐6.64
ROI46 44.67 ‐4.83 ‐11.61 ‐11.41 ‐6.45
ROI47 44.09 ‐5.34 ‐11.70 ‐11.50 ‐7.71
ROI48 45.68 ‐5.44 ‐11.78 ‐11.60 ‐6.79
ROI49 49.68 ‐7.04 ‐13.64 ‐13.51 ‐9.79
ROI50 50.42 ‐4.59 ‐11.84 ‐11.76 ‐7.75
ROI51 49.02 ‐5.22 ‐11.57 ‐11.44 ‐8.02
ROI52 36.52 ‐4.58 ‐10.95 ‐10.67 ‐6.59
ROI53 39.69 ‐3.99 ‐10.52 ‐10.22 ‐6.63
ROI54 41.06 ‐4.66 ‐11.00 ‐10.73 ‐7.19
ROI55 39.93 ‐7.45 ‐16.14 ‐15.84 ‐9.71
ROI56 42.51 ‐4.23 ‐10.82 ‐10.55 ‐6.79
ROI57 41.38 ‐4.07 ‐10.76 ‐10.48 ‐7.23
ROI58 40.83 ‐4.07 ‐10.75 ‐10.46 ‐7.55  
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Table 4.16. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio02. 

Zone IncAng HH HV VH VV
ROI1 34.36 ‐4.24 ‐10.95 ‐10.72 ‐7.08
ROI2 37.84 ‐3.89 ‐10.52 ‐10.27 ‐7.29
ROI3 37.54 ‐4.04 ‐10.80 ‐10.55 ‐7.29
ROI4 36.05 ‐4.07 ‐10.42 ‐10.20 ‐7.03
ROI5 34.00 ‐5.32 ‐11.59 ‐11.36 ‐7.76
ROI6 38.42 ‐3.26 ‐10.40 ‐10.16 ‐7.58
ROI7 40.19 ‐4.32 ‐11.16 ‐10.92 ‐7.65
ROI8 38.97 ‐3.36 ‐10.30 ‐10.07 ‐6.98
ROI9 41.40 ‐3.78 ‐10.61 ‐10.39 ‐7.38
ROI10 42.13 ‐4.02 ‐10.83 ‐10.62 ‐7.63
ROI11 44.04 ‐5.75 ‐11.77 ‐11.58 ‐8.21
ROI12 41.86 ‐3.69 ‐10.21 ‐10.02 ‐7.33
ROI13 40.74 ‐3.85 ‐10.63 ‐10.41 ‐7.44
ROI14 39.46 ‐4.44 ‐10.77 ‐10.54 ‐7.27
ROI15 37.94 ‐4.19 ‐10.84 ‐10.59 ‐7.42
ROI16 37.14 ‐4.49 ‐11.28 ‐11.05 ‐7.76
ROI17 38.93 ‐4.75 ‐11.93 ‐11.68 ‐8.24
ROI18 42.41 ‐9.01 ‐18.74 ‐18.45 ‐11.86
ROI19 43.27 ‐4.29 ‐11.11 ‐10.91 ‐8.18
ROI20 39.93 ‐3.40 ‐10.78 ‐10.55 ‐7.75
ROI21 36.17 ‐4.08 ‐10.55 ‐10.33 ‐6.94
ROI22 44.67 ‐5.47 ‐12.08 ‐11.91 ‐8.80
ROI23 44.56 ‐4.56 ‐11.42 ‐11.23 ‐8.46
ROI24 41.19 ‐4.20 ‐11.26 ‐11.03 ‐8.06
ROI25 40.67 ‐4.02 ‐10.98 ‐10.76 ‐7.99
ROI26 39.06 ‐4.28 ‐11.17 ‐10.95 ‐7.96
ROI27 44.50 ‐5.61 ‐12.48 ‐12.27 ‐9.47
ROI28 44.97 ‐4.38 ‐11.15 ‐10.95 ‐7.83
ROI29 46.21 ‐5.55 ‐12.04 ‐11.92 ‐8.78
ROI30 37.73 ‐4.28 ‐11.09 ‐10.87 ‐7.81
ROI31 46.36 ‐6.20 ‐13.18 ‐13.07 ‐9.97
ROI32 42.98 ‐5.16 ‐11.99 ‐11.76 ‐8.79
ROI33 44.22 ‐5.32 ‐12.18 ‐11.97 ‐9.27
ROI34 42.22 ‐5.03 ‐11.73 ‐11.50 ‐8.00
ROI35 41.05 ‐5.20 ‐11.46 ‐11.22 ‐8.10
ROI36 42.99 ‐4.39 ‐11.19 ‐10.96 ‐8.45
ROI37 43.31 ‐4.25 ‐11.39 ‐11.17 ‐8.75
ROI38 46.04 ‐6.07 ‐12.94 ‐12.75 ‐9.70
ROI39 46.64 ‐4.86 ‐11.91 ‐11.78 ‐9.21
ROI40 47.24 ‐4.67 ‐11.92 ‐11.71 ‐9.14
ROI41 45.60 ‐5.67 ‐12.34 ‐12.15 ‐8.99
ROI42 44.71 ‐8.64 ‐17.47 ‐17.19 ‐12.01
ROI43 43.27 ‐3.46 ‐10.75 ‐10.54 ‐8.01
ROI44 44.00 ‐4.27 ‐11.08 ‐10.91 ‐8.06
ROI45 39.44 ‐3.80 ‐10.46 ‐10.21 ‐7.19
ROI46 44.64 ‐5.22 ‐12.06 ‐11.89 ‐7.20
ROI47 44.06 ‐5.73 ‐12.11 ‐11.97 ‐8.18
ROI48 45.65 ‐5.80 ‐12.25 ‐12.09 ‐7.43
ROI49 49.66 ‐7.99 ‐14.33 ‐14.21 ‐10.30
ROI50 50.41 ‐5.36 ‐12.45 ‐12.36 ‐8.36
ROI51 49.00 ‐5.95 ‐12.18 ‐12.07 ‐8.46
ROI52 36.50 ‐5.66 ‐11.91 ‐11.68 ‐7.54
ROI53 39.67 ‐5.06 ‐11.47 ‐11.25 ‐7.46
ROI54 41.04 ‐5.07 ‐11.72 ‐11.51 ‐8.12
ROI55 39.92 ‐7.86 ‐16.59 ‐16.34 ‐10.24
ROI56 42.49 ‐4.47 ‐11.29 ‐11.06 ‐7.69
ROI57 41.37 ‐4.15 ‐11.23 ‐11.02 ‐8.17
ROI58 40.82 ‐4.44 ‐11.30 ‐11.08 ‐8.17  
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Table 4.17. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio03. 

Zone IncAng HH HV VH VV
ROI1 34.17 ‐3.12 ‐9.77 ‐9.55 ‐6.08
ROI2 37.64 ‐2.69 ‐9.46 ‐9.23 ‐6.39
ROI3 37.33 ‐2.95 ‐9.81 ‐9.60 ‐6.66
ROI4 35.86 ‐2.71 ‐9.35 ‐9.13 ‐6.06
ROI5 33.81 ‐3.87 ‐10.31 ‐10.09 ‐6.67
ROI6 38.21 ‐3.32 ‐10.44 ‐10.21 ‐7.41
ROI7 39.98 ‐3.86 ‐10.87 ‐10.67 ‐7.60
ROI8 38.76 ‐3.22 ‐10.11 ‐9.90 ‐6.98
ROI9 41.18 ‐3.11 ‐10.27 ‐10.07 ‐7.36
ROI10 41.91 ‐3.02 ‐10.40 ‐10.21 ‐7.58
ROI11 43.83 ‐4.87 ‐11.54 ‐11.33 ‐8.51
ROI12 41.64 ‐2.88 ‐9.92 ‐9.70 ‐7.28
ROI13 40.52 ‐3.18 ‐10.39 ‐10.17 ‐7.51
ROI14 39.25 ‐4.13 ‐10.46 ‐10.24 ‐7.09
ROI15 37.73 ‐4.45 ‐10.80 ‐10.58 ‐7.23
ROI16 36.93 ‐3.07 ‐10.09 ‐9.89 ‐6.87
ROI17 38.72 ‐4.48 ‐11.60 ‐11.38 ‐7.91
ROI18 42.19 ‐8.36 ‐18.37 ‐18.18 ‐11.69
ROI19 43.05 ‐3.44 ‐10.58 ‐10.38 ‐8.19
ROI20 39.72 ‐2.83 ‐9.87 ‐9.71 ‐6.82
ROI21 35.98 ‐2.92 ‐9.60 ‐9.38 ‐6.15
ROI22 44.46 ‐4.92 ‐11.80 ‐11.61 ‐8.81
ROI23 44.34 ‐4.01 ‐11.04 ‐10.87 ‐8.18
ROI24 40.97 ‐3.47 ‐10.50 ‐10.28 ‐7.44
ROI26 38.85 ‐3.14 ‐10.20 ‐9.98 ‐7.12
ROI27 44.28 ‐5.21 ‐11.83 ‐11.65 ‐8.67
ROI28 44.75 ‐3.86 ‐10.57 ‐10.40 ‐7.18
ROI29 45.98 ‐5.02 ‐11.61 ‐11.46 ‐8.50
ROI30 37.52 ‐2.95 ‐9.89 ‐9.68 ‐6.87
ROI31 46.14 ‐5.61 ‐12.65 ‐12.49 ‐9.27
ROI32 42.76 ‐4.56 ‐11.35 ‐11.15 ‐7.80
ROI33 43.99 ‐5.00 ‐11.38 ‐11.23 ‐8.18
ROI34 42.00 ‐4.19 ‐10.75 ‐10.52 ‐6.94
ROI35 40.83 ‐3.98 ‐10.44 ‐10.21 ‐7.18
ROI36 42.77 ‐3.82 ‐10.24 ‐10.05 ‐7.29
ROI37 43.09 ‐3.63 ‐10.51 ‐10.35 ‐7.56
ROI38 45.82 ‐5.50 ‐12.08 ‐11.94 ‐8.69
ROI39 46.42 ‐4.13 ‐11.09 ‐10.96 ‐8.33
ROI40 47.02 ‐4.08 ‐10.91 ‐10.81 ‐7.64
ROI41 45.38 ‐5.07 ‐11.45 ‐11.30 ‐8.06
ROI42 44.49 ‐7.92 ‐16.57 ‐16.37 ‐10.93
ROI43 43.06 ‐3.02 ‐9.93 ‐9.77 ‐7.12
ROI44 43.78 ‐3.64 ‐10.44 ‐10.28 ‐7.38
ROI45 39.23 ‐3.22 ‐9.74 ‐9.52 ‐6.23
ROI46 44.42 ‐4.66 ‐11.75 ‐11.61 ‐7.26
ROI47 43.84 ‐5.18 ‐11.82 ‐11.67 ‐8.03
ROI48 45.43 ‐5.10 ‐12.02 ‐11.89 ‐7.75
ROI49 49.44 ‐8.41 ‐14.59 ‐14.46 ‐10.28
ROI50 50.19 ‐6.26 ‐12.87 ‐12.79 ‐8.20
ROI51 48.78 ‐6.11 ‐12.45 ‐12.35 ‐8.91
ROI52 36.30 ‐4.79 ‐11.17 ‐10.97 ‐6.96
ROI53 39.46 ‐4.09 ‐10.71 ‐10.51 ‐6.70
ROI54 40.83 ‐4.27 ‐10.95 ‐10.76 ‐7.38
ROI55 39.70 ‐7.40 ‐15.81 ‐15.58 ‐9.13
ROI56 42.28 ‐3.66 ‐10.61 ‐10.41 ‐7.14
ROI57 41.15 ‐3.45 ‐10.74 ‐10.54 ‐7.77
ROI58 40.60 ‐3.85 ‐10.79 ‐10.60 ‐7.93  
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Table 4.18. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio05. 

Zone IncAng HH HV VH VV
ROI1 29.45 ‐4.34 ‐10.62 ‐10.45 ‐5.90
ROI2 33.58 ‐4.13 ‐10.22 ‐10.04 ‐6.65
ROI3 33.00 ‐4.00 ‐10.16 ‐9.99 ‐6.27
ROI4 31.45 ‐4.08 ‐9.96 ‐9.79 ‐5.82
ROI5 28.17 ‐5.40 ‐11.08 ‐10.91 ‐6.49
ROI6 29.05 ‐4.75 ‐10.49 ‐10.28 ‐6.31
ROI7 31.41 ‐4.75 ‐10.91 ‐10.70 ‐6.39
ROI8 29.72 ‐3.98 ‐10.02 ‐9.84 ‐5.54
ROI9 32.04 ‐3.92 ‐10.26 ‐10.07 ‐5.99
ROI10 34.14 ‐4.21 ‐10.66 ‐10.46 ‐6.69
ROI11 35.66 ‐5.12 ‐10.93 ‐10.73 ‐7.01
ROI12 32.87 ‐3.49 ‐9.50 ‐9.31 ‐5.77
ROI13 32.27 ‐3.80 ‐10.01 ‐9.83 ‐5.82
ROI14 28.98 ‐5.50 ‐10.78 ‐10.62 ‐6.06
ROI15 27.39 ‐6.19 ‐11.19 ‐11.02 ‐5.85
ROI16 31.68 ‐4.47 ‐10.80 ‐10.65 ‐6.42
ROI17 27.94 ‐6.25 ‐11.87 ‐11.70 ‐6.72
ROI18 31.73 ‐9.28 ‐18.02 ‐17.80 ‐9.41
ROI19 33.63 ‐4.60 ‐10.65 ‐10.45 ‐7.02
ROI20 34.30 ‐3.90 ‐10.48 ‐10.31 ‐6.56
ROI21 31.41 ‐3.39 ‐10.27 ‐10.09 ‐5.58
ROI22 34.96 ‐5.68 ‐11.77 ‐11.58 ‐7.98
ROI23 34.33 ‐4.46 ‐10.63 ‐10.46 ‐6.75
ROI24 33.37 ‐4.96 ‐11.04 ‐10.86 ‐7.05
ROI25 33.76 ‐4.42 ‐10.68 ‐10.50 ‐6.95
ROI26 32.63 ‐4.96 ‐10.85 ‐10.69 ‐6.64
ROI27 32.48 ‐5.88 ‐11.90 ‐11.72 ‐7.25
ROI28 34.00 ‐4.60 ‐10.31 ‐10.14 ‐5.89
ROI29 35.92 ‐5.28 ‐11.18 ‐11.00 ‐7.22
ROI30 31.39 ‐5.11 ‐10.83 ‐10.67 ‐6.63
ROI31 34.72 ‐5.43 ‐11.99 ‐11.81 ‐7.68
ROI32 31.36 ‐5.54 ‐10.84 ‐10.67 ‐5.91
ROI33 31.86 ‐5.67 ‐11.24 ‐11.07 ‐6.73
ROI34 28.75 ‐5.52 ‐10.91 ‐10.75 ‐5.40
ROI35 27.83 ‐5.95 ‐10.94 ‐10.77 ‐5.73
ROI36 29.28 ‐4.98 ‐10.45 ‐10.27 ‐5.79
ROI37 29.38 ‐4.88 ‐10.43 ‐10.30 ‐6.00
ROI38 33.39 ‐5.51 ‐11.50 ‐11.31 ‐6.80
ROI39 34.79 ‐4.13 ‐10.53 ‐10.35 ‐6.85
ROI40 34.93 ‐3.99 ‐10.54 ‐10.39 ‐6.79
ROI41 31.45 ‐6.16 ‐11.58 ‐11.44 ‐6.51
ROI42 31.03 ‐7.11 ‐15.45 ‐15.24 ‐6.99
ROI43 28.21 ‐4.49 ‐9.99 ‐9.84 ‐5.32
ROI44 28.86 ‐5.13 ‐10.61 ‐10.48 ‐6.10
ROI45 35.27 ‐3.46 ‐9.85 ‐9.67 ‐6.05
ROI46 28.83 ‐5.81 ‐12.07 ‐11.95 ‐5.76
ROI47 27.52 ‐6.62 ‐12.59 ‐12.44 ‐6.49
ROI48 30.02 ‐5.58 ‐11.88 ‐11.75 ‐5.53
ROI49 35.66 ‐6.99 ‐13.40 ‐13.28 ‐8.31
ROI50 36.07 ‐4.99 ‐12.20 ‐12.09 ‐7.57
ROI51 34.37 ‐5.20 ‐11.19 ‐11.06 ‐6.69
ROI52 29.05 ‐6.56 ‐11.72 ‐11.53 ‐6.23
ROI53 31.45 ‐5.92 ‐11.56 ‐11.38 ‐6.30
ROI54 34.96 ‐5.37 ‐11.14 ‐10.98 ‐6.54
ROI55 35.13 ‐7.59 ‐16.09 ‐15.87 ‐8.64
ROI56 34.85 ‐4.54 ‐10.71 ‐10.55 ‐6.40
ROI57 34.01 ‐4.57 ‐10.85 ‐10.70 ‐7.11
ROI58 31.65 ‐5.00 ‐11.07 ‐10.90 ‐7.04  
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Table 4.19. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio07. 

Zone IncAng HH HV VH VV
ROI5  26.96 ‐6.67 ‐11.60 ‐11.38 ‐7.14
ROI6  39.09 ‐3.66 ‐10.64 ‐10.45 ‐7.99
ROI7  37.87 ‐3.74 ‐10.54 ‐10.34 ‐7.31
ROI8  38.48 ‐2.63 ‐9.39 ‐9.21 ‐6.79
ROI9  36.93 ‐2.87 ‐9.78 ‐9.59 ‐6.70
ROI10 37.64 ‐2.96 ‐9.51 ‐9.29 ‐6.71
ROI11 40.14 ‐4.40 ‐10.96 ‐10.75 ‐7.98
ROI12 39.86 ‐2.80 ‐9.60 ‐9.39 ‐7.14
ROI13 40.19 ‐2.39 ‐9.60 ‐9.42 ‐7.17
ROI14 41.25 ‐3.68 ‐10.45 ‐10.27 ‐7.79
ROI15 40.85 ‐3.22 ‐10.16 ‐9.94 ‐7.37
ROI16 27.28 ‐5.36 ‐10.63 ‐10.45 ‐5.85
ROI17 41.71 ‐3.97 ‐11.50 ‐11.30 ‐8.61
ROI18 42.98 ‐8.29 ‐17.91 ‐17.56 ‐11.89
ROI19 41.90 ‐3.29 ‐10.07 ‐9.86 ‐7.74
ROI20 29.53 ‐3.80 ‐9.58 ‐9.40 ‐5.74
ROI22 43.72 ‐3.49 ‐10.31 ‐10.02 ‐7.80
ROI23 44.89 ‐3.57 ‐10.53 ‐10.32 ‐7.95
ROI24 34.07 ‐3.58 ‐9.82 ‐9.62 ‐6.44
ROI25 27.79 ‐4.80 ‐10.44 ‐10.25 ‐6.13
ROI26 31.85 ‐4.48 ‐10.36 ‐10.15 ‐6.34
ROI27 46.38 ‐4.64 ‐11.43 ‐11.33 ‐8.48
ROI28 46.20 ‐4.13 ‐10.67 ‐10.56 ‐7.61
ROI29 45.64 ‐4.53 ‐10.77 ‐10.65 ‐7.61
ROI30 31.46 ‐4.48 ‐10.38 ‐10.19 ‐6.45
ROI31 47.46 ‐5.52 ‐11.84 ‐11.78 ‐8.29
ROI32 47.02 ‐4.85 ‐11.70 ‐11.57 ‐8.97
ROI33 48.19 ‐5.42 ‐11.67 ‐11.41 ‐8.49
ROI34 48.21 ‐4.74 ‐11.72 ‐11.65 ‐8.80
ROI35 47.39 ‐4.47 ‐11.35 ‐11.24 ‐8.75
ROI36 48.93 ‐4.43 ‐11.10 ‐11.03 ‐8.63
ROI37 49.83 ‐4.56 ‐11.33 ‐11.25 ‐8.80
ROI38 49.67 ‐4.98 ‐11.39 ‐11.22 ‐8.48
ROI39 48.33 ‐3.76 ‐10.36 ‐10.36 ‐7.60
ROI40 50.40 ‐2.76 ‐10.10 ‐10.04 ‐8.01
ROI41 51.10 ‐4.36 ‐11.04 ‐11.13 ‐8.42
ROI42 50.40 ‐8.11 ‐15.74 ‐15.58 ‐11.65
ROI43 50.69 ‐4.50 ‐11.15 ‐11.11 ‐8.51
ROI44 51.51 ‐4.30 ‐11.01 ‐10.99 ‐8.42
ROI52 32.66 ‐5.76 ‐11.37 ‐11.20 ‐6.94
ROI53 33.17 ‐4.61 ‐10.32 ‐10.14 ‐5.94
ROI54 33.05 ‐3.79 ‐10.10 ‐9.91 ‐5.80
ROI55 26.97 ‐3.97 ‐10.95 ‐10.75 ‐3.80
ROI56 34.78 ‐3.28 ‐9.70 ‐9.49 ‐5.81
ROI57 35.39 ‐3.73 ‐10.02 ‐9.80 ‐7.09
ROI58 35.93 ‐3.74 ‐10.30 ‐10.09 ‐7.04  
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Table 4.20. Sigma0 values measured at 58 different forest stands in the fully polarimetric SAR image Bio08b. 

Zone IncAng HH HV VH VV
ROI3 26.14 ‐6.29 ‐11.72 ‐11.54 ‐6.85
ROI4 26.08 ‐7.90 ‐13.23 ‐12.92 ‐7.91
ROI5 26.42 ‐5.81 ‐11.60 ‐11.42 ‐6.84
ROI6 38.82 ‐4.05 ‐11.00 ‐10.84 ‐8.13
ROI7 37.60 ‐4.28 ‐11.00 ‐10.79 ‐7.68
ROI8 38.20 ‐3.06 ‐9.84 ‐9.67 ‐7.11
ROI9 36.65 ‐3.45 ‐10.27 ‐10.09 ‐7.13
ROI10 37.39 ‐3.67 ‐10.07 ‐9.84 ‐6.99
ROI11 39.87 ‐4.61 ‐11.34 ‐11.13 ‐8.48
ROI12 39.59 ‐3.19 ‐9.96 ‐9.76 ‐7.50
ROI13 39.93 ‐2.79 ‐10.00 ‐9.82 ‐7.58
ROI14 40.98 ‐4.16 ‐10.73 ‐10.53 ‐8.07
ROI15 40.58 ‐3.57 ‐10.43 ‐10.24 ‐7.60
ROI16 27.01 ‐5.98 ‐11.18 ‐11.01 ‐6.17
ROI17 41.44 ‐4.32 ‐11.79 ‐11.61 ‐8.91
ROI18 42.71 ‐8.54 ‐18.25 ‐17.99 ‐12.28
ROI19 41.62 ‐3.49 ‐10.41 ‐10.20 ‐8.33
ROI20 29.27 ‐4.30 ‐10.24 ‐10.06 ‐6.20
ROI22 43.45 ‐3.94 ‐10.82 ‐10.64 ‐8.23
ROI23 44.63 ‐3.93 ‐10.97 ‐10.82 ‐8.46
ROI24 33.82 ‐4.27 ‐10.38 ‐10.18 ‐6.74
ROI25 27.53 ‐5.49 ‐11.03 ‐10.84 ‐6.56
ROI26 31.58 ‐5.06 ‐10.87 ‐10.66 ‐6.83
ROI27 46.13 ‐4.85 ‐11.93 ‐11.79 ‐9.21
ROI28 45.93 ‐4.26 ‐11.29 ‐11.15 ‐8.71
ROI29 45.38 ‐4.62 ‐11.40 ‐11.27 ‐8.73
ROI30 31.19 ‐5.03 ‐10.75 ‐10.58 ‐6.90
ROI31 47.22 ‐5.77 ‐12.56 ‐12.45 ‐9.43
ROI32 46.76 ‐5.31 ‐12.16 ‐12.09 ‐9.49
ROI33 47.91 ‐5.55 ‐12.16 ‐12.07 ‐9.37
ROI34 47.96 ‐5.04 ‐12.06 ‐11.97 ‐9.20
ROI35 47.13 ‐4.83 ‐11.68 ‐11.59 ‐9.02
ROI36 48.65 ‐4.69 ‐11.50 ‐11.41 ‐9.10
ROI37 49.58 ‐5.00 ‐11.89 ‐11.77 ‐9.40
ROI38 49.41 ‐6.03 ‐12.14 ‐12.04 ‐9.11
ROI39 48.07 ‐4.52 ‐11.23 ‐11.10 ‐8.49
ROI40 50.15 ‐4.23 ‐11.20 ‐11.13 ‐8.59
ROI41 50.85 ‐5.47 ‐11.91 ‐11.92 ‐8.88
ROI42 50.15 ‐8.69 ‐16.56 ‐16.41 ‐12.23
ROI43 50.44 ‐4.90 ‐11.46 ‐11.43 ‐9.01
ROI44 51.25 ‐4.91 ‐11.42 ‐11.44 ‐8.75
ROI52 32.37 ‐5.82 ‐11.72 ‐11.54 ‐7.15
ROI53 32.92 ‐5.15 ‐10.91 ‐10.73 ‐6.37
ROI54 32.79 ‐4.63 ‐10.73 ‐10.55 ‐6.20
ROI55 26.59 ‐6.14 ‐13.53 ‐13.34 ‐5.38
ROI56 34.53 ‐3.89 ‐10.28 ‐10.10 ‐6.29
ROI57 35.12 ‐4.45 ‐10.50 ‐10.32 ‐7.38
ROI58 35.67 ‐4.30 ‐10.81 ‐10.61 ‐7.43  

 

4.5.8 Projection 

All the SLC P- and L-band data are projected into a geographic projection in WGS84 using the available 
DEM. The geographic frame (coordinates of the image corners) is the same for all images, i.e. 
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• Northwest corner: Latitude 13.54952°, Longitude 58.49398° 
• Northeast corner: Latitude 13.71357236°, Longitude 58.49398° 
• Southwest corner: Latitude 13.54952°, Longitude 58.57177446° 
• Southeast corner: Latitude 13.71357236°, Longitude 58.57177446° 

 

The geo-coded SLC images in Figure 4.16 to Figure 4.18 and Figure 4.23 to Figure 4.25 have been 
superimposed on each other and can be seen in Figure 4.26 and Figure 4.28, respectively, with a zoom in 
of the central part presented in Figure 4.27 and Figure 4.29. The quality of the SETHI registration has 
been evaluated to be better than 1.5 m providing that the DEM used for registration is better than 1 m. 

FOI has also geo-coded all SLC images but into the projection UTM 33N used for all P- and L-band SAR 
data collected by E-SAR during BioSAR 2007. A comparison across all images represented in UTM 33N 
and acquired during the two campaigns from the common flight headings 178° and 199° shows a 
maximum shift below 4 m within the ground area covered by the image pairs.  

 

 
Figure 4.26. Superposition of the P-band images Bio01, Bio05 and Bio07 represented in the geographic 

projection WGS84. All three images are from the Hh polarization channel. The annotated corner coordinates in 
longitude and latitude are the same for all geo-referenced BioSAR 2010 images. 

(0, 0) : (13.54952°, 58.49398°) 

(13.71357236°, 58.57177446°) : (10035, 8659) (0, 8659) : (13.54952°, 58.57177446 ) 

(13.71357236°, 58.49398°) : (10035, 0) 
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Figure 4.27. A zoom-in of the central part in Figure 4.26.The radar reflector CR3 is visible close to the east 
image border, slightly south of the middle section. The radar response of this reflector is here a combination 
with contributions from all three headings of which only 178° (Bio05) is optimal with respect to the adjusted 

reflector orientation. 
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Figure 4.28. Superposition of the L-band images Bio01, Bio05 and Bio07 represented in the geographic 
projection WGS84. All three images are from the Hh polarization channel. Since the calibrated swath width is 
more narrow at L-band a larger part of the common WGS84 frame used for all geo-referenced images will be 

represented by no radar data, i.e. the intensity value 0 corresponding to a pure black colour. The strong 
response from radar reflector CR4 is clearly visible to the east with a very bright intensity and here only covered 

by acquisition Bio05 and its flight heading 178° for which the reflector orientations (CR3 and CR4) were 
optimized. The other strong pointlike response to the west of CR4 in the middle, only covered by Bio01, 

originates probably from some structure present at a farm located within the corresponding open dark area.  
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Figure 4.29. A zoom-in of the central part in Figure 4.28. The radar reflector CR3 is visible close to the south 
image border, approximately in the middle. The radar response of this reflector is here a combination with 

contributions from all three headings of which only 178° (Bio05) is optimal with respect to the adjusted reflector 
orientation. 

 

4.5.9 Regions of interest (ROI) 

The Regions of Interest (ROIs) were defined in an Excel-file that was provided to ONERA by FOI. For 
each of the 58 ROIs in the Excel-file a list of points can be found that defines a polygon which 
encompasses the area. Each point is represented by a WGS84 longitude and latitude coordinate with the 
corresponding WGS84 elevation. All points belonging to each ROI were then transformed, using the grid 
files associated with each SLC geometry, into a file describing the SLC image position of the contour of 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 60 of 177 
 

the ROI in SLC geometry. This file is a text file and is described in Section 4.7.7. The same ROI 
information is also provided in a separate file defined in accordance with the ENVI ROI format. 

 

4.6 Overview of the SAR Data Delivery  

The SAR data products delivered in support of the BioSAR 2010 investigations are summarized in Table 
4.21 and Table 4.22. Details of the different data formats are explained in Section 4.7 and Section 4.8 
including some IDL code to open and read the SLC images as well as the corresponding projections in 
WGS84.    

The projections in UTM 33N are given the same filename as the corresponding WGS84 file but the last 
part of the name, i.e. * _projwgs84.dat, is replaced by * _projutm.Cmpx. For each UTM 33N file there is 
also an associated header file (* _projutm.Cmpx.hdr) in accordance with what is used by the ENVI 
software. This makes it possible to open each UTM 33N geo-referenced SAR image automatically when 
running ENVI. 
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Table 4.21. All different files generated from the P-band data acquisition made by SETHI and used for the 
BioSAR 2010 analysis. In addition, the projected data are also available in UTM 33N with the same file names 
as in the table but *_projwgs84.dat replaced by *_projutm.Cmpx. An ENVI header file is also included for each 

UTM 33N image file and has a file name ending with *_projutm.Cmpx.hdr. 

 
P-band 

 
Pass 
 

SLC data Associated files Projected data 

Biosar01 
199° heading 

bio01_PHh_slc.dat 
bio01_PHh_slc.ent 
bio01_PHv_slc.dat 
bio01_PHv_slc.ent 
bio01_PVh_slc.dat 
bio01_PVh_slc.ent 
bio01_PVv_slc.dat 
bio01_PVv_slc.ent 

Ligne10.grille 
ROI_L10_58stands.roi 
ROI_stands_L10.roi 
Ligne10_58stands.txt 
Ligne10_0.txt 

bio01_PHh_projwgs84.dat 
bio01_PHh_projwgs84.ent 
bio01_PHv_projwgs84.dat 
bio01_PHv_projwgs84.ent 
bio01_PVh_projwgs84.dat 
bio01_PVh_projwgs84.ent 
bio01_PVv_projwgs84.dat 
bio01_PVv_projwgs84.ent 

Biosar02 
199° heading 

bio02_PHh_slc.dat 
bio02_PHh_slc.ent 
bio02_PHv_slc.dat 
bio02_PHv_slc.ent 
bio02_PVh_slc.dat 
bio02_PVh_slc.ent 
bio02_PVv_slc.dat 
bio02_PVv_slc.ent 

 bio02_PHh_projwgs84.dat 
bio02_PHh_projwgs84.ent 
bio02_PHv_projwgs84.dat 
bio02_PHv_projwgs84.ent 
bio02_PVh_projwgs84.dat 
bio02_PVh_projwgs84.ent 
bio02_PVv_projwgs84.dat 
bio02_PVv_projwgs84.ent 

Biosar03 
199° heading 

bio03_PHh_slc.dat 
bio03_PHh_slc.ent 
bio03_PHv_slc.dat 
bio03_PHv_slc.ent 
bio03_PVh_slc.dat 
bio03_PVh_slc.ent 
bio03_PVv_slc.dat 
bio03_PVv_slc.ent 

 bio03_PHh_projwgs84.dat 
bio03_PHh_projwgs84.ent 
bio03_PHv_projwgs84.dat 
bio03_PHv_projwgs84.ent 
bio03_PVh_projwgs84.dat 
bio03_PVh_projwgs84.ent 
bio03_PVv_projwgs84.dat 
bio03_PVv_projwgs84.ent 

Biosar05 
178° heading 

bio05_PHh_slc.dat 
bio05_PHh_slc.ent 
bio05_PHv_slc.dat 
bio05_PHv_slc.ent 
bio05_PVh_slc.dat 
bio05_PVh_slc.ent 
bio05_PVv_slc.dat 
bio05_PVv_slc.ent 

Ligne20.grille 
ROI_L20_58stands.roi 
ROI_stands_L20.roi 
Ligne20_58stands.txt 
Ligne20_0.txt 

bio05_PHh_projwgs84.dat 
bio05_PHh_projwgs84.ent 
bio05_PHv_projwgs84.dat 
bio05_PHv_projwgs84.ent 
bio05_PVh_projwgs84.dat 
bio05_PVh_projwgs84.ent 
bio05_PVv_projwgs84.dat 
bio05_PVv_projwgs84.ent 

Biosar07 
270° heading 

bio07_PHh_slc.dat 
bio07_PHh_slc.ent 
bio07_PHv_slc.dat 
bio07_PHv_slc.ent 
bio07_PVh_slc.dat 
bio07_PVh_slc.ent 
bio07_PVv_slc.dat 
bio07_PVv_slc.ent 

Ligne30.grille 
ROI_L30_58stands.roi 
ROI_stands_L30.roi 
Ligne30_58stands.txt 
Ligne30_0.txt 

bio07_PHh_projwgs84.dat 
bio07_PHh_projwgs84.ent 
bio07_PHv_projwgs84.dat 
bio07_PHv_projwgs84.ent 
bio07_PVh_projwgs84.dat 
bio07_PVh_projwgs84.ent 
bio07_PVv_projwgs84.dat 
bio07_PVv_projwgs84.ent 

Biosar08b 
270° heading 

bio08b_PHh_slc.dat
bio08b_PHh_slc.ent
bio08b_PHv_slc.dat 
bio08b_PHv_slc.ent 
bio08b_PVh_slc.dat 
bio08b_PVh_slc.ent 
bio08b_PVv_slc.dat 
bio08b_PVv_slc.ent 

 bio08b_PHh_projwgs84.dat
bio08b_PHh_projwgs84.ent
bio08b_PHv_projwgs84.dat 
bio08b_PHv_projwgs84.ent 
bio08b_PVh_projwgs84.dat 
bio08b_PVh_projwgs84.ent 
bio08b_PVv_projwgs84.dat 
bio08b_PVv_projwgs84.ent 
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Table 4.22. All different files generated from the L-band data acquisition made by SETHI and used for the 
BioSAR 2010 analysis. In addition, the projected data are also available in UTM 33N with the same file names 
as in the table but *_projwgs84.dat replaced by *_projutm.Cmpx. An ENVI header file is also included for each 

UTM 33N image file and has a file name ending with *_projutm.Cmpx.hdr. 

 
L-band 

 
Pass 
 

SLC data Associated files Projected data 

Biosar01 
199° heading 

bio01_LHh_slc.dat 
bio01_LHh_slc.ent 
bio01_LHv_slc.dat 
bio01_LHv_slc.ent 
bio01_LVh_slc.dat 
bio01_LVh_slc.ent 
bio01_LVv_slc.dat 
bio01_LVv_slc.ent 

Bio01_LHh_zon.grille 
Bio01L_fullstands.roi 
Bio01L_fullstands.txt 

bio01_LHh_projwgs84.dat 
bio01_LHh_projwgs84.ent 
bio01_LHv_projwgs84.dat 
bio01_LHv_projwgs84.ent 
bio01_LVh_projwgs84.dat 
bio01_LVh_projwgs84.ent 
bio01_LVv_projwgs84.dat 
bio01_LVv_projwgs84.ent 

Biosar02 
199° heading 

bio02_LHh_slc.dat 
bio02_LHh_slc.ent 
bio02_LHv_slc.dat 
bio02_LHv_slc.ent 
bio02_LVh_slc.dat 
bio02_LVh_slc.ent 
bio02_LVv_slc.dat 
bio02_LVv_slc.ent 

Bio02_LHh_zon.grille 
Bio02L_fullstands.roi 
Bio02L_fullstands.txt 

bio02_LHh_projwgs84.dat 
bio02_LHh_projwgs84.ent 
bio02_LHv_projwgs84.dat 
bio02_LHv_projwgs84.ent 
bio02_LVh_projwgs84.dat 
bio02_LVh_projwgs84.ent 
bio02_LVv_projwgs84.dat 
bio02_LVv_projwgs84.ent 

Biosar03 
199° heading 

bio03_LHh_slc.dat 
bio03_LHh_slc.ent 
bio03_LHv_slc.dat 
bio03_LHv_slc.ent 
bio03_LVh_slc.dat 
bio03_LVh_slc.ent 
bio03_LVv_slc.dat 
bio03_LVv_slc.ent 

Bio03_LHh_zon.grille 
Bio03L_fullstands.roi 
Bio03L_fullstands.txt 

bio03_LHh_projwgs84.dat 
bio03_LHh_projwgs84.ent 
bio03_LHv_projwgs84.dat 
bio03_LHv_projwgs84.ent 
bio03_LVh_projwgs84.dat 
bio03_LVh_projwgs84.ent 
bio03_LVv_projwgs84.dat 
bio03_LVv_projwgs84.ent 

Biosar05 
178° heading 

bio05_LHh_slc.dat 
bio05_LHh_slc.ent 
bio05_LHv_slc.dat 
bio05_LHv_slc.ent 
bio05_LVh_slc.dat 
bio05_LVh_slc.ent 
bio05_LVv_slc.dat 
bio05_LVv_slc.ent 

Bio05_LHh_zon.grille 
Bio05L_fullstands.roi 
Bio05L_fullstands.txt 

bio05_LHh_projwgs84.dat 
bio05_LHh_projwgs84.ent 
bio05_LHv_projwgs84.dat 
bio05_LHv_projwgs84.ent 
bio05_LVh_projwgs84.dat 
bio05_LVh_projwgs84.ent 
bio05_LVv_projwgs84.dat 
bio05_LVv_projwgs84.ent 

Biosar07 
270° heading 

bio07_LHh_slc.dat 
bio07_LHh_slc.ent 
bio07_LHv_slc.dat 
bio07_LHv_slc.ent 
bio07_LVh_slc.dat 
bio07_LVh_slc.ent 
bio07_LVv_slc.dat 
bio07_LVv_slc.ent 

Bio07_LHh_zon.grille 
Bio07L_fullstands.roi 
Bio07L_fullstands.txt 

bio07_LHh_projwgs84.dat 
bio07_LHh_projwgs84.ent 
bio07_LHv_projwgs84.dat 
bio07_LHv_projwgs84.ent 
bio07_LVh_projwgs84.dat 
bio07_LVh_projwgs84.ent 
bio07_LVv_projwgs84.dat 
bio07_LVv_projwgs84.ent 

Biosar08b 
270° heading 

bio08b_LHh_slc.dat 
bio08b_LHh_slc.ent 
bio08b_LHv_slc.dat 
bio08b_LHv_slc.ent 
bio08b_LVh_slc.dat 
bio08b_LVh_slc.ent 
bio08b_LVv_slc.dat 
bio08b_LVv_slc.ent 

Bio08b_LHh_zon.grille
Bio08bL_fullstands.roi 
Bio08bL_fullstands.txt 

bio08b_LHh_projwgs84.dat 
bio08b_LHh_projwgs84.ent 
bio08b_LHv_projwgs84.dat 
bio08b_LHv_projwgs84.ent 
bio08b_LVh_projwgs84.dat 
bio08b_LVh_projwgs84.ent 
bio08b_LVv_projwgs84.dat 
bio08b_LVv_projwgs84.ent 
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4.7 Description of SLC SAR and ROI Data Formats 

4.7.1 SLC data format 

The SLC file is composed of: 

 

• A magic number to check the bit-order (little or big endian) coded as a long integer: 33554433 

• A header line with a size of “Nb_case” coded in complex 

• The data coded in complex 

 

The file structure is schematically illustrated in Figure 4.30. 

 

 

Figure 4.30. Structure of the SETHI SLC data generated by the SAR processor PAMELA developed and 
operated by ONERA. 

 

4.7.2 IDL code to read a SLC file 

Openr,1,’file_name.dat’ 
Nbcase=7000 & Nbligne= 10033 (from .ent file) 
; The header line is composed of the magic number (4 bytes) followed by 
;                   Nbcase*4*2 bytes 
;The data is composed of Nbligne lines, each composed of Nbcase  

Nb_line 

Nb_case * 2 *4 bytes 

magic number : 
4 bytes 

Header of the same length than a data line 

data 
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;                  complex numbers, coded on 2*4 bytes. 
header=bytarr(4+Nbcase*4*2) & readu,1,header 
Data = complexarr(Nbcase,Nbligne) & readu,1,data 
Close,1 

 

4.7.3 The header file (*.ent) 

In the following, the SLC header file is printed in blue and the explanation in black. The information 
outlined in red is essential for the BioSAR 2010 analysis. 

 

#                    [fichier en-tete produit par img_to_ramses version 3610] 
# Nom du look : 
Look.dat=                   /data1/BIOSAR_XD_data1/BIOSAR3Fournitures/bio05_PHh_slc.dat   
                  
# Structure du fichier et codage des pixels : 
# 4 octets precedent la premiere ligne : ils correspondent a un nombre magique [I4= 33554433] 

Magic number indicates the code as big-endian or small-endian 
# [dans ordre LSBfirst = big-endian]  
Format_valeurs_look=        cmplx_real_4   

The data are coded in “complex single precision” [real part, imaginary part, real part, imaginary part …] 
Nb_case_par_ligne_look=     7000 

Number of pixels along the slant range axis 
Nb_ligne_look=              10033 + 1 ligne en-tete en binaire (entiers 16 bit) 

Number of lines along the azimuth axis …be careful, the “+1” corresponds to the header line! 
Espacement_entre_pixel=     0.000000 m 

Obsolete; was used in a previous format 
Intercase_radial_look=      .550000 m [radial] 

Pixel size along the slant range axis 
Intercase_proj_look=        0.777817 m [projete] 

Pixel size along the slant range axis, projected on the ground 
 Intercase_proj_look = Intercase_radial_look/sin(mean_incidence_angle) 

Interligne_azimut_look=     0.550000 m [0.004458 s x 123.364236 m/s] [valeur constante]   
Pixel size along the azimuth axis. It is constant in the image 

                            Vitesse_moyenne= 123.364236 m/s 
Average Aircraft velocity 

                            Espacement_temporel= 0.004458 s [valeur moyenne] 
Obsolete 

                            Frequence_image= 224.298557 Hz [valeur moyenne] 
Obsolete 

Longueur_signal=            210013 rampes 
Frequence_recurence_signal= 2500.000000 Hz 

Pulse repetition frequency 
# Caracteristiques radar et geometriques du look : 
Config=                     TROPISAR_UHFfull_recalHO2XD 

Name of the waveform 
Canal=                      tot1 

Name of the channel with tot1=Vv, tot2=Vh, tot3=Hv, tot4=Hh 
Bande_traitee=              200.060098 MHz 

Processed radar bandwidth 
Frequence_distance=         360.000000 MHz 

Center frequency 
Frequence_doppler=          0.000000 Hz [-90.000000 degre dans le plan slant] 
                                         [-89.960129degre dans le plan horizontal] 

Center doppler frequency 
                            Bande_de_base= non 
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Angle_derive=               -6.435127 degres 
Yaw angle (associated with the acquisition) 

Distance_radar_1ere_case=   3850.532020 m 
Near range distance 

Hauteur_radar_sol_moyenne=    3850.532020 m [Altitude capteur= 4001.028899 m]   
This height is referenced with respect to the Clark 80 ellipsoid (different than the IAG 
GRS80 associated with the WGS84 system) 
 
Hauteur.source=             bio05com_Hh_full_MNT.inf   
Depression=                 45.000000 degres    
Route_nominale=             178.018508 degres    
Pente_nominale=             -0.025774 degres  [pente d'origine=-0.047594 degres (courbure 
terrestre)]   
Angle_gite=                 0.327867 degres    
Angle_assiette=             5.440495 degres    

Information about the trajectory and the aircraft attitude 
# Origine des donnees trajectographiques :   
#Trajecto.source=            indeterminee 
#Hauteur.source=             indeterminee 
# [voir le fichier de compte-rendu bio05_igi_BL_com.trc de la trajectoire bio05_igi_BL_com.traj 
utilisee pour le calcul] 
# [Note: l'info Latitude/Longitude ci-dessous est utilisable meme sans le fichier trajectoire 
bio05com_Hh_full_zon.trj associe a cette image] 
# [ce fichier n'est necessaire que pour alterer la geometrie de l'image] 
Latitude_origine=           58.479422 degres    
Longitude_origine=          13.588043 degres    
#Heure_origine=              non documente   

Information sur la trajectoire utilisée 
# Parametres nominaux de Qualite Image :   
# Attention, les résolutions non apodisees sont en fait des frequences de coupure   
Resol_dist_rad=             0.749256 m [non apodisee, non projetee]   
Resol_dist_proj=            1.059608 m [non apodisee, projetee]   
Resol_dopp=                 0.849745 m [non apodisee]   
Apodisation_distance=       rectangulaire   
Apodisation_doppler=        rectangulaire   
Resol_dist_rad_apod=        0.663761 m [apodisee, non projetee]   
Resol_dist_proj_apod=       0.938699 m [apodisee, projetee]   
Resol_dopp_apod=            0.752783 m [apodisee]   
Surface_resolution=         0.784738 m²   

The resolution surface is important to compute the sigma0 values 
Date_calcul=                  Tue Mar 15 2011   

 

4.7.4 Computing the incidence angle 

The incidence angle for the pixel (i,j) can be computed from the following equation: 

 

)__int*_1__tan/(___(cos 1 lookradialercaseicaseereradarcedismoyennesolradarhauteur += −θ   

                                                                                                                                                           (Eq. 4.3) 

4.7.5 Computing Sigma0 

The input data are radar cross section. In order to transform the data into Sigma0, one must use the 
following equation: 
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dBresolutionSurfaceyx
N ROI

)_/sin)(1(log.10 22
100 θσ ∑ +=                                                (Eq. 4.4) 

 

4.7.6 Reading the grid file (*.grille) 

The grid file makes it possible to transform pixel positions into latitude and longitude. 

Being able to link precisely one pixel on the image to one geographic location is essential. So is the 
reverse. In order to provide this correspondence independently of the altitude of the point (which we do not 
know precisely as we do not have a precise DEM), we provide with the each SAR SLC dataset a file 
providing a transformation grid, with the file extension “*.grille”. The grid file allows to link a position in the 
image (x,y) associated with a height to a precise latitude and longitude. It can also be used to associate an 
image position and a height to a geographic position. The transformation principle in both direction is 
shown in Figure 4.31. 

 

 

Figure 4.31. The principle of transforming image positions into geographic coordinates in some reference 
system, here WGS84, or vice versa. For the SETHI data the transformation step (blue box) is supported by the 

available grid file (*.grille). 

 

The transformation grid file is a text file. The file starts with a short description indicating the relevant 
reference system and the desired accuracy. For BioSAR 2010, we have chosen 1.5 m as accuracy. This 
value was used to compute the maximum step size in the three dimensions, range, azimuth and height 
such that the error resulting from a simple linear interpolation between the grid points will create an error 
below the requested accuracy. The first lines describe also the range of altitude as well as the number of 
steps in the line dimension (30 in the range direction), in the azimuth direction (153) and in the altitude 
direction (56). The file contains then 30x153x56 lines listing x, y, h, lon and lat, where (x, y) is the image 
pixel position in range and azimuth, h is the ellipsoidal height with respect to the GRS80 ellipsoid and (lon, 
lat) is the longitude and latitude (E, N) represented in the WGS84 system. An example of the first part of a 
grid file, including the first two rows of the parameters (x, y, h, lon and lat), is shown here: 

Image position
x,y

Ellipsoidal h

Transformation grid
Geographic coordinates

WGS84 lat, lon

Image position
x,y

Ellipsoidal h

Transformation grid
Geographic coordinates

WGS84 lat, lon

Image position
x,y

Ellipsoidal h

Transformation grid

Geographic coordinates
WGS84 lat, lon Image position

x,y
Ellipsoidal h

Transformation grid

Geographic coordinates
WGS84 lat, lon



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 67 of 177 
 

 

% Grille de geoereferencement de l image ./bio05com_Hh_full_zon.1 calculee pour une precision de 
1.000000 m entre alt = 112.603741 m et alt = 320.234614 m 
% format : ligne colonne altitude longitude latitude  (longitude = latitude=0 si pas de donnee )  
% Les coordonnees geographiques sont exprimees en WGS84, les altitudes sont donnees par rapport a 
l'ellipsoide de GRS 80 
nb_lig 30  
 nb_col 153 
 nb_alt 56 
10 0 112.6037 13.6064020890429 58.4797853608310 
10 0 112.8161 13.6064151382926 58.4797856259633 

 

In order to use the grid, one way is to identify the two height levels framing the desired height. On each 
height layer, the desired localisation information is computed via a linear interpolation and a final 
interpolation is performed in the height direction to compute the localisation information. The procedure is 
conceptually illustrated in Figure 4.32. 

 

Figure 4.32. Computation of the geographic position of the pixel (i, j, h) shown in red. First identify the upper and 
lower layers encompassing the pixel, then for each layer use the available green points to compute the 

geographic position of the blue point, and finally interpolate between the two blue points. 

 

4.7.7 Text file (*.txt) with infomation about the ROIs 

There is a text file that contains all information about the geographic and radar coordinates of the ROI 
vertexes with respect to each SAR image. In parallel, the representation of the ROIs is also available in a 
separate file defined in accordance with the ENVI ROI format (*.roi). 

All ROI text files have the same structure and this is indicated in Figure 4.33. 
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Figure 4.33. Example of the layout of the text files available and associated to the ROIs. 

  

4.8 Description of Geocoded SAR Data Formats 

4.8.1 The header file (*.ent) 

In the following, the header file for the geocoded SAR data is printed in blue and the explanation in black. 
The information outlined in red is essential for the BioSAR 2010 analysis. 

 

# Nom de la carte : 
Carte.dat=                  tropi0509_Pprop_Hh_proj_wgs84.dat   
                  
# Structure du fichier et codage des pixels  
# [dans ordre LSBfirst = big-endian]  
Format_valeurs_carte=       int_2   
Codage_valeurs_carte=       lin   

The data are coded in unsigned short 
largeur=10036  

Number of pixels along the slant range axis 
hauteur=8660 

Number of lines along the azimuth axis 
PAS LONGITUDE=0.0588457  
Pixel spacing in arc second for longitude 
PAS LATITUDE=0.0323395 
Pixel spacing in arc second for latitude 
This involve a pixel spacing of 1m along both direction 
# Parametres nominaux d'amplitude  sigma0 :   
Echelle=      linéaire       
Pas d'echelle=              0.000400379 
Max echelle=       26.2388     (valeur correspondant à  +65535) 
Min echelle=       0 
Max 1=               26.2392 
 
POSITION ORIGINE=0 0 
This point correspont to : 
LONGITUDE ORIGINE=13.54952 ° 
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LATITUDE ORIGINE=58.49398 ° 
In wgs84 

 

4.8.2 Reading the geocoded data 

The header file (*.ent) associated with the geocoded image contains as the first two lines the number of 
columns and the number of lines in the file. It also contains the localisation position of the NW corner and 
(0, 0) pixel of the image as well as the pixel spacing (in both E-W and N-S directions). Hence, the 
geocoded SAR data file does not contain any header and is simply an array of size nb_case x Nb_line of 
unsigned integer ranging from [0, 65535]. When no data are available, the pixel has the value 0. 

One can compute the normalised radar cross-section with the following equation: 

 

dBechelledpasx
N ROI

))__*(1(log.10 2
100 ∑=σ                                                                       (Eq. 4.5) 

 

4.8.3 IDL code to read a proj_WGS84 file from a LINUX machine 

fileproj=envi_pickfile()  
nbcase=10036  
nbligne=8660  
proj_img=intarr(nbcase,nbligne)  
openrR,lun,fileproj,/get_lun  
readu,lun,proj_img  
close,lun  
proj_img2=uint(swap_endian(proj_img))*PAS_D'ECHELLE  
envi_enter_data,proj_img2*1. 
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5 HELICOPTERBORNE LIDAR DATA ACQUISITION AND PROCESSING 
The LiDAR acquisition was carried out using the helicopter-mounted TopEye MkIII system (S/N 700) that 
can be seen in Figure 5.1. The laser wavelength is 1550 nm, beam divergence ≤ 0.5 mrad, and the 
approximate pulse width 3 ns. The scanner system uses a rotating polygon mirror with four mirror facets. A 
pulse rate frequency up to 240 kHz can be programmed as well as the number of targets to detect from 
each emitted pulse. The airborne laser scanning (LiDAR) system is owned and operated by the company 
Blom Sweden AB [28]. 

 

 

Figure 5.1. The TopEye airborne laser scanning system is installed in a pod mounted beneath a helicopter. A 
high resolution digital camera is also available in the pod to provide simultaneous image capture. (Photo: Blom 

Sweden AB). 

 

5.1 Mission Planning  

The LiDAR data acquisition was planned to cover the same areas as the earlier LiDAR acquisitions at the 
Remningstorp test site during 2007 and 2008, but also to cover existing and planned ground 
measurements. The contractor Blom Sweden AB was given polygons that specified the area for data 
registration with the ground coverage shown in Figure 5.2. The original planned flight altitude was 200 m 
for area A and C, and 400 m for area B and D in Figure 5.2. However, an additional LiDAR acquisition was 
added for area A from an altitude of 400 m at a different date, but with the same instrument to obtain an 
almost complete coverage of the test site with the same system parameter settings.  
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In the BioSAR 2007 analysis LiDAR data of area A and C were available and acquired the same year. The 
LiDAR area coverage was extended with B in 2008, when also area A and C were mapped once again. 
The requirement to include D in BioSAR 2010, besides A, B and C, was primarily motivated by the need to 
cover all planned new plots in the upcoming forest inventory during the fall of 2010, but also from the fact 
that the new flight line L30 introduced for SETHI would image this part of Remningstorp estate too. 

 

 

Figure 5.2. Ground coverage for planned laser mapping. The polygons A (red), B (blue), C (green) and D (red) 
encompass most of the Remningstorp estate. (© Photo: Google Earth). 

 

5.2 LiDAR Measurements Overview 

The LiDAR acquisition was performed on 29 August 2010 for all areas that were specified, i.e. A, B, C and 
D in Figure 5.2. Additional scanning of area A from an altitude of 400 m was performed on 9 September 
2010.  

5.3 LiDAR Data Acquisition 

The density was at least 10 returns per square meter from 400 m altitude and at least 30 returns per 
square meter from 200 m altitude above ground level. In total, there are approximately 1.5 billion returns, 
which correspond to 69 returns per square meter on average (Figure 5.3). More details about the 
registrations are available in a project report issued by Blom Sweden AB [29]. Full waveform LiDAR data 
are available in the data set, but have not been used. Also 1720 aerial photos were captured in parallel to 
the laser scanning. The photos were captured with a Rollei P45 camera with an image size of 7216 × 5414 
pixels [29]. The photos are not included in BioSAR 2010 because of the lack of geo-referencing. 
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Figure 5.3. LiDAR scanning density at the estate of Remningstorp, in returns per square meter with 
homogenous red areas corresponding to water, e.g. lakes [29]. LiDAR acquisition was performed on 29 August 
2010 for areas A-D and on 9 September 2010 for areas A and E-G (areas E-G not included in BioSAR 2010).  

 

5.4 Processing of LiDAR Data 

First, the LiDAR returns were classified as ground or vegetation returns. A Digital Elevation Model (DEM) 
was created using the LiDAR returns classified as ground returns. A Digital Surface Model (DSM) was 
created from canopy height values computed as the difference between the height values of the LiDAR 
returns and the height value of the DEM at the LiDAR return horizontal position x, y. Height thresholds 
were applied in order to separate vegetation returns from returns of ground, stones and small vegetation 
[30]. The 53 most utilized metrics to summarize the height distribution of LiDAR returns in the canopy [31] 
were calculated from the LiDAR data (see Table 5.1), for each objectively inventoried field plot, and also 
as a 53 band raster file with a cell size of 10 m × 10 m covering the LiDAR scanned area. These data sets 
serve as training data (field plots) for regression modeling, and estimation data (10 m × 10 m raster) to 
map the complete area using the developed regression model. 
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Table 5.1. Metrics calculated from LiDAR data, at each field plot as well as at each 10 m × 10 m raster cell, 
stored in a 53 band GeoTiff file, covering the complete LiDAR scanned area. 

 
Band 
 

 
Variable name 

 
Description 

0 returns Number of LiDAR returns per square meter 
1 perc10 The 10th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
2 perc20 The 20th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
3 perc30 The 30th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
4 perc40 The 40th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
5 perc50 The 50th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
6 perc60 The 60th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
7 perc70 The 70th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
8 perc80 The 80th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
9 perc90 The 90th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
10 perc95 The 95th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
11 perc100 The 100th percentile of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
12 avgh The average height of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height 
13 stdh The standard deviation of LiDAR return values above height threshold, the height threshold was 

1.0 m and 10% of the maximum height  
14 vegratio Proportion of LiDAR returns above height threshold, the height threshold was 1.0 m and 10% of 

the maximum height 
15 vegratioDSM Proportion of DSM values above height threshold, the height threshold was 1.0 m and 10% of the 

maximum height 
16 vegratio2 Proportion of LiDAR returns above height threshold, the height threshold was 2.0 m 
17 vegratio3 Proportion of LiDAR returns above height threshold, the height threshold was 3.0 m 
18 vegratio5 Proportion of LiDAR returns above height threshold, the height threshold was 5.0 m 
19 vegratio2p1 Proportion of first LiDAR returns above height threshold, the height threshold was 2.0 m 
20 vegratio3p1 Proportion of first LiDAR returns above height threshold, the height threshold was 3.0 m 
21 vegratio5p1 Proportion of first LiDAR returns above height threshold, the height threshold was 5.0 m 
22 prop1020 Proportion of LiDAR returns within 10% and 20% of the maximum height 
23 prop2030 Proportion of LiDAR returns within 20% and 30% of the maximum height 
24 prop3040 Proportion of LiDAR returns within 30% and 40% of the maximum height 
25 prop4050 Proportion of LiDAR returns within 40% and 50% of the maximum height 
26 prop5060 Proportion of LiDAR returns within 50% and 60% of the maximum height 
27 prop6070 Proportion of LiDAR returns within 60% and 70% of the maximum height 
28 prop7080 Proportion of LiDAR returns within 70% and 80% of the maximum height 
29 prop8090 Proportion of LiDAR returns within 80% and 90% of the maximum height 
30 prop90100 Proportion of LiDAR returns within 90% and 100% of the maximum height 
31 intensity1020 Sum of LiDAR return intensity values within 10% and 20% of the maximum height divided with 

the total number of returns 
32 intensity 2030 Sum of LiDAR return intensity values within 20% and 30% of the maximum height divided with 

the total number of returns 
33 intensity3040 Sum of LiDAR return intensity values within 30% and 40% of the maximum height divided with 

the total number of returns 
34 intensity4050 Sum of LiDAR return intensity values within 40% and 50% of the maximum height divided with 

the total number of returns 
35  intensity5060 Sum of LiDAR return intensity values within 50% and 60% of the maximum height divided with 

the total number of returns 
36 intensity6070 Sum of LiDAR return intensity values within 60% and 70% of the maximum height divided with 

the total number of returns 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 74 of 177 
 

37 intensity7080 Sum of LiDAR return intensity values within 70% and 80% of the maximum height divided with 
the total number of returns 

38 intensity8090 Sum of LiDAR return intensity values within 80% and 90% of the maximum height divided with 
the total number of returns 

39 intensity90100 Sum of LiDAR return intensity values within 90% and 100% of the maximum height divided with 
the total number of returns 

40 vegratiorel10 Proportion of LiDAR returns above height threshold, the height threshold was 10% of the 
maximum height 

41 vegratiorel20 Proportion of LiDAR returns above height threshold, the height threshold was 20% of the 
maximum height 

42 vegratiorel30 Proportion of LiDAR returns above height threshold, the height threshold was 30% of the 
maximum height 

43 vegratiorel40 Proportion of LiDAR returns above height threshold, the height threshold was 40% of the 
maximum height 

44 vegratiorel50 Proportion of LiDAR returns above height threshold, the height threshold was 50% of the 
maximum height 

45 vegratiorel60 Proportion of LiDAR returns above height threshold, the height threshold was 60% of the 
maximum height 

46 vegratiorel10p1 Proportion of first LiDAR returns above height threshold, the height threshold was 10% of the 
maximum height 

47 vegratiorel20p1 Proportion of first LiDAR returns above height threshold, the height threshold was 20% of the 
maximum height 

48 vegratiorel30p1 Proportion of first LiDAR returns above height threshold, the height threshold was 30% of the 
maximum height 

49 vegratiorel40p1 Proportion of first LiDAR returns above height threshold, the height threshold was 40% of the 
maximum height 

50 vegratiorel50p1 Proportion of first LiDAR returns above height threshold, the height threshold was 50% of the 
maximum height 

51 vegratiorel60p1 Proportion of first LiDAR returns above height threshold, the height threshold was 60% of the 
maximum height 

52 meanscanangle Mean scan angle of LiDAR returns  

 

5.5 Delivered LiDAR data set 

The processed LiDAR data are delivered in a number of raster files summarized in Table 5.2. The raster 
cell size is 10 m × 10 m for the LiDAR metric products and 0.5 m × 0.5 m for the DEM and DSM (Figure 
5.4 and Figure 5.5). All files are available in WGS84 and UTM 33N and are separated by the following 
prefixes added to the file names found in Table 5.2: 

 

• BioSAR_2010_Remningstorp_WGS84_* 
• BioSAR_2010_Remningstorp_UTM33N_* 
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Figure 5.4. LiDAR DEM with a raster cell size of 0.5 m × 0.5 m covering the estate of Remningstorp. 

 

 

Figure 5.5. LiDAR DSM with a raster cell size of 0.5 m × 0.5 m covering the estate of Remningstorp (here 
shown for a smaller area along a high-voltage power line that intersects the estate). 
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Table 5.2. LiDAR data files generated in BioSAR 2010 campaign. 

 
File name 

 
Description 

LiDAR.tif 53 band GeoTiff file containing LiDAR metrics, 10 m × 10 m raster cells. Band description is 
provided in Table 5.1. 

LiDARperc60.tif 1 band GeoTiff file containing the 60th percentile of LiDAR return values above height threshold, 
the height threshold was 1.0 m and 10% of the maximum height (perc60). The data are also 
found as band 6 in the file LiDAR.tif. The values are in cm above ground. 

LiDARperc70.tif 1 band GeoTiff file containing the 70th percentile of LiDAR return values above height threshold, 
the height threshold was 1.0 m and 10% of the maximum height (perc70). The data are also 
found as band 7 in the file LiDAR.tif. The values are in cm above ground. 

LiDARperc95.tif 1 band GeoTiff file containing the 95th percentile of LiDAR return values above height threshold, 
the height threshold was 1.0 m and 10% of the maximum height (perc95). The data are also 
found as band 10 in the file LiDAR.tif. The values are in cm above ground. 

LiDARprop30.tif 1 band GeoTiff file containing the proportion of LiDAR returns above height threshold, the height 
threshold was 3.0 m (vegratio3). The data are also found as band 17 in the file LiDAR.tif. The 
values are in percent. 

LiDAR_DEM.tif 1 band GeoTiff file containing the DEM generated with LiDAR, 0.5 m × 0.5 m raster cells. The 
values are in cm above mean sea level defined according to the Swedish National Height System 
RH2000. 

LiDAR_DSM.tif 1 band GeoTiff file containing the DSM generated with LiDAR, 0.5 m × 0.5 m raster cells. The 
values are in mm above ground. 
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6 GROUND MEASUREMENTS AND PROCESSING 
 

6.1 GPS Reference Data  

The SETHI system uses the services from OmniSTAR to get differential GPS data for the high accuracy 
processing of the platform movements. OmniSTAR is a wide-area differential GPS service using satellite 
broadcast techniques to provide information in real-time from reference stations on ground [32]. Access to 
data is given through a subscription procedure valid within a specified geographical coverage and with 
three possible levels of position accuracy. 

For the BioSAR 2010 mission the OmniSTAR subscription for SETHI had to be extended to also allow 
operation and data access in southern Sweden. As a backup procedure, in case of unexpected problems 
in getting real-time OmniSTAR reference GPS data, it was decided to also deploy a GPS reference 
receiver in Remningstorp and operate it during the single BioSAR 2010 flight mission. The equipment used 
for this purpose was an Astech Z-12 receiver unit provided by FOI. This model has 12 receiver channels 
and the registration frequency of available satellites was configured to be one per second. The tripod with 
the antenna dish mounted on top was deployed on 23 September 2010 at an open field in the vicinity of 
the central part of Remningstorp, just outside the estate boundary on the southern side. The antenna was 
measured to be 170 cm above the ground surface during the registration. Examination of the data 
downloaded from the Ashtech Z-12 registration on 23 September gives the start and stop time for the 
operation of the GPS device and are shown in Table 6.1. 

 

Table 6.1. Reference GPS data registered in Remningstorp during BioSAR 2010. Local time 23 September 
2010 was UTC + 2. 

Date Start GPS (UTC) Stop GPS (UTC) Number of epochs 
2010-09-23 13:59:01 16:49:37 10237 

 

To get an accurate position of the deployed Ashtech Z-12 in Remningstorp, in case this data source has to 
replace OmniSTAR, SWEPOS reference data were ordered with sufficient margins to include the time 
interval in Table 6.1. The SWEPOS system is operated by Lantmäteriet [33]. The network consists of 36 
complete and 144 simplified stations distributed over the whole country of Sweden. To achieve 
redundancy and reliable data access, the complete stations are equipped with two parallel GPS receiving 
systems and the power supply is also built to handle failures like power outages for a period of up to 48 
hours. In addition, the GPS antenna is here mounted on pillars that are made of concrete and are placed 
on solid bedrock, often at high altitudes where the obstacles are in low elevations. The simplified stations 
have less redundancy and the antennas are often mounted on available buildings with the supporting 
equipment indoors.  

Data from four complete SWEPOS GPS stations and six simplified were ordered during BioSAR 2010 to 
ensure that a position of good quality can be retrieved for the Ashtech Z-12 registration if necessary. It is 
of course possible to post-process the SETHI data directly with reference data from one of the SWEPOS 
stations, although none of those ten stations are located as close to the imaged areas as the locally 
deployed Ashtech Z-12. The coordinates for the ten stations are found in Table 6.2 and Table 6.3. The 
positions are also indicated in the maps of Figure 6.1 and Figure 6.2. 
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Table 6.2. Complete SWEPOS GPS stations providing data during BioSAR 2010. 

Station Latitude (SWEREF 99) Longitude (SWEREF 99) Height (ellipsoidal, m) 
Borås 57° 42’ 53.84109” 12° 53’ 28.84159” 219.918 

Jönköping 57° 44’ 43.69608” 14°   3’ 34.57899” 260.352 
Karlstad 59° 26’ 38.46674” 13° 30’ 20.23720” 114.265 

Vänersborg 58° 41’ 35.24916” 12°   2’   5.99772” 169.664 

 

Table 6.3. Simplified SWEPOS GPS stations providing data during BioSAR 2010. 

Station Latitude (SWEREF 99) Longitude (SWEREF 99) Height (ellipsoidal, m) 
Falköping 58° 10’ 11.76693” 13° 33’ 21.90115”         259.868 
Hasslerör 58° 44’ 56.55273” 13° 56’ 15.74348”           97.689 

Hjo 58° 18’   4.76144” 14° 17’ 11.43183”         140.210 
Kållandsö 58° 39’ 49.05392” 13° 11’ 32.99623”           90.039 

Väne-Åsaka 58° 14’ 30.15422” 12° 25’ 23.06600”         112.614 
Åmmeberg 58° 52’ 12.96464” 15°  0’  0.64355”         143.274 

 

 

Figure 6.1. Locations of four complete SWEPOS GPS stations available for accurate positioning during BioSAR 
2010 are marked in blue. (Map: http://swepos.lmv.lm.se). 
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Figure 6.2. Locations of six simplified SWEPOS GPS stations available for accurate positioning during BioSAR 
2010 are marked in blue. (Map: http://swepos.lmv.lm.se). 

 

6.2 Field Observations 

The SAR data acquisition with SETHI took place in the late afternoon on 23 September 2010. From lunch 
time the same day until the evening twilight 13 forest stands were visited in Remningstorp. Table 6.4 gives 
an overview of the forest stand numbers and Figure 6.3 shows the locations of the stands. All are found in 
the central part of the test site which was in focus for the SAR imaging with E-SAR in BioSAR 2007 and 
during this campaign mapped by SETHI. Moreover, these include all of the 10 validation stands used in 
the BioSAR 2007 data analysis, i.e. the 80 m × 80 m field plots with single-tree measurements. Three of 
them have, however, been clean-felled since the BioSAR 2007 campaign took place. 

 

Table 6.4. Number of forest stands visited during field observations conducted in the afternoon on 23 
September 2010. 

Date Number of forest stands visited 

2010-09-23 2223, 2728, 3327, 3726, 3832, 4327, 4430, 4626, 5332, 5721, 5729, 
5932, 6029 
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Figure 6.3. Locations of visited forest stands at the Remningstorp test site are marked by blue-green colour. 
Red arrows indicate approximate directions in which the available digital photos were captured. 

 

Some subjective observations were noted in a protocol at each stand visited, primarily concerning the 
topography, the vegetation and weather related parameters. At least one photo was captured with a digital 
camera as an additional documentation of the current conditions of the stand. The same protocol form was 
also used for the field observations conducted during both BioSAR 2007 and BioSAR 2008. The 
parameters in the protocol are summarized in Table 6.5. As can be seen some are related to winter and 
freezing conditions and could be ignored this time of the year. No precipitation occurred during the 
afternoon of 23 September and the air temperature was taken from the thermometer in the used car, but 
only in case it was parked very close to the visited stand. The wind speed and direction was estimated 
when possible from visual inspection, e.g. moving branches and leaves. No hand-held GPS device was 
available, but an approximate location for the photos captured was marked on a map. Since most of the 
photos are from areas with single-tree measurements, position figures can be estimated from that data set 
in those cases. In conclusion, it is only a fraction of the possible variables that are found in the protocols 
from BioSAR 2010 and there is also variability between visited areas whether or not a note has been taken 
for a specific parameter. With the limited time available of about five hours only to conduct the field 
observations, the priority was to visit all areas with information about single trees, take photos and note 
whether any wetness of the ground could be observed. 
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Table 6.5. Parameters that are found in the layout of the protocol form used in BioSAR 2007, BioSAR 2008 and 
BioSAR 2010 SAR campaigns. 

Site ID (stand number) 
Time of day (local) 
Photo ID(s) 
North pos. (photo) [°] 
East pos. (photo) [°] 
Photo direction(s) [°] 
Slope (%) 
Growth stage 
Stratification 
Snow on branches 
Water droplets 
Herb layer 
Litter thickness 
Litter type 
Standing water 
Snow cover 
Frozen ground 
Additional notes on wetness 

Air temperature [°C] 
Wind speed [m/s] 
Precipitation 
Wind direction 
Other notes 

 

The information of the BioSAR 2010 protocols have been transcribed into a digital version and this 
compilation has been issued as a separate document that also includes all the photos. The pdf-version of 
this document has been inserted in this report as Appendix B. 

Soil samples for gravimetric determination of the moisture were not taken in BioSAR 2010. Instead, three 
sensors (Aquaflex [34]) deployed and in operation for measurements of soil moisture and soil temperature 
were checked as part of the field observations and the stored data were downloaded to a computer. The 
two deployed 5 m trihedrals were also inspected and the angles for their orientations were measured. 

 

6.3 Weather Conditions 

Weather data are based on two main sources, i.e. registrations provided by the Swedish Meteorological 
and Hydrological Institute (SMHI) and measurements obtained from a wind power plant in the vicinity of 
Remningstorp. In addition, the air temperature is also measured close to one of the deployed devices for 
soil moisture registrations and the results from this sensor are presented in Section 6.4. 

The typical overcast condition in the late afternoon of 23 September, when the SAR data collection took 
place, is illustrated by the photo in Figure 6.4. The observation was made from the ground around 17:00 
local time (UTC + 2h), close to the forest stand number 6029, where the field observations were carried 
out at that moment. 
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Figure 6.4. Photo of the sky captured during the time interval when SETHI imaged the Remningstorp test site on 
23 September 2010. 

 

6.3.1 Weather data from SMHI 

Weather data from SMHI originate mainly from the national network of automatic weather stations [35]. 
The number of parameters measured differs, however, with the location of each facility. In the eastern part 
of Remningstorp estate one station is available (58°27´N, 13°40´E), but limited to temperature and 
precipitation parameters only. The grid for wind conditions is coarser and in this case the station in Hällum 
was selected (58°19´N, 13°02´E). Hällum is found about 40 km west-southwest of the area mapped by 
SETHI and the landscape in between is mainly an open and flat agricultural region. The wind conditions 
are measured at an altitude of 10 m above the local ground surface. The cloud information are not based 
on any in-situ instrument but retrieved by SMHI using the tool Mesan - an Operational Mesocale Analysis 
System [35]. This system gives estimates of various meteorological parameters by combining many 
available sources, e.g. manual observations, automatic weather station data, satellite and radar imagery. 
The weather data provided by SMHI are summarized in Table 6.6. For the cloud parameters Mesan has 
generated the estimates for the same position as the location of the automatic weather station in 
Remningstorp. 
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Table 6.6. Weather parameters registered by SMHI 23 September 2010. Data are available at certain time 
intervals and the figures given here cover the full SAR data collection period with sufficient margins. For the 
temperature, however, only one value in the morning and one in the evening are recorded by the automatic 

weather station in Remningstorp. 

Weather parameter 2010-09-23 
Registration time (local) 14:00, 17:00, 20:00 
Total cloud cover 6/8, 5/8, 7/8 
Cloud base [m] 1160, 770, 620 
Precipitation 24 h [mm] 0.0 
Temperature [° C], (local time) 8.4 (08:00), 14.2 (20:00) 
Wind direction [°] 195, 196, 146 
Wind speed [m/s] 4.5, 4.0, 2.2 

 

6.3.2 Weather data from a wind power plant 

A wind power plant, Ölanda, was used to get data about the wind conditions. It is located near the western 
part of Remningstorp, just outside the estate boundary on the southern side (58°27.4´N, 13°34.5´E). The 
power turbine is mounted at a height of 74 m, see Figure 6.5. 

 

 

Figure 6.5. Wind power plant at Ölanda in the vicinity of Remningstorp. Photo from an earlier date than on 23 
September 2010. 
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The recorded wind speeds are averages every half an hour and have been provided by the manager of 
the wind power plant. The wind speeds for the time interval when SETHI collected radar data are given in 
Table 6.7. The wind direction is not automatically registered by the wind power plant. Estimations based 
on visual inspection of a weather vane, found at a lower altitude on a building close by, gave wind 
directions in the interval 215° to 225° during the period of SAR measurements.  

 

Table 6.7. Average wind speeds registered by the wind turbine at Ölanda on 23 September 2010. The 
dominating wind direction during this part of the day was from southwest. 

Time interval (local, UTC + 2h) Ölanda (m/s) 
15.45 - 16.15 3.6 
16.15 - 16.45 3.7 
16.45 - 17.15 4.7 
17.15 - 17.45 5.1 
17.45 - 18.15 6.0 
18.15 - 18.45 5.5 
18.45 - 19.15 6.4 

 

6.4 Soil Moisture and Soil Temperature 

In April 2006 two Aquaflex soil moisture sensors were installed at Remningstorp, see Figure 6.6. Sensor 1 
was placed on a field and sensor 2 in an adjacent forest (stand number 6029). Both were active during the 
BioSAR 2007 campaign. 

For the BioSAR 2010 campaign, sensor 1 was no longer operational, but two new Aquaflex sensors had 
been added to the network. Sensor 3 was placed in an open area next to one of the large corner reflectors 
deployed (trihedral number 3) and sensor 4 in a forest a few hundred meters west of the reflector (stand 
number 3327). The locations of the sensors are indicated in Figure 6.7 and Figure 6.8. The Aquaflex soil 
moisture probe uses a process called Time Domain Transmission (TDT) where an electric pulse is sent 
along a 3 m long transmission line buried about 150 mm under the surface [34]. The sensor measures the 
percent volumetric soil moisture and the soil temperature. Measurements are done at predefined intervals 
and the values are stored in a logger. Sensor 4 has also been equipped with a solar panel and a GSM 
modem as illustrated in Figure 6.9, which makes it possible to download data from the logger without 
travelling to Remningstorp [36]. 
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Figure 6.6. Installation of an Aquaflex soil moisture sensor in Remningstorp 2006. 

 

 

Figure 6.7. Locations of three active Aquaflex sensors during the BioSAR 2010 campaign. 
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Figure 6.8. Locations of three active Aquaflex sensors during the BioSAR 2010 campaign. (© Map: Lantmäteriet 
Gävle). 

 

 

Figure 6.9. Solar panel, logger box with GSM modem and battery box for Aquaflex sensor 4, located in forest 
stand number 3327 at Remningstorp test site. Photo captured on 23 September 2010. 
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The Aquaflex instruments were checked and data downloaded during the field observations that were 
undertaken on the same day as the SETHI data acquisitions, i.e. on 23 September 2010. Figure 6.10 
shows this activity for sensor 2 with a PC connected to get the stored data from the probe measurements. 
Close to this location is a sensor mounted on a tree trunk for registration of the air temperature. The stored 
data from this unit were also downloaded. 

 

 

Figure 6.10. Downloading of soil parameters from Aquaflex sensor 2, located in forest stand number 6029 at 
Remningstorp test site. Photo captured on 23 September 2010. 

 

The analysis of the Aquaflex measurements shows that on 23 September the volumetric soil moisture was 
about 10% at the two forest sites (locations 2 and 4) and 30% on the field next to trihedral number 3 
(location 3). The soil temperature at about 150 mm depth was between 10° and 11° C. Soil temperature 
and moisture values during the period 18 to 23 September can be seen in Figure 6.11. Sensor 3 and 4 
were installed on 20 September. After this date all three sensors were active and data were downloaded 
on 23 September during the late part of the field observations when SETHI was conducting the SAR 
registrations. After the download process was completed data from sensor 4 can still be plotted since it is 
remotely accessible using the GSM-modem. The variations in air temperature close to sensor 2 and 
measured during the period 18 to 23 September is plotted in Figure 6.12. 
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Figure 6.11.  Soil moisture and soil temperature from 2010-09-18 to 2010-09-24. 

 

 

Figure 6.12. Air temperature close to sensor 2 from 2010-09-18 to 2010-09-23. 
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6.5 Forest Inventory 

There are extensive forest inventory data sets available for the Remningstorp test site, with varying degree 
of accuracy. A traditional forest stand map has been produced of the area using manual interpretation of 
aerial photographs viewed in stereo, a map which divides the complete area into silvicultural treatment 
units, i.e. stands. All stands have been inventoried using subjective measurement methods, which are 
associated with large uncertainties (typical 20-30%). In addition to this, several extensive inventories have 
been carried out using objective methods and accurate GPS positioning of circular field plots and single 
trees, giving large data sets with high accuracy, which can be used in statistical modeling and mapping 
using remote sensing data. Nevertheless, the data sets needed to be updated and extended for BioSAR 
2010. 

 

6.5.1 Available ground data – field plots 

At Remningstorp a grid of 849 field plots was established at the central part of the estate in 2004 and 
2005, each plot with a radius of 10 m, laid out with a spacing of 40 m to cover an area of about 760 m × 
2120 m. Stand boundaries were ignored in this inventory. Each plot is accurately positioned using 
differential GPS. Figure 6.13 shows the sample design of the field plots. 

 

 

Figure 6.13. Location of 849 field plots in the central part of the Remningstorp test site. (© Map: Lantmäteriet 
Gävle). 
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At each plot, all trees were callipered at breast height (i.e., 1.3 m above ground) and for randomly selected 
sample trees, chosen with a probability proportional to the basal area, tree heights were also measured. At 
plot level, estimated forest stem volume varies from 0 m3/ha to 902 m3/ha, with a mean of 249 m3/ha (stem 
volume can, to a first order approximation, be converted to above-ground dry biomass by multiplication 
with 0.6 tons/ha for the biomes in question). 

 

6.5.2 Available ground data – single trees 

The most detailed inventory made in Remningstorp was an effort to measure the properties of single trees 
during the fall of 2006 and the spring of 2007. In total, 17 areas were inventoried with the locations found 
on the map in Figure 6.14. The data set consists of 4358 trees. Due to a storm event on 14 January 2007, 
i.e. between the two inventories, the data from 2006 have been updated after revisits in the end of 2007. 
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Figure 6.14. Map of stands located in the central part of the Remningstorp test site, where single tree data were 
collected in 2006 and 2007. Six stands (in blue) were inventoried during the fall of 2006 (and re-inventoried due 

to a storm event in the end of 2007) and eleven stands (in red) during the spring of 2007. 
(© Map: Lantmäteriet Gävle). 

 

The size of the stands is either about 20 m × 50 m (7 stands) or about 80 m × 80 m (10 stands), and are 
confined sub-areas within larger homogeneous forest stands. All trees with a diameter at breast height 
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(dbh) larger than 5 cm have been marked with number tags attached to the stem. The measurements 
made on tree level included GPS position, dbh, species and height. Tree height was measured for all trees 
in the stands that were inventoried in 2007 (11 stands), but only on a subset of the trees for the stands 
inventoried in 2006 (6 stands). However, three of the larger stands have been lost recently due to clear-
felling, i.e. stand numbers 9, 12 and 16. 

 

6.5.3 Field survey strategy in BioSAR 2010 

The existing grid of 849 field plots is a potentially valuable resource, which allows flexible analysis 
possibilities for remote sensing studies, since the size of the data set is large and also since the density is 
extremely high, providing many plots per forest stand. In order to co-register the remote sensing and forest 
data in time, the forest data should be calibrated for six years of additional growth. Furthermore, since the 
year 2004 the estate has experienced two storm events (2005 and 2007), which caused serious damage 
to the forested areas in southern Sweden. Thus, it was necessary to perform an in-situ check of the 
surveyed area in order to assess possible storm damages and other damages, which may decrease 
growth modeling accuracy. This effort was performed by a fast field visit to ensure the data quality at each 
of the 849 field plot locations. The data set was then used as a part of the stand-wise validation of the 
produced biomass map over the entire estate (the plot-wise data can be aggregated within each of the 
stand according to the forest map). To properly support validation, a new forest map of the central part of 
the estate covered by the dense rectangular grid of plots was needed. This, in order to capture changes in 
stand boundaries according to recent logging operations and to introduce the artificial boundaries imposed 
by the edges of the rectangular grid of plots. 

Furthermore, a new grid of field plots was allocated over the estate using 200 m grid spacing co-located to 
the existing dense grid of plots. The new grid consisted of 323 nominal field plot locations, which was 
expected to generate approximately 300 plots on forested land (i.e., actually surveyed). In this design, a 
subset of plots was, thus, exactly co-located to the existing plots dense grid of plots. This provided data to 
assess the accuracy of forecasting the forest state from 2004 and 2005 to 2010, i.e. to calibrate for six 
years of additional growth. The field survey and field data processing were performed using the HEUREKA 
system using circular plots of 5 m radius in regenerating and young forest and 10 m elsewhere [37][38]. 
The collected data set was used to develop the regression model, relating biomass estimated from field 
measurements to LiDAR metrics (see Table 5.1), in order to produce a biomass map over the entire test 
site. 

Finally, the 7 remaining 80 m × 80 m stands (three lost since BioSAR 2007 due to recent clear-felling) with 
field measurements on single trees were also checked and re-measured in-situ. The data set was used for 
validation of the produced biomass map of the test site. For the SAR analysis the 20 m × 50 m stands 
were considered too small and were, therefore, also excluded as validation stands. 

 

6.5.4 The HEUREKA system 

The survey of the new field plots primarily assessed the stem volume (m3/ha), diameter at breast height, 
i.e. 1.3 m above ground (mm), tree height (dm), stem density (stems/ha), tree species composition based 
on proportions of total stem volume (%) and above-ground dry biomass (tons/ha). It was carried out using 
the field survey system HEUREKA IVENT developed at SLU in Umeå, which is a digital hand-held 
computer system utilizing a digital caliper and include possibilities to register external GPS data of plot 
locations [37]. This survey utilized post-processed RTK (Real-Time Kinematic) GPS data using the 
SWEPOS service [33]. Two different sizes of field plots were used, 5 m radius in forest stands with mean 
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tree height obviously less than 4 m and/or basal area weighted mean stem diameter at breast height less 
than 5 cm, and 10 m radius plots in remaining stands. At each 5 m radius plot, height and species of all 
saplings and trees were recorded, and at each 10 m radius plot stem diameter and species of all trees with 
diameter at breast height larger than 4 cm were recorded. In addition, tree height and age were also 
measured on a random sub-sample of trees (on average three trees per plot) at each 10 m radius plot. 
Site variables, such as site index, field layer vegetation, soil type and moisture condition, were also 
recorded at each plot. Table 6.8 gives an overview of the variables registered with HEUREKA IVENT for 
the two different plot sizes. The HEUREKA field survey system was also used in the forest data collection 
conducted during the BioSAR 2008 campaign in northern Sweden (Krycklan test site). In the analysis, the 
10 m radius plots were used to develop the biomass regression model. Hence, the 5 m radius plots were 
excluded, since the biomass on these plots is very low or neglectable. Also, the allometric biomass 
functions based on plots with very low biomass are not considered reliable. 

Table 6.8. Variables registered by the field survey system HEUREKA IVENT for 5 m and 10 m radius plot size. 

 
5 m radius plots (all saplings measured) 

 

 
10 m radius plots (all trees with dbh > 4 cm) 

GPS position of plot center point GPS position of plot center point 
For each sapling:  

- Species 
- Height 
- Dominant or suppressed  

For each tree: 
- Species 
- Dbh 

Cutting class of the forest stand For a random sub-sample of trees: 
- Height 
- Age at breast height (i.e., 1.3 m above ground) 
- Damage occurrence and cause  

Impediment percentage on the plot Cutting class of the forest stand 
Estimated mean total age of the sampled and surrounding 
sapling layer (the layer determining cutting class) 

Impediment percentage on the plot 

Estimated time since last cleaning operation Tree age variation within the forest stand 
Regeneration method applied Estimated basal area weighted mean total age of the sampled 

and surrounding tree layer (the layer determining cutting 
class) 

Regeneration method suggested Estimated time since last cleaning operation 
Cleaning method suggested Estimated time since last thinning operation 
Cleaning priority  

 
Soil type (mineral soil or peat) 

Soil texture 
Soil moisture 

Soil depth 
Ground water movement type 

Vegetation class - ground layer 
Vegetation class - shrub layer 

Influence of ditches 
Ground slope direction 

Tree species for site index determination 
Ground transportation carrying capacity 

Boulder occurrence 
Ground slope angle 

Occurrence of small trees (1-49 mm in dbh) 
Forest damage degree and cause 

Occurrence and type of different forest or land use, within 25 m 
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6.5.5 Collected forest data 

The in-situ check of existing 849 field plots was performed by two professional surveyors from the Swedish 
National Forest Inventory (NFI) in early September 2010. Each plot was visited and apparent changes 
since 2004 were noted, such as wind damages and logging operations, along with subjectively estimated 
strength of change (in percent of removed/damaged/affected stem volume at each plot) and point in time 
(using the definitions of the NFI, i.e. using vegetation seasons rather than calendar years as the basis of 
time measures). Of the original 849 field plots, approximately 428 plots were unaffected and an additional 
27 plots were affected, but with less than 10% estimated strength of change in terms of stem volume, see 
Figure 6.15. 

 

 

Figure 6.15. Position of 455 field plots (+), part of the new grid of plots (•), and revised stand boundaries (―) 
located in the central part of the Remningstorp test site. 
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The new forest map corresponding to the area of the 849 field plots was created using manual 
interpretation of aerial photos viewed in stereo. It was made using the stand boundaries of the existing 
forest map as the basis, but updated according to observed changes in the images. Furthermore, new 
boundaries corresponding to the rectangular area edges were added. The resulting map is shown in 
Figure 6.15. 

After finalizing the in-situ check of the 849 field plots, the two surveyors performed the survey of the new 
grid of plots in September and October 2010. The survey was successful and all plots were measured in 
the field as planned and resulted in about 250 field plots on forested land. Unfortunately, some GPS 
positions were lost due to GPS receiver software malfunction (in one case of disk space shortage). The 
post-processing of collected dGPS measurements resulted in 242 positioned field plots, marked on the 
map in Figure 6.16. 

 

 

Figure 6.16. Position of 242 field plots (+) surveyed in Remningstorp 2010. (© Map: Lantmäteriet Gävle). 

 

Following the field plot surveys, the re-measurement of single trees within the seven 80 m × 80 m stands 
started. At each stand, the diameter at breast height was recorded for each tree, as well as the status of 
the trees as living or dead. Stand numbers 10 and 17 were successfully surveyed before the surprisingly 
early arrival of winter conditions halted the survey. The survey was restarted in the spring of 2011 and 
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delivered data for the five 80 m × 80 m stands remaining (stand numbers 1, 5, 14, 15 and 18) unaffected 
by the recent logging operations at Remningstorp. Figure 6.17 shows the seven 80 m × 80 m stands with 
measurements of single trees available in the analysis of both BioSAR 2007 and BioSAR 2010 data.  

 

 

Figure 6.17. Map of seven 80 m × 80 m stands located in the central part of the Remningstorp test site, where 
re-measurement of single trees was conducted in the fall of 2010 (10 and 17) and in the spring of 2011 (1, 5, 14, 

15, and 18). (© Map: Lantmäteriet Gävle). 

 

6.5.6 Processing of forest data 

Processing of forest data from the field survey of the new grid of plots was performed using the HEUREKA 
PLANSTART system, in order to calculate the total above-ground dry biomass (including stem, bark, 
branches and leaves/needles, but excluding stump and roots, in tons of dry weight/ha) at each plot. The 
total above-ground dry biomass for trees was determined using Petersson’s biomass functions developed 
for spruce, pine and birch in Sweden [39]. The latter functions are different from those given in [40][41], but 
are based on the same collected raw data. The main reason for developing a different set of functions was 
to suit the needs of the HEUREKA system. An important difference is that the Petersson functions attempt 
to improve the modeling by including independent variables describing growth conditions and age of the 
trees. Here, the total above-ground dry biomass was modeled by their two fractions: biomass of living 
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branches including leaves/needles and cones, and biomass of stems including bark. The corresponding 
dependent variables are denoted by tvlgren and tvstam in [39] and the independent variables used in the 
relevant biomass functions are listed in Table 6.9. 

 

Table 6.9. Independent variables used in Petersson’s biomass functions [39]. 

 
Variable 
 

 
Variable description 

 
Unit 

dbrh Diameter including bark measured at breast height (i.e., 1.3 m 
above ground) 

mm 

behald Tree age measured at breast height (i.e., 1.3 m above ground) years 

tilvfem Five years radial growth measured at breast height (i.e., 1.3 m 
above ground) 

0.1 mm 

SIspruce Site index [42] if “site quality” tree species is spruce, otherwise = 0 m 

SIpine Site index [42] if “site quality” tree species is pine, otherwise = 0 m 

nko Northing coordinate in Swedish datum RT90 (rikets nät) 0.001° 

 

Branch biomass (tvlgren): 

The following function for pine is used (RMSE = 0.34938; R2 = 0.93): 

ln(tvlgren) =  

-2.533220 + 1.989129 × ln(dbrh) + 0.387203 × ln(tilvfem) + 0.105315 × ln(behald)  (Eq. 6.1) 

 

The following function for spruce is used (RMSE = 0.28825; R2 = 0.96): 

ln(tvlgren) =  

-0.718621 + 1.740810 × ln(dbrh) + 0.348379 × ln(tilvfem) + 0.180503 × ln(behald)   (Eq. 6.2) 

 

The following function for birch is used (RMSE = 0.45153; R2 = 0.91): 

ln(tvlgren) =  

-2.782537 + 2.276815 × ln(dbrh) + 0.228528 × ln(tilvfem)       (Eq. 6.3) 

 

Stem biomass (tvstam): 

The following function for pine is used (RMSE = 0.17803; R2 = 0.99): 

If “site quality” is determined by spruce: 

ln(tvstam) = -7.674621 + 3.155671 × ln(dbrh+25) - 0.002197 × dbrh + 0.084427 × ln(tilvfem) - 0.002665 × 
tilvfem + 0.253227 × ln(behald) + 0.028478 × SIspruce + 0.000008342 × nko    (Eq. 6.4) 
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If “site quality” is determined by pine: 

ln(tvstam) = -7.674621 + 3.155671 × ln(dbrh+25) - 0.002197 × dbrh + 0.084427 × ln(tilvfem) - 0.002665 × 
tilvfem + 0.253227 × ln(behald) + 0.031435 × SIpine + 0.000008342 × nko   (Eq. 6.5) 

 

The following function for spruce is used (RMSE = 0.17069; R2 = 0.99): 

If “site quality” is determined by spruce: 

ln(tvstam) = -6.839310 + 3.578450 × ln(dbrh+25) - 0.003042 × dbrh +0.093033 × ln(tilvfem) - 0.002763 ×  
tilvfem + 0.111347 × ln(behald)  + 0.012148 × SIspruce + 0.000020194 × nko   (Eq. 6.6) 

If “site quality” is determined by pine: 

ln(tvstam) = -6.839310 + 3.578450 × ln(dbrh+25) - 0.003042 × dbrh + 0.093033 × ln(tilvfem) - 0.002763 × 
tilvfem + 0.111347 × ln(behald) + 0.011586 × SIpine + 0.000020194 × nko   (Eq. 6.7) 

 

The following function for birch is used (RMSE = 0.19827; R2 = 0.98): 

If “site quality” is determined by spruce: 

ln(tvstam) = -3.091932 + 2.479648 × ln(dbrh+7) + 0.243747 × ln(behald) + 0.022185 × SIspruce  (Eq. 6.8) 

If “site quality” is determined by pine: 

ln(tvstam) = -3.091932 + 2.479648 × ln(dbrh+7) + 0.243747 × ln(behald) + 0.022955 × SIpine (Eq. 6.9) 

 

Petersson’s biomass functions are developed for long-term planning applications such as the HEUREKA 
system [37][38]. In such applications, the current forest state is forecasted for a 100 year period ahead, in 
e.g., five years periods. In that case, the last five years’ radial increment is simply obtained from the basal 
area growth in the previous period. However, to estimate the current biomass, the last five years radial 
increment is approximated by the prediction of the coming five years radial increment. Basal area growth 
of single trees is within the HEUREKA system predicted using Elfving’s basal area growth functions for 
single trees [43]. Since tree age is not measured on all calipered trees, tree age is within the HEUREKA 
system at first imputed using Elfving’s age functions for single trees [44]. 

Based on the result from the in-situ check of the existing 849 field plots, the forest variables calculated 
using data from the original survey were forecasted to reflect the state of year 2010. This was made using 
the methods and algorithms implemented in the FMPP system [45], i.e. the predecessor to the HEUREKA 
system. In practice, these systems implement very similar algorithms and utilize the same allometric 
functions, e.g., [43][44] and [46][47][48][49]. The forecasted stem volume of the unaffected plots varies 
between 0 and 896 m3/ha, with a mean of 222 m3/ha and the distribution shown in Figure 6.18. Accuracy 
of the forecasted variables was evaluated using the co-located data from the field survey of the new grid of 
plots. 
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Figure 6.18. Histogram of growth corrected stem volume of 455 field plots forecasted to 2010 in Remninsgtorp. 

 

The biomass of the single trees on the seven 80 m × 80 m stands was estimated using available functions 
previously fitted to data from Remningstorp surveys [50], see Table 6.10.  This was made since not all 
necessary survey data to use the HEUREKA system were available at these stands, including up-to-date 
tree height measurements. 
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Table 6.10 Summary of variables for the seven 80 m × 80 m stands. 

Stand number  #1 #5 #10 #14 #15 #17 #18 

Area [ha]  0.675 0.677 0.674 0.692 0.668 0.678 0.677 

Forest density 
[trees/ha] 

392 260 583 482 606 540 461 

Fraction of Pine [%]  52 87 0 0 0 0 0 

Fraction of Spruce [%]  43 0 97 4 12 97 95 

Fraction of Deciduous 
[%]  

5 13 3 96 88 3 5 

Biomass [tons/ha]  209.4 114.5 182.8 68.4 123.1 182.9 298.4 

Stem volume [m^3/ha]  455.8 234.7 335.6 92.7 179.4 338.8 589.1 

Biomass Pine [%]  73 98 0 0 0 0 0 

Biomass Spruce [%]  25 0 99 3 6 99 99 

Biomass Deciduous [%] 2 2 1 97 94 1 1 

 

6.6 LiDAR based biomass mapping 

Biomass mapping was performed using the area-based method to relate the forest variable total above-
ground dry biomass to LiDAR data and calculate a wall-to-wall raster prediction [31]. In short, this was 
made by deriving the vertical distributation of the LiDAR returns at the 212 field plots with 10 m radius (i.e. 
excluding 28 field plots with 5 m radius and 2 field plots as outliers) using a large number of metrics 
expected to contain information about the forest (see also Section 5). Then, the dependence of biomass to 
these metrics was modeled using multiple linear regression [31][51] to provide a predictive model to map 
the LiDAR scanned areas. Here, a ln-linear model of the relation of total biomass (B) to a selected set of n 
LiDAR metrics (X1, X2,…, Xn) was used (Eq. 6.10), and fitted to the data using least-squares regression, in 
line with similar previous studies, e.g. [31]. 

 

ln (B) = β0 + β1X1 + β2 X2 + ... + βn Xn + ε       (Eq. 6.10) 
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The n independent variables (LiDAR metrics) were chosen based on studies of correlations and residual 
plots [51]. Furthermore, it is commonly known that the relationship between forest variables and LiDAR 
metrics varies due to forest type. This issue can often be solved by stratification based on external data of 
the forest types in the study area, where each stratum is modeled separately. Here, stratification was 
made based on information from the existing forest stand register. Stratification was performed using 
indicator variables in the regression model [51]. Four strata (corresponding to the four indicator variables 
IYoung, IPine, ISpruce, and IMixed) were used: 

 

Young Forest:   Forest younger than 20 years (IYoung = 1), 
Pine Forest:   Forest 20 years or older with more than 80% pine (IPine = 1), 
Spruce Forest:   Forest 20 years or older with more than 80% spruce (ISpruce = 1), 
Mixed Forest:  Remaining (IYoung = IPine = ISpruce = 0). 

 

Maps of the four strata according to the forest stand register in Remningstorp are shown in Figure 6.19 to 
Figure 6.22. 

 

 

Figure 6.19. Map of indicator variable outlining young forest according to the forest stand register in 
Remningstorp. 
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Figure 6.20. Map of indicator variable outlining pine forest according to forest stand register in Remningstorp. 

 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 102 of 177 
 

 

Figure 6.21. Map of indicator variable outlining spruce forest according to forest stand register in Remningstorp. 
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Figure 6.22. Map of indicator variable outlining mixed forest according to the forest stand register in 
Remningstorp. 

 

Results from the studies of correlations and residual plots for a number of height percentile and vegetation 
density LiDAR metrics are summarized in Table 6.11, Table 6.12, Figure 6.23 and Figure 6.24. 

 

Table 6.11 Correlation coefficients of the logarithm of total biomass, ln(B), and the largest height percentiles 
from LiDAR data. 

 ln(B) perc70 perc80 perc90 perc95 

ln(B) 1 0.700775 0.694721 0.653292 0.610662 

perc70  1 0.996739 0.975829 0.949792 

perc80   1 0.984242 0.960314 

perc90    1 0.992739 

perc95     1 
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Table 6.12 Correlation coefficients of the logarithm of total biomass, ln(B), and four vegetation density metrics 
from LiDAR data. 

 ln(B) vegratio vegratio2 vegratio3 vegratio5 

ln(B) 1 0.5687631 0.6498431 0.7408896 0.820479 

vegratio  1 0.9786314 0.9322086 0.7757114 

vegratio2   1 0.9787364 0.851362 

vegratio3    1 0.9313708 

vegratio5     1 

 

        

Figure 6.23. Examples of univariate descriptions (box plots) of a small subset of the LiDAR metrics observed at 
the 10 m radius sample plot locations (212 plots). Left: height percentiles metrics, right: density metrics. 

 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 105 of 177 
 

 

Figure 6.24. Examples of relations between surveyed biomass and LiDAR metrics observed at the 10 m radius 
sample plot locations (212 plots). 

 

First, a simple base-line model was fitted using the height percentile metric showing the highest correlation 
to the logarithm of the total biomass ln(B), i.e. perc70, and the density metric, vegratio, usually the most 
significant density metric by experience. These metrics showed high significance with Pr (>| t |) < 0.01 
(Table 6.13). The coefficient of determination (adjusted), R2 (adj) [51], was estimated to 0.76, i.e. the 
independent variables (in this case the two metrics perc70 and vegratio) explained 76% of the variation in 
ln(B), with a corresponding residual standard error of 0.38. Utilization of several percentile metrics in 
combination was not pursued in order to avoid negative effects of co-linearity in fitting the regression [51]. 

 

Table 6.13 Biomass model parameter estimates and significance of the first regression model using Eq. 6.10. 

 Estimate Std. error t value Pr (>| t |) 

(Intercept) 1.02 0.153 6.708 0.00 

perc70 0.000964 0.0000495 19.483 0.00 

vegratio 0.0285 0.00186 15.289 0.00 
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Secondly, replacement of vegratio using an alternative density metric, possibly more descriptive for this 
particular data set, was attempted. The metrics vegratio2, vegratio3, vegratio5, vegratio2p1, vegratio3p1, 
and vegratio5p1 were tested as alternative density metric. Most of these could be added as significant 
independent variables in the model, but vegratio3 improved the over-all fit the most (R2 (adj) increased to 
0.78 and the residual standard error decreased to 0.36), see Table 6.14. Figure 6.25 shows a map of 
vegratio3 retrieved from the LiDAR data set acquired at Remningstorp test site in 2010. 

 

Table 6.14 Biomass model parameter estimates and significance of the second regression model using Eq. 
6.10. 

 Estimate Std. error t value Pr (>| t |) 

(Intercept) 1.54 0.114 13.46 0.00 

perc70 0.000753 0.0000487 15.45 0.00 

vegratio3 0.0271 0.00158 17.2 0.00 

 

 

 

Figure 6.25. Map of proportion vegetation returns > 3.0 m from LiDAR data (vegratio3). 

 

Thirdly, addition of LiDAR metrics of the crown length of the measured trees on the field plots was 
attempted, in line with common practice. This, by testing the metrics stdh and the difference between 
perc95 and perc60 as independent variables, the latter added as a new metric diffperc95_60. Studying the 
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residuals from the second model plotted against these two metrics show weak linear trends, see Figure 
6.26. Here, diffperc95_60 showed the best model improvement, with an R2 (adj) of 0.80, and a residual 
standard error of 0.35 (Table 6.15). This is probably dependent on only a few observations in the data set, 
i.e. including this metric in the model may cause some overfitting [51]. 

 

 

Figure 6.26. Dependence of regression residuals of the second model (Table 6.14), to metrics expected to 
describe crown lengths. 

 
 

Table 6.15 Biomass model parameter estimates and significance of the third regression model using Eq. 6.10. 

 Estimate Std. Error t value Pr (>| t |) 

(Intercept) 1.71 0.12 14.225 0.00 

perc70 0.000779 0.0000478 16.28 0.00 

vegratio3 0.0264 0.00154 17.123 0.00 

diffperc95_60 -0.000438 0.000118 -3.709 0.00 

 

Fourthly, addition of stratification variables was attempted. Here, the indicator variables were added to the 
model as direct [51] as well as interaction effects [51] with the variables included in the third regression 
model (Table 6.15). This was made by first expanding the model with each single indicator variable 
(including the direct and all interaction effects) followed by selection of those showing significance to a 
combined model. Here, only IYoung and its interaction with vegratio3, along with IPine and its interaction 
with perc95 proved noticeable improvement of the model (Table 6.16), i.e. the model discriminates young 
forest and pine forest from all other forest types. Figure 6.27 shows a map of perc95 retrieved from the 
LiDAR data set acquired at Remningstorp test site in 2010. 
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Table 6.16 Biomass regression model parameter estimates and significance of the final model using Eq. 6.10. 

 Estimate Std. Error t value Pr (>| t |) 

(Intercept) 1.9185 0.2001 9.59 0.00 

perc95 0.0008 0.0001 11.02 0.00 

vegratio3 0.0238 0.0022 10.79 0.00 

diffperc95_60 -0.001 0.0001 -6.82 0.00 

IYoung -0.4923 0.2388 -2.06 0.0405 

IPine 0.7439 0.3545 2.1 0.0371 

vegratio3 ×  
IYoung 

0.0067 0.0033 2.06 0.0410 

perc95 × IPine -0.0003 0.0002 -2.02 0.0449 

 

 

 

 

Figure 6.27. Map of 95th height percentile from LiDAR data (perc95) 
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Lastly, inclusion of any of prop3040, prop4050, prop5060, prop6070, prop7080, and prop8090 was 
evaluated without success. Furthermore, to assess potential loss of information due to this particular order 
of independent variables addition to the model, completely objective and automatic selection was also 
applied using stepwise regression, both by forward selection and backwards elimination (in line with e.g. 
[31]). No apparent model improvement was observed, though. 

This final model was tested for overfitting by calculation of the leave-one-out cross validation residual sum 
of squares (i.e., the predicted residual sum of squares (PRESS value) in relation to the model residual 
sum of squares, denoted q). That is, each observation in the data set was predicted by the final model 
described above with parameters re-fitted using the remaining observations, from which the q value is 
calculated. The q value was rather high, although acceptable (i.e. q < 1.10), and probably caused by the 
few very influential observations showing extreme values regarding the diffperc95_60 metric conditional to 
the second model (see Table 6.14 and Figure 6.26). Furthermore, correction for logarithmic bias was 
made using the method described in [52], i.e. the estimated biomass were corrected using the average of 
the biomass derived from the field data divided by the average of the estimated biomass as a correction 
factor (Table 6.17). This is a robust method, in contrast to the traditional (theoretical) approach based on 
variance estimates [52]. Utilizing the final model, the logarithmic bias correction factor, and the multi-band 
10 m cell size raster of LiDAR metrics, a raster of predicted biomass values was finally calculated for the 
complete scanned area (see Figure 6.28). 

 

 

Table 6.17 Biomass regression results of the final model using Eq. 6.10. 

Residual standard error 0.3458

Multiple R-squared 0.81 

q 1.09 

Logarithmic bias 
correction factor 

1.03 
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Figure 6.28. Predicted raster map with a grid size of 10 m × 10 m of total above-ground dry biomass in tons/ha 
covering the LiDAR scanned area in Remningstorp. 

 

The available two independent data sets consisting of the seven remaining stands 80 m × 80 m with single 
tree measurements and the dense grid of 849 field plots surveyed in 2004 and 2005 were used to assess 
the stand level accuracy of the biomass raster predictions. First, the accuracy of the forecasted data at the 
dense grid of plots were assessed by direct comparison of forecasted and re-measured values at 20 co-
located plot positions (Figure 6.29). There were some problems to find the exact position of the existing 
plots in the field, though, adding some uncertainty to the evaluation. Here, it is quite clear that the 
precision of the forecasts is not highly accurate, with an obvious tendency towards the mean (probably 
due to lack of sufficient predictive capacity of the forecasting algorithm). In fact, the errors are too large in 
relation to the commonly expected accuracy in LiDAR based forest mapping to serve as evaluation data 
for the biomass map. Second, the seven re-measured single tree stands were successfully used for 
accuracy assessment (Figure 6.30). This is a small data set, but the results show accurate performance 
and an RMSE value of 12.7% of the true mean. 

Statistical analyses and raster productions were made in the statistical computation environment R [53]. 
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Figure 6.29. Comparison of forecasted and re-measured forest stem volume at 20 co-located new and old 
survey plots. Symbol (○) size is proportional to the difference between new and old measurements of plot 

position. 

 

 

Figure 6.30. Accuracy of total biomass estimation evaluated using independent data from seven 80 m × 80 m 
stands with single tree measurements. 
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6.7 Delivered forest data set 

The processed forest data are delivered in a number of raster and vector files summarized in Table 6.18. 
All raster datasets are generated with 10 x 10 m cell sizes, geographically identical to the rasters 
containing LiDAR metrics. All files are available in WGS84 and UTM 33N and are separated by the 
following prefixes added to the file names found in the table: 

 

• BioSAR_2010_Remningstorp_WGS84_* 
• BioSAR_2010_Remningstorp_UTM33N_* 

 

Table 6.18 Forest data files generated in BioSAR 2010 campaign. 

 
File name 

 
Description 

Biomass.tif 1 band GeoTiff file containing the raster of predicted total biomass values. Values 
in tons/ha. 

StratumYoung.tif 1 band GeoTiff file, where each cell = 1 within the stratum of young forest (see 
above), 0 elsewhere.  

StratumPine.tif 1 band GeoTiff file, where each cell = 1 within the stratum of pine forest (see 
above), 0 elsewhere.  

StratumSpruce.tif 1 band GeoTiff file, where each cell = 1 within the stratum of spruce forest (see 
above), 0 elsewhere.  

StratumMixed.tif 1 band GeoTiff file, where each cell = 1 within the stratum of pine forest (see 
above), 0 elsewhere. 

Pine.tif 1 band GeoTiff file containing the proportion of pine forest from the stand 
register. Values in percent. 

Spruce.tif 1 band GeoTiff file containing the proportion of spruce forest from the stand 
register. Values in percent. 

Decideous.tif 1 band GeoTiff file containing the proportion of decideous forest from the stand 
register. Values in percent. 

Oak.tif 1 band GeoTiff file containing the proportion of oak forest from the stand register. 
Values in percent. 

RemningstorpStandMap.shp Shapefile with stand polygon boundaries. 
SingleTreePlotsRemaining.shp Shapefile with nominal boundaries of the seven 80 m × 80 m stands with single 

tree measurements. 
Forest_Dataset_UTM33N_WGS
84_20110617.xls 

Survey data of plots measured in established forest, from the new grid of plots 
measured in 2010. 

SingleTreePlotsRemainingBiom
assUTM33N_WGS84.xlsx 

Updated biomass values of the seven 80 × 80 m plots with single tree 
measurements. 
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7 SAR BACKSCATTER ANALYSIS 
 

7.1 Potential for Biomass Change Detection Using P-band SAR 

One of the key goals of the BioSAR 2010 campaign is to assess the potential to measure changes in 
biomass using P-band SAR data. In this section data from BioSAR 2007 and BioSAR 2010 are utilized to 
assess the sensitivity of P-band SAR to changes in biomass which have occurred in the time between the 
two acquisition campaigns. Changes in the forest in the 4 growth periods between the campaigns include 
clear-cuts, varying degrees of thinning, as well as forest growth. 

 

7.1.1 Forest change 

As has been shown in several studies, P-band SAR can be used to retrieve forest biomass on stand level 
with an error of about 20-30% [5] in boreal forest which is the target of this study. The error when 
estimating forest change may well be smaller, than when estimating the absolute biomass level. Below 
follows a brief discussion of the expected potential for detecting the three types of forest change which are 
identified as relevant for this study: forest growth, thinning of forest and clear-cuts. Natural disturbances 
such as storm damage may also affect forests. In the time between BioSAR 2007 and 2010 no major 
storm events occurred, and thus only minor wind induced damages are expected. 

 

• In a typical thinning activity in Sweden, 20-30% of stem volume (corresponding to 20-30% of the 
biomass) is removed from a stand. Thus, the change in biomass is comparable to the expected 
measurement error. It remains to be investigated if this change is large enough to be measured 
using P-band SAR backscatter data. 

• The growth rate depends on growth conditions, which vary both on local and regional scales. The 
relative growth is also strongly dependent on the biomass level. For young stands (low biomass) 
the relative growth in four growth seasons may exceed 100%, while for mature forests the 
expected yearly growth is 2-5%. Thus, it is more likely that forest growth can be measured for 
stands with low biomass, especially since many studies have shown that the sensitivity of P-band 
SAR backscatter to biomass is larger for low than for high biomass.   

• Clear-cuts represent a removal of close to 100% of the biomass, and it is expected that clear-cuts 
are rather easily detectable from P-band SAR measurements.  

 

7.1.2 LiDAR data 

LiDAR data are available from both 2007 and 2010, although the LiDAR data from 2007 does not cover 
the full test site. In the area covered by LiDAR data from both 2007 and 2010, these data provide an 
excellent resource for detecting changes in the forest. Canopy height maps or Digital Surface Models, 
DSMs, are available with high (less than 1 m) resolution, and can be used to detect even small changes, 
e.g. removal of a single tree. Biomass rasters based on the LiDAR and in-situ data are also available, and 
can be used to quantify the changes in biomass. Somewhat different methodologies were used to derive 
the two biomass raster. In 2007 a stem volume raster was first calculated, and the stem volume was then 
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converted into biomass using species dependent conversion factors [5]. In 2010, the LiDAR data were 
used to derive a biomass raster, as described in Section 6.6. Despite the differences in methodologies, the 
errors in the measurements of biomass change are likely to be small enough to be useful in the present 
analysis. 

 

7.1.3 Stand level forest data 

The Remningstorp test site is subject to forest management activities such as clear-cutting and thinning. 
These operations are performed on a per-stand basis, and the activities are logged. Maps and lists of the 
main forest state changes has been made available by the Remningstorp Estate as input data to the study 
on SAR backscatter analysis. However, the documentation is of a general character and should only be 
used as a guideline where changes are to be expected. Stands which have been thinned or clear-cut 
during the time between the two campaigns are available as a list of stand identification numbers used by 
the Remningstorp Estate for each management activity (i.e. thinning and clear-cut). The information in the 
list of forest management activities can be linked to stand delineations (available in a shape file) via the 
stand identification number. Stands not listed as clear-cuts or thinned were assigned to a class labeled 
undisturbed. In order to minimize geolocation errors and border effects, a 10 m border was removed from 
each stand. Some stands consist of multiple disjoint areas. Such stands were split into multiple stands, 
and in the following analysis data from each such stand is treated as independent. Only stands with an 
area greater than 0.5 ha after border removal were used for this study. After these operations, new stand 
ids were defined so that each new stand was assigned a unique stand id. 

Unfortunately, the classification into these three classes is not without errors. For instance, in some stands 
noted as clear-cuts only part of the stand was cleared, while some stands within the undisturbed class 
seems to have been subject to some kind of forest management activity. In order to minimize such errors, 
all stands classified as thinned or clear-cuts were examined by visual inspection of available SAR and 
LiDAR data. On the basis of these data, some stands were reclassified or removed from the analysis. 

None of the stands classified as thinned were reclassified or removed. Three stands which were classified 
as clear-cuts and covered by SAR data were however removed from the analysis. Figure 7.1 to Figure 7.3 
show LiDAR data and in some cases SAR data from these stands and motivations for the removal of 
these stands from the analysis are given in the figure captions. In addition, one stand (id 82) was removed 
since it was located very close to the edge of the SAR data. 

There were many more stands classified as undisturbed than as thinned or clear-cuts. In order to make 
sure that the quality of the stand classification was maximized, only stands covered fully by the DSM from 
both 2007 and 2010 were kept in the undisturbed class. These stands were then carefully examined by 
visual inspection of the DSMs. As previously stated, the DSMs have very high resolution, and it is possible 
to detect changes on single tree level. After examination of DSMs, each stand originally classified as 
undisturbed was reclassified in one of two classes: undisturbed (no changes seen) and disturbed (some 
disturbance seen). Some stands were judged to be unsuitable for inclusion in the analysis and were 
removed. Reasons for removal were e.g. obvious errors in the estimate of biomass change. SAR data 
were not used to motivate exclusion of stands. 

After the reclassifications described above the stand classification was expected to be good enough to be 
useful in the following change analysis. Table 7.1 summarizes the number of stands in each class with 
valid backscatter change data (i.e. valid data for both E-SAR and SETHI), as well as the number of stands 
with are also covered by the LiDAR biomass rasters from 2007 and 2010. 
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                     DSM from 2007 not available 

 

                        DSM from 2010 

 

                      E-SAR data (May 2007) 

 

                            SETHI data 

Figure 7.1. Note that there is a very strong correspondence between the spatial structures in all three images. 
Based on this, we conclude that this stand was not clear-cut between the acquisition campaigns, and the stand 

was removed from the analysis. 
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                    DSM from 2007 

 

                    DSM from 2010 

 

                    E-SAR data (May 2007) 

 

                             SETHI data 

Figure 7.2. The dark blue area in the middle of the DSM from 2007 is an area not covered by the 
helicopterborne ALS system. Note that 1) there are a lot of trees remaining 2010, and 2) the forest in the stand 

seems to be very sparse 2010. This not characteristics of a clear-cut, and the stand is removed from the 
analysis. 
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                     DSM from 2007 not available 

 

                    DSM from 2010 

Figure 7.3. Since a significant part of the stand is clearly covered by forest, the stand is removed from the 
analysis. 

 

Table 7.1. Summary of the number of stands with valid data for each class, for SETHI scene Bio01 and E-SAR 
scene 07biosar0411. 

 
Class 

# Stands with valid 
backscatter change 
measurements 

# Stands with valid 
backscatter and biomass 
change measurements 

Thinned 15 6 
Clear-cut 5 5 
Undisturbed 29 29 
Disturbed 30 30 

 

7.1.4 SAR data selection and processing 

The combined data from BioSAR 2007 and 2010 comprise a rich dataset with multiple flight tracks and 
image acquisitions. For the purpose of the change detection analysis, one image from each campaign was 
selected. The flight track with heading 199 degrees was selected since data from this track covers a larger 
part of the test site than data from the flight track with heading 178 degrees. A scene from the May 2007 
acquisition, rather than March or April, was selected, in order to match the September 2010 acquisition as 
close as possible in terms of season. The two selected scenes were 07biosar0411, acquired May 2007 
and Bio01, acquired September 2010. 

For all polarizations (HH, HV and VV), the difference (in dB) in mean backscatter level was calculated for 
each stand in the stand classification described above. The difference in backscatter for each stand was 
defined as: 
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Here, )cos(/)cos(/ 000 θβθσγ P== where θ is the incident angle, 0β is the radar cross section per 
unit area in the image geometry (slant range-azimuth plane), and P is a projection factor for projecting 

0β onto the ground surface. The second equality in Eq. 7,1 hold and the imaging geometry, and thus the 
projection factor P and the incident angle are the same for both scenes. For BioSAR 2010, β0 was 
calculated using the images geocoded to UTM by FOI. Stands which were not completely covered by both 
images were removed from the analysis. 

 

7.1.5 Sensitivity to change in biomass 

For the stands covered by the biomass rasters from both 2007 and 2010, the relation between change in 
backscatter and change in biomass could be observed. Previous studies have indicated that the 
backscatter increases as the biomass increases. Different authors have presented relations of different 
forms for the biomass-backscatter relation. Here, we chose to model the backscatter on dB-scale as being 
linearly dependent on the biomass (W) on log scale, i.e. 

 

[ ] iiiii WaadB εγ +⋅+= )log(,1,0
0                                                                                                     (Eq. 7.2) 

 

Here, i is an index for acquisition date, iε is a random error. Note that log(W) is used to denote the natural 

logarithm of W, i.e. ln(W). The regression coefficients a0,i and a1,i  may in the general case  vary from one 
acquisition date to another. By assuming that the second regression coefficient (the slope) is constant, it 
follows that the change in backscatter in dB-scale is proportional to change in biomass on log-scale, i.e. 

 

[ ] [ ] εγγγ +−⋅+=−= ))log()(log()( 10
000

jiji WWbbdBdBD                                                      (Eq. 7.3) 

 

The assumption that the slope of the backscatter-biomass relation is relatively constant is supported by 
results found in e.g. [2] and [5]. The model described by Eq. 7.3 is evaluated in this section, and is found 
to describe the data well. 

In Figure 7.4 the change in backscatter is plotted against change in biomass for HV polarized backscatter. 
Several interesting observations can be made from this plot. First, we notice that there is a strong relation 
between a change in backscatter and a change in biomass, and that this relation seems to be linear. This 
observation lends credibility for our proposed model. We can observe three groups in the data. Most 
stands have a measured biomass change around zero, and for these stands the change in backscatter 
vary around -2 dB (the minus sign corresponds to an increase between 2007 and 2010). Possible reasons 
for this mean offset between E-SAR and SETHI data are discussed in Section 7.1.7. The second group is 
the clear-cuts, which are clearly visible as having higher backscatter in (6-10 dB higher than unchanged 
forest) 2007 than in 2010. The third group is stands which have had a high relative growth between 2007 
and 2010, and which have larger (negative) change in backscatter compared to stands with less growth. 
Corresponding plots for HH and VV are shown in Figure 7.5 and Figure 7.6, respectively. 

One stand, marked in light blue, deviates from the general trend for HV and HH. The measured change in 
biomass (from biomass rasters) is slightly positive, while the change in HH and HV backscatter indicates 
that this forest stand has grown between 2007 and 2010. From an examination of the DSMs from 2007 
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and 2010 (Figure 7.7), we see that this stand had very low vegetation 2007 (~2-3 m high), which have had 
a large relative growth by 2010 (~4-6 m high). A small cluster of larger trees are also present in the stand, 
which have changed less on a relative scale. From these observations we conclude that the stand has had 
a large relative growth in biomass between 2007 and 2010, but this change could not be measured by the 
biomass raster. Interestingly the change could be observed in the HV backscatter data, i.e. for this 
particular stand the deviating behavior is due to errors in the biomass rasters rather than lack of sensitivity 
in the backscatter data. In other words: in this case the radar is better than the laser. For this reason the 
stand marked in light blue (stand id 254) in Figure 7.4 to Figure 7.6 is is not included in any statistical 
analysis. 

 

 
Figure 7.4. Change in HV backscatter vs. change in biomass (as measured from biomass rasters). The legend 

shows the class for each stand. The stand marked in light blue (stand id 254) has an error in the measured 
change in biomass and is not included in any statistical analysis. The solid green line is the estimated 

regression fit (Eq. 7.3) with clear-cuts included, and the dashed green line shows the corresponding fit without 
clear-cuts. Note that log(W) = ln(W) denotes the natural logarithm of W. 
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Figure 7.5. Change in HH backscatter vs. change in biomass (as measured from biomass rasters). The legend 

shows the class for each stand. The stand marked in light blue (stand id 254) has an error in the measured 
change in biomass and is not included in any statistical analysis. The solid green line is the estimated 

regression fit (Eq. 7.3) with clear-cuts included, and the dashed green line shows the corresponding fit without 
clear-cuts. Note that log(W) = ln(W) denotes the natural logarithm of W. 
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Figure 7.6. Change in VV backscatter vs. change in biomass (as measured from biomass rasters). The legend 

shows the class for each stand. The stand marked in light blue (stand id 254) has an error in the measured 
change in biomass and is not included in any statistical analysis. The solid green line is the estimated 

regression fit (Eq. 7.3) with clear-cuts included, and the dashed green line shows the corresponding fit without 
clear-cuts. Note that log(W) = ln(W) denotes the natural logarithm of W. 

 

  

Figure 7.7. DSMs from 2007 and 2010 for the stand marked as outlier in the regression analysis (id 254). 
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The model described in Eq. 7.3 is fitted using least squares to the data from scenes Bio01 and 
07biosar0411, and the results are shown in Table 7.2. Since the clear-cuts are clearly separated from the 
rest of the data, they will have a very strong impact on the regression results. Therefore the regression 
was done with and without the clear-cuts. Separate regressions were made for HH-, HV- and VV-polarized 
backscatter. When clear-cuts are included in the regression, the (adjusted) coefficient of determination 
(R2

adj ) is very high, more than 0.9 for HH and HV and more than 0.8 for VV. When the clear-cuts are 
excluded R2

adj drops significantly. The reason for this drop is that inclusion of clear-cuts dramatically 
increases the dynamic range of the change backscatter, while the model error stays almost the same as 
when clear-cuts are excluded. The best results are obtained for HV, especially when clear-cuts are 
excluded, but HH gives similar results. While the RMS error for VV is lower than for the other polarizations, 
the results are not as good for this polarization since the dynamic range is less than for HH and HV. Fitted 
values for b0 are very similar with and without clear-cuts, while the slope is smaller when clear-cuts are 
excluded. It is worth noting that the stands with large growth have a strong impact on the regression, 
especially when the clear-cuts are excluded. However, we have chosen to always include them in the 
regression, since if they are removed the risk is great that the data would be fitted to errors in the biomass 
rasters. 

The fitted values of the slope b1 can be compared with what has been found in analysis of E-SAR data 
from May 2007, i.e. γ0 [dB] = b0 + b1 log(W): b1 = 3.50 ± 0.57 for HH, 1.84 ± 0.30 for HV, and 0.27 ± 0.47 
for VV. Note that these values have been corrected by a factor 2.303 = ln(10) to take into account that the 
May 2007 backscatter analysis used log10(W) instead of ln(W). 

For HV very good agreement is found by excluding the clear cuts in the fitting process whereas the 
opposite is true for HH, but the difference is not very large. We conclude that the change analysis is 
consistent with the backscatter analysis from 2007 for HH and HV, and that the sensitivity to biomass 
change is very similar in both cases. This is a remarkable result and indicative of the robustness in 
retrieving biomass (change) from backscatter (change). 

VV has a larger sensitivity to backscatter change than to biomass (the slope for biomass is not significant, 
as seen from the confidence interval above). This is not surprising, since many factors affecting the 
sensitivity to biomass (e.g. forest structure, topography) will tend to be cancelled out when differentiating in 
the change analysis. 

 

Table 7.2. Regression results for the model described by Eq. 7.3, using data from scenes Bio01 and 
07biosar0411. The stand marked in light blue in Figure 7.4 to Figure 7.6 is not included in the analysis. The 

regression analysis was performed with and without the clear-cuts. The (adjusted) coefficient of determination 
(R2

adj) is much higher with the clear-cuts included. 

 
Polarization 

 
Included 

Observations 

 
RMSE [dB] 

 
R2

adj 
 

b0 
 

b1 

All 0.88 0.89 -2.7 ± 0.21 2.8 ± 0.24 
HH 

No clear-cuts 0.79 0.36 -2.8 ± 0.21 1.8 ± 0.60 
All 0.70 0.91 -2.1 ± 0.17 2.6 ± 0.20 

HV 
No clear-cuts 0.63 0.48 -2.2 ± 0.16 1.8 ± 0.47 

All 0.57 0.82 -2.6 ± 0.14 1.4 ± 0.16 
VV 

No clear-cuts 0.50 0.32 -2.7 ± 0.13 1.1 ± 0.38 
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As an illustration of the sensitivity of P-band backscatter to biomass change, maps of biomass change 
based on laser and SAR data are compared in Figure 7.8. The map shows the central-north part of 
Remningstorp. The upper left part of the figure shows a change map based on the laser derived biomass 
rasters. The rasters from 2007 and 2010 were first averaged using a 70 m by 70 m large running average 
filter. Missing values were excluded from the averaging. The averaged raster from 2010 was then 
resampled to match the geometry of the raster from 2007, and finally the change map was calculated by 
taking the natural logarithm of the ratio between the (averaged and interpolated) rasters from 2010 and 
2007. HV backscatter images from 2007 and 2010 where then averaged using the same filter size as for 
the biomass raster and followed by a resampling to match the geometry of the biomass raster from 2010. 
A model for estimating biomass change from backscatter change was found using regression analysis 
using the same data as in the analysis above, but using biomass change as response variable and HV 
backscatter change as predictor. Clear-cuts were included in the model while stand 254 was excluded. 
Using this model and the averaged and interpolated HV backscatter, biomass change maps were derived 
and are shown in the upper middle and right part of Figure 7.8. Values are clipped at -1 to emphasize 
changes other than clear-cuts. There is a remarkably strong correspondence between the change maps 
derived using laser scanning and backscatter. In particular, areas of strong growth (green) and clear-cuts 
(red) are easily identifiable in both maps. The agreement with the laser biomass change map is slightly 
better when HV backscatter from March 2007 is included (as opposed to HV backscatter from May 2007). 
For reference DSMs for both 2007 and 2010 are shown for comparison in the bottom row in Figure 7.8. 

 

7.1.6 Change in backscatter by stand class 

As a complement to the regression analysis, Analysis of Variance (ANOVA) was used to check if the mean 
backscatter levels for undisturbed and thinned stands differ significantly from each other. ANOVA is a 
statistical method to test if the mean of two (or several) groups are equal. It is assumed that deviations 
from the means (error) are independent, normally distributed with constant variance. 

For this analysis, data from biomass rasters are not needed, and thus the number of stands with valid data 
in the thinned class increase from 6 to 15 compared to the situation for the regression analysis described 
above (see Table 7.1). No other group means are tested against each other, since it is the thinned vs. 
undisturbed comparison which is most important, and we wish to avoid problems with multiple 
comparisons. Moreover, there is a large variability in the severity of disturbance in the disturbed class, 
making this class unsuitable for quantitative purposes. In Figure 7.9 the change in HV backscatter is 
plotted vs. observation number for each class. The clear-cuts are, as has been observed above, clearly 
separated from the other stands. Moreover, the thinned and undisturbed stands seem to have different 
mean levels. This visual observation is confirmed by statistics, there is a significant difference between the 
mean backscatter level for the thinned and undisturbed stands. This conclusion is valid for all 
polarizations. The results are summarized in Table 7.3, where the p-values for each polarization are given. 
We see that for HH and HV the null hypothesis of equal means can be rejected at the 1% level, while for 
VV a 5% rejection can be made. It is also clear that the difference is largest for HV. 
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Biomass change maps 

  

  lidar (2010, 2007)          HV (Sep 2010, Mar 2007)     HV (Sep 2010, May 2007) 

 

 

Figure 7.8. Upper row: estimated change in biomass (log-scale) from laser scanning data (left) and HV-
backscatter (middle and right) for the central-north part of Remningstorp. HV backscatter change: (middle) 

Bio01 from 2010 and 07biosar0109 from 2007, (right) Bio01 from 2010 and 07biosar0411 from 2007. The 
change vales are clipped at -1 in order to emphasize changes other than clear-cuts.  There is a strong 

correspondence between change-maps derived from laser scanning data and backscatter. Bottom row: DSM 
from 2007 (left) and 2010 (right), which is shown to aid interpretation of the change maps. 
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Figure 7.9. Change in HV polarized backscatter vs. observation number. 

 

Table 7.3. Results from ANOVA analysis. The p-value is the probability that the mean backscatter level for 
thinned and undisturbed stands. 

 
Polarization 

 
p-value 

HH 0.009 
HV 0.0002 
VV 0.02 

 

7.1.7 Conclusions and discussion 

The unique data comprising BioSAR 2007 and 2010 is an excellent data for investigating sensitivity to 
forest change using P-band backscatter. While the reference data, i.e. stand classifications and biomass 
rasters, are not without problems, the combination of these two datasets has been found to be very useful 
for forest change analysis. Below follows a discussion of the results and important conclusions which can 
be drawn. 

For the selected SAR scenes (07biosar0411 from 2 May 2007 and Bio01 from 23 September 2010), the 
mean difference in backscatter for stands with little change in biomass is about 2-3 dB, with SETHI 
backscatter being stronger than E-SAR backscatter. Estimates for the mean offset at zero biomass 
change are given by the estimates for b0 in Table 7.2. Since the offset is present for undisturbed stands 
(with biomass levels ranging from low to high), and the imaging geometries are very similar, the offset 
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cannot be explained by differences in forest structure (or growth). The available measurements of soil 
moisture indicate that the soil was dryer during the BioSAR 2010 campaign than in any of the acquisitions 
during BioSAR 2007. This contradicts the hypothesis that the offset explained by a difference in soil 
moisture, since we expect decreased backscatter when the moisture content decreases. In particular, the 
offset between E-SAR and SETHI data is smallest when comparing SETHI data to the BioSAR 2007 
acquisition with highest moisture content (March acquisition, offset 1-2 dB). After arguing against soil 
moisture and forest structure as causes for the offset, a possible explanation is that the offset is caused by 
differences in the E-SAR and SETHI systems and processing chains, and/or differences in calibration 
methodology. In an attempt to address these issue, cross-calibration checks between E-SAR and SETHI 
data are presented in Section 7.2. Another possible explanation for the observed offset is changes in 
canopy and/or stem moisture which is expected to be higher in September compared to May but for which 
no measurements are available. 

We observe a clear linear relation between a change in backscatter on dB-scale and a change in biomass 
on log scale. The relation is strongest for HV, but similar for HH. There is a clear linear relation for VV as 
well; however the dynamic range of the change in backscatter is less than for HV and HH. For application 
purposes, a complicating fact is that the mean level of the backscatter change corresponding to 
unchanged biomass is not constant. From BioSAR 2007 a difference in the mean backscatter on stand 
level of up to 1 dB has been observed, which is probably caused by changes in soil- and/or canopy 
moisture. If change in backscatter is to be used to estimate biomass change, such offsets will affect the 
results and much be handled. However, it could be possible to correct for this offset, especially in the 
satellite case where images will be available with fairly short temporal spacing, so that it can be assumed 
that most of the forest is relatively unchanged between image acquisitions. We conclude that the P-band 
backscatter is sensitive to and may detect forest growth (young forest only) and thinning activities. 

For clear-cuts, the minimum difference in HH and HV backscatter change between clear-cuts and non-
clear cuts is more than 4 dB. This is probable large enough to allow very accurate detection of clear-cuts. 
For VV, the difference between clear-cuts and undisturbed stands is smaller, and might not be large 
enough to allow clear-cut detection. 

As a final remark, it is noted that the analysis could be improved by making better use of the available 
reference data. For instance, it would be useful to derive biomass raster from LiDAR data using the same 
methodology in both 2007 and 2010. Moreover, additional contacts with the forest managers might reduce 
errors in the provided stand classifications. 

 

7.2 Cross-Calibration Between SETHI and E-SAR 

7.2.1 Introduction 

One of the primary objectives of BioSAR 2010 campaign is cross-calibration between ONERA’s SETHI 
airborne SAR system and DLR’s E-SAR to ensure consistent interpretation of radar signatures across 
campaign data sets. This section will present results from comparing E-SAR data from BioSAR 2007 
(BioSAR-1) over Remningstorp with SETHI data from BioSAR 2010 (BioSAR-3). The comparison will be 
based on analyzing the SETHI data by filtering to different frequency bands and Doppler beamwidths, and 
to recalibrate the resulting images using the same corner reflector deployed both in 2007 and 2010. 
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7.2.2 Different calibration methodologies for SETHI and E-SAR 

DLR:s E-SAR system was used during BioSAR-1 (2007) to collect PolInSAR data over Remningstorp [3]. 
The methodology used to calibrate the E-SAR system was based on dedicated measurements after 
installation in the aircraft but before each flight mission. Three large corner reflectors were also used 
during BioSAR-1 in Remningstorp but they were only used for verification purposes and not for system 
calibration. 

The three corner reflectors were originally deployed for PALSAR calibration [54] and are made of 
triangular plates with the smallest side length of 5.15 m, see Figure 3.6. The corner reflectors were imaged 
many times by E-SAR during BioSAR 2007 since multiple tracks were flown on each mission and three 
flight missions were flown from March to May 2007. Analysis of the corner reflectors showed that the 
overall variation (interval) of the measured RCS during all missions was less than 1.1 dB [3]. 

E-SAR data have also been used to derive calibrated backscattering coefficients of forest stands [5]. The 
results have been used to develop and validate biomass retrieval algorithms for boreal forests within the 
BIOMASS phase A studies. The frequency band of E-SAR (305-375 MHz), however, does not perfectly 
match the frequency band of BIOMASS (432-438 MHz) and it is not known how this frequency offset 
affects the measured backscattering coefficients. The effect is not expected to be large since the E-SAR 
centre frequency is only 22% lower than the BIOMASS centre frequency. Nevertheless, data collected 
during BioSAR 2010 will enable to quantify the dependency for the first time. Additional processing and 
calibration of the SETHI data will be necessary, however, in order to split the bandwidth into sub-bands. 

The calibration methodology used for SETHI data from 2010 was slightly different compared to E-SAR 
data from 2007. Two of the corner reflectors that were used in 2007 were also used to calibrate the SETHI 
data in 2010. These were called CR2 and CR3 in 2007 whereas in 2010 they were called #3 (also denoted 
CR3 in 2010) and #4 (also denoted CR4 in 2010). The pointing of CR3 and #4 were identical in 2007 and 
2010, but CR2 and #3 were pointed differently. Corner reflector #3 and #4 were both pointed towards the 
179 deg flight heading in 2010, i.e. the same direction as CR3 in 2007. CR2 on the other hand was 
pointed towards the 200 deg heading in 2007. Consequently, two corner reflectors are available in each 
image for the 179 deg heading in 2010, whereas only one in 2007. The full bandwidth (277-443 MHz) 
SETHI data was calibrated based on data from the 179 deg heading using the two corner reflectors. The 
same calibration was subsequently used for the other flight headings without the use of in-scene corner 
reflectors. 

The SETHI SAR data collected in 2010 covers the frequency band 277 MHz to 443 MHz which includes 
both the E-SAR and BIOMASS frequency bands. The processed Doppler bandwidth of SETHI increases 
linearly with frequency and corresponds to a Doppler beamwidth of about 30 deg. The Doppler bandwidth 
of SETHI is hence wider compared to both E-SAR and BIOMASS. It is thus in principle possible to filter the 
SETHI data to the frequency and Doppler bands of E-SAR and BIOMASS, respectively, and to compare 
images and evaluate the change in backscattering coefficient. 

Figure 7.10 shows sub-images for all linear polarization combinations extracted from SETHI slant range 
image Bio05. The area covered corresponds to 1024 x 1024 pixels with a pixel area 0.55 m x 0.55 m. 
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SETHI: HH-pol, f = 277-443 MHz 

 

SETHI: HV-pol, f = 277-443 MHz                         

 

SETHI: VH-pol, f = 277-443 MHz 

 

SETHI: VV-pol, f = 277-443 MHz 

Figure 7.10. Sub-images extracted from SETHI slant range image Bio05. Corner reflector #3 is visible (point-
like object in dark background) in the top middle part of each image. The corner reflector in the co-polarization 
images has a large radar-cross section and multiple sidelobes are visible due to the uniform weighting of the 

frequency spectrum, whereas the radar-cross section is lower in the cross-polarization images as expected. The 
frequency band and polarization are indicated for each image. The images have been stretched individually so 
that the grey scales are not the same. Covered area is 563 m x 563 m and spatial resolution is 0.8 m x 0.8 m. 

 

7.2.3 Filtering of SETHI images 

It was originally planned to filter and calibrate the SETHI data to exactly match the E-SAR and BIOMASS 
bands and analyse the results. This approach turned out to be problematic for the following reasons: 
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Firstly, the BIOMASS spatial resolution is only 25 m in slant range and 50 m in azimuth (4 looks) which 
would result in a low signal-to-clutter ratio for the corner reflectors and thus a large calibration uncertainty. 
Secondly, SETHI data contains multiple frequency bands where data have been filtered out due to the 
presence of radio-frequency interference (RFI) or notched frequency components in the transmit waveform 
due to radio frequency regulations. These bands should not be used when accurate radiometric calibration 
is required. For example, the E-SAR frequency band (305-375 MHz) contained the following three filtered 
bands where SETHI data are affected by these effects: 328-336.3, 369.6-272, and 373.6-376.6 MHz. 

Because of the above-mentioned reasons, we decided to perform the analysis on three 30-MHz bands 
with undisturbed SETHI data. The filtering parameters are listed in Table 7.4. The filtering was applied to 
SETHI data corresponding to full-bandwidth SETHI image Bio05 and resulted in three polarimetric SAR 
images with lower resolution. 

Two-dimensional finite impulse response (FIR) digital filters were defined in frequency domain with pass 
bands corresponding to the parameters in Table 7.4. The size of the filter kernels were 128 x 128 pixels 
with each pixel corresponding to 0.55 m x 0.55 m. A two-dimensional Hamming window was also applied 
in frequency domain. The filters were applied to SETHI slant range image Bio05 (10033 azimuth pixels x 
700 slant range pixels) using a block-FFT algorithm with overlap between blocks to avoid wrap-around 
effects due to circular convolution. The pixel size of the output image was unchanged from the input 
image. 

 

Table 7.4. Parameters of the filtered and calibrated SETHI images. 

 
Frequency band 

 
Center frequency

 
Bandwidth 

 
Doppler beamwidth 

290-320 MHz 305 MHz 30 MHz 5.6° 
338-368 MHz 353 MHz 30 MHz 4.9° 
408-438 MHz 423 MHz 30 MHz 4.1° 

 

The second step is to calibrate the three filtered SETHI images using two corner reflectors. We have only 
performed radiometric calibration, i.e. amplitude corrections have been applied but no phase corrections. 
The calibration results were different for the two corner reflectors (#3 and #4) which is not surprising 
considering the expected antenna gain variations across the full bandwidth. It was decided to perform the 
calibration based on corner reflector #3 located at near range, i.e. for the steeper incidence angles of 
interest for the BIOMASS mission. Finally, separate calibration factors were determined from the corner 
reflector for HH and VV, respectively, and consequently applied for HH and VV data. The geometric mean 
of the two calibration factors was used for the HV and VH data. 

The third step is to geocode the slant range images to UTM map coordinates. The same procedure 
described in Section 12.6 was used. The geocoding process interpolates the calibrated pixel values in the 
slant range images. The resulting geocoded image is thus also calibrated and can be used to estimate 
beta0 (radar-cross section per unit area in the slant range plane) by averaging the magnitude square of 
the complex pixel values. 

In the following figures, filtered SETHI images are shown and compared with E-SAR images. 

The first comparison is between sub-images from E-SAR and SETHI filtered to the same band as E-SAR. 
Figure 7.11 shows the comparison for HH- and VV-polarization and Figure 7.12 for HV- and VH-
polarization. As expected the images are very similar with a few noticeably differences. The corner 
reflector in the top middle portion of the images is different since it was pointing in different directions in 
2007 and 2010. It was pointed orthogonally towards the SETHI track in 2010 but towards the other E-SAR 
track in 2007. The second observed difference is that the noise floor is higher for the SETHI image. As 
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mentioned above, one reason for this observation is that the SETHI data contains frequency bands where 
radar data is missing and results in multiplicative noise due to higher impulse response sidelobes. 

 

 

E-SAR: HH-pol, f = 305-375 MHz 

 

Filtered SETHI: HH-pol, f = 305-375 MHz, ϑ = 20°      

 

E-SAR: VV-pol, f = 305-375 MHz 

 

Filtered SETHI: VV-pol, f = 305-375 MHz, ϑ = 20° 

Figure 7.11. Comparison between co-polarization sub-images from E-SAR slant range image i07biosar0412x1 
and SETHI image Bio05. The latter has been filtered to match the same frequency band and Doppler 

beamwidth as E-SAR. A corner reflector is visible (point-like object in dark background) in the top middle part of 
each image. Note that the corner reflector was pointed differently for the E-SAR and SETHI images, i.e. 

orthogonally towards the SETHI flight track but differently for the E-SAR flight track which explains why it is 
much weaker. The polarization, frequency band and Doppler beamwidth are indicated for each image. The 

images have been stretched individually so that grey scales are not the same. Covered area is 563 m x 563 m. 
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E-SAR: HV-pol, f = 305-375 MHz 

        

Filtered SETHI image: HV-pol, f = 305-375 MHz         

 

E-SAR: VH-pol, f = 305-375 MHz 

 

Filtered SETHI image: VH-pol, f = 305-375 MHz 

Figure 7.12. Comparison between cross-polarization sub-images extracted from E-SAR slant range image 
i07biosar0412x1 and SETHI image Bio05. The latter has been filtered to match the same frequency band and 

Doppler beamwidth as E-SAR. A corner reflector is visible (point-like object in dark background) in the top 
middle part of each image. The polarization, frequency band and Doppler beamwidth are indicated for each 

image. The images have been stretched individually so that the grey scales are not the same. The covered area 
is 563 m x 563 m. 

 

A second comparison is between SETHI images filtered to different 30-MHz bands shown in Figure 7.13 to 
Figure 7.15. Figure 7.13 shows the comparison for HH-polarization, Figure 7.14 for HV-polarization and 
Figure 7.15 for VV-polarization. VH-polarization is not shown but is very similar to HV-polarization. A full 
bandwidth SETHI images is also included for comparison. A noticeably difference in the comparisons is 
that the corner reflector #3 has a different appearance in the 30-MHz images compared to the full 
bandwidth images since a Hamming window has been applied in the former case whereas uniform 
weighting is used in the latter. The effect of resolution is clearly observed, in particular with respect to the 
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pronounced speckle in the 30-MHz images. The resolution is 0.8 m for the full bandwidth image and 7 m 
for the 30-MHz images. 

 

 

SETHI: HH-pol, f = 277-443 MHz 

 

Filtered SETHI: HH-pol, f = 290–320 MHz, ϑ = 5.6°    

 

Filtered SETHI: HH-pol, f = 338–368 MHz, ϑ = 4.9° 

 

Filtered SETHI: HH-pol, f = 408–438 MHz, ϑ = 4.1° 

Figure 7.13. HH-polarization sub-image extracted from SETHI image Bio05, and corresponding sub-images 
obtained after filtering of different 30-MHz bands. The images are radiometrically calibrated and have been 

stretch using the same grey scale to enable cross-comparison. Corner reflector #3 is visible in the top portion of 
each image. Note that a Hamming window has been applied to the filtered images but not to the full bandwidth 
image which explains why the corner reflector sidelobes are more visible in the latter. Polarization, frequency 

band and Doppler beamwidth are indicated for each filtered image. The covered area is 563 m x 563 m. 
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SETHI: HV-pol, f = 277-443 MHz 

 

Filtered SETHI: HV-pol, f = 290–320 MHz, ϑ = 5.6° 

 

Filtered SETHI: HV-pol, f = 338–368 MHz, ϑ = 4.9° 

 

Filtered SETHI: HV-pol, f = 408–438 MHz, ϑ = 4.1° 

Figure 7.14. HV-polarization sub-image extracted from SETHI image Bio05, and corresponding sub-images 
obtained after filtering of different 30-MHz bands. The images are radiometrically calibrated and have been 

stretch using the same grey scale to enable cross-comparison. Note that corner reflector #3 is barely visible in 
the top portion of each image due to low cross-polarization signature. Polarization, frequency band and Doppler 

beamwidth are indicated for each filtered image. The covered area is 563 m x 563 m. 
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SETHI: VV-pol, f = 277-443 MHz 

 

Filtered SETHI: VV-pol, f = 290–320 MHz, ϑ = 5.6°     

 

Filtered SETHI: VV-pol, f = 338–368 MHz, ϑ = 4.9° 

 

Filtered SETHI: VV-pol, f = 408–438 MHz, ϑ = 4.1° 

Figure 7.15. VV-polarization sub-image extracted from SETHI image Bio05, and corresponding sub-images 
obtained after filtering of different 30-MHz bands. The images are radiometrically calibrated and have been 

stretch using the same grey scale to enable cross-comparison. Corner reflector #3 is visible in the top portion of 
each image. Note that a Hamming window has been applied to the filtered images but not to the full bandwidth 
image which explains why the corner reflector sidelobes are more visible in the latter. Polarization, frequency 

band and Doppler beamwidth are indicated for each filtered image. The covered area is 563 m x 563 m. 

 

7.2.4 Calibration evaluation 

The calibration methodology used is based on analyzing the corner reflector response with the integral 
method [55][56]. The advantage of this method compared to using a method based on the peak response 
is that it is insensitive to details of the SAR processing as long as respecting linearity in the numerical 
operations and the Nyquist sampling criteria. It is, for example, insensitive to SAR defocusing which are 
often present in airborne SAR data. The method is also independent on the spectral weighting functions. A 
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disadvantage with the integral method is that it requires higher signal-to-background ratio compared to a 
method based on the peak response. A minimum of 25 dB is typically required as a minimum. 

The equation to determine the backscattering coefficient from the integrated corner response is given by 

 

E
PP n−

= σβ 0                                                                                                                                  (Eq. 7.4) 

 

where σ is the radar cross section of the corner reflector, P is the image power (magnitude square of the 
complex pixel number DN) averaged over the area of interest, Pn is the average noise power and E is the 
energy of the corner reflector. The latter is determined from the following equation 
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where the summation is carried out over N pixels corresponding to the area ΩN indicated in Figure 7.16, 
Pn+c is the average noise and clutter power, and δrg and δaz are the pixel spacings. In the present analysis 
the length and width of the integration cross was chosen to be 10 and 4 times the measured 3 dB 
resolution in each direction. The radar cross section of the corner reflector was computed from the (short) 
side length a of the triangle and wavelength λ according to 
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=                                                                                                                                        (Eq. 7.6) 

 

The three 30-MHz images were analysed to verify the applied radiometric calibration. Results are 
presented in Table 7.5 to Table 7.7. 

Note that the radar cross section (RCS) was determined at the centre frequency which is an approximation 
since it varies both with frequency and Doppler. The error is, however, small and can be neglected. 

The measured radar cross section agrees with the theoretical for corner reflector #3 since this reflector 
was used for radiometric calibration. There is a difference for the other reflector which can be several dB 
which is due to uncompensated antenna gain variations. The radiometric calibration is therefore only 
accurate for range lines close to corner reflector #3. It has not been possible to determine the exact 
validity limits for the calibration but examining average range profiles indicates that the error is small (< 
0.5 dB) within 500 range pixels. 

The peak-signal-to-clutter-and-noise ratio (SCR) is also given in the table. It is always larger than 28 dB for 
corner reflector #3 and larger than 34 dB for #4 indicating a precision of 0.3 dB (1σ) in the radiometric 
calibration. 
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Figure 7.16. The area used to integrate the image response of the corner reflector is marked in grey. Each cell 
corresponds to a 3 dB resolution cell. Remaining cells are used to estimate the clutter-and-noise power. The 

point target energy is determined by integrating the magnitude square of the complex pixel values subtracted by 
the estimate of the clutter-and-noise background, and finally multiplied by the pixel area [55][56]. 

 

Table 7.5. Verification of 290-320 MHz imageTheoretical RCS = 34.84 dB m2 (f = 305 MHz). 

 
Tri 

 
Pol 

 
Peak (dB) 

 
Rg resolution, 

3 dB (m) 

 
Az resolution, 

3 dB (m) 

 
Measured 

RCS (dBm2)

 
Diff (dB) 

 
SCR (dB)

#3 HH 18.1 6.5 6.6 34.8 0.0 29.7 
#3 VV 18.1 6.5 6.6 34.8 0.0 29.5 
#4 HH 19.1 6.6 6.7 36.0 1.2 40.7 
#4 VV 18.3 6.6 6.5 35.1 -0.2 34.4 

 

Table 7.6. Verification of 338-368 MHz image. Theoretical RCS = 36.11 dB m2 (f = 353 MHz). 

 
Tri 

 
Pol 

 
Peak (dB) 

 
Rg resolution, 

3 dB (m) 

 
Az resolution, 

3 dB (m) 

 
Measured 

RCS (dBm2)

 
Diff (dB) 

 
SCR (dB)

#3 HH 19.5 6.5 6.6 36.1 0.0 28.4 
#3 VV 19.5 6.5 6.5 36.1 0.0 30.0 
#4 HH 22.9 6.6 6.5 39.7 -3.6 41.9 
#4 VV 20.9 6.7 6.5 37.7 -1.6 38.9 

 

Table 7.7. Verification of 408-438 MHz image. Theoretical RCS = 37.68 dB m2 (f = 423 MHz). 

 
Tri 

 
Pol 

 
Peak (dB) 

 
Rg resolution, 

3 dB (m) 

 
Az resolution, 

3 dB (m) 

 
Measured 

RCS (dBm2)

 
Diff (dB) 

 
SCR (dB)

#3 HH 21.0 6.5 6.5 37.7 0.0 31.6 
#3 VV 21.0 6.5 6.5 37.7 0.0 31.3 
#4 HH 20.4 6.6 6.5 37.1 0.8 41.8 
#4 VV 17.9 6.4 6.5 34.5 3.2 36.4 

ΩN 

ΩN 
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7.2.5 Stand-level backscatter from SETHI 2010 

Stand level backscatter measurements were extracted from SETHI data, both for full bandwidth data and 
the three processed 30-MHz data. The stands used for this purpose are described in the section on 
change detection in the present report (Section 7.1). These stand level data were used for two main 
purposes. First, we wish to examine possible differences between the frequency range used for E-SAR 
acquisitions (305-375 MHz) and the frequency band of BIOMASS (432-438 MHz). For this purpose, the 
second processed 30 MHZ sub-band (338-368 MHz) was compared to the third sub-band (408-438 MHz). 
While these frequency bands do not perfectly match the E-SAR and BIOMASS frequency bands, their 
comparison should nevertheless be a good indicator of differences between E-SAR and BIOMASS caused 
by their differences in frequency. Scatter plots for the stand averaged backscatter from the two sub-bands 
are shown in Figure 7.17. The colors indicate range distance from the centre of each stand to corner 
reflector #3 (used for calibration). Only stands with a range distance less than 700 pixels were included, 
since the calibration of the sub-bands has reduced quality for range lines “far” from the corner reflector due 
to uncompensated antenna gain variations. Note that the value 700 pixels is an approximate value, an in-
depth analysis of the valid region for the sub-band images has not been done, and may well be larger than 
700 pixels. The backscatter for the second (338-368 MHz) sub-band tends to be higher than for the third 
(408-438 MHz), the mean difference is about 1 dB for HH and HV and a bit more for VV. The spread in the 
data in the direction perpendicular to the one-one line is quite small for HH and HV, and only somewhat 
larger for VV. Considering the expected calibration uncertainty (± 1 dB for E-SAR, similar for SETHI) as 
well as residual speckle fluctuations (95% interval is ± 1 dB for 1 ha stand), the observed differences are 
small. We conclude that there is no reason to expect that the difference in frequency between E-SAR and 
BIOMASS will have a significant impact on measured backscatter values. 

The second purpose with the analysis is to enable a detailed comparison of E-SAR and SETHI data. The 
most straightforward way to accomplish this comparison is of course to directly compare stand level E-
SAR data and SETHI data, which is done in Section 7.2.6. However, this direct comparison is influenced 
by the fact the forest has changed in several ways (thinning, clear-cuts, and forest growth, changes is 
moisture conditions etc.). Therefore a complementary two-step procedure, as described below, is 
performed to improve the understanding of differences between E-SAR and SETHI. 

The first step is presented in Section 7.1, in which full bandwidth data is compared with E-SAR data, and 
differences in stand level backscatter measurements between the systems are compared to changes in 
forest biomass. A strong correlation between change in backscatter and change in forest biomass is 
found. Using regression analysis, the (mean) difference in backscatter corresponding to no change in 
forest biomass was estimated. This difference is found to be up to 2 dB for HV and up to 3 dB for HH, with 
the backscatter for SETHI being higher than for E-SAR. The difference depends on the acquisition date of 
the E-SAR image for which the comparison is made. A change in mean backscatter level between the 
different E-SAR acquisitions (acquired over a time span of about 2 months) has been observed in [5], and 
is most likely caused by changes in moisture conditions. 

The second step is a comparison between full bandwidth data and the second sub-band. Scatter plots with 
stand averaged backscatter from these two images are shown in Figure 7.18. There is no consistent shift in 
backscatter level across polarizations. For HH the backscatter is slightly lower (~1 dB) in the full bandwidth 
image, for HV the corresponding shift is a bit less than 1 dB in the opposite direction, and for VV there is 
virtually no mean offset between the backscatter levels. Moreover, the spread in the data perpendicular to 
the one-one line is quite small, especially for HH and VV. We conclude that there are no major differences 
between the full bandwidth SETHI image and the filtered SETHI image from the second sub-band (338-
368 MHz). 
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Combining the results from step one and two, we observe that the mean backscatter on stand level for 
SETHI is up to 2 dB higher for HV and up to 3 dB higher for HH and VV data compared to E-SAR data 
depending the date of acquisition. This shift is not likely to be caused by the difference in frequency bands 
between the E-SAR and the (full bandwidth) SETHI images or due to differences in calibration/processing 
methodologies. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 7.17. Stand level backscatter from sub-band 2 (x-axis) v.s. sub-band 3 (y-axis) for HH, HV and VV 
polarized backscatter in (a), (b), and (c), respectively. The solid black line is the one-one line, the dashed green 
line is parallel to the one-one line but with an offset corresponding the difference between the mean backscatter 
levels in the two sub-bands. The colours indicate range distance from the centre of each stand to CR3 (used for 

calibration). Only stands with a range distance from CR3 less than 700 pixels were used. 
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(a) 

 

 
(b) 

 

 
(c) 

Figure 7.18. Stand level backscatter from sub-band 2 (x-axis) v.s. the full bandwidth image (y-axis) for HH, HV 
and VV polarized backscatter in (a), (b), and (c), respectively. The solid black line is the one-one line, the 

dashed green line is parallel to the one-one line but with an offset corresponding the difference between the 
mean backscatter levels in the two sub-bands. The colors indicate range distance from the centre of each stand 

to CR3 (used for calibration). Only stands with a range distance from CR3 less than 700 pixels were used. 

 

7.2.6 Cross-comparison stand level backscatter: E-SAR and SETHI 

In this section a direct comparison between ESAR and SETHI stand level backscatter measurements is 
made. For this purpose we use SETHI scene Bio05, in which the corner reflectors are present, and ESAR 
scene 0110, acquired 9 March 2007. These images have virtually the same imaging geometries. Stand 
level backscatter was extracted for stands classified as undisturbed (see Section 7.1), as well as the 
seven 80 m by 80 m plots (stands) for which detailed in-situ measurements exists. For SETHI, both full 
bandwidth and sub-band 2 (338-369 MHz) were used. All stands used in this analysis were less than 700 
range pixels from CR3. 

The analysis in Section 7.1 shows that P-band backscatter is sensitive to changes in biomass. Thus, 
changes in biomass between 2007 and 2010 will impact the difference in E-SAR and SETHI backscatter. 
To minimize the impact of changes in the forest, only stands with similar change in biomass were used for 
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quantitative measurements, while all the stands described above were included in plots. For the 
quantitative measurements, we choose to only use stands for which log(W2007)-log(W2010) ∈ [-0.5,0].  This 
range of biomass change was selected in order to maximize the number of stands within the selected 
range while keeping the range small. It should be noted that biomass for the selected stands is higher in 
2010 than in 2007, thus an increase in backscatter due to biomass increase is expected. As an additional 
restriction only stands with biomass greater than 50 t/ha in 2007 were used for quantitative 
measurements, since stands with low biomass are expected to have high relative growth. 

In Figure 7.19 stand level measurements from E-SAR and SETHI are compared in scatter plots. First, it is 
noticed that no systematic difference between E-SAR and SETHI is found for HV for this image pair. For 
HH and VV the backscatter is 1-2 dB higher for SETHI than for E-SAR, the difference being largest when 
comparing to the second sub-band. We also notice a strong correlation between the E-SAR and SETHI 
backscatter, especially for HH. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 7.19. Stand level comparison between E-SAR (x-axis, scene 07biosar0110) and SETHI (y-axis, scene 
Bio05), for undisturbed stands (triangles) and 80 m by 80 m stands (squares). In the first column full bandwidth 
SETHI data is used, while in the second column the second sub-band (338-368 MHz) is used. HH, HV and VV 

backscatter data are shown in rows 1-3, respectively. 
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7.2.7 Conclusions 

In this section, E-SAR and SETHI data from 2007 and 2010, respectively, have been compared with the 
objective to ensure consistent interpretation of radar signatures across campaign data sets. The analysis 
has been based on filtering SETHI images to lower bandwidths. Filtering the SETHI images to closely 
match the E-SAR images was performed and a visual comparison showed that the images are very 
similar. A quantitative analysis was, however, performed on SETHI images with reduced bandwidth 
(30 MHz) in order to eliminate the effects of frequency notching. Three 30-MHz images were produced 
covering 290-320 MHz, 338-368 MHz and 408-438 MHz. 

Radiometric calibration was performed using one corner reflector (#3, CR3). Evaluation of the 
methodology showed that the calibration is accurate close to the range line of the corner reflector but 
degrades further away due to uncompensated antenna gain variations. The error is considered acceptable 
within about 700 range lines from the corner reflector. 

Analysis of SETHI backscattering coefficients on stand-level between the two upper 30-MHz bands 
showed small differences and a tendency of lower values (mean difference for HH: 1.0 dB, HV: 0.8 dB, 
VV: 1.6 dB) for the highest band (408-438 MHz) compared to the middle band (338-368 MHz). Even 
smaller differences were found when comparing the full bandwidth SETHI image with the middle 30-MHz 
band (mean difference for HH: 0.9 dB, HV: -0.8 dB, VV: 0.3 dB). 

Analysis also showed that the backscatter level is a few dB (up to 2 dB for HV, up to 3 dB for HH and VV) 
higher for full bandwidth SETHI image compared to the E-SAR images (depending on polarization and for 
which E-SAR image the comparison is made). Our analysis indicates that only part of the difference may 
be explained by radiometric calibration issues or forest growth, and that other changes in the forest stands 
between 2007 and 2010 have a significant impact, e.g. stem and canopy moisture. 
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8  LONG TEMPORAL INTERFEROMETRIC COHERENCE AT P-BAND 
Temporal coherence is a key factor for the BIOMASS mission. It conditions strongly the expected 
performances of PolInSAR and tomographic techniques. Previous studies have shown that temporal 
coherence remains high after one month over tropical forest and three months over temperate and boreal 
forests [3][10][11]. The investigation presented here explores the effect of very long gaps (3 years) for 
boreal (hemiboreal) forests acquired over Remningstorp with E-SAR during BioSAR 2007 and SETHI 
during BioSAR 2010. 

One of the main challenges of the study comes from the fact that two different airborne SAR systems have 
been used to acquire the fully polarimetric P-band SAR data. To retrieve an expected coherence, the data 
should have the same frequency band and a common geometry. This section is divided in three parts. 
First, we briefly summarize the main characteristics of the two campaigns in terms of flight geometries and 
radar parameters crucial to the coherence analysis. Next, we review the processing and post-processing 
steps which had to be performed in order to get spectral matching between E-SAR and SETHI images. 
Finally, the temporal coherence images obtained between the two datasets are presented and analyzed. 

 

8.1 BioSAR 2007 and BioSAR 2010 Campaigns 

The BioSAR 2007 campaign took place at three different occasions during the period March to May 2007 
with the DLR sensor E-SAR [3]. The BioSAR 2010 campaign took place on 23 September 2010 using the 
ONERA sensor SETHI. During these campaigns, fully polarimetric SAR data were acquired at both L- and 
P-band. For the long temporal baseline coherence study presented here, however, the focus is on the P-
band SAR data only. 

Figure 8.1 represents the trajectory used for the E-SAR processing corresponding to the antenna position 
and the trajectory of the GPS antenna for SETHI. A separation of about 5.2 m is measured between the 
two trajectories according to the text tag for the yellow marker found in the figure. The P-band antenna is 
located in the left pod for SETHI creating a 3.8 m lateral spacing. The effective mean baseline, in the 
horizontal plane, is therefore 5.2 - 3.8 =1.4 m instead of 0 m. Along the vertical axis the trajectory accuracy 
is about 2 m.  

The volume decorrelation associated with such a small effective baseline between the BioSAR 2007 and 
BioSAR 2010 registrations is assumed to be negligible for the coherence analysis presented here. This is 
illustrated in Figure 8.2. 
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Figure 8.1. Visualization of flight trajectories. The trajectory at the E-SAR antenna location onboard the DLR 
aircraft is shown in orange, whereas the blue line is the trajectory for the location at the SETHI IMU device when 

installed onboard the AVdef aircraft. The prescribed flight heading is in both cases 199°, i.e. flight line L10. 

 

 

 

Figure 8.2. The volume decorrelation, due to the baseline between both acquisitions as the waves don’t follow 
the same path into the volume (red and blue lines), is not negligible as is illustrated to the left. With a zero-

baseline acquisition, on the other hand, the volume decorrelation is assumed to be negligible and this is shown 
to the right. 
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8.1.1 BioSAR 2007 

The E-SAR sensor during the BioSAR 2007 campaign operated at P- and L-bands in full polarimetric 
mode. Two modes of SAR acquisitions were explored at P-band: 

 

• 100 MHz instrumented bandwidth with a central frequency of 350 MHz 

• 6 MHz bandwidth with a central frequency of 350 MHz   

 

For this study, only the first mode is considered. 

 

8.1.2 BioSAR 2010 

SETHI sensor operated at P- and L-bands simultaneously in full polarimetric mode. The P-band system 
parameters were: 

 

• 200 MHz instrumented bandwidth at a central frequency of 360 MHz 

 

8.2 Processing and Post-Processing in Support to the Coherence Analysis  

To study the interferometric coherence, the data acquired by SETHI had to be processed using the same 
parameters and geometry as was used in the generation of the E-SAR images, e.g. centre frequency, 
bandwidth, squint angle, windowing, pixel size and reference track. 

 

8.2.1 BioSAR 2007 

The characteristics of the E-SAR images generated by DLR are as follows: 

 

• SLC geometry: Data are computed with a squint angle of 2.6° but SLC images are in range/zero-
Doppler geometry. 

• Effective bandwidth is 70 MHz instead of 100 MHz because of strong RFI located around 
390 MHz. Hence, the upper part of the band was filtered out. 

• Hamming windowing is used. 
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8.2.2 BioSAR 2010 

Notches are made on the transmitted chirp to avoid reserved frequencies dedicated to emergency 
operation. Furthermore, during the SAR processing RFI filtering is performed by notching the raw data 
spectrum. Details on the two types of notches used for SETHI P-band can be found in Section 4.2.4. 

In order to form the interferometric dataset, the SETHI data had to be processed in order to match the E-
SAR spectrum, i.e. with the same bandwidth, the same centre frequency and windowing as used for the E-
SAR data and summarized in Section 8.2.1. 

Moreover, data had to be computed with the same SLC geometry with respect to the same reference 
track. The SETHI SLC image is in range/squint geometry whereas the E-SAR SLC geometry is defined in 
the range/zero-Doppler plane. In order to maximize the common azimuth spectrum it was decided to 
increase the azimuth resolution of SETHI SLC SAR images under study. Hence, the azimuth resolution is 
1.0 m instead of 1.6 m. 

The impact of the squint angle and azimuth resolution differences on the coherence has been simulated 
by computing the coherence between two Hamming spectra where the characteristics of the SETHI and E-
SAR images have been taken into account, see Figure 8.3. Due to these differences on the azimuth 
spectra, the maximum reachable coherence is 0.88 instead of 1.0. 

 

 

Figure 8.3. Simulation of the azimuth spectra for E-SAR and SETHI SLC images. 

 

8.2.3 Post-processing 

The SETHI raw data spectrum is filtered because of strong RFI with several notches introduced as can be 
seen in Figure 4.10. Thus, to keep a good coherence level we apply the same notches also on the E-SAR 
SLC spectrum. This is illustrated in Figure 8.4. 
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Figure 8.4. Plots of three different spectra with slant range along the vertical axis and azimuth along the 
horizontal axis. The spectrum at the top is from the E-SAR SLC P-band image generated by DLR and obtained 
with a 2D FFT applied. As can be seen no RFI notches were introduced within the processed bandwidth in that 

case. The middle plot shows the E-SAR spectrum but now with the SETHI notches included in the post-
processing scheme. Finally, the bottom spectrum is from the corresponding  SETHI SLC image used in the long 

temporal baseline coherence study presented here. 

 

8.3 Interferometric Coherence 

When the SAR processing and post-processing steps have been performed the spectra from the two 
sensors are as similar as possible and the SLC images are in the same geometry. The interferometric 
coherence is computed over a 13 ×13 window, corresponding to a number of equivalent looks of 88. The 
coherence results obtained with the two E-SAR and SETHI P-band SAR data acquisitions along flight line 
L10, and found in Figure 8.5, are presented in Figure 8.6 to Figure 8.8.   

As expected, lakes show no coherence. Bare surfaces are also observed to have a very low coherence, 
this could be related to significant changes in the scattering the low signal-to-noise ratio. Over the forested 
plots, however, regions of higher coherence can be observed. 

The three (Hh, Hv and Vv) coherence images shown are visualized through the same colour map [0-0.7] 
and it appears that the Hh coherence level is higher (brighter intensity) than the others. The strong ground-
trunk double bounce could explain the higher level of coherence for Hh polarization. It is difficult to 
distinguish parts of the scene on the Hv coherence. To point out the difference of coherence levels 
between polarizations, histograms within the five regions of interest (ROIs) indicated by the ellipses in 
Figure 8.5 have been calculated for the different polarizations. The histograms can be found in Figure 8.9 
to Figure 8.11 together with photos captured in May 2011 that show the typical forest conditions for each 
of the five ROIs. 
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Figure 8.5. The SETHI (top) and E-SAR (bottom) SLC SAR magnitude zero-baseline mages acquired along 
flight line L10 and used for the study on interferometric coherence at P-band with a gap of three years. The 

RGB colour coding used is in Red: Hh polarization, in Green: Hv and in Blue: Vv. The yellow, clear blue, red, 
dark blue and green ellipses on top of the SETHI image localize the five regions of interest (ROIs) used in the 

analysis. 

 

 

Figure 8.6. The coherence map at P-band obtained for the Hh channel. 

 

 

Figure 8.7. The coherence map at P-band obtained for the Hv channel. 

 

Figure 8.8. The coherence map at P-band obtained for the Vv channel. 
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The coherences of the clear-cut stand (ROI P2) or the young spruces stand (ROI P3) have similar 
histogram shapes and similar mean values and standard deviations for the different polarizations. It can be 
noted that young spruces cannot be distinguished from bare surfaces at P-band (UHF-VHF band). 

The coherence of the two mixed areas (ROI P4 and P42) is higher than for the clear-cut stand, with a 
coherence mean value of 0.35 for Hh polarization. The coherence of the Vv polarization seems to depend 
on the undercover vegetation which is fairly sparse for P4 but denser for P42. 

The coherence for the spruce stand (ROI P40) is higher with a mean value of 0.56, probably due to the 
double bounces. The histogram shapes are also wider than for the other stands. 

In all cases, the cross-polarized coherence is very low, indicating that the three year gap between the two 
acquisitions has significantly modified the spatial distribution of the scatterers responsible for the Hv 
signature. The Hv signature has been shown to correspond more to the volume scattering, with small 
branches more susceptible to change and growth that the main trunk of the tree. 

The coherence analysis does not allow distinguishing young spruce stands from grass fields or clear-cut 
stands but it allows using the mean and histogram shapes to distinguish mixed stands, composed by 
young spruces, pines and birches, from mature spruce stands. 

The obtained result shows that significant coherence can be observed over a much longer period than 
what had been explored in previous studies. As expected the Hv return is the one exhibiting the stronger 
loss of coherence. 

From the coherence images, where each pixel value corresponds to the coherence computed over a 13 
×13 window, one can compute a histogram of coherences for a region and estimate the mean coherence 
and a standard deviation as illustrated in Figure 8.9 to Figure 8.11. The mean coherence and standard 
deviation have also been calculated for the 58 ROIs (regions/stands of interest) and are summarized in 
Table 8.1, together with the biomass estimations for 2007 and 2010 (provided by Chalmers University of 
Technology). The clear-cuts are easily detectable as the mean coherence is very low, between 12% and 
13% (for Hh or Vv polarizations) for the stands 18, 42 and 55. At the opposite the very stable stands, in 
terms of biomass variations as stands 20, 23, 24, 32, 33, 34, 43, 44, 48, 50 and 51 have high coherence 
mean value, from 35% to 65% for Hh and Vv polarizations, depending on the species. The biomass 
variations for the other stands are mitigated with a coherence mean value between 18% and 35% 
depending on the species, the biomass variation and on the age of the trees (the young spruces are not 
visible at P-band in the SAR images). As expected the cross-polarization coherence mean value is quite 
uniform over the stands and doesn’t allow analysis of the changes. 
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Picture Hh histogram Hv histogram Vv histogram 

 
ROI P2: Clear-cut 

 
Mean = 0.14 
Std deviation = 0.09 

 
Mean = 0.15 
Std deviation = 0.07 

 
 
Mean = 0.2 
Std deviation = 0.08 

 
ROI R3: Young spruce 

 
 
Mean = 0.21 
Std deviation = 0.14 

 
 
Mean =0.18 
Std deviation = 0.1 

 
 
Mean = 0.2 
Std deviation = 0.07 

Figure 8.9.  Histograms of the coherence levels measured for the two ROIs P2 and R3 indicated by the red and clear blue ellipses in Figure 8.5, respectively. 
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Picture Hh histogram Hv histogram Vv histogram 

 
ROI P4: Mixed spruce, pine and birch 

 
 
Mean =0.31 
Std deviation = 0.16 

 
 
Mean =0.17 
Std deviation = 0.1 

 
 
Mean =0.24 
Std deviation = 0.1 

 
ROI P40: Spruce 

 
 
Mean =0.56 
Std deviation = 0.18 

 
 
Mean =0.25 
Std deviation = 0.14 

 
 
Mean =0.45 
Std deviation = 0.18 

Figure 8.10. Histograms of the coherence levels measured for the two ROIs P4 and P40 indicated by the yellow and green ellipses in Figure 8.5, respectively. 
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Picture Hh histogram Hv histogram Vv histogram 

 
ROI P42: Spruce and pine 

 
Mean =0.36 
Std deviation = 0.18 

 
Mean =0.28 
Std deviation = 0.16 

 
 
Mean =0.43 
Std deviation = 0.17 

Figure 8.11. Histograms of the coherence levels measured for the ROI P42 indicated by the dark blue ellipse in Figure 8.5. 

 

 

 

 

 

 

 

 



 BIOSAR 2010 4000102285/10/NL/JA/ef
FINAL REPORT 

 

16/12/2011  Page 153 of 177 
 

Table 8.1. Comparison between the BioSAR 2007 and BioSAR 2010 biomass variations within the 58 ROIs and 
the corresponding temporal interferometric coherence for the three polarimetric P-band channels. 

Stand 
Id 

Biomass 2007 
[t/ha] 

Biomass 2010 
[t/ha] 

diff 
biomass 

coh Hh 
mean 

coh Hh 
std 

coh Hv 
mean 

coh Hv 
std 

coh Vv 
mean 

coh Vv 
std 

1  127,68  98,39  ‐29,29 0,15 0,10 0,18 0,07  0,19 0,07
2  153,32  175,68  22,35 0,38 0,13 0,26 0,1  0,35 0,14
3  164,85  185,45  20,60 0,42 0,15 0,25 0,11  0,44 0,15
4  103,33  127,86  24,53 0,23 0,13 0,19 0,07  0,29 0,12
5  168,97  146,47  ‐22,50 0,19 0,13 0,18 0,07  0,21 0,09
6  211,18  237,21  26,02 0,29 0,13 0,24 0,1  0,32 0,11
7  82,63  98,24  15,61 0,16 0,08 0,24 0,09  0,25 0,12
8  122,28  124,63  2,35 0,23 0,13 0,2 0,07  0,27 0,11
9  96,49  106,29  9,80 0,22 0,13 0,21 0,09  0,26 0,11

10  126,50  138,16  11,65 0,30 0,13 0,23 0,1  0,35 0,13
11  145,67  161,62  15,95 0,31 0,14 0,3 0,12  0,29 0,11
12  76,76  107,95  31,19 0,22 0,10 0,24 0,09  0,27 0,1
13  160,95  180,74  19,79 0,30 0,13 0,23 0,09  0,31 0,13
14  126,85  158,62  31,77 0,29 0,13 0,22 0,09  0,33 0,12
15  100,88  118,17  17,29 0,22 0,11 0,19 0,07  0,31 0,13
16  161,10  151,80  ‐9,30 0,29 0,16 0,2 0,08  0,3 0,14
17  154,65  111,54  ‐43,11 0,22 0,12 0,19 0,08  0,2 0,08
18  287,32  9,35  ‐277,97 0,12 0,07 0,18 0,06  0,18 0,07
19  134,98  147,69  12,71 0,29 0,15 0,29 0,11  0,28 0,11
20  168,06  175,56  7,51 0,37 0,19 0,27 0,1  0,35 0,16
21  182,76  166,18  ‐16,58 0,22 0,12 0,18 0,06  0,22 0,09
22  211,24  239,57  28,32 0,45 0,18 0,28 0,11  0,34 0,13
23  120,15  142,17  22,02 0,36 0,17 0,24 0,11  0,34 0,14
24  125,71  141,71  16,00 0,32 0,15 0,21 0,08  0,31 0,12
25  108,81  123,71  14,90 0,27 0,14 0,21 0,08  0,3 0,13
26  135,23  144,75  9,52 0,26 0,14 0,21 0,1  0,29 0,13
27  25,89  27,66  1,77 0,24 0,15 0,24 0,1  0,26 0,12
28  159,04  158,40  ‐0,63 0,24 0,17 0,23 0,08  0,25 0,12
29  203,06  236,41  33,35 0,37 0,17 0,25 0,11  0,33 0,13
30  152,49  149,20  ‐3,30 0,27 0,13 0,22 0,09  0,29 0,13
31  10,50  25,56  15,07 0,19 0,12 0,21 0,08  0,28 0,13
32  87,17  93,33  6,16 0,42 0,14 0,26 0,1  0,42 0,14
33  94,34  117,71  23,37 0,48 0,13 0,29 0,12  0,44 0,14
34  137,96  118,81  ‐19,15 0,38 0,16 0,24 0,1  0,35 0,16
35  191,30  253,23  61,93 0,29 0,16 0,23 0,1  0,28 0,13
36  68,86  111,84  42,98 0,21 0,13 0,2 0,08  0,29 0,12
37  164,11  158,80  ‐5,32 0,37 0,16 0,2 0,09  0,28 0,14
38  65,07  53,55  ‐11,52 0,38 0,20 0,2 0,09  0,32 0,15
39  161,13  144,45  ‐16,69 0,25 0,14 0,18 0,06  0,21 0,08
40  206,76  172,99  ‐33,76 0,34 0,17 0,21 0,08  0,26 0,13
41  66,20  71,82  5,61 0,41 0,18 0,22 0,09  0,34 0,15
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42  163,81  18,25  ‐145,56 0,13 0,08 0,18 0,06  0,18 0,07
43  112,76  137,80  25,03 0,52 0,14 0,21 0,09  0,53 0,15
44  182,12  211,23  29,11 0,53 0,14 0,26 0,1  0,44 0,15
45  16,29  43,53  27,25 0,18 0,11 0,19 0,07  0,23 0,09
46  92,32  96,88  4,56 0,41 0,19 0,3 0,14  0,34 0,15
47  107,73  122,66  14,92 0,35 0,15 0,25 0,1  0,33 0,14
48  98,80  86,71  ‐12,09 0,57 0,10 0,27 0,1  0,47 0,14
49  25,36  11,19  ‐14,17 0,45 0,20 0,27 0,12  0,51 0,15
50  100,78  108,17  7,39 0,64 0,07 0,4 0,15  0,61 0,11
51  114,80  111,34  ‐3,46 0,65 0,08 0,4 0,16  0,54 0,14
52  68,33  122,58  54,25 0,29 0,18 0,2 0,08  0,28 0,12
53  119,63  79,57  ‐40,06 0,15 0,08 0,18 0,06  0,18 0,07
54  94,34  95,81  1,47 0,16 0,09 0,2 0,07  0,26 0,12
55  146,73  9,20  ‐137,54 0,12 0,06 0,16 0,06  0,19 0,06
56  119,16  117,31  ‐1,85 0,17 0,12 0,21 0,09  0,24 0,1
57  245,76  266,25  20,49 0,34 0,15 0,22 0,09  0,35 0,14

58  118,65  121,54  2,89 0,27 0,14 0,26 0,1  0,32 0,13

 

8.4 Conclusions and discussion 

The effect of very long temporal gaps on interferometric coherence is explored on a managed boreal forest 
by cross-examining data acquired with two different sensors, E-SAR and SETHI. Special processing and 
post-processing steps had to be performed in order to obtain an interferometric pair. The polarimetric 
analysis of the obtained coherence maps indicates that the Hh polarization decorrelates less than Vv and 
Hv. This behaviour has already been observed on previous datasets associated with shorter temporal 
differences and is certainly related to the relatively strong contribution of the stable double bounce 
mechanism in the Hh polarization. On the opposite, the Hv polarization exhibits a very low coherence. 
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9 POLINSAR ANALYSIS – TREE HEIGHT RETRIEVAL 
 

9.1.1 PolInSAR Data Set 

The BioSAR 2010 (BioSAR-3) images that were fully processed are summarised in the Table 4.6. In order 
to perform the PolInSAR analysis, we need to work with a pair of images acquired with a non zero 
baseline. Among the processed data set, we can form three pairs of interferograms according to Table 9.1. 
The result for image pair A and C are found in Figure 9.1 and Figure 9.2, respectively. 

 

Table 9.1. Image pairs that can be formed for the BioSAR 2010 PolInSAR analysis. 

BioSAR 2010 PolInSAR dataset 

Pair  Line  Track1  Track2  Vertical baseline 

A  L10  Bio01  Bio03  100ft 
B  L10  Bio02  Bio03  100ft 
C  L30  Bio07  Bio08b  100ft 
         

 

 

Figure 9.1. Interferometric results for image pair A showing intensity, interferometric phase, interferometric 
coherence [0.0, 1.0] and altitude of ambiguity [0, 100 m]. The RGB colour coding used in the three left images is 

in Red: Hh polarization, in Green: Hv and in Blue: Vv. 

 

 

Figure 9.2. Interferometric results for image pair A showing intensity, interferometric phase, interferometric 
coherence [0.0, 1.0] and altitude of ambiguity [0, 200 m]. The RGB colour coding used in the three left images is 

in Red: Hh polarization, in Green: Hv and in Blue: Vv. 
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In a previous study [57][58], we had observed that favourable interferometric conditions for the PolInSAR 
standard inversion were obtained for an altitude of ambiguity ranging from the vegetation height to twice 
the vegetation height. 

In the Remingstorp area, maximum vegetation height is around 20 to 30 m corresponding to an optimum 
altitude of ambiguity between 20 and 50 m. Clearly, in pair C this condition is not observed as can be seen 
in Figure 9.3. Furthermore, among the three pairs, we can see that the inversion can only be performed in 
a rather small area of the images. 

 

   
 

Figure 9.3. Zones where the interferometric conditions are favourable, with pair A, pair B and pair C given from 
left to right. The colour table ranges from 20 to 60 m. 

 

The BioSAR 2010 flight campaign experimental plan was designed with zero baseline acquisitions as top 
priority in order to explore the temporal decorrelation between BioSAR 2007 (BioSAR-1) and BioSAR 
2010. The number of acquisitions was limited as the campaign plan included a single flight. 

During the experimental flight, we had selected to fly 3 lines, and repeat the zero baseline track in order to 
increase our chances to have proper zero baseline conditions with respect to the BioSAR 2007 
acquisition. We had 6 potential acquisitions. Only one pair was flown with 150 ft baseline (Bio03 and 
Bio04). However, in the final processing selection, we did not select the Bio04. The variation in the 
altitude of ambiguity across the image swath when selecting a vertical baseline of 100 or 150 ft is 
illustrated in Figure 9.4. 
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Figure 9.4. Variation in the altitude of ambiguity for vertical baselines of 100 ft or 150 ft.  

 

9.2 LiDAR data set 

The generated LiDAR data set is available in both UTM 33N and WGS84 coordinates as mentioned in 
Section 5.5. In order to compare the results of our inversion with the LiDAR height, we decided to put the 
LiDAR dataset in the radar geometry. This step, schematically shown in Figure 9.5, can easily be 
performed based of the grid file (.grille) provided with the radar data set and described in Section 4.7.6. 

 

 
 

Figure 9.5. Transformation of the DEM and DSM in radar coordinates. 

 

Grid file 

DEM/ DSM 
UTM 

coordinates 

Ground height 
Radar coordinates 

Vegetation height 
Radar coordinates 

Ground Easting 
Radar coordinates 

Ground Northing 
Radar coordinates 
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The resulting files are the Easting, Northing and Ground height files which have the same size (number of 
pixels, number of lines) as the radar image. 

We perform the same approach with the DEM+DSM height (corresponding to the top of the canopy). 

The canopy height map in Figure 9.6 is rather different from the canopy height map presented in the 
BioSAR 2007 report. In the aforementioned study, a post-processing was applied to the height data. A box 
filter of 10 m × 10 m was applied to the data. The output was the maximum height value in the box. The 
effect of such a filter is outlined in Figure 9.7 and compared with a regular mean filter computed over a 
similar box size. 

A careful analysis of Figure 9.7 is instructive. The forest is composed of sparse trees. The LiDAR picks out 
single trees and sees the forest ground between the trees. Taking the mean, in this particular case will 
lower significantly the forest estimated height. The question is then about what the radar is seeing. 

In this analysis, because we would like to measure a mean tree height and not a mean between the 
ground and the trees, and for the sake of consistency with respect to the BioSAR 2007 study, we have 
chosen to use the maximum box filter as the most representative measure for the tall trees in the plot. 

The resulting map is looking very similar to the height map in the BioSAR 2007 report. A more detailed 
comparison is not possible as the LiDAR tree height map from the BioSAR 2007 report is not available in a 
file format (we do not have the original electronic file) and the colour table used in the report is not exactly 
the same as the one we have implemented, even though we have tried to use a similar one in this work. 

 

 
 

Figure 9.6. DEM for the ground and canopy top layer shown in the left and middle image, respectively, with 
greyscale ranging from 140-180 m. Canopy height found in the right image, ranging from 0 to 50 m. 
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Figure 9.7. Comparison between the original canopy height map and the post-processing output over a 10 × 10 
box (max filter in the middle, mean value on the right). The colour scale is between 0 and 50 m. 

 

9.3 Inversion Steps 

Our PolInSAR inversion algorithm is based on the Random Volume over Ground model (RVoG) first 
proposed by Cloude and Papathanassiou [59]. The Random Volume model is based on Treuhaft et al 
model [60]. 

The algorithm proceeds in several steps which we will described rapidly in the following paragraphs. 

Over a window of size 9 × 9, 15 × 15 or 21 × 21 we compute the 6 × 6 covariance matrix associated with 
the interferometric couple. 

From the covariance matrix, we can compute the coherence region. When two independent scattering 
contributions are present in the cell, and assuming that the interferometric coherence associated with each 
one of the two contributions are polarisation independent, it can be shown that the coherence resulting 
from the combination of the two mechanisms is along the segment linking the two coherences. One of 
these mechanism is the ground and ground trunk interaction with a coherence of 1 and the second one is 
the random volume contribution (random meaning here non-oriented) which has been shown to have a 
constant coherence with respect to polarisation. 

Therefore the next step of the inversion is to find this segment. Cloude has recommended fitting the line 
across 5 specific polarisation coherences (HH, HV, VV, HH+VV, HH-VV). M Neumann and L Ferro-Famil 
[61] proposed a more theoretical approach relying on matrix theory which provides the best line fit in the 
sense of mean square. We have implemented this approach in our inversion. 
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The next step is to determine the coherence associated with the volume only contribution. At P-band we 
have seen on all our datasets that, unlike at L-band the volume only coherence was never observed. The 
highest observed scattering center as a function of polarisation always includes a ground contribution. 
Therefore, our inversion assumes a known attenuation. Based on our previous work on the Landes 
dataset, we have chosen to use a 0.3 dB/m for this forest type. 

In the following part of the document, we will analyse the PolInSAR dataset of pair A with the following 
parameters: θ angle and the d parameter, defined according to Figure 9.8. The d parameter is especially 
important as when assuming a known attenuation coefficient, this is the one linking to the height of the 
vegetation. The θ parameter is useful when one wants to reconstruct the ground phase. The inversion 
result obtained from pair A is shown in Figure 9.9. 
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Figure 9.8. The intermediate parameters in the PolInSAR inversion. 
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Figure 9.9. Inversion result using our standard algorithm. LiDAR height shown in the left image and PolInSAR 
height in the right. Range of the height colour scale [0, 50 m]. 

 

Some features are well identified but overall the inversion algorithm provides only a rough map of the 
vegetation height with a significant error which was characterised on the 58 ROIs used in this study with a 
bias of 3 m, and a standard deviation of 5 m derived from the plots found in Figure 9.10. The standard 
inversion algorithm that had previously been applied successfully to the Landes dataset and the TropiSAR 
dataset is not working properly, (non-optimum altitude of ambiguity conditions). Remember that we had 
only three interferometric pairs processed for the scope of this study. 

We observe here the same type of behaviour as the one observed for the previous datasets when the 
geometric conditions are not favourable, that is an overestimation of the vegetation height.  
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Figure 9.10. LiDAR height compared to height inversion using PolInSAR based on the previously developed 
algorithm with a 0.3 dB/m attenuation. The height results are evaluated using the 58 ROIs. A bias of 3 m and a 

standard deviation of 5 m are obtained. 
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A new approach was developed. This approach is empirical and relies on the shape and position of the 
coherence region. The relation between the observables and the height is first obtained on a subset of the 
image and then applied to the full image. 

The results are presented in the Figure 9.11. They were obtained by masking out areas associated to bare 
surfaces using the HV response with (HV < -16 dB for bare surfaces). 

There is a good correspondence between the LiDAR height on the left and the PolInSAR height on the 
right. A zoom of the image is provided showing the details of the two maps over a particular area. 

Over the near-range area (left part of the radar inversion height map in Figure 9.11), the sensitivity is 
decreasing and the results are degraded. 

The quality of the inversion is also in this case assessed over the 58 ROIs used in the BioSAR 2007 study 
with the values plotted in Figure 9.12.  

There is a 1.2 m bias and a 2.1 m standard deviation between the PolInSAR retrieved height and the 
LiDAR height.  

This empirical inversion procedure performs well for this interferometric pair over the Remingstorp area 
and should be validated for other interferometric pairs over the same biomes and checked further over 
other areas. 

 
 

 
 

Figure 9.11. Inversion result using the modified inversion approach. LiDAR height shown in the left images and 
PolInSAR height to the right. The two lower images correspond to a zoom of the area identified in the white box. 

Range of the height colour scale [0, 50 m]. 
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Figure 9.12.  LiDAR height compared to height inversion using PolInSAR based on the modified algorithm. The 
height results are evaluated using the 58 ROIs. A bias of 1.2 m and a standard deviation of 2.1 m are obtained. 

 

9.4 Conclusions 

The PolInSAR height inversion algorithm developed previously and tested over the TropiSAR dataset and 
the Landes dataset was applied to the interferometric pairs processed for BioSAR 2010. The results, 
presented in the report, provide a rough vegetation height map. This height map is not satisfactory 
compared to the LiDAR height map, showing a poor sensitivity with a height error characterised by a bias 
of 3 m and a standard deviation of 5 m. This is certainly linked to the non-optimal geometric conditions and 
a similar behaviour was observed on previous datasets. 

An empirical inversion algorithm was developed and tuned on a small subset of the image, then applied to 
the full image. It performs better than the standard algorithm with a standard deviation of 2.1 m computed 
over the set of regions of interest identified on the area. 

The main conclusion is that the standard approach is not performing well when the baseline is not in the 
range creating a favorable altitude of ambiguity (between the vegetation height and twice the vegetation 
height). However, the empirical analysis proves that the information about the vegetation height can be 
extracted from the dataset. The empirical approach described in the previous paragraph is tuned to the 
image pair and there is no indication that it will perform as is on other datasets. This approach should be 
tested and generalised on other biomes and on other geometric conditions. Further work has to be 
conducted to explore and propose new algorithms along those lines. 
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10 CONCLUSIONS 
The BioSAR 2010 campaign was planned and successfully implemented during the summer and fall of 
2010 over the Remningstorp forest test site in southern Sweden. The planning and execution of the 
campaign was done with the aim to address all of the agreed primary objectives. 

The airborne SAR flights were performed on 23 September 2010 with the ONERA SETHI system and 
included ten imaging passes with P- and L-band polarimetric and repeat-pass interferometric data 
acquisitions. Seven of the imaging passes were devoted to flight headings 178° and 199° which were the 
same as in the previous SAR data collection in 2007 using the DLR E-SAR system. The remaining three 
passes used a new flight heading of 270° covering a larger part of the test site. 

Six passes were selected for precision processing and calibration in order to facilitate the subsequent data 
analysis and address the campaign objectives. The work resulted in a data base including two PolInSAR 
pairs (headings 199°,  270°) suitable for forest height retrieval, three SAR images (headings 178°,  199°) 
suitable for change analysis with E-SAR data from 2007, and one SAR images (heading 178°) suitable for 
calibration analysis based on two in-scene large (5.15 m) corner reflectors. Both L- and P-band data from 
the six selected passes were successfully processed and calibrated, i.e. 12 polarimetric SAR images. 

In support of the SAR analysis, a data set of ground data was also collected as well as helicopter LiDAR 
data. In-situ measurements of forest parameters were performed using two sets of field plots, i.e. a 
systematic grid with 10-m radius plots complemented with seven square plots of size 80 m by 80 m where 
each individual tree was characterised. A similar but slightly different sampling strategy was used in the 
previous E-SAR campaign in 2007. LiDAR data in 2010 were collected over the entire Remningstorp test 
site of 1200 ha, i.e. much larger than the area covered in 2007. The in-situ data and the LiDAR data have 
been processed to forest parameters including biomass in tons/ha. The results are made available as plot-
level data as well as maps with a grid spacing of 10 m. Additional ground data are also available, e.g. soil 
moisture and temperature data from a few sites as well as data from a nearby weather station. 

The analysis of the SAR data has focused on the P-band data to support the BIOMASS phase A activities. 
Analysis of the L-band SAR data has been limited to compiling a data base of stand-level backscattering 
coefficients over the same areas as used in the data analysis of the E-SAR data collected in 2007. 

An important finding from the BioSAR 2010 PolInSAR analysis is that interferometric coherence 
determined between 2007 and 2010 is relatively high despite the more than three years between 
acquisitions. Coherence varies depending on area as well as polarisation with the highest coherence 
obtained for HH-polarisation. 

Another important finding from BioSAR 2010 analysis is that the changes in backscattering coefficients is 
found related to growth (young forest only) as well as silvi-cultural activities in the forest (thinning, clear 
cutting). The sensitivity to biomass change on stand level is also found to be consistent with previous 
analysis from 2007 concerning the sensitivity to the absolute biomass level. Highest sensitity is found for 
HV and HH but less for VV. The analysis also shows that stand-level backscatter changes is sufficient for 
detection of clear cutting as well as growth (younger forest only) and thinning. 

The backscattering coefficients measured during BioSAR 2010 are up to 3 dB higher compared to BioSAR 
2007. The difference varies depending on polarisation and for which of the three missions in 2007 (March, 
April or May) the comparison is performed. The smallest difference is for March 2007 and the largest for 
May 2007. The difference between March and May 2007 E-SAR data, on average about 1 dB, has been 
explained by the decrease in soil moisture as the ground dried from late winter to early summer conditions. 
The BioSAR 2010 backscattering coefficients are observed to be slightly higher than March 2007 data 
despite the fact that the soil moisture was even lower than the May 2007 measurements. The reason for 
this observation is presently not fully understood but analysis indicate that neither radiometric calibration 
nor forest growth is the only cause, and that varying moisture conditions also has a significant impact. 
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12 APPENDIX A - DELIVERABLES 
The BioSAR 2010 data set is delivered to ESA on an external disk unit which can be connected using a 
standard USB interface.  

The main data types are stored on the disk in six separate folders according to Figure 12.1 and are visible 
when opening the folder on the top level named “BioSAR_2010_data_set”. The contents of the six folders 
will be reviewed in Appendix A. 

 

 

Figure 12.1. The BioSAR 2010 data are organized in six different folders on the disk unit. 

 

Measured position data as well as geo-referenced vector or raster images are in general available in both 
UTM 33N and WGS84. Some exceptions exist where the representation in WGS84 is missing and this will 
be pointed out when the different files are described. 

 

12.1 Contents of the Folder “Documents” 

This folder contains all BioSAR 2010 documentations provided to ESA after, or just before, the agreed 
project start on 23 September 2010. All files are available in PDF-format and found in separate folders 
depending on the type of document, see Figure 12.2.  

 

 

Figure 12.2. Folders with all documentations compiled and distributed during the BioSAR 2010 project. 

 

One progress meeting was held in Remningstorp, Sweden, during two days, i.e. 17-18 May 2011. The 
final meeting took place at ESA-ESTEC in Noordwijk, The Netherlands, on 24 November 2011. All 
presentations given at the two meetings are found in separate folders together with the minutes of 
meeting. 

Eight monthly progress reports have been issued and one note. The latter concerns the strategy how to 
proceed with the analysis and comparison of the retrieved PolInSAR height maps from BioSAR 2007 and 
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BioSAR 2010. The former results are not available in digital form as a deliverable to ESA. The progress 
reports and notes are found in separate folders. 

 

The folder “Reports” contains the three main reports compiled during the project, i.e.: 

• “BioSAR2010_CampaignImplementationPlan_ v1-0.pdf”. The final version of the Campaign 
Implementation Plan, issued on 20 September 2010. The report summarizes the main objectives 
of BioSAR 2010 and gives an overview of the planned campaign layout to accomplish this.  

• “BioSAR_2010_data_acquisition_report_v1.0.pdf”. The final version of the Data Acquisition 
Report, issued on 12 February 2011. The report summarizes the different data types that were 
collected during the campaign. In some cases preliminary data quality checks are also given, in 
particular the quick-look SAR processing of all imaging passes made by SETHI. 

• “BioSAR2010_final_report_v1.0.pdf”. The final version of the Final Report, issued on 15 
December 2011. The report summarizes the detailed processing of all data types collected, the 
different analyses conducted and the main results obtained with respect to the prescribed BioSAR 
2010 objectives. It is in this report where this Appendix can be found. 

 

12.2 Contents of the Folder “Forest_Data” 

This folder contains all BioSAR 2010 data related to various forest characteristics and measured forest 
parameters, including a number of different stand delineations used in the analysis. In addition, all digital 
photos captured in connection to the field observations, undertaken during the SETHI SAR acquisition day 
of 23 September 2010, are also found here. The structure of this folder is shown in Figure 12.3. All folders 
except two, “Field_observations” and “Forest_inventory” consist of vector or raster images in both UTM 
and WGS84. The next level in those folders has therefore a similar structure with two folders named 
“UTM33N” and “WGS84”, respectively. A few data files have also been added from BioSAR 2007 to 
facilitate analyses and comparisons. 

 

 

Figure 12.3. Folders with data related to various forest characteristics and measured forest parameters, 
primarily from the BioSAR 2010 campaign. 

 

The folder “Biomass_map” contains two raster image files: 

• “BioSAR_2010_Remningstorp_UTM33N_Biomass.tif”. This raster image file covers most parts 
of the Remningstorp estate and the biomass values [tons/ha] have been retrieved from the LiDAR 
data using the regression model derived for BioSAR 2010 based on the collected forestry and 
LiDAR data set. The file has been generated with 10 m × 10 m cell sizes. The raster image is 
stored as a single band in GeoTiff-format and represented in UTM 33N. The corresponding data in 
WGS84 are found in the file “BioSAR_2010_Remningstorp_WGS84_Biomass.tif”. 
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• “BioSAR_2007_Remningstorp_UTM33N_Biomass.dat”. This raster image file covers the 
central part of the Remningstorp estate and the biomass values [tons/ha] were retrieved using 
LiDAR and forestry data acquired during the BioSAR 2007 campaign. The file has been generated 
with 10 m × 10 m cell sizes. The file is available from the archive in UTM 33N only and has not 
been included earlier as a deliverable to ESA. Except for the data file (*.dat) there is also a header 
file (*.hdr) which makes it easy to open and handle this raster image file using the ENVI software. 

 

The folder “Field_observations” contains all digital photos found in Appendix B, with file names introduced 
in that part of the report (*.jpg). A number of additional photos of the two deployed trihedrals, not included 
in this report, are also available in this folder. 

 

The folder “Forest_delineation” contains three vector image files and one Excel-file: 

• “BioSAR_2010_Remningstorp_UTM33N_RemningstorpStandMap.shp”. This is the shape file 
with the polygons for all stands within Remningstorp estate and used in the forestry management. 
The polygons are represented in UTM 33N. The file has been generated and handled using the 
software ArcGIS. This means that several accompanying files exist but with different file 
extensions. The file is delivered without any data added to the attribute database. The file 
“BioSAR_2010_Remningstorp_WGS84_RemningstorpStandMap.shp” contains the same set 
of stand polygons but represented in WGS84. Minor changes and corrections of the forest stand 
delineation have been made compared to the shape file available in 2007 and shown in Figure 3.4 
and Figure 3.5. The new shape file is overlaid in Figure 6.15. 

• “BioSAR_2010_Remningstorp_UTM33N_SingleTreePlotsRemaining.shp”. This is the shape 
file with the polygons for the seven remaining 80 m × 80 m stands where measurements of single 
trees took place 2010-2011. The polygons are represented in UTM 33N. The file has been 
generated and handled using the software ArcGIS. This means that several accompanying files 
exist but with different file extensions. The area numbers have been added to the attribute 
database. The polygons for the seven remaining 80 m × 80 m stands but represented in WGS84 
are found in “BioSAR_2010_Remningstorp_WGS84_SingleTreePlotsRemaining.shp”. 

• “BioSAR_2010_Remningstorp_UTM33N_NewStandswithClassification_1Dec2011.shp”. This 
is a shape file with the polygons defined for the investigations on detection of forest changes 
based on SAR backscatter analysis. The origin of the stands is a sub-set selected from all 
available stands within Remningstorp estate but where a 10 m border has been removed from the 
selected stands in order to minimize geolocation errors and border effects. The polygons are 
represented in UTM 33N. The file has been generated and handled using the software ArcGIS. 
This means that several accompanying files exist but with different file extensions. The file is 
delivered with information added to the attribute database such as the 2007 and 2010 biomass 
values, new stand IDs and the IDs used in the forestry management of the slightly larger stands. 
In “BioSAR_2010_Remningstorp_WGS84_NewStandsWithClassification_1Dec2011.shp” is 
the same polygons found but represented in WGS84. 

• “BioSAR_2007_Polygons_Training_Stands_ie_the_58_ROIs_110318.xls”. This Excel-file 
contains the coordinates for all polygon points of the 58 training stands defined in [5], in this report 
often referred to as 58 ROIs. The coordinates are available in both UTM 33N and WGS84. 
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The folder “Forest_inventory” contains two Excel-files: 

• “BioSAR_2010_Remningstorp_Forest_Dataset_UTM33N_WGS84_20110617.xls”. This Excel-
file contains forest parameters measured on the new grid of field plots allocated over the estate 
using 200 m grid spacing, see Figure 6.16. The file includes only the measurements made at 
circular field plots where the radius was 10 m. This reduces the total available field plots from 242 
to 214. The coordinate for the centre point in each plot is given in both UTM 33N and WGS84. 

• “BioSAR_2010_Remningstorp_SingleTreePlotsRemainingBiomassUTM33N_WGS84.xlsx”. 
This Excel-file contains the single-tree measurements made within the seven remaining areas 
(stands) of 80 m × 80 m in size. The tree positions are available in both UTM 33N and WGS84. 

 

The folder “Strata” contains four raster image files: 

• “BioSAR_2010_Remningstorp_UTM33N_StratumYoung.tif”. This raster image file covers the 
Remningstorp estate and contains the stratum Young Forest which is defined as forest younger 
than 20 years. When this is valid for a raster cell the value is set to one, otherwise the value is 
zero. The file has been generated with 10 m × 10 m cell sizes. The raster image is stored as a 
single band in GeoTiff-format and represented in UTM 33N. The corresponding data in WGS84 
are found in the file “BioSAR_2010_Remningstorp_WGS84_StratumYoung.tif”. 

• “BioSAR_2010_Remningstorp_UTM33N_StratumPine.tif”. This raster image file covers the 
Remningstorp estate and contains the stratum Pine which is defined as forest 20 years or older 
with more than 80% pine. When this is valid for a raster cell the value is set to one, otherwise the 
value is zero. The file has been generated with 10 m × 10 m cell sizes. The raster image is stored 
as a single band in GeoTiff-format and represented in UTM 33N. The corresponding data in 
WGS84 are found in the file “BioSAR_2010_Remningstorp_WGS84_StratumPine.tif”. 

• “BioSAR_2010_Remningstorp_UTM33N_StratumSpruce.tif”. This raster image file covers the 
Remningstorp estate and contains the stratum Spruce which is defined as forest 20 years or older 
with more than 80% spruce. When this is valid for a raster cell the value is set to one, otherwise 
the value is zero. The file has been generated with 10 m × 10 m cell sizes. The raster image is 
stored as a single band in GeoTiff-format and represented in UTM 33N. The corresponding data in 
WGS84 are found in the file “BioSAR_2010_Remningstorp_WGS84_StratumSpruce.tif”. 

• “BioSAR_2010_Remningstorp_UTM33N_StratumMixed.tif”. This raster image file covers the 
Remningstorp estate and contains the stratum Mixed Forest which is defined to be the case, i.e. 
the value is set to one, when none of the other three strata have the value one for the same raster 
cell. If this is not true, the raster cell value is set to zero. The file has been generated with 10 m × 
10 m cell sizes. The raster image is stored as a single band in GeoTiff-format and represented in 
UTM 33N. The file “BioSAR_2010_Remningstorp_WGS84_StratumMixed.tif” contains the 
same stratum but represented in WGS84. 

 

The folder “Tree_species_composition_from_aerial_photo_interpretation” contains four raster image files: 

• “BioSAR_2010_Remningstorp_UTM33N_Decideous.tif”. This raster image file covers the 
Remningstorp estate and contains the proportion of decideous forest from the stand register, 
except for the tree species oak. The values are given in percent on stand level, based on the 
delineation covering all forested areas found within the estate boundary. The file has been 
generated with 10 m × 10 m cell sizes. The raster image is stored as a single band in GeoTiff-
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format and represented in UTM 33N. The corresponding data in WGS84 are found in the file 
“BioSAR_2010_Remningstorp_WGS84_Decideous.tif”. 

• “BioSAR_2010_Remningstorp_UTM33N_Oak.tif”. This raster image file covers the 
Remningstorp estate and contains the proportion of oak forest from the stand register. The values 
are given in percent on stand level, based on the delineation covering all forested areas found 
within the estate boundary. The file has been generated with 10 m × 10 m cell sizes. The raster 
image is stored as a single band in GeoTiff-format and represented in UTM 33N. The file 
“BioSAR_2010_Remningstorp_WGS84_Oak.tif” contains the same data but represented in 
WGS84. 

• “BioSAR_2010_Remningstorp_UTM33N_Pine.tif”. This raster image file covers the 
Remningstorp estate and contains the proportion of pine forest from the stand register. The values 
are given in percent on stand level, based on the delineation covering all forested areas found 
within the estate boundary. The file has been generated with 10 m × 10 m cell sizes. The raster 
image is stored as a single band in GeoTiff-format and represented in UTM 33N. The file 
“BioSAR_2010_Remningstorp_WGS84_Pine.tif” contains the same data but represented in 
WGS84. 

• “BioSAR_2010_Remningstorp_UTM33N_Spruce.tif”. This raster image file covers the 
Remningstorp estate and contains the proportion of spruce forest from the stand register. The 
values are given in percent on stand level, based on the delineation covering all forested areas 
found within the estate boundary. The file has been generated with 10 m × 10 m cell sizes. The 
raster image is stored as a single band in GeoTiff-format and represented in UTM 33N. The file 
“BioSAR_2010_Remningstorp_WGS84_Spruce.tif” contains the same data but represented in 
WGS84. 

 

12.3 Contents of the Folder “LiDAR_Data” 

This folder contains data products generated by signal processing of the data set acquired over the 
Remningstorp estate in August and September 2010 by the helicopterborne laser scanning system 
TopEye. 

 

The folder contains seven raster image files: 

• “BioSAR_2010_Remningstorp_UTM33N_LiDAR_DEM.tif”. This raster image file covers most 
parts of the Remningstorp estate and contains a Digital Elevation Model (DEM) retrieved from the 
LiDAR data. The pixel values are given in centimetres [cm] above mean sea level defined 
according to the Swedish National Height System RH2000. The file has been generated with 0.5 
m × 0.5 m cell sizes. The raster image is stored as a single band in GeoTiff-format and 
represented in UTM 33N. The corresponding data in WGS84 are found in the file 
“BioSAR_2010_Remningstorp_WGS84_LiDAR_DEM.tif”. 

• “BioSAR_2010_Remningstorp_UTM33N_LiDAR_DSM.tif”. This raster image file covers most 
parts of the Remningstorp estate and contains a Digital Surface Model (DSM) retrieved from the 
LiDAR data. The pixel values are given in millimetres [mm] above the ground surface for the same 
pixel coordinates. The file has been generated with 0.5 m × 0.5 m cell sizes. The raster image is 
stored as a single band in GeoTiff-format and represented in UTM 33N. The corresponding data in 
WGS84 are found in the file “BioSAR_2010_Remningstorp_WGS84_LiDAR_DSM.tif”. 
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• “BioSAR_2010_Remningstorp_UTM33N_LiDAR.tif”. This raster image file covers most parts of 
the Remningstorp estate and contains the LiDAR metrics defined in Table 5.1. The file has been 
generated with 10 m × 10 m cell sizes. The different LiDAR metrics are stored as separate bands 
in GeoTiff-format and represented in UTM 33N. The total number of bands in this flle is 53. The 
file “BioSAR_2010_Remningstorp_WGS84_LiDAR.tif” contains the same LiDAR metrics but 
represented in WGS84. 

• “BioSAR_2010_Remningstorp_UTM33N_LiDARperc60.tif”. This raster image file covers most 
parts of the Remningstorp estate and contains one of the LiDAR metrics, i.e. 60th percentile of 
LiDAR return values above height threshold. The height threshold was 1.0 m and 10% of the 
maximum height (perc60). The pixel values are given in centimetres [cm]. The file has been 
generated with 10 m × 10 m cell sizes. The raster image is stored as a single band in GeoTiff-
format and represented in UTM 33N. The corresponding LiDAR metric in WGS84 are found in the 
file “BioSAR_2010_Remningstorp_WGS84_LiDARperc60.tif”. The data can also be found and 
extracted from band 6 in the raster image file that contains all generated LiDAR metrics stored in 
53 different bands.  

• “BioSAR_2010_Remningstorp_UTM33N_LiDARperc70.tif”. This raster image file covers most 
parts of the Remningstorp estate and contains one of the LiDAR metrics, i.e. 70th percentile of 
LiDAR return values above height threshold. The height threshold was 1.0 m and 10% of the 
maximum height (perc70). The pixel values are given in centimetres [cm]. The file has been 
generated with 10 m × 10 m cell sizes. The raster image is stored as a single band in GeoTiff-
format and represented in UTM 33N. The corresponding LiDAR metric in WGS84 are found in the 
file “BioSAR_2010_Remningstorp_WGS84_LiDARperc70.tif”. The data can also be found and 
extracted from band 7 in the raster image file that contains all generated LiDAR metrics stored in 
53 different bands. 

• “BioSAR_2010_Remningstorp_UTM33N_LiDARperc95.tif”. This raster image file covers most 
parts of the Remningstorp estate and contains one of the LiDAR metrics, i.e. 95th percentile of 
LiDAR return values above height threshold. The height threshold was 1.0 m and 10% of the 
maximum height (perc95). The pixel values are given in centimetres [cm]. The file has been 
generated with 10 m × 10 m cell sizes. The raster image is stored as a single band in GeoTiff-
format and represented in UTM 33N. The corresponding LiDAR metric in WGS84 are found in the 
file “BioSAR_2010_Remningstorp_WGS84_LiDARperc95.tif”. The data can also be found and 
extracted from band 10 in the raster image file that contains all generated LiDAR metrics stored in 
53 different bands. 

• “BioSAR_2010_Remningstorp_UTM33N_LiDARprop30.tif”. This raster image file covers most 
parts of the Remningstorp estate and contains one of the LiDAR metrics, i.e. the proportion of 
LiDAR returns above height threshold. The height threshold was 3.0 m (vegratio3). The pixel 
values are given in percent. The file has been generated with 10 m × 10 m cell sizes. The raster 
image is stored as a single band in GeoTiff-format and represented in UTM 33N. The file 
“BioSAR_2010_Remningstorp_WGS84_LiDARprop30.tif” contains the same LiDAR metric but 
represented in WGS84. The data can also be found and extracted from band 17 in the raster 
image file that contains all generated LiDAR metrics stored in 53 different bands. Note: The 
abbreviation “prop30” is only used in the two file names and corresponds to “vegratio3” in the text 
of the BioSAR 2010 final report. 
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12.4 Contents of the Folder “Retrieved_parameter_values” 

The folder “Retrieved_parameter_values” contains five Excel-files: 

• “BioSAR2010_P-band_Final_Report_Tables_58Stands_ie_the_58_ROIs.xlsx”. This Excel-file 
contains all data given in Table 4.8 to Table 4.13 and Table 8.1, accessible through seven 
separate worksheets. 

• “BioSAR2010_L-band_Final_Report_Tables_58Stands_ie_the_58_ROIs.xlsx”. This Excel-file 
contains all data given in Table 4.15 to Table 4.20, accessible through six separate worksheets. 

• “BioSAR2010_58Stands_ie_the_58_ROIs.xls”. This Excel-file contains biomass values from 
BioSAR 2007 and BioSAR 2010. The biomass has been retrieved from the generated biomass 
maps within the 58 training stands [5], often referred to as 58 ROIs in this report. 

• “BioSAR2010_StandsWithSubjectiveChangeClassification.xls”. This Excel-file contains 
biomass values, various SAR backscatter parameters and evaluations of coherence from BioSAR 
2007 and BioSAR 2010. The parameter retrievals have been made for the 103 stands defined for 
the investigations on detection of forest changes. 

• “BioSAR2007_Remningstorp_forest_data_2008-04-18_update_2009-05-27.xls”. This Excel-file 
contains the single-tree measurements made during BioSAR 2007. In that campaign 10 areas 
(stands) of 80 m × 80 m in size and 7 areas (stands) of 20 m × 50 m in size were used. With the 
seven 80 m × 80 m areas (stands) available in 2010 it is only the data defined by area number 1, 
5, 10, 14, 15, 17 and 18, according to column A (Avd), that are of interest to compare with what is 
found in the corresponding Excel-file from the single-tree measurements conducted during 
BioSAR 2010. The tree positions are only available in UTM 33N from the BioSAR 2007 campaign. 
This Excel-file is a more recent version compared to the one included as a deliverable in the 
BioSAR  data set provided to ESA. 

 

12.5 Contents of the Folder “SETHI_SAR_Data_ONERA” 

This folder contains all data generated by ONERA based on the six SETHI flight lines agreed on for the 
detailed BioSAR 2010 SAR processing and subsequent data analysis. The structure of this folder is given 
in Figure 12.4. 

The directory tree of the ONERA SETHI data set consists of three main branches, i.e. SLC data at P-band, 
SLC data at L-band and projected (geo-referenced) P- and L-band data but limited to WGS84 only. A 
detailed description of this data set in terms of file types, file naming and data formats are given in Section 
4.6 to Section 4.8. Some code examples are also given there to facilitate reading of the different files. 

 

12.6 Contents of the Folder “SETHI_SAR_Data_FOI” 

FOI has geo-coded all SETHI SLC data delivered by ONERA into UTM 33N. This processing was 
performed with access to the SLC files and the accompanying “grille-files”, in combination with an in-house 
license of the national Swedish DEM with a 50 m × 50 m grid. 

The structure of this folder is the same as in Figure 12.4 but with one directory branch only, i.e. the branch 
to the right. The file names of the UTM 33N geo-referenced SAR images are the same as the ones given 
in Table 4.21 and Table 4.22 but with the common part of all file names in the case of WGS84, i.e. 
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“*_projwgs84.dat”, replaced by “*_projutm.Cmpx” instead. The file extension *.Cmpx indicates that the 
SETHI SAR images in UTM 33N are represented with pixel values as floating point numbers and in a 
complex data format, i.e. 8 bytes per pixel (single precision). The reason for this is that the used software 
package for the geo-coding is implemented with a capability to preserve the phase information going from 
slant to ground range. This is not critical in the application of the BioSAR 2010 SAR data but the standard 
to run the module has been used and the output complex format has thus not been changed. The 
accompanying header file (*.hdr) will ensure that the geo-referenced SAR files in UTM 33N can be opened 
and handled porperly using the ENVI software. 

 

 

Figure 12.4. The directory structure of the SETHI data generated by ONERA. The folder “BioSAR3” is found 
when opening the current folder described, i.e. “SETHI_SAR_Data_ONERA”. 
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13 APPENDIX B – FIELD OBSERVATIONS 
The following thirty five pages of Appendix B consist of the pdf-document compiled from the field 
observations made in Remningstorp in the afternoon of 23 September 2010, i.e. within the time interval 
when the SAR data acquisitions with SETHI were undertaken. The content is based on the photos 
captured and the handwritten notes found in the protocol form available from all thirteen forest stands 
visited.  

It should be noted that the template of the pdf-document in Appendix B, including the page numbering, is 
different and separate compared to what is found in the report where it is inserted. 

 

 

 

 

 

 



FOI, Remningstorp, Field observations, BioSAR 2010 27 Jan. 2011 1(35)

Remningstorp Field observations, September 23, 2010 
by 

BioSAR 2010 FOI, Information Systems

The thirsty Bio-guard of the 5 m tilted high trihedral 
at position R4  makes a beneficial break.



FOI, Remningstorp, Field observations, BioSAR 2010 27 Jan. 2011 2(35)



FOI, Remningstorp, Field observations, BioSAR 2010 27 Jan. 2011 3(35)

Comments

Subjective observations are documented with photos from given date and times. The photos are also available in digital form in 
folder Rem_Photos. The syntax of the files is according to

Rem_[Stand number][_Sequence no].jpg

Example: 

Rem_4430_3.jpg denotes the third photo of visited stand number 4430.
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Visited stands of Remningstorp, positons and directions of photos.

Stand Page

2223 9
2728 10
3327 13
3726 15
3832 17
4327 18
4430 20
4626 23
5332 25
5721 27
5729 29
5932 32
6029 34

Note: The reflectors are localized in large map, page 5.

5729

5332

4626

44304327

38323726

3327

22
23

2728

5721
6029

5932
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Rem_2223_1.jpg; photo direction: East

Site ID 2223
 Time 23 September 2010, 

14:14:34
 Slope, %

 Growth stage

Ground
 Herb layer

 Litter type

   Thickness

 Wetness

Weather
 Air temp.ºC
 Percipitation

 Wind, m/s

 Wind direct.

Notes
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Rem_2728_1.jpg; photo direction: South

Site ID 2728
 Time 23 September 2010, 

14:07:14
 Slope, % 0
 Growth stage Birch, few spruces

Ground
 Herb layer Moss
 Litter type
   Thickness
 Wetness Very wet, standing water

Weather
 Air temp. ºC 10

 Percipitation No
 Wind, m/s 5
 Wind direct. South

Notes
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Rem_2728_2.jpg; photo direction: North

Site ID 2728
 Time 23 September 2010, 

14:09:22
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Rem_2728_3.jpg; photo direction: North-North-East

Site ID 2728
 Time 23 September 2010, 

14:12:00
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Rem_3327_1.jpg; photo direction: East

Site ID 3327
 Time 23 September 2010, 

18:06:43
 Slope, %

 Growth stage

Ground
 Herb layer

 Litter type

   Thickness

 Wetness

Weather
 Air temp.ºC
 Percipitation

 Wind, m/s

 Wind direct.

Notes Close to area 3329, which 
is now partly clear cut 
compared to 2007
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Rem_3327_2.jpg; photo direction: South-East

Site ID 3327
 Time 23 September 2010, 

18:08:10
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Rem_3726_1.jpg; photo direction: West

Site ID 3726
 Time 23 September 2010, 

14:44:09
 Slope, %
 Growth stage Mature stand, Spruce & 

Pine

Ground Undulating

 Herb layer
 Litter type
   Thickness
 Wetness Wet ground

Weather
 Air temp.ºC 12

 Percipitation 0
 Wind, m/s 5
 Wind direct. South

Notes
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Rem_3726_2.jpg; photo direction: East

Site ID 3726
 Time 23 September 2010, 

14:44:18
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Rem_3832_1.jpg; photo direction: East

Site ID 3832
 Time 23 September 2010, 

14:30:06
 Slope, %
 Growth stage 10 -15 years old  spruce

Ground
 Herb layer Moss
 Litter type
   Thickness
 Wetness Dry

Weather
 Air temp.ºC
 Percipitation
 Wind, m/s
 Wind direct.

Notes New growth on clear cut. 
Some seed pine trees.
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Rem_4327_1.jpg; photo direction: South-East

Site ID 4327
 Time 23 September 2010, 

15:38:16
 Slope, %
 Growth stage Clear cut

Ground
 Herb layer
 Litter type
   Thickness
 Wetness Some wet spots

Weather
 Air temp.ºC 13

 Percipitation No
 Wind, m/s 5
 Wind direct. South

Notes
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Rem_4327_2.jpg; photo direction: North-East

Site ID 4327
 Time 23 September 2010, 

15:38:21
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Rem_4430_1.jpg; photo direction: South-East

Site ID 4430
 Time 23 September 2010, 

15:32:21
 Slope, %
 Growth stage Recently clear cut

Ground
 Herb layer
 Litter type
   Thickness
 Wetness Dry

Weather
 Air temp.ºC
 Percipitation
 Wind, m/s
 Wind direct.

Notes A few seed trees left
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Rem_4430_2.jpg; photo direction: South-East

Site ID 4430
 Time 23 September 2010, 

15:44:45
 Slope, %
 Growth stage Clear cut

Ground
 Herb layer
 Litter type
   Thickness
 Wetness Dry

Weather
 Air temp.ºC 14

 Percipitation -
 Wind, m/s 6
 Wind direct. South

Notes
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Rem_4430_3.jpg; photo direction: South-South-East

Site ID 4430
 Time 23 September 2010, 

15:45:43
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Rem_4626_1.jpg; photo direction: North-West

Site ID 4626
 Time 23 September 2010, 

15:43:55
 Slope, % 0
 Growth stage Mature pine

Ground
 Herb layer
 Litter type
   Thickness
 Wetness

Weather
 Air temp.ºC 13

 Percipitation No
 Wind, m/s 5
 Wind direct. South

Notes
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Rem_4626_2.jpg; photo direction: North-East

Site ID 4626
 Time 23 September 2010, 

15:44:08
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Rem_5332_1.jpg; photo direction: East

Site ID 5332
 Time 23 September 2010, 

16:13:44
 Slope, %
 Growth stage Mature spruce

Ground
 Herb layer Moss, some undergrowth
 Litter type
   Thickness
 Wetness

Weather
 Air temp.ºC 12

 Percipitation -
 Wind, m/s 5
 Wind direct. South

Notes
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Rem_5332_2.jpg

Site ID 5332
 Time 23 September 2010, 

16:13:55
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Rem_5721_1.jpg; photo direction: South

Site ID 5721
 Time 23 September 2010, 

17:24:37
 Slope, %
 Growth stage Birch dominant

Ground
 Herb layer
 Litter type
   Thickness
 Wetness Wet, partly muddy, partly 

standing water

Weather
 Air temp.ºC
 Percipitation

 Wind, m/s

 Wind direct.

Notes
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Rem_5721_2.jpg; photo direction: North

Site ID 5721
 Time 23 September 2010, 

17:24:47
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Rem_5729_1.jpg; photo direction: North-West

Site ID 5729
 Time 23 September 2010, 

16:33:51
 Slope, %
 Growth stage

Ground
 Herb layer
 Litter type
   Thickness
 Wetness

Weather
 Air temp.ºC 12

 Percipitation -
 Wind, m/s 2
 Wind direct. South

Notes
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Rem_5729_2.jpg; photo direction: West

Site ID 5729
 Time 23 September 2010, 

16:34:06
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Rem_5729_3.jpg

Site ID 5729
 Time 23 September 2010, 

16:34:49
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Rem_5932_1.jpg; photo direction: North-East

Site ID 5932
 Time 23 September 2010, 

16:26:04
 Slope, % Sloping
 Growth stage Mature spruce

Ground
 Herb layer
 Litter type
   Thickness
 Wetness

Weather
 Air temp.ºC 12

 Percipitation -
 Wind, m/s 2
 Wind direct. ?

Notes
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Rem_5932_2.jpg; photo direction: North

Site ID 5932
 Time 23 September 2010, 

16:26:26
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Rem_6029_1.jpg

Site ID 6029
 Time 23 September 2010, 

16:54:15
 Slope, %

 Growth stage

Ground
 Herb layer

 Litter type

   Thickness

 Wetness

Weather
 Air temp.ºC
 Percipitation

 Wind, m/s

 Wind direct.

Notes Maciej Soja (Chalmers) 
downloading moisture and 
temperature data from a 
TDR instrument.
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Rem_6029_2.jpg; photo direction: South-West

Site ID 6029
 Time 23 September 2010, 

17:07:34
 Slope, %

 Growth stage

Ground
 Herb layer

 Litter type

   Thickness

 Wetness

Weather
 Air temp.ºC
 Percipitation

 Wind, m/s

 Wind direct.

Notes At the rim of 6029 
towards the open field
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