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0 Introduction 

 
The context and funding for the “Dual-Band SAR – TerraSARSIM” project is provided 
by the ESA TerraSAR-L mission. TerraSAR was conceived as a radar system 
designed to provide observation of the Earth's surface at two different radar 
frequency bands: L-band and X-band. In its present design, the L-band is fully 
polarimetric while the X-band system offers multi-polarisation capabilities. The 
current mission design envisages flying two separate radars on separate platforms. 
 
The objectives of the TerraSARSIM project were to quantify the impact of the time 
intervals between SAR acquisitions at different wavelengths on agricultural 
applications.  
Previous studies have shown that applications such as crop parameter retrieval and 
land use classification clearly benefit from the availability of multi-wavelength and 
multi-polarisation SAR data. Current plans for future SAR missions are based on 
single-frequency SAR systems.  
 
In the context of the project 2 flight campaigns / 7 flight programs (Project and 
experiment schedule see chap.1.3) were accomplished for the acquisition of airborne 
radar data in order to get suitable data for appropriate investigations. The data here 
taken up were evaluated under different criteria and for several applications 
thereafter. 
The results from the TerraSARSIM provide a quantitative assessment of the 
degradation in agricultural monitoring due to degradation of sensor parameters such 
as wavelength/polarization, radiometric resolution/incidence angle and especially 
time lag of non-simultaneous acquisitions at the different wavelengths. The 
TerraSARSIM campaign addresses critical issues associated with the joint use of L-, 
C- and X-band datasets for Land Use Mapping and Agricultural Applications, when 
the observations are made from different satellite platforms. In particular date and 
time delay between L-, C- and X-band acquisitions affects a degradation of products 
(mapping, retrievals) due to changing environmental conditions between acquisitions. 
 
A major objective of the TerraSARSIM campaign was, therefore, to quantify the 
impact of time lag between acquisitions at different wavelengths on Land Use 
Mapping and crop parameter retrieval. Additional objectives include establishing the 
performance of the TerraSAR system for Land Use Mapping and assemble and give 
access to a high quality dataset suitable for TerraSAR demonstration activities. 
 
In the frame of the project were acquired airborne SAR-data (see chap. 2.1 
Instrumentation used for the campaign, see 2.4 Test site coverage, 2.5 Flight 
schedule) and ground truth data (chap. 4) for land use (see 4.2) and agriculture (see 
4.3). Test site for data acquisition was Barrax, an intensively agriculturally used area 
in Spain. (Test site description see chap.1.2).  
Different products and qualities of level 1B SAR-data processing (see chap. 3) have 
been used for further investigations. 
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Starting point and most important basis of these further investigations have been very 
extensive and detailed separability analyses, thereby all possible combinations of 
land use classes and all possible combinations of wavelengths and polarizations 
were compared (see chap. 6.2). 
Parallel the acquired in-situ data for biomass have been analyses and correlated with 
the SAR-data by the use of a special retrieval algorithm for biomass (see 6.3). 
Results of retrieval algorithm for crop height which was applied in the past only for 
tree height estimation are described in chapter 6.4.   
Finally land use classification was accomplished (see 6.5) on the basis of the 
analysis of the mapped land use data (see 5.2) as well as on the results of the 
separability analysis, whereby different classification methods (6.5) were used in 
order to determine and verify the best performing sensor configuration (see 7.1) 
under the specific test site and project conditions. 
 

 

Figure 0-1 Workflow for data acquisition and analysis 

 
Figure 0-1 shows the individual production and processing steps which have been 
executed to achieve the project objectives and which are described in the following 
chapters. 

��Data acquisition - 1 Geographical location, schedule and team of the project, 2 
Synthetic aperture radar (SAR) data acquisition,  4 In-situ data acquisition 

��Level 1B products - 3 Level 1B SAR data processing and analysis results, 5 
In-situ data processing and analysis results 

��Level 2 products - 6.2 Separability / Scatter plots and Histogram analysis 
results, 6.3 Biomass Analysis results,  6.4 Crop height analysis results 

��Level 3 products - 6.5 Land use and classification results 
��Configuration assessment - 7 
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1 Geographical location, schedule and team of the project  

1.1 Project Team 

The campaign and data analysis were carried out by Jena-Optronik GmbH as the 
Prime Contractor, with DLR-HF and the University of Bonn as subcontractors. On site 
assistance has been provided by the University of Valencia and the University of 
Albacete. 
 
Project Funding: 

 
ESA / ESTEC, Noordwijk, Netherlands 
Malcolm W. J. Davidson (Technical officer) 
 
Project Management / Campaign Management / Ground truth for land use / 
SAR-data analysis: 

 
Jena-Optronik GmbH, Jena,Germany 
Kathrin Weise (Project Manager), kathrin.weise@jena-optronik.de 
Mario Roessler, Mario.roessler@jena-optronik.de 
 

Flight experiment, SAR data acquisition / SAR data processing (level 1B) / SAR 
data analysis:  

 
DLR-HR, Oberpfaffenhofen, Germany 
Ralf Horn, ralf.horn@dlr.de ;Rolf Scheiber, rolf.Scheiber@dlr.de; 
Irena Hajnsek, irena.hajnsek@dlr.de 
 
Ground Truth for Biomass, SAR data analysis:  

 
University of Bonn, Bonn, Germany 
Walter Kühbauch, LAP@uni-bonn.de 
Stefan Hawlitschka, stefan@hawlitschka.de 
 
On-site assistance / Laboratory: 

 
University of Valencia / University of Albacete, Spain 
Jose Moreno, Jose.Moreno@uv.es ;Luis Alonso, Luis.Alonso@uv.es ; 
Eva Rubio, Eva.M.Rubio@uv.es; Antonio Brasa Ramos, brasa@prov-ab.uclm.es 
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1.2 Geographical location of the test site  

1.2.1 Test site shift from Jordan to Spain 

The first chosen test area for data collection was located in Jordan at the east side of 
the "Dead Sea". The test area had a rectangular form and an extent of 5 km x 20 km 
= 100 km².  

  

Figure 1-1 Map of countries around the first planned test area in Jordan (test 
area = red rectangle) 

The test site was very good suitable for the project experiment goal since it covered 3 
different climate regions on a very short distance of 20 km: 
Western third: Irrigation agriculture, flat relief, salty soil, under sea level 
Middle third: Steppe vegetation; vegetation only at times of precipitation (approx. 
December until March), strong relief from over 1050 m +NN to -280 m +NN  
Eastern third: Forest, rainfed agriculture (grain) and settled areas, plateau, flat relief 
 
On-site contacts and logistics in Jordan 

 
The co-operation of the relevant on site Jordanian Authorities such as  

• Air Force,  

• Civil Aviation Authority,  

• Royal Jordanian Geographic Centre or  

• Ministry of Agriculture  
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was assured through the local contacts of the Jordan Valley Authority beforehand as 
well as during the campaign.�
The data acquisition was planned for the end of February 2003.  
The schedule and the planned test site was shifted to March/April and to an area in 
Spain because of the unstable political situation at the beginning of 2003 in the 
Middle East before the outbreak of the Iraq war. 
 

1.2.2 Test site Barrax 

 
The chosen test area for data collection is located in Barrax in the south of Spain ca. 
200 km away from Valencia and ca. 20 km away from Albacete The area around 
Barrax has been used for agricultural research for many years.  
 

 

Figure 1-2 Distance from the test site in Barrax to Albacete is 20 km and to Valencia 
and Mediterranean ca. 200 km 

 
Barrax test site is situated within La Mancha, a plateau 700 m above sea level. The 
test site is located in the west of province of Albacete  (Figure 1-2). It is 20 km far 
away from the capital town Albacete (coordinates 30°3’ N, 2° 6’ W). The area is 
characterised by a flat morphology and large, uniform land-use units. Differences in 
elevation range up to 2 m only.  The regional water table is about 20-30 m below the 
land surface.  
The climatic conditions accord the Mediterranean features: high precipitations in 
spring and autumn and the minimum in summer. The annual rainfall averages is 
about 400 mm. Furthermore, the region has high continentally with high thermal 
oscillations during all seasons. La Mancha represents one of the driest regions of 
Europe. 
The region consist of approximately 65% dry land and 35% irrigated land with 
different agricultural fruits. 
 
The test area has a rectangular form and an extent of 5 km x 10 km = 50 km². The 
test area was covered with two overlapping flight strips (each strip 3 km x 10 km) 
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Geographical corner coordinates: 
 
The primarily planned corners of the test site were shifted before the first experiment 
1 km westward in flight direction and about 1 km to the south to find enough co-
operative farmers for ground truth activities in the test area (Figure 1-3). 
The covered test area has the following final co-ordinates (related to UTM, DATUM 
WGS84):  
NW: NO: 

39° 04’ 29.59’’                          39° 05’ 39.34’’ 

-2° 08’ 43.52’’                         -2° 01’ 58.23’’ 

 
SW: SO: 

39° 01’ 48.33’’                         39° 03’ 04.73’’ 

-2° 07’ 56.16’’                         -2° 01’ 09.95’’ 

Table 1-1 Coordinate of the test site  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-3 Test area coverage with two flight strips (each strip 3 km x 10 km) 
Background Landsat ETM – Satellite image of the test site of summer 2002, red lines – 
cadastral / field borders, black lines – test site boundaries 
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1.3 Project and experiment schedule 

 
The overall project consisted of 4 phases. Basic contents of the individual phases are 
represented in section 1.3.1. The most important phase of the campaign – data 
acquisition – is described in detail in section 1.3.2.and 2.4.�
 

1.3.1 Project Phases 

 
The overall project consisted of the following 4 phases,  
 

• Preparation (Experiment planning and preparation – SAR-system 
preparation, flight planning, flight permission, ground truth equipment, field 
manual, on site preparation)  

• Data acquisition  (Experiment execution – acquisition of SAR-data, 
acquisition of ground truth data for agriculture and land use) 

• Data processing  (Level 1B SAR-data processing, analysis of backscatter 
coefficients, ground truth data analysis, Retrieval algorithms for biomass and 
crop height, separability-, scatter plot-, histogram analysis, land use 
classification)  

• Final report   (Final results, recommendations)  
 

 
 
 

Figure 1-4 Project phases  

PPrreeppaarraattiioonn 
DDaattaa  

AAccqquuiissiittiioonn  
DDaattaa  

PPrroocceessssiinngg 
FFiinnaall  

RReeppoorrtt  

Nov. 02 - April 03 

• Test area 
information 

• Flight program/ 
Ground truth 
experiment 
preparation 

 

April 03 

• SAR data taking 
Corner reflectors 

• Ground Truth Bio-
mass / Laboratory 

• Ground Truth 
Land use 

April 03 - Feb.04 

• Level 1B data 
processing 

• Quality analysis 

• Retrieval 
algorithms / Land 
use applications 

 

Feb. 04 - April 04 

• Final results 

• Derivation of 
conclusions / 
Minimal sensor 
configuration 

• Final report 
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1.3.2 Schedule data acquisition 

 
For the project have been taken SAR data and ground truth data during two 
campaigns. 
The SAR data acquisition took place on three days during the first campaign and one 
day during the second campaign. 
 
1st campaign: 
 
April 2  - 1st mission:  L-, C-, X-band data acquisition 
  - 2nd mission:  L-, C-, X-band data acquisition 
April 4  - 3rd mission:  L-, C-, X-band data acquisition 
  - 4th mission:  L-, C-, X-band data acquisition 
April 5  - 5th mission:  Pol InSAR data acquisition (L-band) 
 
 
2nd campaign: 
 
April 25 - 6th mission:  RP Pol InSAR data acquisition (L-band) and

     X-band XTI (for DEM data processing) data
     acquisition 

  - 7th mission:  L-, C-, X-band data acquisition 
 
In-situ data for biomass and crop height have been taken parallel to the L-, C-, X-
band data acquisition of missions 1-4 (April 2, April 4) and 7 (April 25). Ground Truth 
data for land use have been taken in a time window close to the flight experiments 
(27.03.-04.04. / 25.04.-30.04.2003). 
The original planned time schedule for the first campaign (April 1, 2 and 3) had to be 
shifted ad hoc one day due to on site military restrictions. A second shift of one day 
was based on bad weather conditions (very strong wind on April 3rd ). 
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2 Synthetic aperture radar (SAR) data acquisition  

2.1 Instrumentation used for the campaign 

2.1.1 The DLR E-SAR system 

E-SAR is a Synthetic Aperture Radar (SAR) system onboard a DLR Dornier DO 228 
aircraft (Figure 2-1). The sensor actually operates in 4 frequency bands, X-, C-, L- 
and P-band, hence it covers a range of wavelengths from 3 to 70 cm. The 
polarisation of the radar signal is selectable, horizontal as well as vertical. In 
polarimetric mode the polarisation is switched from pulse to pulse. 
E-SAR offers high operational flexibility. The measurement modes include single 
channel operation, i.e. one wavelength and polarisation at a time, and the modes of 
SAR Interferometry and SAR Polarimetry. 
The system is polarimetrically calibrated in L- and P-band. SAR Interferometry is 
operational in X-band (XTI and ATI). Repeat Pass SAR Interferometry is operational 
in L- and P-band, especially in combination with polarimetry. 
A modern RT-DGPS/INS System (IGI CCNS4/Aero-control IIb) combined with a 
FUGRO OmniStar DGPS receiver allows most precise navigation and positioning. E-
SAR is hence able to generate geocoded image products of very high geographical 
precision. Repeat Pass SAR Interferometry at baselines of less than 10 m is 
possible. 
 
Part of the sensor system is an operational E-SAR ground segment. After 
transcription from HDDC (SONY SD-1) to harddisk the E-SAR ECS-Processor 
converts the SAR data to calibrated image data products. To increase the product 
quality level to CEOS level 1 b3 radiometric and polarimetric calibration, DEM 
generation and geo-coding are operationally implemented.  
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Figure 2-1 The E-SAR radar installed onboard a DLR DO 228 aircraft 

 

 X-Band C-Band L-Band P-Band 

 RF-centre frequency 9.6 GHz 5.3 GHz 1.3 GHz 350 MHz 

 Transmit peak power 2500 W 500 W 360 W 180 W 

 Receiver noise figure 3.5 dB 5.0 dB 8.0 dB 4.5 dB 

 Antenna gain 17.5 dB 17 dB 17 dB 10 dB 

 Azimuth beamwidth 17° 19° 18° 30° 

 Elevation beamwidth 30° 33° 35° 40° 

 Antenna polarisation H and V H and V H and V H and V 

 System bandwidth 120 MHz 120 MHz 100 MHz 100 MHz 

Table 2-1 E-SAR Technical Parameters 

 
The E-SAR ECS-Processor is installed on a network of 8 Pentium PC’s with CPU 
clock frequencies between 800 and 1000 MHz. Each PC has about 60 Gbyte of disk 
space and 1 Gbyte of core memory. The network operates at 100 Mbits/s. For 
processing all data is stored on a 500 Gbyte RAID. The processed image data sets 
are written on either CD-R or DVD-R depending on scene size. 
 

2.1.2 Corner reflectors and GPS 

For the support of the SAR operation sets of radar reflectors and GPS monitoring 
receivers (equipment) were needed on ground. The DLR provided and installed in 
total 4 trihedral corner reflectors (size: 150 cm) in the field. DLR further provided two 
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GPS sets for SAR operation (aircraft positioning) and corner reflector positioning. The 
equipment was shipped as air freight. 

2.2 Observation modes 

For the mission DLR’s experimental E-SAR system was operated in high resolution – 
narrow swath mode at X-, C- and L-bands. The flight level was selected as FL 120 or 
12000 ft above sea level. The modes of observation are summarised in the tables 
below. 
 

Mode of operation HR-NS, strip map mode 

Scene size [km] 5 x 10 (two 3 x 10 km swaths overlapping by 1 km) 

Polarisation (X-Band) HH or VV (per pass, single-polarisation) 

Polarisation (L-Band) HH / HV / VV / VH (polarimetric) 

Polarisation (C-Band) HV / HH or VH / VV (per pass, dual-polarisation) 

Table 2-2 E-SAR Strip Map Observation Mode 

 

Mode of operation HR-NS, XTI mode for DEM generation 

Scene size [km] 5 x 10 (two 3 x 10 km swaths overlapping by 1 km) 

Polarisation (X-Band) VV (per pass, single-polarisation) 

Baseline mode (XTI) half baseline 

Table 2-3 E-SAR Interferometry Observation Mode 

 

Mode of operation HR-NS, Repeat Pass Pol-InSAR mode 

Scene size [km] 3 x 10 (single swath) 

Polarisation (L-Band) HH / HV / VV / VH (polarimetric) 

Baselines (planned) 0 m, 20 m, 40 m, 60 m, 80 m 

Table 2-4 E-SAR RP Pol InSAR Observation Mode 

2.3 E-SAR data products for SAR satellite case simulation 

The following level 1b data sets were to be generated: 

• X-Band (1 look, intensity, radiometrically calibrated, single polarisation, calib.) 

• X-Band (3 look, intensity, radiometrically calibrated, single polarisation, geoc.) 

• L-Band (SLC, Elements of scattering matrix, radiometrically and 
polarimetrically calibrated, not geo-coded) 
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• L-Band (3 look, intensity, radiometrically and polarimetrically calibrated, geoc.) 

• X-Band (Digital Elevation Model, geocoded) 

• C-Band (1 look, intensity, radiometrically calibrated, dual polarisation, calib.) 

• C-Band (3 look, intensity, radiometrically calibrated, dual polarisation, geoc.) 
 
The following special data set was to be generated: 

• L-Band (Repeat pass polarimetric interferometric SAR, not geocoded) 
 
 

2.4 Test site coverage 

The test area (size 5 x 10 km) was covered by 2 parallel image strips in east - west 
direction. Both strips are 3 km wide. In order to cover the width of the test area, the 
two strips overlapped by 1 km (Figure 2-2). 

  Figure 2-2 Test area coverage 

For the standard mapping flights there were two parallel flight tracks north of the 
area. For DEM generation there were two parallel flight tracks in opposite direction. 
The stand-off distance of each flight track to the corresponding image near range 
edge was approx. 1.5 km. 

near range 

far range 

Track 2 

Track 1 

overlapping  
area = 1km 
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Polarimetric RP-InSAR data acquisition was carried out only in a sub-area of the test 
site, i.e. one strip of 3 x 10 km (Figure 2-3): 
 
 
 
 
 
 
 
 
 

Figure 2-3 The hatched area shows the coverage for RP-InSAR 
acquisition 

 
The following tables list the actual aircraft navigation planning for the experiment. 
Reference for track planning was the centre line (Line 1) of the northern swath. 

5 km 

10 km 

3 km 
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Line Comment Start  Lat Start   Lon End    Lat End     Lon 

1 Reference 39N 4.8934' 2W 1.7169' 39N 3.6812' 2W 8.4742' 

2 Normal (X-C-L) 39N 6.5145' 2W 1.8385' 39N 5.1808' 2W 9.2741' 

3 Normal (X-C-L) 39N 5.4610' 2W 1.5283' 39N 4.1276' 2W 8.9621' 

4 XTI 39N 5.3224' 2W 9.3161' 39N 6.6563' 2W 1.8803' 

5 XTI 39N 4.2692' 2W 9.0041' 39N 5.6028' 2W 1.5700' 

Table 2-5 Aircraft track co-ordinates for X-C-L and X-XTI data acquisition 

 

Line Altitude (msl)[ft] Ground level [ft] AGL [ft] DTK [deg] Line length [km] 

1 11999 2296 9703 257 10.000 

2, 3 11999 2296 9703 257 11.000 

4, 5 11999 2296 9703 77 11.000 

Table 2-6 Geometry and heading for X-C-L and X-XTI acquisition programme  

 

Line Comment Start  Lat Start   Lon End    Lat End     Lon 

1 Reference 39N 4.8934' 2W 1.7169' 39N 3.6812' 2W 8.4742' 

2 Master 39N 5.4611' 2W 1.5283' 39N 4.1275' 2W 8.9621' 

3 20 m 39N 5.4717' 2W 1.5314' 39N 4.1380' 2W 8.9652' 

4 40 m 39N 5.4822' 2W 1.5345' 39N 4.1486' 2W 8.9683' 

5 60 m 39N 5.4927' 2W 1.5376' 39N 4.1591' 2W 8.9714' 

6 80 m 39N 5.5033' 2W 1.5407' 39N 4.1696' 2W 8.9745' 

Table 2-7 Aircraft track co-ordinates for L-band RP InSAR data acquisition 

 

Line Altitude (msl)[ft] Ground level [ft] AGL [ft] DTK [deg] Line length [km] 

1 11999 2296 9703 257 10.000 

2 - 6 11999 2296 9703 257 11.000 

Table 2-8 Geometry and heading for the RP InSAR acquisition programme 

The geometry was chosen to achieve a minimum incidence angle of 26° at the near 
range edge of each swath, except for the X-XTI acquisitions. Here the incidence 
angle is 30°. 
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2.5 Flight schedule  

The data acquisition flight programme was started on April 2, 2003 after the 
permission to operate in the restricted flight area overhead Barrax had been finally 
obtained. 

2.5.1 First Campaign / First day (April 2, 2003) - Mission 1 

First flight (Mission 1):  departure: 07:50 h  landing: 11:00 h 
All times are given in GPS time. Local summer time is 2 hours plus. Departure was 
delayed at Valencia airport due to ATC matters. 
GPS time window: 07:00 h to 10:45 h 

PDOP – Position Dilution of Precision  

 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 1 2 X-vv 08:14 h 08:17 h - 7° 2.4  
2 1 2 X-hh 08:28 h 08:31 h - 7° 2.0  
3 1 2 L-pm 08:42 h 08:45 h - 9° 1.9  
4 2 3 X-vv 08:55 h 08:58 h - 10° 1.6  

5 2 3 X-hh 09:08 h 09:11 h - 9° 1.6  
6 2 3 L-pm 09:21 h 09:24 h - 10° 1.8  
- / - 1a 4 X-xti - / - skipped due to GPS time limits 
7 1 2 C-vv/vh 09:35 h 09:38 h - 8° 1.9  
8 1 2 C-hh/hv 09:47 h 09:50 h - 8° 1.9  
9 2 3 C-hh/hv 09:59 h 10:02 h - 8° 2.0  

10 2 3 C-vv/vh 10:12 h 10:15 h - 8° 2.3  
- / - 2a 5 X-xti - / - skipped due to GPS time limits 

Table 2-9 Data acquisition programme- Mission 1 

Average flight altitude was 12 300 ft above WGS84 ellipsoid. Weather observations: 
dry, few clouds, wind from north-west with 22 to 25 kts 

 

2.5.2 First Campaign / First day (April 2, 2003) - Mission 2 

Second flight (Mission 2):  departure: 12:25 h  landing: 16:00 h 
GPS time window: 11:30 h to 20:20 h 
 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 1 2 X-vv 12:59 h 13:02 h - 11° 2.9 PDOP ? 

2 1 2 X-hh 13:12 h 13:15 h - 12° 2.6  
3 1 2 L-pm   - 11° 1.7  
4 2 3 X-vv 13:40 h 13:43 h - 12° 1.7  
5 2 3 X-hh - / - System error 
6 2 3 X-hh - / - System error 
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7 2 3 X-hh 14:28 h 14:31 h - 10° 2.3  
8 2 3 L-pm 14:41 h 14:44 h - 10° 2.2  
- / - 1a 4 X-xti - / - skipped due to flight time limits 
9 1 2 C-vv/vh 14:54 h 14:57 h - 10° 1.8  

10 1 2 C-hh/hv 15:08 h 15:11 h - 12° 1.7  
11 2 3 C-hh/hv 15:21 h 15:24 h - 13° 1.7  
- / - 2 3 C-vv/vh - / - skipped due to flight time limits 
- / - 2a 5 X-xti - / - skipped due to flight time limits 

Table 2-10 Data acquisition programme- Mission 2 

 
Average flight altitude was 12 310 ft above WGS84 ellipsoid. 
Weather observations: dry, few clouds, wind from north-west with 30 to 35 kts.  
Aircraft drift was very high, because wind speed increased during the day. 
Technical problems onboard (navigation error and system technical malfunction) 
caused loss of one essential C-band pass. 
 
Problems with strong northerly winds (on ground 25 kts, in gusts 40 kts and at flight 
level of more than 50 kts) forced the second flight day to be delayed by 24 hours. 
 

2.5.3 First Campaign / Second day (April 4, 2003) - Mission 3 

 
First flight (Mission 3):  departure: 07:20 h  landing: 10:50 h 
GPS time window: 07:00 h to 10:40 h 
 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 1 2 X-vv 07:51 h 07:54 - 10° 3.0 PDOP ? 
2 1 2 X-hh 08:04 h 08:07 h - 11° 3.3 PDOP ? 
3 1 2 L-pm 08:17 h 08:20 h - 8° 2.1  
4 2 3 X-vv 08:31 h 08:34 h - 10° 2.0  
5 2 3 X-hh 08:45 h 08:48 h - 10° 1.8  

6 2 3 L-pm 08:59 h 09:02 h - 10° 1.9  
7 2a 5 X-xti 09:13 h 09:16 h + 9° 2.0 Half base 
8 1 2 C-vv/vh 09:22 h 09:25 h - 11° 2.0  
9 1 2 C-hh/hv 09:35 h 09:38 h - 11° 2.0  
10 2 3 C-hh/hv 09:49 h 09:52 h - 10° 2.0  
11 2 3 C-vv/vh 10:02 h 10:05 h - 10° 2.4  
12 1a 4 X-xti 10:12 h 10:15 h + 9° 2.5 Half base 

Table 2-11 Data acquisition programme- Mission 3 

 
Average flight altitude was 12 310 ft above WGS84 ellipsoid. 
Weather observations: dry, few clouds, wind from north-east with 35 to 40 kts.  
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Aircraft drift was very high, because of high wind speed. Pitch was very high (at 3° 
limit) due to strong tail wind. Aircraft attitude was a little bit unstable. GPS PDOP was 
unexpectedly high (3.3) in the beginning. 

2.5.4 First Campaign / Second day (April 4, 2003) - Mission 4 

Second flight (Mission 4):  departure: 11:45 h  landing: 15:15 h 
GPS time window: 11:30 h to 20:00 h 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 1 2 X-vv 12:10 h 12:13 h - 13° 1.9  
2 1 2 X-hh 12:23 h 12:26 h - 11° 1.8  
3 1 2 L-pm 12:36 h 12:39 h - 9° 1.9  
4 2 3 X-vv 12:49 h 12:52 h - 8° 2.0  

5 2 3 X-hh 13:03 h 13:06 h - 11° 2.0  
6 2 3 L-pm 13:16 h 13:19 h - 9° 2.0  
7 1a 4 X-xti 13:26 h 13:29 h + 8° 2.0 Full base 
8 1 2 C-vv/vh 13:36 h 13:39 h - 10° 2.2  
9 1 2 C-hh/hv 13:50 h 13:53 h - 11° 2.2  
10 2 3 C-hh/hv 14:04 h 14:07 h - 8° 2.4  

11 2 3 C-vv/vh 14:18 h 14:21 h - 11° 2.3  
12 2a 5 X-xti 14:31 h 14:34 h + 7° 2.2 Full base 

Table 2-12 Data acquisition programme- Mission 4 

 
Average flight altitude was 12 310 ft above WGS84 ellipsoid. 
Weather observations: dry, few clouds, wind from north-east with up to 45 kts.  
Aircraft drift was very high, because of high wind speed. Pitch was very high (at 3° 
limit) due to strong tail wind. Aircraft attitude was a little bit unstable. 

2.5.5 First Campaign / Third day (April 5, 2003) - Mission 5 

Flight (Mission 5):   departure: 07:45 h  landing: 10:45 h 
GPS time window: 07:00 h to 10:30 h 
Flight altitude first set to a fixed level of 12 330 ft (ellips.), then controlled by a/c 
barometer. 
The flight programme was executed according to Table 3.1-3 above. 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 2 2 L-pm 08:20 h 08:23 h - 5° 1.9 Master 

2 2 3 L-pm 08:33 h 08:36 h - 5° 1.9 20 m 
3 2 4 L-pm 08:48 h 08:51 h - 5° 1.7 40 m 
4 2 5 L-pm 09:03 h 09:06 h - 5° 1.8 60 m 
5 2 6 L-pm 09:17 h 09:20 h - 5° 1.9 80 m (?) 
6 2 2 L-pm 09:31 h 09:34 h - 5° 1.9 Master 
7 2 6 L-pm 09:46 h 09:49 h - 5° 1.9 80 m (!) 

8 2 4 L-pm 09:59 h 10:02 h - 5° 2.3 40 m 

Table 2-13 Data acquisition programme- Mission 5 
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Average flight altitude was 12 350 ft above WGS84 ellipsoid. 
Weather observations: dry, no clouds, wind from north-east with up to 45 kts.  
Aircraft drift was moderately high, because of high wind speed. 
Ellipsoidal GPS altitude varied from 12 330 ft to 12 380 ft over the measurement 
period. 

2.5.6 Second Campaign / Fourth day (April 25, 2003) - Mission 6 

The data acquisition flight programme of the second DBSAR campaign overhead 
Barrax began on April 25, 2003 after the necessary preparations on ground, i.e. 
setting up radar reflectors in the field, had been finished on April 24. 

 

First flight (Mission 6):  departure: 06:10 h  landing: 09:10 h 
All times are given in GPS time. Local summer time is 2 hours plus. GPS time 
window: 05:20 h to 09:15 h. 

Data acquisition programme: L-band RP Pol InSAR and X-band XTI 
 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 2 2 L-pm 06:53 h 06:56 h + 1° 2.2 Master 
2 2 3 L-pm 07:06 h 07:09 h + 1° 1.8 20 m 
3 2 4 L-pm 07:18 h 07:21 h + 2° 1.6 40 m 
4 2 5 L-pm 07:30 h 07:33 h + 1° 1.6 60 m 

5 2 6 L-pm 07:44 h 07:47 h + 1° 1.7 80 m 

6 1a 4 X-xti 07:55 h 07:58 h 0° 1.8 Half base 
7 2a 5 X-xti 08:08 h 08:11 h 0° 1.9 Half base 
8 1a 4 X-xti 08:21 h 08:24 h 0° 1.8 Full base 
8 2a 5 X-xti 08:35 h 08:38 h 0° 2.0 Full base 

Table 2-14 Data acquisition programme- Mission 6 

 
Average flight altitude was 12 345 ft above WGS84 ellipsoid during the RP InSAR 
measurement programme. 
Weather observations: dry, no clouds, wind from south-west with up to 30 kts.  
Aircraft drift was low. 
Flight altitude was set to a fixed level of 12 340 ft (ellips.), then controlled by online 
DGPS. The pilot introduced corrections accordingly. Ellipsoidal GPS altitude varied 
from 12 335 ft to 12 350 ft over the measurement period, 12 345 ft average value, 5 ft 
standard deviation. 

The X-band XTI programme was flown at 12 300 ft average (ellips.) altitude. 
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2.5.7 Second Campaign / Fourth day (April 25, 2003) - Mission 7 

Second flight (Mission 7):  departure: 10:35 h  landing: 14:00 h 
GPS time window: 09:45 h to 14:00 h 
 

Pass Track Line Radar mode Start Stop Drift PDOP Comment 

1 1 2 X-vv 11:13 h 11:16 h + 1° 1.7  
2 1 2 X-hh 11:26 h 11:29 h + 1° 2.0  
3 1 2 L-pm 11:38 h 11:41 h + 1° 1.7  
4 2 3 X-vv 11:50 h 11:53 h + 2° 1.7  

5 2 3 X-hh 12:03 h 12:06 h + 1° 2.1  
6 2 3 L-pm 12:15 h 12:18 h + 2° 2.3  
7 1a 4 X-xti 12:26 h 12:29 h - 2° 2.4 Full base 
8 1 2 C-vv/vh 12:36 h 12:39 h + 2° 2.4 low turb 
9 1 2 C-hh/hv 12:49 h 12:52 h + 2° 2.4  
10 2 3 C-hh/hv 13:03 h 13:06 h + 2° 2.1  

11 2 3 C-vv/vh 13:15 h 13:18 h + 1° 2.0  
12 2a 5 X-xti 13:25 h 13:28 h - 2° 2.0 Full base 

Table 2-15 Data acquisition programme- Mission 7 

 
Average flight altitude was 12 310 ft above WGS84 ellipsoid. 
Weather observations: dry, few clouds, wind from south-west with up to 30 kts.  
Aircraft drift was low. Aircraft attitude was mostly stable. 
 

2.5.8 Quick data analysis 

 
At the end of each flight day: 

 

• Short summary of events was reported to the project manager after each 
flight. 

• GPS rover and base data were downloaded from data cards and checked. 
 
After each campaign: 
 

• SAR raw data transcription and survey processing. 
All acquired raw data was transcribed to hard disk. Survey processing is 
completed. 

• Check completeness of recorded data sets. 
All data sets complete, with the exception of C-vv/vh of Mission 2 Track 2. All 
required X-xti data could be collected. 

• Estimation of test area coverage. 
The test area is covered 100%. 
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• GPS and INS data processing. 
Complete! Quality ok, but problems may arise later from the fact that the 
distance between rover and base was about 150 km at the maximum. The 
GPS base in the field could be used 3 out of 7 times at good PDOP values. 
GPS reference data and co-ordinates from EUREF station "Valencia" were 
acquired for static positioning of the DLR base stations at Valencia airport and 
in the test area (TP Pedrizo). 

• Processing of corner reflector positions. 
Complete! Quality is good. Results were forwarded to the project manager. 

 
Technical problems encountered: 
 

• The XTI mode of E-SAR failed during the first campaign because of technical 
reasons. It was repaired. The XTI data were acquired successfully during the 
second flight period. 

• An artificial planar DEM was used to continue with SAR data processing. The 
geo-coding step was repeated later when a DEM was finally available. 

• This problem delayed the delivery of the SAR data by about 3 weeks. 
 
Other problems: 
 

• The strong tail wind on the second flight day and the resulting pitch angle of 
about 3° may affect the radiometric accuracy of the X- and C-band data of the 
first campaign. 

• During the second campaign neither technical nor weather related problems 
occurred. 
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2.6 Corner reflectors and GPS 

2.6.1 Positions of the corner reflectors and GPS 

 
Figure 2-4 shows the approximate positions of the four CRs (blue triangles) and the 
GPS monitoring station (red circle). 

Figure 2-4 Representation of SAR image swaths, radar reflector and GPS placement. 

 
The positions were determined on site by DLR-HR personnel. The results of the 
DGPS surveying are listed in the tables below. 
 

CR No Name Longitude [DMS] Latitude [DMS] Height [m] 

1 Barrax 1 N  39° 04' 53,345'' W  2° 05' 24,239'' 744,615 

2 Barrax 2 N  39° 03' 41,556'' W  2° 06' 01,361'' 748,849 

3 Barrax 3 N  39° 03' 41,955'' W  2° 05' 59,587'' 748,742 

4 Barrax 4 N  39° 02' 44,286'' W  2° 05' 31,761'' 751,087 

Table 2-16 First mission - Corner reflector positions given in WGS 84 co-ordinates.  
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CR No Name Longitude [DMS] Latitude [DMS] Height [m] 

1 Barrax 1 N  39° 04' 53,472'' W  2° 05' 24,279'' 744,675 

2 Barrax 2 N  39° 03' 41,596'' W  2° 06' 01,524'' 748,779 

3 Barrax 3 N  39° 03' 42,077'' W  2° 05' 59,560'' 748,743 

4 Barrax 4 N  39° 02' 44,246'' W  2° 05' 31,787'' 751,103 

Table 2-17 Second mission - Corner reflector positions given in WGS 84 co-ordinates.  

 
The static DGPS survey was done with the two DLR mobile GPS sets. One was fixed 
mounted to the trigonometric point (TP) “Pedrizo”, which is located south-east of the 
test area. The other set was used as rover during the measurements. 
The co-ordinates of the TP were available. However, during the first mission DLR 
took the opportunity to check it against the position of the permanent EUREF GPS 
station located in Valencia. A reliable result was obtained which then was used for 
the field survey. 
At the airport of Valencia DLR set-up one of their GPS sets for the kinematic DGPS 
survey of the aircraft’s position. The co-ordinates of this station were obtained in 
differential mode using again the Valencia EUREF GPS station. 
The GPS station co-ordinates are summarised below. 
 

No Name Longitude [DMS] Latitude [DMS] Height [m] 

1 Valencia N  39° 28' 53,902'' W  0° 28' 44,117'' 110,747 

2 Barrax N  39° 01' 53,797'' W  2° 03' 59,450'' 754,047 

Table 2-18 First mission - GPS receiver positions given in WGS 84 co-ordinates.  

 

No Name Longitude [DMS] Latitude [DMS] Height [m] 

1 Valencia N  39° 28' 53,903'' W  0° 28' 44,118'' 110,770 

2 Barrax N  39° 01' 53,797'' W  2° 03' 59,450 754,036 

Table 2-19 Second mission – GPS receiver positions given in WGS 84 co-ordinates.  

 

2.6.2 GPS-Conditions 

The project requires precisely geo-referenced SAR data sets. This in turn requires 
optimum GPS conditions. The main measure is the PDOP – Position Dilution of 
Precision. For DLR E-SAR operation the PDOP should be less than 2.5. However, 
values up to 3 may be accepted. 
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Figure 2-5 GPS conditions estimated for April 1, 2003 using the almanac of day 77 in 
2003. 

 

DLR uses the Ashtech mission planning tool which is available as freeware on the 
internet. Based on Almanac information also provided by Ashtech the E-SAR 
missions overhead Barrax were planned. One example is shown in Figure 2-5. 

The diagram above shows acceptable GPS conditions from 09:00 to 12:30 and from 
13:30 to 22:00 local time. There is a shift in time of 5 minutes earlier from day to day. 
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3 Level 1B SAR data processing and analysis results 

 
All acquired data have been processed successfully according to the specifications 
given in detail within the next subsections. As the DHM data have been acquired at 
the time of the second campaign, a first geocoding of the first campaign’s E-SAR 
quality data has been performed onto flat terrain at a reference level of 700 m msl. A 
fast evaluation of radar reflectivity for 30 different agricultural fields has been 
performed by DLR on this data set, and has been delivered to DJO together with the 
processed data to serve as an input for TerraSAR-L orbit specifications. 

3.1 E-SAR quality 

 
E-SAR quality data in X-, C-, and L-band have been processed according to 
specifications in Table 3-1. 
 

 E-SAR Product 

Slant Range resolution [m] 2.2 

X-band 0.72 

C-band 0.8 
Azimuth resolution ρSLC [m] 

(single look) 

L-band 1.2 

X-band 1.8 

C-band 2.0 
Azimuth resolution ρML [m] 

 (3 effective looks) 
L-band 3.0 

PSLR [dB] - 30 

ISLR [dB] - 19 

X-band - 30 

C-band - 30 NESZ [dB] 

L-band - 40 

DTAR [dB] - 30 

Table 3-1 Specifications for E-SAR quality products 

The azimuth resolutions of the single-look and 3 look products are related through: 

( ) 2/1+⋅= LSLCML Nρρ  , where NL is the number of overlapping(!) looks (i.e. 4). 

The Peak Sidelobe Ratio (PSLR) relates the maximum of the impulse response of a 
point target to its maximum side-lobe, the Integrated Sidelobe Ratio (ISLR) is a 
measure for the energy within the mainlobe compared to the signal energy within the 
sidelobes, Noise Equivalent Sigma Zero (NESZ) is a measure for the additive noise 
within the product (is zero dB if signal and noise are of same magnitude), and the 
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Distributed Target Ambiguity Ratio (DTAR) quantifies the amount of ambiguous 
energy (from azimuth and/or range ambiguities) relative to the signal of interest. 
A composite of X-band data of the southern strip acquired during second campaign is 
presented in Figure 3-1 HH-polarisation is given in cyan and VV polarisation in red. 
Non-vegetated fields show up in red because of the poor backscattering in HH. 
 

Figure 3-1 X-band geocoded reflectivity of southern strip: Color composite of HH 
(cyan) and VV (red) polarised data. Data acquired on 29-th of April during second 
campaign.  

 
An assessment of short-term radiometric changes has been performed for a number 
of 30 fields. Data of the first campaign, i.e. 4 acquisitions for each frequency band 
have been used. First two acquisitions were performed on the first day with a 
temporal separation of 4 hours, whereas the last two acquisitions were taken two 
days later, also with 4 hours temporal separation. A representative example is shown 
in Figure 3-3. The evaluation is plotted for field no. 8, indicated in Figure 3-1. No 
significant temporal changes could be detected in any frequency band or 
polarisation. 
 
Additionally, the signature of the deployed CR has been checked to provide 
information on the spatial resolution and radiometric accuracy and to ensure that the 
radiometric signatures of the fields are comparable. The measurements have been 
performed on the multilook products (see Table 3-2). In terms of resolution the 
performance meets very well the prespecified values. The Radar Cross Section 
(RCS) of the CR is indicated relative to the theoretical values, 

 

∆RCS [dB]=RCStheor[dB]-RCSmeas[dB]. 
 

Field No. 8 
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Although the radiometric performance in X-band and C-band (with one exception) is 
very good, in case of L-band, there is a trend of about -3 dB from near to far range in 
terms of absolute RCS values. However, the relative radiometric stability for all near 
range and all far range CR is quite good. Therefore the data sets recorded in 
temporal series are comparable, as data acquisition has been performed within same 
geometry (same incidence angles). 
 

Performance for 

E-SAR quality 

X-band 

HH               VV 

C-band 

HH               VV 

L-band 

HH               VV 

Resolution range [m] 2.0 to 2.4 (one 2.6) 2.0 to 2.1 2.0 to 2.1 (one 2.5) 

Resolution azimuth [m] 1.8 to 1.9 2.0 to 2.1 (one 2.4) 3.0 to 3.1 

∆RCS  near range [dB] -0.8to -0.2 -1.1 to 0.1 -1.4 to 1.1 -2.4to -1.0 

(one -4.0) 

-0.5 to 1.2 0.1 to 2.4 

∆RCS  far range [dB] -0.1 to 0.9 -0.4 to 1.1 -1.2 to 0.3 -1.3 to 0.7 -4.3 to-0.6 -3.3 to 0.6 

Table 3-2 Resolution and Radar Cross Section (RCS relative to theoretical values) for 
the E-SAR quality products measured at the deployed CR. The performance range is 
jointly indicated for both strips. RCS values are separated depending on polarization 
and near or  far range. 

 
In terms of polarimetric calibration performance the co-polar phases and co-polar 
power ratios where evaluated on the CR signatures in the L-band SLC data sets. The 
co-polar phase ranges from -5 to 13 deg, whereas the co-polar power ratios are in 
between -1.7 and 0.4 dB. An exception is the co-polar power ratio for the far range 
CR in the southern strip, which exhibits a constant bias of about -3 dB.  
 

3.2 Additional Remarks 

 
In order to exclude RCS-estimation problems on the CR signatures, also the range 
profiles have been investigated in terms of Sigma_0, i.e. incidence angle corrected 
backscatter values. For the critical frequency L-band, the profiles for all data sets are 
commonly represented in Fig. 5.1.1.a.   
 
One observation relates to the third acquisition, south strip (ID: 03dubsar0303x1), VV 
and HV polarizations. The radiometric calibration for this data set is obviously wrong 
by -3, resp. -1.5 dB, as the green curves are offset from the common general trend. 
This is in accordance with the CR-measurements and is the main reason for the high 
variation of the RCS measurements in VV polarizations.   
 
Another effect clearly to be observed is the dominant trend of -7 to -8 dB from near to 
far range, which can be noticed in all polarizations. Although this observation is partly 
in accordance with the RCS measurements on the CR (-3.5 dB variation from near to 
far range) a problem in the radiometric antenna pattern calibration cannot be 
concluded. The reason are the signatures of the CR for the second campaign 
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acquisitions (ID’s: 03dubsar0703x1 and 03dubsar0706x1). In these cases the CR 

signatures are very close to the nominal values (∆RCS estimation varies in between -
1.8 to +1.5 dB), without showing up the near-to-far range trend which is observed in 
the profile and in the CR signatures of the first campaign’s acquisitions. 
 
Thus we cannot exclude multi-path and diffraction effects as possible error sources in 
RCS estimation for trihedral corner reflectors. Measurement of the signatures of the 
used CR in a controlled environment seems to be the only possibility to gain 
confidence for the encountered problem. 
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Figure 3-2 a: Range Profiles of Sigma_0 for all L-band data acquisitions. 
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Figure 3-3 Backscatter intensity for the investigation on temporal changes of first 
campaign data. No significant changes in radiometric signature can be observed.  

Figure 3-4  Closeup view of CR: X-band VV polarisation, C-band dual-pol (VV-cyan, VH 
red), L-band quad-pol (HH-red, HV-green, VV-blue). Data acquired on 29-th of April 
during second campaign. 
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3.3 TerraSAR quality 

TerraSAR quality data in X and L-band have been processed according to the 
specifications in Table 3-3. 
 

 Simulated TerraSAR Product 

X-band 2.0 
Slant Range resolution [m] 

L-band 4.5 

X-band 3.0 Azimuth resolution [m] 

(single look) L-band 5.0 

X-band 7.5 Azimuth resolution [m] 

 (3 effective looks) L-band 12.5 

PSLR [dB] - 20 

ISLR [dB] - 13 

X-band - 20 
NESZ [dB] 

L-band - 30 

DTAR [dB] - 23 

       Table 3-3 Specifications for TerraSAR quality products 

 
The parameters have been described already in section 5.1.1. The changes in 
resolution and also the decrease in PSLR and ISLR performance is controlled by the 
spectral weighting functions applied within the SAR processor. 
 
The performance in terms of spatial resolution and RCS is summarized in Table 3-4. 
The same statements as in the case of the E-SAR quality products can be made, and 
the polarimetric performance is very similar (see previous subsection). However, in 
this case, the measurements on the radiometric performance for L-band cannot be 
considered reliable, as the time-bandwidth product of the multilook-image is very low 
and the compression gain is not sufficient to allow the reliable integration of energy 
within the CR-Impulse Response Function necessary for RCS measurement.   
 

Performance for 

TerraSAR quality 

X-band 

HH               VV 

C-band 

HH               VV 

L-band* 

HH               VV 

Resolution range [m] 1.6 to 1.7 - 4.4 to 4.8 

Resolution azimuth [m] 7.5 to 8.1 - 13.9 to 14.5 

∆RCS  near range [dB] -0.8 to 1.4 -1.3 to 1.8 - - -0.6 to 2.5 0.5 to 3.1 

∆RCS  far range [dB] 0.1 to 1.2 -0.3 to 1.4 - - -6.2to -0.9 -2.7to -0.6 

Table 3-4 Resolution and Radar Cross Section (RCS relative to theoretical values) for 
the TerraSAR quality products measured at the deployed CR. The performance range 
is jointly indicated for both strips. RCS values are separated depending on 
polarization and near or  far range. For L-band the absolute calibration factor has been 
adjusted by 3 dB. 
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             no C-band                              

 
Figure 3-5 presents a zoom on the two CR deployed in close vicinity in X-band and 
L-band.  For C-band no simulation was foreseen. 

 

Figure 3-5 Closeup view of CR in TerraSAR quality: X-band VV polarisation, L-band 
quad-pol (HH-red, HV-green, VV-blue). Data acquired on 29-th of April during second 
campaign.  

 
 
 
 
 
Acronyms Description 
XT-1hh X-band, Terra SAR processing quality, 1st flight, HH polarization   

XE-3vv X-band, E-SAR processing Quality, 3rd flight, VV polarization   
X25-4vv X-band, -25 dB reduced processing quality, 4th flight, VV polarization   
…  
LT-1hh L-band, Terra SAR processing quality, 1st flight, HH polarization   
LE-3vv L-band, E-SAR processing Quality, 3rd flight, VV polarization   
L25-4vv L-band, -25 dB reduced processing quality, 4th flight, VV polarization   

…  
CT-1hh C-band, Terra SAR processing Quality, 1st flight, HH polarization   
CE-3vv C-band, E-SAR processing Quality, 3rd  flight, VV polarization   
C25-4vv C-band, -25 dB reduced processing Quality, 4th flight, VV polarization   
…  

Table 3-5 Acronyms of Band, quality, flight and polarisation combination  
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3.4 DEM data 

The DEM data acquired within the first campaign proved to be unusable due to a 
hardware failure within the X-band interferometric subsystem of the E-SAR sensor. 
Therefore suitable DEM data have been acquired as part of the second campaign on 
28-th of April 2003. The two data sets for the two strips have been processed 
independently up to the unwrapped interferometric phase. A subsequent common 
mosaic process has been used to obtain the combined DEM covering the complete 
test site. The resulting E-SAR DEM is depicted in Figure 3-6. It served as an input for 
the geolocalization of all image data products. Height accuracy is about 2 m in an 
absolute sense, and 0.5 m relative. The horizontal posting is 1 m. 

Figure 3-6 DEM-mosaic of the test area. Acquisition performed by E-SAR single-pass 
interferometry. Representation: ellipsoidal heights, datum WGS-84, UTM projection, 
zone 31. 
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3.5 Pol-InSAR data 

 
The processing of the Pol-InSAR data also proofed that the quality of the data is very 
good, and that the planned baselines of 20, 40, 60 and 80 m could be flown 
successfully. Figure 3-7 presents the horizontal and vertical baselines as computed 
from the navigation data for the second campaign. 
 

 

Figure 3-7 Baselines of E-SAR data acquired in RP-InSAR mode in L-band for southern 
strip: (a) horizontal baselines, (b) vertical baselines. 

 
With respect to interferometric processing, due to the large baselines an upgrade of 
the RP-InSAR E-SAR processor has been required in order to allow a frequent 
update of the range co-registration parameters and the implementation of the 
spectral shift filter. 
 
For comparison the interferometric phases of the 20 and 80m baselines are 
displayed in Figure 3-8 together with a polarimetric color composite of the test area. 
Note the strong increase in height sensitivity for the 80m baseline. Further evaluation 
of the RP-InSAR data will be performed within section 5.4, “Crop height analysis 
results”. 
 
 
 

 
                                   (a)                                                                 (b)        
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      (a)  
 

  (b)  
 

  (c)  
                                       

 

Figure 3-8 E-SAR data acquired in RP-InSAR mode in L-band. (a) polarimetric color 
composite (HH-red, HV-green, VV-blue), (b) interferometric phase for the 20 m 
baseline, (c) interferometric phase for the 80 m baseline. Scene dimensions 3 x 6 km. 
Near range is at  the bottom. 
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4 In-situ data acquisition  

4.1 General overview, Ground truth schedule on site 

Ground truth data for land use mapping and data for agriculture applications have 
been measured in the same time as the flight mission 
 

• In a time window close to the flights (27.03.-04.04.2003 and 25.04.-
30.04.2003) were taken ground truth data for land use applications in the 
whole test site. 

 

• For agriculture were taken in-situ data four times parallel to the four flights on 
the two days (02.04. and 04.04.2003) of the first campaign and one time 
parallel to the flight of the second campaign (25.04.2003). 

 
 
On site, there were recorded two kinds of land use information: 
 

• Land use information for training areas and validation of land use classification 

• GPS – for ground control information 
 
There were taken two kinds of ground control information with GPS (see Figure 4-6 
until Figure 4-9): 
 

• static measurement of waypoints and 

• kinematical measurement of tracks 
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4.2 Data acquisition of soil moisture and biomass 

4.2.1 Test area coverage Ground Truth biomass 

In the ground truth program for agriculture altogether were measured five times 
 

• fresh and dry biomass 

• soil moisture 

• crop height 

• additional field and weather conditions 
 
These were done on 28 fields (12 non irrigated barley, 4 irrigated barley, 7 irrigated 
wheat, 5 irrigated alfalfa) – see Figure 4-1. 
 
 
 

 

Figure 4-1 Test area coverage for measurement of biomass and soil moisture (the 
chosen 28 fields have blue numbers) 

 
 

irrigated barley 
 
non irrigated barley 
 
irrigated wheat 
 
non irrigated wheat 
 
irrigated alfalfa 
 
irrigated and non 
irrigated bare soil 
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4.2.2 Organisation of the teams, routes and central point 

 
For the agricultural ground truth work were formed four groups (Figure 4-2, Figure 
4-3) in both campaigns. Each group had a separate route for sampling (same routes 
in both campaigns). After sampling, each group came to the central sampling point to 
weight the samples. After weighing, the samples were carried to the laboratory for 
drying. The samples which could not drying promptly, were cooling in the refrigerator 
to ensure for all samples same drying conditions. 
 

 

Figure 4-2 The four routes (red lines) and four teams of the ground truth program for 
biomass and soil moisture (1st campaign) 

 

Figure 4-3 The four routes (red lines) and four teams of the ground truth program for 
biomass and soil moisture (2nd campaign) 

central sampling point 
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4.2.3 Field work preparation / Protocol sheets 

 
Before the flight campaigns started, ground truth has been prepared for each of the 2 
campaigns in a joint meeting with colleagues from the University of Valencia and 
Albacete. In this meeting the field work has been explained in detail according to a 
Field Manual made available for internal use.  
Ahead of the flight campaigns, also the field survey has been undertaken. Individual 
fields have been: 
 
- GPS recorded 

- given a field number which had to remain with this field during the entire 
campaign 

- recorded for soil type 

- recorded for crop type 

- recorded for soil roughness 

- recorded for phenology of the crop in it 

- recorded for row spacing 

- recorded for row direction. 

 
In order to ensure reliable performance, field helpers were equipped per each field 
with:  
 
- 1 orientation sheet to find the right wind direction 
- 1 protocol sheet to be used in the field 
- 1 large bucket for the plant sample 
- 1 plastic bag to collect the soil samples 
- 1 tag for the plant sample plus 1 tag for the soil sample; 
 
and per each group/car: 
- 1 or 2 meter sticks 
- 1 or 2 pairs of szissors to cut the plant samples 
- 1 small bucket for the soil sampling  
- 1 or 2 knifes to remove the soil samples from the soil cylinders 
- 2 soil sampling cylinders 
- 1 writing board and writing material. 
 
One day before flight each individual field in which soil and plant samples shall be 
taken, have been marked with a white pole and flag. The flag has been placed in the 
field, so that the area around was represented the standing crop at its best 
The soil sampling cylinder have been pressed by hand or foot into the soil between 
the rows so that the 6 cm mark will meet  the soil surface. Soil material beyond the 
cylinders end was removed with the knife, and pooled into the small size bucket. 
Around the white pole this procedure has been repeated 4 times. From the bucket 
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the compiled soil sample have been transferred into one plastic bag. Then one of the 
tags have been filled with the respective field number and the operators signature. 
Plant sampling have been done again near to the white pole. The field staff took  
care that the plant rows to be harvested have not been damaged during soil 
sampling. 
 
Plant material (barley, wheat or alfalfa) has been cut in a square area of 38x58 cm. 
Next, with the scissors plants are cut down to 3 cm strubble height. All plant material 
harvested has been put into one of the normal size buckets. Then one of the tags 
has been filled with the respective field number and signature, and put into the 
bucket. At CSC(Central Sample Collecting point ) all plant samples, each brought in a 
separate bucket, has bben weighed for total fresh weight down to 1 g.This plant 
material represents a certain area of the respective fields. Total fresh weight has 
been listed in the ”List Biomass”. From the plant material in the buckets an aliquot 
has been weighed down to 0,1 g. Also this aliquot fresh weight has been listed in the 
”List Biomass”.  
The aliquot will has been put into one of the prepared drying bags and the tag (which 
came from the field with the plant sample in the bucket) added. 
 
 

 

Figure 4-4 Documentation of the field work 

 

All measured items had to be written into the Protocol Sheet „Cereal/Alfalfa“; each 
field having its own protocol sheet (see Protocol Sheet „Cereals/Alfalfa“ and Protocol 
Sheet „Biomass“ at the following pages): 
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Protocol Sheet “Cereals/Alfalfa” Field Inventory Prof. Kühbauch 
 

Crop Type: Irrig. Barley Non irrig. Barley Alfalfa 

If other: 

Soil type1): S L sL lS O 

Field No.: 

If other: 

 Soil roughness:        low           medium          coarse 

 Variety: Seeding date: 

 

Footnotes: 1)  S = sand, L = loam, sL = sandy loam, lS = loamy sand, O = other 
 
 
 
 
 

Crop Stand Row spacing: 

Row direction: Polygon Draft or GPS-position: 

W 

N 
 

 
S 

E  
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Developmental stage of cereal (BBCH): 

 
0.   = Germination 
1.   = Leaf appearance 
1.0 = First leaf tip visible 
1.1 = 1- leaf stage 
1.3 = 3- leaf stage 
2.   = Tillering 
2.1 = Beginning of tillering 
2.3 = 3 tillers visible 
2.9 = End of tillering 

3.   = Shooting 
3.1 = 1- node stage 
3.3 = 3- node stage 
3.9 = Flag leaf fully 
         developed 
4.   = Swelling ear 
 

5.   = Ear emergence 
6.   = Flowering 
6.1 = Beginning of flowering 
6.9 = End of flowering 
7.   = Kernel growth 
7.5 = Milk ripeness 
8.   = Maturation of kernels 

 

 

Developmental stage of Legumes (BBCH):  

Stand height:                                         cm  

0. Germination  

1. 
1.5 
1.9 

Leaf development 
5 Leaf blades expanded 
9 or more leaf blades expanded 

 

2. 
2.1 
2.5 
2.9 

Tillering 
First side tiller visible 
5th side tillers visible 
9th or more side tillers visible 

 

3. 
3.1 
3.5 
3.9 

Main stem elongation 
First expanded internode 
5th expanded internode 
9th  expanded internode 

 

5. 
5.5 
5.9 

Flower buds visible wrapped in leaves 
Single flower buds can be recognized 
First petals visible 

 

6. 
6.5 
6.9 

First blossoms opened 
50 % blossoms opened 
end of flowering 
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Protocol Sheet “Biomass” 
 
 

Time: Flight 1 Field: 

Operator: 

 

Biomass 

 
Crop Type: 

� Irrig. Barley  

� Non irrig. Barley 

� Alfalfa 
 

 
Weather conditions 

Wind velocity: 

� No 

� Moderate 

� Strong 

Rain: 

� no 

� moderate 

� strong 

Leaf wetness: 

� no 

� wet 

� bedew 

Wind direction:    

Wind flow: 

� constant 

� turbulent 
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4.3 Data acquisition of Ground Truth data for land use  

 
The following ground truth data for land use have been taken during the two 
campaigns. 
In the first campaign were measured GPS tracks of about 390 km and 73 additional 
waypoints. 
 
For each waypoint were documented and archived: 

• Geographical position and elevation 

• Potentially accuracy 

• View direction 

• Land use around the waypoint 

• Digital images 
 

 

Figure 4-5 Documentation of the Ground Truth work for land use 

 
The covered distance of taken ground truth data during the second campaign totals 
about 130 km. As well there were taken about 250 photos of the test fields, additional 
fields or equipment in the first campaign and ca. 150 photos in the second campaign. 
Moreover, at special locations on the test site were taken additional short video clips, 
which result in numbers of 12 (first campaign) and 5 (second campaign). 
Ground truth land use data for agriculture have been acquired on the 28 biomass test 
fields (numbered from 1 to 27 and at the end stands number 30) – see tables of flight 
1-4, 7 in the 
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Appendix (Table 8-1 to Table 8-5). Additional, there have been acquired data on 34 
extra test fields (numbered consecutively from 42 to 75) for measurements of 
biomass, soil and crop type and crop height during two flights of both campaigns (see 
Figure 8-1, Table 8-6 and Table 8-7). 
The land use of the 28 test fields and the 34 extra fields (a total of 61 fields) is as 
follows: 

• Irrigated alfalfa 

• Irrigated barley 

• Irrigated wheat 

• Non irrigated barley 
 
An entirely surveying and mapping of about 260 fields has taken place at the test site 
area and the following enumeration shows the different land use classes, which are 
shown on the map in Figure 5-24, too: 

• Bare soil 

• Finer cultivated bare soil 

• Coarser cultivated bare soil 

• Fallow 

• Garlic 

• Irrigated alfalfa 

• Irrigated barley 

• Irrigated wheat 

• Lolium (type of grass) 

• Non irrigated barley 

• Oats 

• Onion 

• Potatoes 

• Settlement 

• Trees 

• Water 
 
The figure below (see Figure 4-6) shows the coverage of the test site with waypoints 
and a subset of tracks, which were measured during the first campaign. 
The background satellite image is the Landsat ETM geocoded with European datum 
1950 (ED50). 
The tracks were also measured with this geodetic datum. 
The two subwindows marked in red rectangles are displayed in Figure 5-22. 
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Figure 4-6 First campaign: GPS-measured tracks (with Garmin GPS equipment blue 
lines) and waypoints of the test area (different symbols, small red flags – positions of 
poles with numbers for plant and soil sampling) 

 
 
The figure below (see Figure 4-7) shows a subset of tracks, which were measured 
during the second campaign. 
The background image is the radar image (C-band: C-hh for the red and C-hv for the 
green channel) geocoded with WGS84. 
A part of the tracks was measured with this geodetic datum, but the part of tracks 
marked with red was measured with European datum 1950 (ED50). 
Therefore, the tracks in red do not match with the radar image. 
The two subwindows marked in yellow rectangles are displayed in Figure 5-22. 
 

cut 1 (1
st
 campaign) 

cut 2 (2
nd

 campaign) 
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Figure 4-7 Second campaign: GPS-measured tracks (with Garmin GPS equipment); 
pink lines – tracks measured with WGS84, red lines – tracks measured with ED50 

 
 
The following two images (see Figure 4-8 and Figure 4-9) show tracks measured 
with a Trimble - GPS - system. 
 

cut 1 (2
nd

 campaign) 

cut 2 (2
nd

 campaign) 
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Figure 4-8 GPS measurement with Trimble, blue line shows a route along the test 

fields  

 

 

Figure 4-9 GPS measurement with Trimble, blue line shows an additional route  

recorded during land use mapping activities 
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5 In-situ data processing and analysis results 

 

5.1 Processing of In-situ data for biomass and soil moisture and analysis 
results  

5.1.1 Field inventory, soil moisture and biomass  

 
In the following section Soil Moisture, Biomass and Crop, Harvesting Conditions in 
the Albacete Area as taken during field inventory campaign 1 (Flight 1, Flight 2, Flight 
3, Flight 4: April 2 and April 4) and field inventory campaign 2 (Flight 7: April 26) have 
been analysed. 

 

Soil 
Mean soil moisture out of 28 fields decreased from Flight 1 to Flight 4 (Wednesday 2 
in the morning to Friday 4 in the afternoon) from 17,68 % wt to 14,02 % wt. This is in 
accordance with the continuous dry weather conditions and underlines the 
consistency of the soil sampling in the field (Table 5-1; Figure 5-1). 

Soil moisture % vol shows only a slight tendency of decrease, which may be 
explained by the difficulties to sample the soil volume in consistent manner, since 
bigger stones have been taken out of the soil sample (as we agreed) and also 
sampling itself is bothered by stones.  

Further, soil moisture (% wt and % vol) is clearly higher under alfalfa as compared to 
barley and wheat, which is also plausible because of the higher organic matter in the 
soils cultivated with alfalfa (some of these fields must have been in the 4th or 5th year 
after seeding, which from year to year increases the root biomass in the soil and the 
turnover of root biomass into organic matter of the soil).  
 
Since, except the non-irrigated barley fields (niB), all other crops are under irrigation, 
and the irrigation scheme of the individual field is not known, the soil moisture values 
cannot be interpreted seriously; one has to take them as they are. 

Mean soil moisture (Table 5-1; Figure 5-1) as measured during Flight 7, is within the 
range of the previous campaign during Flight 1 to 4. As in the first campaign, soil 
moisture % vol tends to be higher than soil moisture % wt. The higher variance of the 
% vol, as compared to the % wt soil moisture values of the non-irrigated barley fields, 
indicates greater uncertainties of the % vol data.  

Again, under alfalfa the highest soil moisture values have been found, whereas the 
non-irrigated barley fields (niB) gave the lowest soil moisture values. 

 
Soil moisture span (% wt only; Table 5-2) 
Minimum soil moisture of 12,8% has been measured during flight 1 (field 7, niB); 
maximum soil moisture in flight 1 was 29,4% (field 18, A); in flight 2 minimum soil 
moisture 12,34% (field 7, niB) and maximum soil moisture 26,21% (field 18, A); in 
flight 3 minimum soil moisture 9,69% (field 9, nB) and maximum soil moisture of 
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30,9% (field 11, A); in flight 4 minimum soil moisture 7,5% (field 9, nB) and maximum 
soil moisture 23,64% (field 11, A). 

Minimum soil moisture of 9,73% has been measured in field 7 (niB) during flight 7: 
Also during Flight 1, in this particular field the lowest soil moisture has been found. 
Maximum soil moisture of 25,99%, has been measured under alfalfa (field 11, A). 

 

Table 5-1 Soil moisture (% wt and % vol) during flight 1, 2, 3, 4 in the first week of April 
2003 and the flight 7 in the last week of April 2003, over the Albacete area 

 

Soil 

% wt 

Flight 1 

min 

 

max 

Flight 2 

min 

 

max 

 12,8 (Field 7, niB) 29,4 (Field 18, A) 12,34 (Field 7,niB) 26,21 (Field 18, A) 

 

Soil 

% wt 

Flight 3 

min 

 

max 

Flight 4 

min 

 

max 

 9,69(Field 9, niB) 30,9 (Field 11, A) 7,50 (Field 9,niB) 23,64 (Field 11, A) 

 

Soil 

% wt 

Flight 7 

min 

 

max 

 9,73 (Field 7, niB) 25,99 (Field 11, A) 

 

Table 5-2 Span of soil moisture (% wt) during flight 1,2,3,4 in the first week of April 
2003 and the flight 7 in the last week of April 2003, over the Albacete area 

Soil

 %wt Flight 1 Flight 2 Flight 3 Flight 4 Flight 7

niB 15,177 14,766 12,595 11,644 13,409

iB 16,505 15,429 14,108 13,318 15,837

iW 19,025 17,265 15,600 14,873 17,482

A 22,731 22,100 21,569 19,066 21,172

mean B 15,509 14,932 12,973 12,063 14,016

all mean 17,677 16,795 15,165 14,016 16,160

% vol. Flight 1 n Flight 2 n Flight 3 n Flight 4 n Flight 7

niB 14,494 2 17,387 4 15,412 7 14,675 8 15,584

iB 16,031 4 20,712 2 18,674 2 14,400 2 17,229

iW 21,979 5 21,590 2 18,498 3 17,430 2 21,805

A 33,804 1 27,980 2 20,987 2 29,375 2 22,525
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Figure 5-1 Soil moisture (% wt and % vol) in fields of non-irrigated barley (niB), 

irrigated barley (iB), irrigated wheat (iW), alfalfa (A), all barley fields (mean B), 

and all 28 fields harvested (all mean) during flight 1, 2, 3, 4 in the first week of 

April 2003, over the Albacete area  
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Translation of soil moisture, % weight into % volume 
 

Soil moisture measurement was disturbed by stones. Most of the field plots 
investigated contained stones at low (+) medium (++) or high (+++) level. Moreover, 
stones were not evenly distributed over the entire area of the individual field plots.  
 
Disturbances by stones have been reduced with % weight measurement since all 
stones, all the way down to hazelnut-size, have been removed from the soil sample 
in the bucket before transferring it into the soil sample plastic bags. This is the reason 
why soil moisture „% weight“ shows plausible and evenly decreasing values from 
flight 1 (moist conditions due to rain during the days before flight 1) to flight 4 which 
represents a time-frame of about 30 hrs without rain.  
 
Because of the more disturbing effect of stones with the „% volume“ soil moisture 
measurement, the respective values are showing much higher variation during the 
observation period. Over all, the „% volume“ soil moisture values deserve less 
confidence than the „% weight“ soil moisture values. 
 
To translate „% weight“ into „% volume“, correlation of „% weight“ to „% volume“, in 
the first round, soil moisture have been established, on samples of all fields and 
flights (Figure 5-3) and on means of all soil samples in the different crop types 
(Figure 6-52). 

Recommended, however, is a correlation based on a selection of iW-fields (irrigated 
Wheat)  from which „% weight“ and „% volume“ soil moisture values are available 
with plausible decrease of soil moisture during the observation period (compare 
Figure 5-6). Actually in field No. 10, soil moisture values of flight 1 (highest moisture) 
and flight 4 (lowest moisture) have been correlated; in field 17 flight 1 and flight 4 
(significant decrease of soil moisture) in field 22 flight 1 and flight 7 (rel. high soil 
moisture under full vegetation cover; Figure 3-8, Figure 6-55). 
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F1 F3 F4 F7 Field No. 

(% weight / % volume) 

10 25,9/31,2 19,4/21,6 - - 

17 15,2/17,8 - 10,5/14,8 - 

22 19,0/24,3 - - 16,4/19,7 

 
 

Table 5-3 Soil moisture %weight and % volume in fields No. 10, 17, 20 (all iW) during 
flight campaign Flight 1 to Flight 3, 4, 7 (F1, F3, F4, F7) 

. 

 

 

 

 

Figure 5-2 Correlation of soil moisture “% weight“ and “% volume“ in a selection of 
iW-fields consecutive flight missions F1, F3, F4 and F7 
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Figure 5-3 Correlation of soil moisture “% weight“ and “% volume“ over all flights (F1, 
F2, F3, F4, F7) and fields (field 1 to 27 and field 30) and over all fields per each flight. – 
Data basis see Table 5-4. 
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   Soil moisture     Soil moisture 

Flight 
No. 

Field
No. 

Crop 
type 

 (%wt) % vol.  Flight 
No. 

Field
No. 

Crop 
type 

 (%wt) % vol. 

F1 10 iW 25,922 31,184  F4 1 niB 12,906 13,427 

 12 iB 15,242 14,058   2 niB 14,306 15,224 

 13 iB 16,013 15,564   3 niB 12,577 12,533 

 14 iW 18,243 17,299   4 niB 12,225 13,269 

 15 niB 13,232 13,474   11 A 23,643 33,204 

 17 iW 15,214 17,789   15 niB 9,5764 10,466 

 18 A 29,402 33,804   17 iW 10,487 14,805 

 19 iB 17,266 18,004   18 A 23,579 25,546 

 20 iB 17,5 16,5   19 iB 12,654 15,944 

 22 iW 18,97 24,26   20 iB 13,423 12,856 

 26 iW 15,905 19,366   23 niB 14,433 19,945 

 27 niB 14,463 15,515   24 niB 12,372 15,551 

F2 5 A 21,739 25,41   25 niB 12,754 16,984 

 10 iW 22,479 26,251   30 iW 14,724 20,055 

 15 niB 14,868 15,116  F7 1 niB 17,191 20,29 

 17 iW 13,759 16,929   2 niB 15,456 15,99 

 18 A 26,209 30,55   3 niB 14,612 12,60 

 19 iB 16,136 23,846   4 niB 14,364 13,37 

 20 iB 16,383 17,579   5 A 21,218 21,44 

 23 niB 16,709 18,989   6 A 17,809 17,72 

 24 niB 14,949 15,292   8 niB 13,376 14,80 

 25 niB 14,769 20,152   9 niB 10,214 17,00 

F3 2 niB 14,78 16,722   10 iW 17,436 17,41 

 3 niB 13,39 13,94   11 A 25,99 31,09 

 4 niB 12,92 13,432   14 iW 18,804 24,16 

 5 A 18,55 18,863   15 niB 11,485 15,35 

 10 iW 19,43 21,621   16 A 18,417 17,81 

 15 niB 10,20 12,47   17 iW 12,949 15,51 

 17 iW 13,05 15,85   18 A 22,424 24,56 

 18 A 24,61 23,112   19 iB 15,829 16,93 

 19 iB 13,89 18,286   20 iB 16,717 17,53 

 20 iB 15,44 19,062   22 iW 16,431 19,70 

 23 niB 14,87 18,844   23 niB 14,216 15,49 

 24 niB 12,66 16,267   24 niB 13,385 15,61 

 25 niB 12,87 16,209   25 niB 12,313 14,20 

 26 iW 13,88 18,022   27 niB 14,562 16,72 

       30 iW 24,418 34,60 

Table 5-4 Data basis for  Figure 5-3

7 
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Figure 5-4 Correlation of soil moisture “% weight“ and “% volume“ over means of all 
flights (F1, F2, F3, F4, F7) in the different crop types and in all crop types (below). – 
Data basis see Figure 5-7 
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  Soil moisture    Soil moisture 

Crop 
type 

Flight 
No. 

 (%wt) % vol.  Crop 
type 

Flight 
No. 

 (%wt) % vol. 

A F1 29,4 33,8  iW F1 18,85 21,98 

A F2 23,97 27,98  iW F2 18,12 21,59 

A F3 21,58 20,99  iW F3 15,45 18,5 

A F4 23,61 29,37  iW F4 12,61 17,43 

A F7 21,17 22,53  iW F7 18,01 22,28 

iB F1 16,51 16,03  niB F1 13,85 14,49 

iB F2 16,26 20,71  niB F2 15,32 17,39 

iB F3 14,66 18,67  niB F3 13,1 15,41 

iB F4 13,04 14,4  niB F4 12,64 14,68 

iB F7 16,27 17,23  niB F7 13,74 15,58 

Table 5-5 Data basis for Figure 5-4 

For details please see Appendix (Table 8-1 until Table 8-6) 

 

Biomass 
 
Fresh yield of biomass of all crops is influenced by time of harvest. In the morning 
harvest dew increased the amount of fresh weight as compared to the afternoon 
harvest. However, in the fields with loose and small biomass, obviously dew 
disappeared faster than in crops of high biomass (see the wheat fields as compared 
to alfalfa). 

Over all 28 fields from flight 1 to flight 4 a tendency of increase of dry biomass can be 
seen, which indicates that the sampling of field sections remained fairly 
representative over the 4 harvests. However, with alfalfa (no more than 5 fields) 
some mistakes happened in the selection of representative field pieces since from 
flight 1 or 2 to flight 3 or 4 an increase of biomass must be expected by the ongoing 
photosynthese (Table 4.2.1.6). 

 
Biomass span (see Table 5-7) 
Minimum biomass fresh weight of 233,8 g/m² has been measured in flight 1 in field 
26 (iW); maximum fresh weight of 1905,6 g/m² in field 5 (A); in flight 2 minimum 
181,35 g/m² in field 10 (iW); maximum 2019,06 g/m² in field 5 (A); in flight 3 minimum 
223,73 g/m² in field 21 (iW); maximum 1588,02 g/m² in field 6 (A); in flight 4 minimum 
184,12 g/m² in field 22 (iW); maximum 1474,95 g/m² in field 6 (A). 

 
Fresh yield of biomass (Table 5-6, Figure 5-5) of all crops increased substantially 
from the first campaign (1st week of April) to the second campaign, April 25. Over all 
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crop types and fields (all means, see , Figure 5-5 and Table 5-6) dry biomass 
increased from around 150 g/m2 up to almost 400 g/m2 or 4000 kg/ha. Further, the 
non-irrigated early barley fields (niB), presumably winter barley performed the best 
yield increase. Also the other cereal crops showed higher yield increase rates as 
compared to alfalfa, which still slightly overyields irrigated wheat (iW) and irrigated 
barley (iB). 
 
Minimum biomass fresh weight of 1066.24 g/m2 has been found in the alfalfa field 
number 16 during Flight 7. Highest alfalfa yield  appeared in field 5 with 2291,29 
g/m2. Lowest yields of fresh biomass of wheat were measured in field number 17 at 
1474,59 g/m2, while highest wheat yield in field number 10 reached 3176,04 g fresh 
biomass per m2. Taking the dry biomass, the range of alfalfa yield is from 292,5 g/m2 

minimum (Field 16) to 453,0 g/m2 maximum (Field 18); that of wheat 268,7 g/m2 
minimum (Field 14) to  485,6 g/m2 maximum (Field 10). The overall highest yield of 
dry biomass, however, has been found during Flight 7 in non-irrigated barley, with a 
maximum of 648,9 g/m2 (Field 27). Also the average dry yield over all barley fields 
was above the average of the other crop types). For detail please refer to the 
appendix: 
 
Appendices: 
Figure 8-1 (No 1 to 30) Soil- and crop conditions in the fields in which plant biomass 
and soil moisture have been taken, and crop height in the respective fields during 
Flight 4 and Flight 7 / In blue numbers: Additional fields (No 40 to 73) in which crop 
type, soil type and crop conditions have been taken for crop type identification. 
Table 8-1 Soil moisture and plant biomass in fields No 1 to 30 as taken during flight 1 
and registered weather conditions. 
Table 8-2 Soil moisture and plant biomass in fields No 1 to 30 as taken during flight 2 
and registered weather conditions. 
Table 8-3 Soil moisture and plant biomass in fields No 1 to 30 as taken during flight 3 
and registered weather conditions. 
Table 8-4 Soil moisture and plant biomass in fields No 1 to 30 as taken during flight 4 
and registered weather conditions. 
Table 8-5 Soil moisture and plant biomass in fields No 1 to 30 as taken during flight 7 
and registered weather conditions. 
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Table 5-6 Fresh and dry biomass yield (g/m²) during flight 1, 2, 3, 4 in the first week of 
April 2003 and the flight 7 in the last week of April 2003, over the Albacete area.  

Biomass

fresh 

yield 

(g/m²) Flight 1 Flight 2 Flight 3 Flight 4 Flight 5 n

niB 969,09 840,68 827,59 790,93 1799,76 12

iB 504,42 357,91 515,19 446,40 1792,2 4

iW 281,33 260,66 293,49 255,40 1869,98 7

A 1324,04 1229,59 1233,88 1111,62 1746,82 5

mean B 852,92 719,99 749,49 704,80 1797,87 16

all mean 794,15 696,16 721,99 665,09 1806,78 28

dry yield 

(g/m²) Flight 1 Flight 2 Flight 3 Flight 4 Flight 5 n

niB 165,67 169,10 169,92 172,71 450,65 12

iB 67,69 59,17 81,85 79,85 331,845 4

iW 45,75 50,47 59,65 54,55 330,561 7

A 240,23 235,81 239,82 230,61 375,425 5

mean B 141,18 141,62 147,90 149,49 420,948 16

all mean 135,01 135,65 142,25 140,24 390,222 28
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Plant 

fresh yield 
(g/m

2
) 

Flight 1 

min 

 

max 

Flight 2 

min 

 

max 

iW 

A 

mean B 

233,80 (Field 26) 

1088,93 (Field 16) 

370,60 (Field 19, iB) 

307,49 (Field 17) 

1905,63 (Field 5) 

1565,34 (Field 15, 
niB) 

181,35 (Field 10) 

635,25 (Field 11) 

247,01 (Field 19, iB) 

418,60 (Field 17) 

2019,06 (Field 5) 

1383,85 (Field 15, niB) 

 

dry yield 
(g/m

2
) 

Flight 1 

min 

 

max 

Flight 2 

min 

 

max 

iW 

A 

mean B 

34,8 (Field 10) 

203,7 (Field 16) 

52,1 (Field 19, niB) 

51,9(Field 17) 

383,7 (Field 5) 

256,6 (Field 2, niB) 

29,3 (Field 10) 

135,7 (Field 11) 

41,2 (Field 19, niB) 

86,6 (Field 17) 

322,2 (Field 5) 

273,1 (Field 15, niB) 

 

Plant 

fresh yield 
(g/m

2
) 

Flight 3 

min 

 

max 

Flight 4 

min 

 

max 

iW 

A 

mean B 

223,73 (Field 21) 

812,79 (Field 11) 

391,74 (Field 19,niB) 

414,25 (Field 17) 

1588,02 (Field 6) 

1247,73 (Field 3, niB) 

184,12 (Field 22) 

816,70 (Field 16) 

272,50 (Field 12, iB) 

347,5 (Field 14) 

1474,95 (Field 6) 

1020,87 (Field 2, niB) 

 

dry yield 
(g/m

2
) 

Flight 3 

min 

 

max 

Flight 4 

min 

 

max 

iW 

A 

mean B 

49,3 (Field 30) 

139,0 (Field 11) 

64,3 (Field 19, niB) 

82,9 (Field 17) 

336,4 (Field 6) 

257,2 (Field 3, niB) 

39,0 (Field 10) 

188,6 (Field 16) 

56,5 (Field 12, iB) 

67,1 (Field 14) 

303,8 (Field 6) 

233,70 (Field 2, niB) 

 

plant 

fresh yield 
(g/m

2
) 

Flight 7 

min 

 

max 

iW 

A 

mean B 

1474,59 (Field 17) 

1066,24 (Field 16) 

1156,99 (Field 4,niB) 

3176,04 (Field 10) 

2291,29 (Field 5) 

2971,87 (Field 27, niB) 
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dry yield 
(g/m

2
) 

Flight 7 

min 

 

max 

iW 

A 

mean B 

268,7 (Field 14) 

292,5 (Field 16) 

254,9 (Field 19, iB) 

485,6 (Field 10) 

453,0 (Field 18) 

648,5 (Field 27, niB) 

 

Table 5-7 Fresh and dry biomass (g/m²) during flight 1,2,3,4 in the first week of April 
2003 and the flight 7 in the last week of April 2003, over the Albacete area. Fresh and 
dry biomass (g/m²) during flight 1,2,3,4 in the first week of April 2003 and the flight 7 in 
the last week of April 2003, over the Albacete area.
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Figure 5-5 Fresh and dry biomass (g/m²)  in fields of  non-irrigated barley (niB), 
irrigated barley (iB), irrigated wheat (iW), alfalfa (A), all barley fields (mean B), and all 
28 fields harvested (all mean) during flight 1, 2, 3, 4  in the first week of April 2003, and 
flight 7 in the last week of april. 
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5.1.2 Temporal change analysis using colour composites 

 

The colour composites below show combinations of bands and polarisations which 
are assumed to contain the highest amount of information regarding crop biomass. 
The radar data, used therefore, are not calibrated, therefore the images are 
radiometrically different and the raw amplitudes are not comparable.  

The EASI/PACE function “root” brightens the images to the maximum possible 
contrast while not strengthening speckle to much and radiometry becomes more 
comparable. Because radar reflects the water content as well as structural elements 
of crops a good correlation of the amplitudes to biomass is expected. Figure 5-6 
displays Lhh in red, Lvv in green and Xvv blue, all from the first flight. A high contrast 
between the fields can be seen. 

 

 

Figure 5-6 Combination of Lhh in red, Lvv in green and Xvv in the blue 
channel (Flight 1) 

 

In the field campaign flight 1 and flight 3 have been carried out in the morning. 
Because of dew the measured average amount of fresh biomass is higher than 
during flight 2 or 4 due to dew. The dry yield remains nearly constant in average 
during flight 1, 2, 3, 4. In order to have a first estimate of the sensitivity of radar 
against growth within two days, this color composite has been reproduced with the 
Xvv-band taken each in the morning with a time shift of 2 days (Figure 5-7). The 
same has been repeated with the Xvv data of flight 4 combined with Lhh and Lvv of 
flight 1 (Figure 5-8). In the same way Lhh and Xvv of flight 1 and Lvv of flight 4 have 
been combined (Figure 5-9). Flight 2 from the first day afternoon has not been 
considered because of high wind velocities that may have changed the stability of 
looking angle etc. 
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Figure 5-6, Figure 5-7, Figure 5-8 and Figure 5-9 look very similar. To have a more 
explicit representation of the differences between different data takes in the 
remaining figures the single band/polarisations are displayed three color composites 
from the first, third and fourth data take.  
 

 

Figure 5-7 Combination of Lhh in red, Lvv in green (Flight 1) and Xvv in 
the blue channel (Flight 3) 

 

 

Figure 5-8 Combination of Lhh in red, Lvv in green (Flight 1) and Xvv in 
the blue channel (Flight 4) 
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Figure 5-9 Combination of Lhh in red (Flight 1), Lvv in green (Flight 4)  

and Xvv in the blue channel (Flight 1) 

 
The temporal change in radar signatures in L-Band copolarisation is rather small 
(Figure 5-10, Figure 5-11). The effect of irrigation is visible in the green sector of the 
round irrigated field in the upper right corner. Left of this field there is another green 
field with a similar color, thus also an irrigation effect on this bare soil field may be 
assumed. On the left side a dark brown field can be seen which in the ground truth 
has been classified as “seedbed” and may have been irrigated between the data 
takes. Since seedbeds have fairly fine surface structures a greater sensitivity to soil 
moisture as compared to rougher bare soil is possible. The rest of the probed fields 
are more or less grey regardless if they are bare soil or with crop stands. There is no 
dominant temporal effect visible. 
 

 

Figure 5-10 Three color composite of Lhh in red (Flight 1), in green 
(Flight 3) and in blue (Flight 4) 
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Figure 5-11 Three color composite of Lvv in red (Flight 1), in green 

(Flight 3) and in blue (Flight 4) 

 
In Figure 5-12 the Chv band has been chosen because it is also known to be 
sensitive to biomass. The differences in reflectance between the different data takes 
is in most cases still smaller than in the L-Band. Exceptions are the above considered 
fields and a bare soil field in the middle upper side of the image which in this channel 
combination is also appearing in green color. The other fields which are grown with 
only small amounts of biomass are shining up with the same color as in the L-band 
images. Even the rough cultivated bare soil field on the lower right side is grey in all 
considered L- and C- Band channels. 
 

 

Figure 5-12 Three color composite of Cvh in red (Flight 1), in green 

(Flight 3) and in blue (Flight 4) 
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Another picture is drawn in the shorter X-Band (Figure 5-13 and Figure 5-14). Here 
the irrigation effect of the pivot is still clearer visible, particularly in the vertical 
polarisation. The images are much more colorful for all land use classes, indicating 
differences in the reflecting properties of the fields. In Figure 5-15 the in-day 
differences of X-band data are displayed. The afore mentioned effects of irrigation 
and on fine cultivated bare soil are visible as well. The other fields produce much less 
contrasting images and thus the speckle is more dominant than in the other figures. 
The comparison of X-band data with a time shift of two days, each recorded in the 
morning, yields a still more contrasting image (Figure 5-16). 
 

 

Figure 5-13 Three color composite of Xhh in red (Flight 1), in green  

(Flight 3) and in blue (Flight 4) 

 
The combinations of two L-band images produce images with much less contrast. In 
Figure 5-17 the in-day variation can be seen two be small compared to the X-band. 
The comparision of data with a time shift of two days each recorded in the morning in 
Figure 5-18 also shows only a small effect of time. It is not surprising that 
combination of the time shift of two days plus the in-day variation, as shown in Figure 
5-19, results in a more contrasting image. 
In the investigated cases significant influences of the time shift of two days between 
data takes have been found in the X-band. They may reduce the correctness of 
biomass estimation while in the other bands only on fine cultivated bare soil fields 
and irrigated fields strong effects could be found. These do not affect the biomass 
measurement by radar. Thus the L-band seems to be robust against a two day time 
shift or an in-day delay between data takes. 
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Figure 5-14 Three color composite of Xvv in red (Flight 1), in green (Flight 3) and in 
blue (Flight 4) 

 

Figure 5-15 Color composite of Xvv in red (Flight 3), in green and blue (Flight 4) 
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Figure 5-16 Color composite of Xvv in red (Flight 1), in green and blue (Flight 3) 

 

Figure 5-17 Color composite of Lhh in red (Flight 3), in green and blue (Flight 4) 

 



                  

Dual-Band SAR - TerraSAR SIM  Page 72 of 192  
  Date:     14.09.2004 

Final report “Dualband – TerraSAR Simulation”   Contract No. 16736/02/NL/FF 2 

 

 

 

Figure 5-18 Color composite of Lhh in red (Flight 1), in green and blue (Flight 3) 

 
 

Figure 5-19 Color composite of Lhh in red (Flight 1), in green and blue (Flight 4) 
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5.2 Processing of in-situ data for land use and analysis results 

 

In addition to ground truth measurements for agricultural applications have been 
measured ground truth data for land use mapping during the two campaigns. (see 
Chap. 4 In-situ data acquisition) 
These recorded GPS data have been used for the validation of geographical 
positions of cadastral maps and satellite image geocoding as well as to determine 
and find the geographical position of the marker (white flag) of each test field and to 
map geographical reference of land use. 
  

5.2.1 Data analysis of GPS measurements 

In both campaigns were measured GPS tracks of more than 500 km and more than 
100 additional waypoints.  
 
For each waypoint were documented and archived: 

• Geographical position and elevation 

• Potentially accuracy 

• View direction 

• Land use around the waypoint 

• Digital images 

Geographical position and elevation was measures with a Trimble equipment that 
allows the acquisition of high precision GPS-measurements. By the use of this data 
the geocoding accuracy of the taken SAR data and additional used satellite data was 
reviewed. 
Land use around waypoints has been mapped with a Garmin GPS connected with 
Fugawi-Software on a LapTop. Fugawi allows to record geographical position of way 
points in combination with text information (about land use, crop height, surface 
roughness, wether conditions, …) and with photo points. 
 

Differential correction of GPS measurement with Trimble 

The measured GPS coordinates have been corrected by using the following 
reference position: 
 

39°01'53,765830"N, 2°03'59,460277"W, 771,36 m (antenna height). 
 
This position was measured by the DLR GPS basis station (TP Pedrizo, see Figure 
2-4). 
The differential correction of the measured GPS data have been carried out using the 
GPS data from the DLR basis station (converted to Rinex format). The difference 
between original Trimble GPS and corrected coordinates is about 2 m in longitude 
and latitude direction.  
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Figure 5-20 GPS track measured with Trimble (red line) and the corrected GPS track 
(green line); Background: geocoded radar image of northern flight strip – channel L-hh 
(flight 7) 

 

Figure 5-21 Original GPS signal (red line), measured with Trimble differential GPS, and 
differential corrected GPS signal (green line) 

A part of Figure 5-20 is displayed in Figure 5-21, the specific pixel of the field border 
and the adjacent fields can be distinguished by the intensity of grey values. 
Figure 5-21 shows the original GPS measurement in red and the improved GPS 
coordinates after differential correction as a green line. 
The difference of the two compared signals is about 2 pixel (2 meters) in vertical and 
horizontal direction. The corrected GPS signal (green line) fits to the field lane (dark 
grey values), but the original measured GPS signal (red line) runs next to the field 
lane. 
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GPS measurements with Garmin equipment 

The four subwindows in Figure 5-22 show three different areas of the test site (see 
Figure 1-3), cut 1 of the 1st campaign and cut 1 of the 2nd campaign present the 
same part of the test area in the east. A south-west part of the test site area is 
demonstrated in cut 2 of the 1st campaign and another part in cut 2 of the 2nd 
campaign, which displays a settlement area in the west. 
 
A short recollection (see Figure 5-22): 
 

��the lines in blue and red are measured with European datum 1950 
��the lines in pink are measured with WGS84 
��the Landsat ETM image used as background information for GPS 

measurements in the 1st campaign is geocoded with European datum 1950 
��the radar image (C-band) used as background information for GPS 

measurements in the 2nd campaign is geocoded with WGS84 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 5-22 Left: differences between GPS data of first campaign and geo-referenced 
Landsat image, Right: accuracy adjustment between GPS data of second campaign 
and geocoded radar image 

 

cut 1 of 1
st
 campaign 

cut 2 of 1
st
 campaign 

cut 1 of 2
nd

 campaign 

cut 2 of 2
nd

 campaign 
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Generally, between structures and points of the Landsat satellite image and GPS-
measured tracks and waypoints are differences. Furthermore, a high accuracy is 
indicated between structures of the radar image and GPS-measured tracks. 
 
During the 1st campaign the differences between the location of the satellite image 
and the GPS measurements are found with the utmost probability in a wrong 
conversion of the geo-referenced Landsat image (see Figure 5-22). This was 
delivered in a geocoded processing level for the Hayford 1909 ellipsoid and the 
European datum 1950. 
The conversion to WGS84 was obviously wrong. However, a straightforward 
conversion of Hayford-ellipsoid to WGS84 or other ellipsoids does not exist. 
The GPS tracks of the 1st campaign (see Figure 4-6) were measured with the 
European datum 1950 and probably another, not specified, ellipsoid. 
Finally, the differentiation of the tracks and the satellite image occur, because there 
are differences in the used ellipsoids. The geodetic datum should be the same 
(European datum 1950). Taking in account that the European datum exists in more 
than one interpretation, e.g. there are one for Spain/Portugal, one for Europe in 
general, one for France etc., it is also possible that there are differences in the used 
geodetic datum. 
 
During the 2nd campaign, the geocoded radar data (C-band) provided the basis for 
GPS measurements and land use data (see Figure 4-7). 
The accuracy between the radar image and the GPS tracks (pink lines in Figure 4-7) 
is featured in these two cuts of the 2nd campaign (see Figure 5-22). This correctness 
is caused by the used ellipsoid and geodetic datum, because WGS84 (UTM (zone 
30)) is used for the radar image and the GPS tracks. Little deviations can exist due to 
the fact that the radar image in the first version was geocoded without the Digital 
Elevation Model. But there are only small elevation differences in the test site area 
(about 5 m) (see Figure 5-23). 
 

 

Figure 5-23 Elevation of a route of the first campaign, it contains all four routes 
(belonging to the test fields) 
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The maximal elevation above sea level is 736,7 m, minimum elevation is 673,9 m, so 
the elevation averages about 700 m.  
 
Conclusions: 
 

• 1st campaign: 
differences are results of geocoding and conversion errors of the 
Landsat satellite image and the use of unlike ellipsoids for the image 
and the GPS measurements – use of ED50 

• 2nd campaign: 
accuracy is caused by the use of equal ellipsoids and geodetic datum 
for the radar image and the GPS measurements – use of WGS84. 
Other reasons may possibly be that the resolutions of the Landsat 
satellite image and the radar image distinguish from 25m (Landsat 
image) to 1m (radar image). 
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5.2.2  Data analysis of land use mapping 

A survey map of taken data 

 
 
 

 

Figure 5-24: Arrangement of land use in the test area 

 
 
 
In Figure 5-24 a map composite of the acquired land use data on the test area is 
presented including the test fields with blue numbers. 
Bare soil is divided in arrays of finer and coarser cultivated ground. The other arrays, 
fine and coarse cultivated soil, are combined to bare soil in general. 
In the test site a majority of irrigated bare soil, non irrigated barley, irrigated wheat 
and irrigated alfalfa has been detected. Minorities are represented by potatoes, trees, 
onions and oats. In between remain, e.g. irrigated barley, garlic, water (only some 
small reservoirs) and settlement (very small). 
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Survey maps of special data 

 

 

Figure 5-25: Map of irrigation of land use 

 
In Figure 5-25 the different types of irrigated land are visualized. The fields with no 
irrigation are coloured in light yellow. Fields with irrigation are coloured in blue – light 
cyan represent sprinkler irrigation and dark blue stands for pivot. In conclusion, there 
are more sprinkler irrigated regions than pivot irrigated and only few non irrigated 
areas. 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 5-26: The left image shows a pivot; the right image displays sprinkler irrigation 
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no irrigation 
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Figure 5-27: Map of special characteristics 

 
The map (see Figure 5-27) presents a composite of special types of land use and 
surface roughness. For example yellowed peas (see Figure 5-28), plant cultivation 
with cactuses, an olive grove and land, which is covered with weed or grass or fallow 
can be found. The colour light brown is assigned to fields with a special row direction. 
If these characteristics have additionally a stony ground, bare soil openings or a 
stubble field, it is determined by the chosen patterns. If no other characteristic exists 
beside the pattern, it is applied in black. 
 

 

Figure 5-28: Left: trees in two rows – direction: NE to SW (labelled in Figure 5-27)
  Right: yellowed peas 
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5.2.3 Significant and interesting points 

The following radar images are composites of C-hh for channel red and C-hv for 
channel green. 
The following figures (see Figure 5-29 and Figure 5-30) show images of the field 16 
(IA) before, while and after cropping (during flight 7) and pictures of selected 
significant points in relation to cuts of the radar image (C-band). 
The boundaries of the field are edged in black on the radar image (see Figure 5-29). 
In Figure 5-30 the exact places of the stone cairn and a barn can be located on the 
radar image as a light-coloured strip. 

 

Figure 5-29: Test field no. 16 

 

Figure 5-30:  A plant cultivation, a stone cairn and a barn 
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Figure 5-31: A field with different brightness 

In the radar image can be find fields which have parts of different brightness. The 
reason of this effect in Figure 5-31 are different row directions in a fine cultivated 
field. 
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Figure 5-32: Tree rows along the way 

The tree rows have a significant signature in the radar image see Figure 5-32. 

 

Figure 5-33: Irrigated field with sprinkler 

Very fine cultivated fields with sprinkler irrigation have equidistant red bright spots. 
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Figure 5-34: Stone cairn and dunghill 

Stone cairn effects a bright area in the radar image. In contrast the dunghill effects a 
dark area in the image see Figure 5-34. 
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6 Level 2/3 SAR data processing and analysis results 

 
In the project have been evaluated different crop parameter retrievals and land use 
classification algorithms under a variety of conditions to quantify the impact of the 
time intervals between SAR acquisitions, to quantify the impact of different 
wavelengths and polarizations on agricultural applications and to assess the effects 
of degradation of sensor characteristics (radiometric resolution/ incidence angle, loss 
of polarimetry) on product quality. 
 

6.1 Pre-processing / Radiometric incidence angle correction  

 
First step of SAR-data processing after level 1B processing was the radiometric 
correction of incidence angle effects using the incidence angle map included in the 
data set of level 1B products. For this purpose the two following work procedures 
were accomplished.�
 
1. Data shift  
 
Since the range of the delivered data was negative (near –32 000) all data were 
shifted to a positive range by a simple addition (+32,767) without any information loss�

�

signed integer 2Byte (–32,768 to 32,767) → unsigned integer (0 to 65,535)   
 
2. Removal of the incidence angle effect. 

 
The radiometric error in the radar data, which is an effect of the different incidence 
angles of the sensor during data acquisition has been removed by using the IncMap 
files. In the IncMap is the incidence angle of the sensor for each pixel position 
recorded.�
 
This correction has been done according to the following formula, which could be 
found in the header files of the supplied data:�
 
 sigma0(x,y) = intensity_input_image(x,y) * sin [IncMap(x,y)]  

 
  
These two processing steps were used for all data sets (all bands, polarisations and 
acquisition dates).�
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Figure 6-1 Radiometric uncorrected image, Xvv7 

 

Figure 6-2 Radiometric corrected image, Xvv7 

 

 

Figure 6-3 False colour composite for comparison of uncorrected and corrected 
image, Xvv7 
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3. Evaluation of the Backscattering coefficient 
 
To derive the radar backscattering coefficient (�) from image values (val) the 
following equation, which was given in the ancillary files of the SAR-data delivery, 
was used: 
 
� (DB) = (10.0 * log10[val * val]) - 60.0 
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6.2 Separability / Scatter plots and Histogram analysis results 

 
Main objective of the project was the assessment of the impact of time lag and of 
degradation of sensor parameters on biomass and land use application results.  
Starting point and most important basis of SAR data investigations have been very 
extensive and detailed separability analyses. Signature evaluation was done to 
examine the properties of individual training sample classes for different band 
combinations (wavelength, polarisation, processing level, incidence angle, time gap 
combinations) and its separability over others. The statistics contained in the 
signature file aid in determining whether the classes are good, no or little overlap in 
terms of their separability for the certain band combinations and thus in assessment 
of biomass and land use application results. 
Thereby all possible combinations of land use classes and all possible combinations 
of wavelengths, polarizations and time gaps were compared to determine and verify 
the best performing sensor configuration under the specific test site and project 
conditions. 
The enormous amount of data was reduced to three representative sub-test sites in a 
first step in order to be able to use all channel combinations for investigations (6.2.1).  
 
In Table 6-1 can be found an overview about all processing steps of separability 
analysis (incl. Histogram and scatterplot analysis) and classification which have been 
executed to assess the quality of different bands, incidence angles, processing 
qualities and time lags. 
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Workflow separability analysis 
 
Sub-test site 
 

 
  Inputs 

  
  Action items 

  
  Outputs 

 
 
Sub-test site 1 
(Northern strip) 
 
 

 

• All classes 

• All bands  

• All polarisations 

• All short term 
gaps flight 1 - 4 

• Only E-SAR 
 

  

• Separability (see 
6.2.3, Figure 6-5 - 
Figure 6-8) 

• Histogram (see 
6.2.6, Figure 6-33, 
Figure 6-34) 

• Colour composites/ 
Scatter plots (see 
6.2.5, Figure 6-15 
– Figure 6-24) 

 

  

• Favourite bands / 
favourite 
polarisations 

• Class combination 
with highest 
separability 

• Time gap 
assessment 

  

 
Sub-test site 2 
(Overlapping area 
N/S) 
 
 

 

• All classes 

• All bands 

• Restricted 
polarisations 

• Restricted 
acquisition dates 

• All processing 
qualities  

  

• Separability (see 
6.2.3, Figure 6-9 - 
Figure 6-11) 

• Histogram  

• Colour composites/ 
Scatter plots (see 
6.2.5, Figure 6-26) 

 

  

• Validation of 
favourite bands / 
favourite 
polarisations 

• Incidence angle 
assessment 

• Processing quality 
assessment 

 
 
Sub-test site 3 
(Overlapping area 
N/S) 
 
 

 

• Only crop classes 

• Restricted bands 
and polarisations 
(Lhh, Xhh, Xvv) 

• All acquisition 
dates 

• Only TerraSAR 

• Different 
irrigations 

 

  

• Separability (see 
6.2.3, Figure 6-12 
– 6-16)  

• Histogram (see 
6.2.6, Figure 6-35 
– Figure 6-42) 

• Colour composites/ 
Scatter plots (see 
6.2.5, Figure 6-28 - 
Figure 6-32) 

 

  

• Validation of time 
gap assessment  

• Validation of 
incidence angle 
assessment  

• Processing quality 
assessment 

• Favourite band – 
acquisition date for 
crop classes 

 
 
Test site 
(Northern strip) 
 
 

 

• All classes 

• All bands  

• Restricted 
polarisations 

• Restricted 
acquisition dates 

• Restricted  
processing 
qualities  

  

• Nearest Neighbour 
classification / 
restricted training 
fields (see 6.5.3)  

• Maximum 
Likelihood 
classification / all 
mapped fields (see 
6.5.4) 

 

  

• Validation of time 
gap assessment  

• Validation of 
incidence angle 
assessment  

• Validation of 
processing quality 
assessment 

 

Table 6-1 Workflow of separability analysis 
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6.2.1 Sub – Test sites 

 
In order to be able to use all channel combinations for investigations about 
separability, histogram evaluation and scatterplots the enormous amount of data was 
reduced to three representative sub-test sites. 
The classification of the radar data was accomplished thereafter for the entire test 
area on the basis of the results from the subsections.�
 
Particularly, the separability analysis was used in order to assess the influence and 
quality of the different radar wave length, polarisations, acquisition dates / time lags 
and of level 1B processing parameters on the quality of land use applications and 
retrieval algorithms.�
 
These results of separability analysis could be confirmed by the results of histogram/ 
mean value / variance computation (6.2.6), scatterplots (6.2.5) and classification (6.5) 
and in particular also by the results of  the biomass retrieval (6.3.1). 
 
In sub-test site 1 (Figure 6-4), which is located in the middle of the northern strip, 
could be found a small settlement, coarse and fine cultivated areas and areas which 
are covered by different biomass classes such as alfalfa, non irrigated barley and 
irrigated wheat. This sub-test site was chosen for first investigations (report “First 
analysis and results”) after level 1B processing of the data from the first 4 acquisition 
dates. In this subset could be found different kinds of land use with different level of 
separability in a small area on fields without pivots and it is located in the near range 
of the northern flight strip (incidence angle similar to the planned TerraSAR 
configuration).  
 
Sub-test site 2 (Figure 6-4), which is located in the overlapping area of the northern 
and southern strip has a similar distribution of land use classes as test site 1.  
 
Sub-test site 3 (Figure 6-4) was selected in order to add a subset from the 
overlapping area which includes several grain fields.�

�
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Figure 6-4 Sub test sites and training masks in the northern strip (and in the 
overlapping area of northern and southern strip; Figure is  N-S mirrored) 

Sub-test site 3 Sub-test site 2 

Sub-test site 1 

Nothern strip of the test site  
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6.2.2 Scientific discussions  

In the following chapter the different parameter determining the backscatter 
characteristics will be discussed.  
First there are the system parameter, which are defined by the recording system, e.g. 
the technical characteristics of the sensor.  
Second, the target parameter play an important role concerning the backscatter 
response. The target parameter are the characteristics of the target illuminated, e.g. 
a field of bare soil or covered with crops. 
 
The system parameters 
The separability results depend on various parameters. On the one hand there are 
different system parameters, such as wavelength and polarization of the radar 
waves, incidence angle and look direction.  
 
Wavelength 
The wavelength influences the separability result due to differences in penetrability. 
The X-band has a short wavelength and ranges between 2.4-3.8 cm. C-band has a 
range of 3.9-7.5 cm. L-band has a long wavelength of 15.0-30.0 cm. With increase of 
the wavelength the depth of penetration below target tops to ground surfaces also 
increases which influences the backscatter signal as well.  
 
Polarization 
“The polarization of the transmitted microwave dictates which components of the 
vegetation and soil contribute to the total amount of energy scattered back to the 
SAR sensor” (Mc Nairn & Brown, 1999, 4).  
Two types of polarization can be distinguished: co- and cross-polarization.  
 
Co-polarization 
Co-polarization is either signified by horizontal transmitted  (HH) waves or vertically 
transmitted radar beams (VV).  
 
Horizontally transmitted radar waves 
“HH-polarized microwaves are not easily attenuated by vertically structured crops 
and therefore these microwaves tend to penetrate the crop canopy to a greater 
extent than VV. As a result, more information is provided about the underlying soil 
condition when an HH configuration is used” (Mc Nairn & Brown, 1999, 4).  
“HH polarized image will be dominated by reflectance coming from surface scattering 
mechanisms” (Amarsaikhan & Ganzorig, 1999, 1). 
 
Vertically transmitted radar waves 
“Vertically polarized microwaves couple with the predominant vertical structure of 
most agricultural crops and as a result, the microwave signal is attenuated to a 
greater extent” (Mc Nairn & Brown, 1999, 4). 
“VV polarized data will display a greater component of volume scattering as a result 
of the signal penetrating to some depth below the surface” (Amarsaikhan & Ganzorig, 
1999, 1). 
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Cross-polarization 
Cross-polarization indicates either vertically transmitting and horizontal backscatter 
(VH) or horizontal emission and vertical backscattering (HV) of the radar signal. 
Cross-polarization respond to significant multiple scattering within the target, as 
occurs with very rough surfaces […]” (Mc Nairn & Brown, 1999, 4f).  
“HV polarized data will display a greater component of volume scattering as a result 
of the signal penetrating to some depth below the surface” as already explained for 
VV polarized radar waves (Amarsaikhan & Ganzorig, 1999, 1). 
 
Incidence angle 
In this study the processed images were available with different incidence angles.  
Van der Sanden & Ross (2001, 53) found, that a decrease of radar backscatter can 
be a function of incidence angle “when comparing fields over a wide range of 
incidence angles.” 

The images of the northern flight strip have a shallow incidence angle (>30°).  

In contrast, the southern swath represents a steep incidence angle (<30°). 
 
Steep incidence angle  

- poor crop discrimination with steep incidence angle due to significant 
contributions from the underlying soil at these angles (Mc Nairn et al., 1999, 6)  
-> but for this study -> this could be the reason for the better discrimination 

results with near range 
-> better discrimination because of slight vegetation cover and dominant 

backscatter of the underlying soil 
- steeper incidence angles emphasize soil moisture influence of radar reflection, 

backscatter is strongly influenced by soil moisture (Halounova, 1998) 
- more significance of the row direction effect (seebelow) 

 
Shallow incidence angle 

- crop discrimination is better at shallow incidence angle (> 35°) (far range) (Mc 
Nairn et al., 1999, 3)   
-> but for this study -> has to be seen very critical, because there is just 

slightly vegetation cover 
- shallower incidence angles are more influenced by surface roughness 

(Halounova, 1998) 
- row direction effect is less pronounced at larger incidence angles (VAN DER 

SANDEN & ROSS, 2001, 25) 
 
For this study, the fact of the better discrimination of crops with shallow incidence 
angle has to be seen very critical, because there is just a slight vegetation cover. 
Hence, the significance of the biomass backscatter characteristics is less 
pronounced. 
 
Look direction 
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The look direction of the aircraft is perpendicular to the flight direction and has also 
great influences on the backscatter characteristics, e.g. on the row direction effect  
(see below). 
 
 
The target parameter 
On the other hand the separability of several landuse classes is influenced by the 
characteristics of the targets. For example the crop type and tillage of the soil (row 
direction), irrigation and the growth stage of the crops.  
 
Crop type 
The crop type is important for the intensity of the backscatter signal. Cereals or grain 
crops like wheat or barley are distinguished from broad leaf crops, such as corn or 
potatoes. These crops have different backscatter characteristics due to the different 
phenotype.   
 
Surface roughness 
The surface roughness of the target is very important for the backscatter signal. Two 
kinds of surface characteristic can be distinguished, rough and smooth surfaces. 
Rough surfaces appear on ploughed fields with row directions.  
The rougher the surface is, the higher the backscatter.  
There are also smoothed surfaces such as non-tilled bare soil. 
 
Row direction 
Furthermore, the row direction of crops or tilled fields produce rough surfaces and 
which influences the backscattering of the radar waves.  
The intensity of the row direction effect depends on the look direction of the aircraft. 
There are different backscatter signals whether the row direction is perpendicular or 
parallel to the look direction (van der Sanden & Ross, 2001, 25).  
The backscatter is most intensive when the row direction is perpendicular to the look 
direction due to the double bounce effect.  
 
Double bounce effect 
The double bounce effect refers to the scattering from two surfaces, one flat on the 
ground(horizontal), and another upright (vertical). The reflected pulse hits both 
surfaces one after the other and is so reflected to the sensor. 
The double bounce effect does not only appears in association with the row direction 
effect, but also with the backscatter characteristics of vertical vegetation stems, like 
wheat, barley and alfalfa in this study.  
It can be assumed, that the double bounce effect is most intensive with HH-
polarization due to the horizontally transmitted radar waves.  
 
Soil moisture 
“Radar remote sensing is ideal for mapping soil moisture due to the sensitivity of 
radar to moisture (changes in the dielectric constant) and the ability to image through 
cloud cover, independent of sunlight. An increase in either the dielectric constant or 
the roughness of the surface will cause an increase in the amount of backscatter; it is 
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this relationship between the dielectric constant and radar backscatter that enables 
measurements of soil moisture” (van der Sanden & Ross, 2001, 53).  
 
Influence of soil moisture by irrigation of the crops 
The irrigation of the crops also influences the backscatter signal due to effects of soil 
moisture and plant surface water. 
The measurement of soil moisture becomes difficult, when the soil is covered with 
crops:  
“Vegetation complicates the retrieval of soil moisture measurements from radar 
images, as the radar interacts with the vegetation and is affected by the physical 
structure and moisture within the biomass. The degree of radar interaction is 
dependant on the amount of penetration into the vegetation cover, which is 
determined by the wavelength employed in relation to the vegetation structure (the 
larger the wavelength the greater the penetration)” (van der Sanden & Ross, 2001, 
53). “Prevot et al. (1993) found that horizontally polarized radar are better than 
vertically polarized (VV) radar for vegetated soil due to the greater penetration into 
the vegetation cover, thereby increasing the interaction with the underlying soil 
surface” (van der Sanden & Ross, 2001, 53). Certain radar bands, for instance L-
band, are very sensitive in detecting soil moisture (Pampaloni et al., 2004). 
Moreover, irrigation has a significant smoothing effect on surface roughness (Mc 
Nairn et al., 1996, 154-162).  
 
Growth stage 
The dates of the flight programs were in April, when the chosen crop type had an 
early growth stage.  
Generally it has to be mentioned, that the early growth stage of crops causes poor 
separability results for the biomass classes due to little volume of surface cover 
(compare with data acquisition report, 2003, 25-28).  
Because of the slight vegetation cover, the underlying soil influences the backscatter 
signal as well. Hence, the backscatter signals rather correspond with the soil 
characteristics than with crop canopy.  
The examined crop types barley and wheat are both grain crops and show very 
similar backscatter characteristics. They have a similar structure and phenotype 
during early growth stages and therefore they are quite difficult to separate (Mc Nairn 
et al., 1999, 5).  
 
Weather 
Also weather conditions of the flight date can influence the separability results, 
especially rain.  
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6.2.3 Separability analysis method 

 
For separability analysis was used the algorithm, which is available in PCI and which 
is based on the following procedure:�
 
The Bhattacharrya (or Jeffries-Mastusuta) Distance measures real values between 0 
and 2, where `0' indicates complete overlap between the signatures of two classes 
and `2' indicates a complete separation between the two classes. Both measures are 
monotonically related to classification accuracies. The larger the separability values 
are, the better the final classification results will be. 
 
 The following rules are possible ranges of separability values:  
 
    0.0 to 1.0   (very poor separability) 
    1.0 to 1.5   (poor separability) 
    1.5 to 2.0   (high separability) 
 
The Bhattacharrya (or Jeffries-Mastusuta) Distance is calculated in PCI using the 
following formula:  
 
   BD(i,j) = 2*[1-exp(-a(i,j))] 
  
 where  
  
   BD(i,j) = Bhattacharrya Distance between class i and j 
    a(i,j) = 0.125*T[M(i)-M(j)]*Inv[A(i,j)]*[M(i)-M(j)] 
             + 0.5  *ln{det(A(i,j))/SQRT[det(S(i))*det(S(j))]} 
  
 where  
  
   M(i)    = mean vector of class i, where the vector has Nchannel 
             elements (Nchannel is the number of channels used) 
   S(i)    = covariance matrix for class i, which has Nchannel by 
             Nchannel elements 
   Inv[]   = inverse of matrix 
   T[]     = transpose of matrix 
   A(i,j)  = 0.5*[S(i)+S(j)] 
   det()   = determinant of a matrix 
   ln{}    = natural logarithm of scalar value 
   SQRT[]  = square root of scalar value 
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6.2.4 Separability analysis results 

 
(On the following pages only a subset of the processed separability analysis results 
are displayed. ) 
 
Sub-test site 1 
 
In order to give statements  about quality of wavelengths, polarisations and dates of 
data taking shortly after radar data acquisition a cut-out in North West of the test site  
in near range was selected for first investigations. According to the results of these 
investigations, diagrammed in Figure 6-5 - Figure 6-8, the following bands obtain 
best values: Lhh, Chv,Xhh or Xvv. The Differences caused by changed time gaps for 
data taking are only  small and not uniform for types of land cover.   
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Figure 6-5 Separability of L- and C-band combinations (flight program 4), sub-test site 1 

 

 

Figure 6-6 Separability of different band combinations (flight program 4), sub-test site 1 



                  

Dual-Band SAR - TerraSAR SIM  Page 101 of 192  
  Date:     14.09.2004 

Final report “Dualband – TerraSAR Simulation”   Contract No. 16736/02/NL/FF 2 

 

 

 

 

Figure 6-7 Separability of different time intervals (L-hh of flight 4 and X-hh, C-hv), sub-
test site 1 

The bars in this diagrams (Figure 6-5 - Figure 6-7) reveal a high separability between 
non-vegetation-covered classes or between vegetation-covered and non-vegetation-
covered classes for short term intervals and for two frequencies. The greater the time 
gap is the lower is the value of the separability for non-vegetation-covered and 
vegetation-covered combinations, for non-vegetation-covered class combination FFC 
/ Settlement a relative permanent separability is represented. niB / IW demonstrates a 
reverse course of the values in the combination of L-hh and X-hh. According the 
resultes displayed in the figures above favoured polarisations are hh for L-band and 
hv for C-band, Xhh delivers better results for non-vegetation covered classes, Xvv is 
appropriate for biomass classes (Figure 6-6).   
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Figure 6-8 Separability over time of FFC – IW (L-hh, C-hv of flight 1 until 4), sub-test site 
1 

The figure shows that for 3 out of 4 time intervals the drops in separability are 
relatively small. The significant drops in separability are associated with the choice of 
the C-hv1 channel. L-band contribution appears relatively stable with time. 
X-hh in combination with L-hh (not displayed) shows the same phenomenon. 
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Sub-test site 2 
 
Sub-Test site 2 is located in the overlapping area of both flight stripes and has similar 
distribution of land use classes as sub test site 1. This data set was used to proof the 
results of test site 1 and to asses the impact of the processing quality (diff. NESZ) in 
comparison to C-band and to evaluate the results of different incidence angles (data 
of the northern and the southern flight strip of the same area). 
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Figure 6-9 Separability results for the band combinations Xt4hh with L-band (-25, 
Terrasar and E-SAR quality) and C-band (E-SAR quality) of the 4th flight program, sub-
test site 2 
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Figure 6-10 Separability results for the band combinations Xt4vv and L-band (-25, 
Terrasar and E-SAR quality) and C-band (E-SAR quality) of the 4th flight program, sub-
test site 2 

The Figure 6-9 and Figure 6-10 show, that the processing quality (-25 dB, E-SAR, 
TerraSAR) has only a minor impact on the separability results. Best results can be 
obtained for Lhh and Chv. 
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Figure 6-11 Separability results for the band combination Xt4vv and L-band (TerraSAR 
and E-SAR quality) of the 4th flight program, the northern flight strip (N) in comparison 
with the southern flight strip (S), sub-test site 2 

Figure 6-11 shows that differences between North and South (same area but different 
incidence angles) are slight and insignificant for certain land use classes. 
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Sub-Test site 3 
 
Sub-test site 3 was selected in the overlapping area too to cover several crop fields 
(niB and IW) to reduce the influence of margin effects. The training areas were 
chosen in homogeneous areas in the field centre.   
 
 

 
Figure above shows that Xvv delivers low separability for early growing stages and 
better separability results for crop classes for a late growing stage, low variations for  
short term intervals (t1, … ,t4)  
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Figure 6-12 Separability analysis for X-Band (vv polarization) combinations of different 
acquisition dates for crop classes, sub-test site 3 

Figure 6-13 Separability analysis for different L-Band combinations for crop classes 
for different acquisition dates, sub-test site 3 
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Figure above shows that Lhh delivers high separability for all growing stages and low 
variations over time. 

Figure above shows that Xvv from a late growing stage delivers good results in 
combination with Lhh from all growing stages (worst result for late Lhh), variations 
over time are only slight. 
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Figure 6-14 Separability analysis for different L-/X-Band combinations for crop 
classes for different acquisition data sub-test site 3 
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Figure 6-15 Separability analysis for different L-/X-Band combinations for crop 
classes for different acquisition dates, comparison of N/S, sub-test site 3 
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Differences between near and far range are insignificant. For single fields the 
differences are obviously and similar for all acquisition dates, but a common trend for 
all or a special kind of fruit does not appear. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure above shows again that Lhh delivers good results for all land use classes for 
all growing stages, variations over time are slight. 
Xvv is more sensitive to biomass and delivers good results for biomass classes, but 
only for a late growing stage. 
Best results can be achieved by combination of Lhh from different acquisition times of 
the early growing stage and X-band from a late growing state. 
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Figure 6-16 Separability analysis for different L- and X-Band combinations for crop 
classes, sub-test site 3 
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6.2.5 Scatter plot analysis / Colour composites 

 
Colour composites  
 
Colour composites of radar channels over time help to identify areas of variation 
between acquisitions. 

• areas with little or no variation => shades of grey 

• areas with higher variation => colour 
The following figures show colour composites for increasing time lags between L-, C 
and X-Band channels. From it an assessment of the impact of the time lag on 
different acquisition dates and channel combinations is possible.  
 

 

 

  
 
Variations in the colour composites of L-, C- and X-Band for different acquisition 
dates are slight, large variations observed for irrigation events (e.g. pivots – circular 

Figure 6-17 Reference: Lhh-4, Chv-4, 
Xvv-4 

Figure 6-18 Reference: Lhh-4, Chv-3, 
Xvv-3 

Figure 6-19 Reference: Lhh-4, Chv-2, 
Xvv-2 

Figure 6-20 Reference: Lhh-4, Chv-1, 
Xvv-1 



                  

Dual-Band SAR - TerraSAR SIM  Page 111 of 192  
  Date:     14.09.2004 

Final report “Dualband – TerraSAR Simulation”   Contract No. 16736/02/NL/FF 2 

 

 

fields). That means that variation of backscatter levels are moderate over time 
intervals ranging from 4 hours to 2 days. 
Radiometric changes have lower impact at L-Band than at higher frequencies. 
 
  

  

Figure 6-23 Lhh-1,3,4 

Figure 6-21 Xhh-1,3,4 Figure 6-22 Chv-1,3,4 
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Figure 6-25 Lhv-1,3,4 

  
 

Figure 6-24 Xvv-1,3,4 
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Figure 6-26 Colour composites of different bands and of different processing qualities 
of L-band in the northern and southern path 

The radar image visualization in Figure 6-26 indicates slight differences in near and 
far range, the contrast for images in far range is higher, more structures are visible. 
The higher ground resolution of E-SAR processing quality shows more structures on 
the ground as well. L-25 means that the processing parameter NESZ for level 1B 
processing for L-band is about -25 dB, (L-T = TerraSAR  -30,L-E = E-SAR –40). The 
two left colour composites demonstrate, that the differences between L-T and L-25 
can be neglected.  
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Scatter plots  
 
Scatter plots are an additional useful tool to assess the impact of temporal variation 
on the quality of channel combinations of different acquisition dates, bands and 
polarisations. 
The units on the axes of the scatter plots are the positive intensity values of 
backscatter values.  
 
 

Channel A: Lhh-4 Channel B: Xhh-4 
 
Chan A: Lhh-4 Chan B: Xhh-3          Chan A: Lhh-4 Chan B: Xhh-2        Chan A: Lhh-4 Chan B: Xhh-1 

 
Variations in the scatter plots for L- X-Band combinations for different acquisition 
dates are slight. 

Figure 6-27 Scatter plots to assess impact of temporal variations, Example plots: Vegetation 
(wheat) - Non vegetation (smooth soil) sub-test site 1, Lhh- flight 4 in combination with Xhh-
flight 1-4 
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Figure 6-28 Scatter plots to assess impact of temporal variations, Example plots: 
Irrigated wheat – Non irrigated barley sub-test site 3, Xvv / Lhh- flight 1 in combination 
with Xvv / Lhh- flight 2 and 7 

 
- iW and niB fields are not separable for Xvv1 and Xvv2 
- iW and niB fields are good separable for Xvv1 and Xvv7 
- No improvement of separability of biomass for a larger time intervals by Lhh-

band 
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Figure 6-29 Example scatter plots: Irrigated wheat – Non irrigated barley sub-test site 3, 
Lhh- flight 1 / 7 in combination with Xvv - flight 1 / 7 

 

 

Figure 6-30 Example scatter plots: Irrigated wheat – Non irrigated barley sub-test site 3, 
Xvv- flight 1 / 7 north (shallow incidence angle) in combination with Xvv - flight 1 / 7 
south (steep incidence angle) 

- iW / niB fields are better separable with Lhh7 / Xvv7 as with Lhh1 / Xvv1  
- Biomass with Xvv7 south / Xvv7 north is better separable as with Xvv1 south / 

Xvv1 north  
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Figure 6-31 Example scatter plots: Irrigated wheat – Non irrigated barley sub-test site 3, 
Lhh- flight 1 / 7 north (shallow incidence angle) in combination with Lhh - flight 1 / 7 
south (steep incidence angle) 

 

Figure 6-32 Example scatter plots: Irrigated wheat – Non irrigated barley sub-test site 3, 
Lhh- flight 1 in combination with Xvv - flight 7, north ( shallow incidence angle) and 
south (steep incidence angle) 

- Biomass are not better separable with Lhh band on flight 7 compared with Lhh 
band on flight 1 

- iW / niB  fields are good separable with Lhh1 / Xvv7  
- Fields in the South are better separable as in the North 
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Different, but only early acquisition dates of Xvv-channels generate overlaid scatter 
plots, late acquisition dates of Xvv-channels causes separable scatter plots. For L-
band there is no improvement of separability of scatter plots for larger acquisition 
time intervals.  
Best results for the crop classes irrigated wheat and non irrigated barley could be 
achieved by a combination of Lhh and Xvv, L-band from an early acquisition date and 
X-band from a late acquisition date. Results from the southern swath (steep 
incidence angle) are  slightly (insignificant) better. 
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6.2.6 Mean Value and Variance, Histogram analysis 

 
The histogram analysis, which includes mean value and variance analysis, is an 
additional useful tool to assess the impact of temporal variation on the quality of 
channel combinations of different acquisition dates, bands and polarisations and to 
confirm the results of separability and scatter plot analysis. 
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Figure 6-33 Histogram analysis to asses the impact of time lag, L-hh of flight 4 / X-hh of 
flight 1 – 4, test site 1 (field 41-coarse cultivated, field 1 and 23 – non irrigated barley, field 
16 and 18 – irrigated alfalfa, field 17 irrigated wheat, field 40 – fine cultivated bare soil 

For all land use classes X- and L-band deliver almost additional independent 
information. Different acquisition dates of X-band are not independent. The X-band from 
flight 1 to flight 4 delivers only minor new information, see Figure 6-33. 
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Figure 6-34 L-hh flight 4 / C-hv flight 1 - 4 

 

The histograms of different C-band acquisition dates and of L-band are similar. 
Therefore this channels are not independent. 
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niB fields have different (lower) mean values and lower variance as iW fields on fight 7, 
hence this biomass classes are better separable by the use of X-band data from a late 
acquisition date. Differences are more clear in the north (far range) as in the south (near 
range) 
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Figure 6-36 Mean value for non-irrigated barley and irrigated wheat, 
Xvv-Band South (near-range), sub-test site 3 

Figure 6-35 Mean value for non-irrigated barley and irrigated wheat, Xvv-
Band North (far-range), sub-test site 3 
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No significant differences obtained for mean value and variance between the 5 

acquisition times  → L-Band is less sensitive to biomass compared to X-band, mean 
values in the near range (south) are little bit higher than in the far range 
 
The plots generally show that the mean value is nearly constant over a time interval of 
two days. For a time period of several weeks the change of mean value is significant  
(predominantly for X-band). 
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Figure 6-38 Mean value for non-irrigated barley and irrigated wheat, Lhh-
Band South (near-range), sub-test site 3 

Figure 6-37 Mean value for non-irrigated barley and irrigated wheat, 
Lhh-Band North (far-range), sub-test site 3 
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Variance in X-band for far range (north) is higher than for near range (south), hence 
different land use classes are better separable in data sets, acquired in the near range 
as in data sets, acquired in the far range. The decreasing of variance for the late 
growing stage is significant for X-band data since X-band is more sensitive to biomass, 
different biomass classes are better separable in X-band data in a growing stage of 
covered soil. 
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Figure 6-40 Variance for non-irrigated barley and irrigated wheat, Xvv-Band 
South (near-range) 

Figure 6-39 Variance for non-irrigated barley and irrigated wheat, Xvv-Band 
North (far-range) 
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Variance in L-band for near range (south) is higher than for far range (north). 
Changes of Variance over time are insignificant for L-band since L-band is less 
sensitive to biomass than X-band.  
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Figure 6-42 Variance for non-irrigated barley and irrigated wheat, Lhh-Band 
South (near-range) 

Figure 6-41 Variance for non-irrigated barley and irrigated wheat, Lhh-Band 
North (far-range) 
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6.2.7 Analysis of the mean backscattering values of pivot-irrigated fields  

To investigate the influence of pivot-irrigation on mean backscattering values, two 
pivot - irrigated fields have been divided in different areas (field 1 - irrigated wheat: 
mask 1 – mask 4, field 2 – irrigated alfalfa: mask 5 – 7) according to different colours 
in multitemporal colour composites (see below) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Afterwards mean values have been evaluated for the 7 areas on the 2 fields for 
channel Lhh and Xvv for the 4 acquisition dates of campaign 1. The objective of this 
mean value evaluation was an assessment of the influence of irrigation events on the 
intensity of the backscattering signal. 

Figure 6-43 Areas of different irrigation, pivot 1 -  irrigated wheat, pivot 2 –
irrigated alfalfa, colour composite of different X-band acquisition dates 
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X-Band vv 

pivot mask 
mean value  

acquis. date t1 
mean value 

acquis. date t2 
mean value 

acquis. date t3 
mean value 

acquis. date t4 

1 - Irrigated wheat 1 188 213 286 243 

 2 182 207 204 210 

 3 203 218 204 210 

 4 170 194 206 212 

2 – Irrigated Alfalfa 5 212 182 157 172 

 6 244 195 322 321 

 7 198 185 290 301 

L-Band hh 

1 - Irrigated wheat 1 135 134 186 150 

 2 121 111 111 106 

 3 187 158 141 127 

 4 139 129 148 130 

2 – Irrigated Alfalfa 5 Outside of the L-band images  

 6 51 48 57 51 

 7 48 54 60 46 

Table 6-2 Mean Values of pivot-irrigated fields for different irrigated field areas and for 
different acquisition dates 

In Table 6-2 is shown an overview about evaluated mean values for both pivot-
irrigated fields for different irrigated field areas and for different acquisition dates. 
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Figure 6-44 Mean values of the 4 acquisition dates of flight t1 - t4 in 4 different field 
areas mask 1- mask 4 for the channels Xvv and Lhh, field 1 – irrigated wheat 
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Figure 6-45 Mean values in 4 different field areas mask 1- mask 4 of the 4 acquisition 
dates of flight t1 - t4 for the channels Xvv and Lhh, field 1 – irrigated wheat 
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Figure 6-46 Mean values of the 4 acquisition dates of flight t1 - t4 in 2 different field 
areas mask 6- mask 7 for the channels Xvv and Lhh, field 2 – irrigated alfalfa 
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Figure 6-47 Mean values in 2 different field areas mask 6 - mask 7 of the 4 acquisition 
dates of flight t1 - t4 for the channels Xvv and Lhh, field 2 – irrigated alfalfa 

Figure 6-44 and Table 6-2 show that mean values are not independent from irrigation 
events in both channels (Xvv and Lhh). In small areas irrigation delivers more 
heterogeneities and consequently different mean values than for the entire pivot 
irrigated field (see also figure  Figure 6-34 – 6-34).  The differences in X -band are 
more significant than in L – band, especially for neighbouring areas with small 
differences in colour composites like mask 6 and 7 (Figure 6-46, Figure 6-47). See 
also 6.3.3. 
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6.3 Biomass Analysis results 

6.3.1 Retrieval of Biomass from polarimetric and multifrequent  E-SAR Data 

 
Identification of reference areas 
 
During the field campaign for each of the test fields the polygon draft has been 
sketched.  Within the polygons the spots have been identified where plant  and soil 
samples have been taken. MW (mean value) backscatter was supposed to be taken 
around these spots. 
 

 

Figure 6-48 Protocol Sheet as used during the field campagne, Barrax, 2003. 

 
Filtering of the radar scenes with the HAWI Filter 
 
Processing of radar data have been done with the fully adaptive HAWI filter. The filter 
scheme works in a multistage approach with step by step increased size of windows. 
Within these windows the magnitude of the image texture is calculated by the 
Coefficient of Deviation (CoD) as related to mean backscatter intensities of the 
respective windows (CoD= absolute deviation / mean value). In cases where CoD 
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values are below a window size dependent threshold, the central pixel of the 
respective window is filtered according to the ordinary GammaMAP procedure (see 
Figure 6-49 and Figure 6-50). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-49 Amplitude image of L-band, path north, Flight 4, with no filter applied – 
TerraSAR Multilook. Amplitude image of L-band, path north, Flight 4, with no filter 
applied – TerraSAR Multilook.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6-50 Amplitude image of L-band, path North, Flight 4, with HAWI filter applied. 
Test fields are marked in - TerraSAR Multilook. 

 
Filtering procedures will enhance the field structures significantly. In Figure 6-50 for 
instance, the Pivot wheel constructions create deep furrows which are imaged 
especially in the L-band by enhanced backscatter. However, unwanted structures, 
like the deep furrows, will also be enhanced. This unwanted effect may disturb 
biomass retrieval. Therefore, not far away from the sampling spots, undisturbed 
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areas have been selected to determine the radar backscatter of the respective 
pant/soil sampling area (Figure 6-48). 
In our first approach, we tried to correlate radar signals with the biomass of all crops 
at once. Because these correlations were weak, biomass retrieval was conducted for 
each crop type separately. At the same time, separate evaluation of the northern and 
southern flight path enhanced the correlations between radar signals and biomass 
significantly.  
 
 
 
TerraSAR Multilook 
 
In Table 6-3, R² values for biomass of barley fields have been calculated separately 
for the northern and southern flight path. By that means, R² values could be 
improved. It is supposed that the correction of backscatter intensities, as influenced 
by the incidence angle of the radar waves, otherwise could not be compensated for 
adequately. 
In the northern and in the southern flight path an overlapping area of both swaths can 
be identified where two complete field plots of barley are appearing (see Figure 
5-24). With these two barley fields microwave backscatter is available at different 
incidence angles. From separate analysis of the far range northern flight path and the 
near range southern flight path we have got different backscatter values. In the L-
band an increase of backscatter amplitudes in the southern flight path of nearly a 
factor of 2 was observed, while in the X-band a slight decrease occurred. Including 
the barley fields No 1 and 2 into the correlation for biomass retrieval, a significant 
increase of R² values was obtained for Lhh/Lvv, Lhv/Xhh, Lhv/Xvv and Lhv/Lvv.  
 
 
For retrieval of wheat biomass no improvement of R² values could be achieved with 
separate evaluation of radar backscatter of the northern of southern flight path. 
Therefore backscatter of wheat fields out of both flight paths have been combined for 
biomass retrieval. The same holds for the alfalfa field plots and the respective 
backscatter values (tables below). 
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F 2 North 0,57 0,33 0,13 0,16 0,31 0,04 0,07 0,07 0,73 0,25 0,27 0,15 0,11 0,04 0,07 

F 2 South 0,19 0,06 0,06 0 0,23 0,04 0,01 0,06 0,04 0,31 0,11 0,57 0,04 0,02 0,07 

F 4 North 0,38 0,18 0,2 0,01 0,42 0,08 0,66 0,47 0,75 0,64 0,02 0,17 0,6 0,2 0,25 

F 4 South 
1
 0,25 0,22 0,01 0,02 0,5 0,24 0,22 0,03 0,52 0,46 0,37 0,43 0,02 0,16 0,24 

F 4 South 
2
 0,01 0,06 0,46 0,38 0,01 0,46 0,31 0,01 0,71 0,72 0,62 0,65 0,06 0,1 0,07 

F 7 North 0,34 0,15 0,03 0,06 0,13 0 0,46 0,21 0,85 0,19 0,4 0,59 0 0,02 0,03 

F 7 South 0,09 0,2 0 0,01 0 0,08 0,81 0 0 0,03 0,38 0,06 0,13 0,35 0,09 

1
 Without barley field No 1 and 2 

1
 With barley field No 1 and 2 included 
 

Table 6-3 R² of TerraSAR multilook signals, single band or band-polarisation 
combinations, as computed for dry biomass of barley, taken during flight 2, 4 and 7 
(F2, F4, F7).- Best performing band-polarisation combinations are given in Red. 
Northern and southern flight path have been separately calculated; by that means R² 
values could be improved. 
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F 2 0,01 0,04 0,26 0,52 0,03 0,2 0,32 0,59 0,19 0,48 0,62 0,37 0,15 0,17 0,03 

F 4 0,19 0,29 0,64 0,43 0,86 0,41 0,63 0,08 0,36 0,38 0,53 0,02 0,4 0,69 0,05 

F 7 0,1 0,64 0,2 0,14 0,02 0,11 0,04 0,3 0,71 0,05 0,15 0,11 0 0,23 0,91 

 

Table 6-4 R² of TerraSAR multilook signals, single band or band-polarisation 
combinations, as computed for dry biomass of wheat, taken during flight 2, 4 and 7 
(F2, F4, F7).- Best performing band-polarisation combinations are given in Red. 
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F 2 0,54 0,49 0,51 0,16 0,22 0,54 0,6 0,26 0,78 0,2 0,26 0,08 0,27 0,34 0,16 

F 4 0,14 0,82 0,9 0,48 0,57 0,89 0,88 0,02 0,33 0,47 0,39 0,32 0,91 0,43 0,33 

F 7 0,02 0,05 0 0 0,03 0,04 0,03 0,73 0,54 0,19 0,14 0,75 0,01 0,01 0,1 

 

Table 6-5 R² of TerraSAR multilook signals, single band or band-polarisation 
combinations, as computed for dry biomass of alfalfa, taken during flight 2, 4 and 7 
(F2, F4, F7).- Best performing band-polarisation combinations are given in Red. 

 
Over all correlations of biomass and microwave amplitudes, it can be stated that for 
biomass retrieval the L-band in general is the best performing range of microwaves 
(Table 6-3, Table 6-4, Table 6-5). Further, combination of Lhh with Lvv or with the X-
band are giving high R2 values for biomass (Table 6-3, Table 6-4, Table 6-5, see red 
labeled band-plarisation combinations). Therefore, L-band deserves priority in a 
sensor configuration as applied in agricultural land use inventories (compare also 
Table 6-6). 
 
 
  Lhh/Xvv Lhh/Lvv Lhh Lvv Xhh Xvv 

Barley   N 0.66 0.75 0.20 0.42 0.38 0.18 

 S 0.22 0.52 0.01 0.50 0.25 0.22 

Wheat  0.63 0.36 0.64 0.86 0.19 0.29 

Alfalfa  0.88 0.33 0.90 0.57 0.14 0.82 

 

Table 6-6 Comparison of best performing band-polarisation combinations for biomass 
retrieval of barley, wheat and alfalfa with the respective single bands. -Radar data and 
biomass taken during flight 4 (see details in Table 6-3, Table 6-4 and Table 6-5). 

 
 
In the Table 6-7, Table 6-8 and Table 6-9 it has been analysed, whether or not 
multitemporal combination of radar signals from the same plots will improve R² 
values for biomass retrieval. In the present study the afternoon data takes of the 
flights No 2+4 and 2+4+7 have been combined. 
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0,53 
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0,39 

�

Table 6-7 R² of TerraSAR multilook signals, single band or band-polarisation 
combinations, as computed for dry biomass of barley, taken during flight 2, 4, and 7 
(F2, F4, F7).- Best performing band-polarisation combinations are given in Red. 
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F 2+4 0,04 0,08 0,34 0,48 0,13 0,24 0,45 0,1 0,59 0,38 0,56 0,23 0,2 0,31 0 

F 2 + 
4 + 7 

0,15 0,56 0,27 0,12 0,12 0,32 0,61 0,31 0,46 0,22 0,56 0 0,27 0,58 0,55 

�

Table 6-8 R² of TerraSAR multilook signals, single band or band-polarisation 
combinations, as computed for dry biomass of wheat, taken during flight 2, 4, and 7 
(F2, F4, F7).- Best performing band-polarisation combinations are given in Red. 
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F 2+4 0,34 0,69 0,8 0,66 0,48 0,82 0,8 0,21 0 0,66 0,63 0,29 0,41 0,43 0,49 

F 2 + 
4+7 

0,14 0,43 0,21 0,26 0,06 0,2 0,79 0,17 0,38 0,24 0,18 0,43 0,05 0,02 0,42 

 

Table 6-9 R² of TerraSAR multilook signals, single band or band-polarisation 
combinations, as computed for dry biomass of alfalfa, taken during flight 2, 4, and 7 
(F2, F4, F7).- Best performing band-polarisation combinations are given in Red. 

 
 
It can be seen that even with single bands and biomass correlation could be 
improved by combination of flights 2+4 or flights 2+4+7 (Table 6-7, Table 6-8 ,Table 
6-9 and Figure 6-51 R2 as computed for biomass from single flight Lhh/Xvv 
backscatter (Flight 2, or 4, or 7), and for biomass combined from Flight 2 plus Flight 4 
plus Flight 7.). However, this reaction does not appear in a uniform manner. 
There are enormous differences between the different bands and band combinations 
and between crop types. For instance barley biomass retrieval is improved using 
combined flight data in the Lhh/Xvv from R²=0.01 (F2 South) and R²= 0.22 (F4 South) 
and R²= 0.81 (F7 South) up to R²=0.85 (F2+F4+F7 South), whereas in alfalfa and 
wheat, R² was not improved by such a multitemporal approach using the Lhh/Xvv 
ratios. And, even decrease of R² for several bands and band combinations is 
appearing by this multitemporal approach (compare Table 6-3, Table 6-4 and Table 
6-5). 
Significant improvement of biomass retrieval, however, may be achieved in cases 
where a wider range of biomass can be correlated with radar signals (Table 6-60). 
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Figure 6-51 R2 as computed for biomass from single flight Lhh/Xvv backscatter (Flight 
2, or 4, or 7), and for biomass combined from Flight 2 plus Flight 4 plus Flight 7. 

 
From Table 6-3, Table 6-4, Table 6-5, Table 6-7, Table 6-8 and Table 6-9 band-
polarisation combinations have been identified which yielded R² values better than 
0.7. R²>0.70 for biomass retrieval have been found by the following flight and band or 
band-polarisation combinations for: 
 
 barley: 
      Xhh in F2+4+7N 
      Lhh/Xvv in F7S 
      Lhh/Lvv in F2N, F4N, F7N 
      Lhv/Xvv F2+4+7N, F2+4+7S 
 
wheat: 
      Lvv in F4 
      Lhh/Lvv in F7 

alfalfa: 
      Xvv in F4 
      Lhh in F4, F2 +4 
      Lhh/Xhh in F4, F2+4 
      Lhh/Xvv in F4, F2+4, F2+4+7 
      Lhh/Lvv in F2 
      Lhv/Lvv in F7 
      Lvv/Xhh in F4. 
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TerraSAR Multilook vs SLC vs ESAR 
 
This study has been undertaken, to find out if better spatial resolution from TerraSAR 
multilook (12.5 m spatial resol.) to Single Look (5 m spatial resol.) and E-SAR 
multilook (3 m spatial resol.) will enhance R² values for biomass retrieval from radar 
backscatter amplitudes. In Table 6-10 the influence of spatial resolution on biomass 
retrieval by radar backscatter is exemplified for barley and wheat as computed with 
data of Flight 4. It can be concluded, that higher spatial resolution up to ESAR-quality 
level did not improve biomass retrieval as compared to the multi look data. It can be 
argued that with higher spatial resolution a greater load of disturbing factors will act at 
the same time. For wheat Lhv/Xvv data have been taken because of relativ good 
performance with the multi look data. 
 
 
Table 6-10: Barley and wheat biomass retrieval from SAR backscatter (R²) as 
influenced   by spatial resolution.- Radar data and biomass taken during flight 4. 

 
Multilook SLC E-SAR  

 Lhh/Xvv Lhh/Lvv Lhh/Xvv Lhh/Lvv Lhh/Xvv Lhh/Lvv 

Barley N 
S 

0.66 
0.22 

0.75 
0.52 

0.43 
0.14 

0.34 
0.74 

0.31 
0.21 

0.42 
0.56 

 Lhh/ 
Xvv 

Lhh/                                                                        
Lvv 

Lhv/ 
Xvv 

Lhh/ 
Xvv 

Lhh/ Lvv Lhv/ 
Xvv 

Lhh/ 
Xvv 

Lhh/ 
Lvv 

Lhv/  Xvv 

Wheat 0.63 0.36 0.53 0.03 0.02 0.18 0.43 0.23 0.30 

 
 
 
Enhanced noise level of –25 dB of TerraSAR Multilook 
 
This study was undertaken to find out if an increase of noise level will reduce R² 
values for biomass retrieval. In Table 6-11 it can be seen that increase of noise will 
reduce R²-values in some cases, while in other cases R² remains constant or even is 
enhanced (compare basic data as given in brackets). Comparison of amplitude 
images with images of standard SNR shows no significant difference (see Figure 
6-26). 
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  SNR    
  –25dB  
R² Barley 

Lhh/Xvv Lhh/Lvv   SNR 
 –25dB 
R² Wheat 

Lhh/Xvv Lhh/Lvv Lhv/Xvv 

F  4 N  0,23  
(0,66) 

0,29  
(0,75) 

 F 4 0,58  
(0,63) 

0,53  
(0,36) 

0,43 (0,53) 

 F 4 S 0,22  
(0,22) 

0,52  
(0,52) 

     

 

 

Table 6-11 Barley and wheat biomass retrieval from SAR backscatter (R²) as 
influenced  by Signal/Noise Ratio (SNR).- Radar data and biomass taken during flight 4 
(basic data are given in brackets). 

 
 
Band-Polarisation combinations from data takes 48 hours apart 
 
This study has been undertaken to find out if radar signals taken within a time span of 
48 hours may be combined for biomass retrieval without loss of information. 
In Table 6-12 it can be seen that combination of radar signals, taken at the same time 
as biomass harvests, and combined with radar signals taken 48 hrs apart, will 
decrease R²-values for biomass retrieval roughly by 20% (Table 6-3, Table 6-4 and 
Table 6-6). 
 
 
 TerraSAR    
R²  
 Barley  
 dry yield 2 

Lhh4/ Xvv2 Lhh2/      
Xvv4 

   TerraSAR  
  R² 
  Barley  
dry yield 4 

Lhh4/ Xvv2 Lhh2/ Xvv4 

 F 2 N 0,05 0,01    F 4 N 0,48 0,35 

 F 2 S 0,14 0,15    F 4 S 0,14 0,15 

 wheat  
 dry       
yield 2 

Lhh4/ 
Xvv2 

Lhh2/ 
Xvv4 

Lhv2/ 
Xvv4 
 

Lhv4/ 
Xvv2 

 wheat  
dry yield 4 

Lhh4/ 
Xvv2 

Lhh2/ 
Xvv4 

Lhv2/ 
Xvv4 

Lhv4/ 
Xvv2 

  F 2 0,16 0,4 0,59 0,19  F 4 0,42 0,50 0,42 0,38 

 
Table 6-12 Barley and wheat biomass retrieval from SAR data with combination of 
bands taken 24 hours apart.- Radar data taken during flight 2 and flight 4. 

 
 
C-Band TerraSAR Multilook 
 
This study has been undertaken, to find out if single C-band and C-band/X-band 
ratios are yielding better R² values for biomass retrieval as compared to the L- and X-
band combinations shown above. This could indicate, if the L-band might be replaced 
by the C-band. In Table 6-13 it can be seen that biomass retrieval as derived from 
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the C-band is less good performing than L- and X-band and L/X-band combinations 
respectively (compare Table 6-3, Table 6-4 and Table 6-5).  
 
 
C-Band 
R² 
Barley  

Chh Chv Cvv Chh/ 
Xhh 

Chh/ 
Xvv 

Chh/ 
Chv 

Chh/ 
Cvv 

Chv/ 
Xhh 

Chv/ 
Xvv 

Chv/ 
Cvv 

Cvv 
/Xhh 

Cvv/ 
Xvv 

F 4 North 0,36 0,21 0,11 0,26 0,45 0,47 0,39 0,1 0,05 0,21 0 0,09 

F 4 South 0,02 0,04 0,11 0,2 0,32 0,08 0,24 0,15 0,52 0,55 0.02 0,33 

 

Table 6-13 Retrieval of biomass from SAR data. Comparison of R² achieved with single 
C-band and C-band / X-band ratios.- Radar data taken during flight 4. 

 
 

6.3.2 Retrieval of Crop-Type from polarimetric and multifrequent   E-SAR 
Data 

 
Crop type classification has been done with the same radar backscatter values as 
used for biomass retrieval of crops. Actually, the classification procedure has been 
undertaken as reclassification. In other words, the classifier has been applied on the 
same field plots it has been derived from, using the Support Vector Machine classifier 
(reference: www.cs.wisc.edu/dmi/annrev/rev0600/fung.ppt ) 
 
The data basis comprised 10 fields of barley, 7 fields of wheat and 4 fields of alfalfa. 
 
In Table 6-14 and Table 6-52, confusion matrices and error counts are given for 
single flights (F2, F4 and F7), with all bands and polarisations (Table 6-14) and 
combinations of bands and polarisations of different flights respectively (Table 6-52; 
for instance X2L4 means: X-band of flight 2 and L-band of flight 4, etc.).  
Results are given as confusion matrices, with real crop type in the flight column, and 
estimated crop type in the crop type columns. 
In Table 6-14, it can be seen that crop type classification by means of X- and L-band 
with all polarisations available, yielded an overall classification accuracy in flight 2 of 
more than 50 %, in flight 4 more than 70 % and in flight 7 almost 67 %. Also, for 
biomass retrieval flight 4 and flight 7 performed better than flight 2. 
In table Table 6-52, it can be seen that combination of X- and L-band in all 
polarisations, taken during flight 2 and 4 (48 hrs apart),  bring a slight diminuition of 
the overall classification accuracy (-5%, compare Table 6-14) compared to the 
results of band combinations within the same day. Since the L-band contributes most 
to the classification quality, the classification results based on radar bands of different 
flights, have been compared with the single date classifications results in Table 6-14. 
So, from table Table 6-14 we compared the combination of L- and X-band in flight 4 
(same time) with L- and X-band combination (X2 L4; 48 hrs apart) in table Table 
6-52. Best results are achieved by the combination X7 and L4 (3 weeks apart), 
probably because of combining data which contain the most different crop status and 
backscatter information respectively. 
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Further, in  Table 6-52 it is shown that best single data results for crop type retrieval 
could be achieved in flight 4 by L-Band only, whereas combination with the X-band 
gives no additional enhancement (compare Table 6-14). In flight 7, with X-band and 
L-and separately, and with both bands together, the same overall accuracy was 
obtained. 
 
 
  F2 Barley Wheat Alfalfa F4 Barley Wheat Alfalfa 

Barley 10 8 0 2 Barley 10 9 0 1 

Wheat  7 2 3 2 Wheat  7 1 5 1 

Alfalfa  4 1 3 0 Alfalfa  4 1 2 1 

  F7 Barley Wheat Alfalfa result F2 F4 F7 

 Barley 10 7 2 1 errors 10/21 6/21 7/21 

Wheat  7 1 5 1 % correct 52.4 71.4 66.7 

Alfalfa  4 1 1 2     

 

Table 6-14 Confusion matrices and error counts of single flight crop type classification 
using X- and L-band in all polarisations available. 

 
 
X4L2 Barley Wheat Alfalfa X2L4 Barley Wheat Alfalfa 

Barley 10 8 1 1 Barley 10 8 0 2 

Wheat  7 2 2 3 Wheat  7 1 5 1 

Alfalfa  4 1 3 0 Alfalfa  4 1 2 1 

X7L4 Barley Wheat Alfalfa result X4L2 X2L4 X7L4 

Barley 10 8 1 1 errors 11/21 7/21 3/21 

Wheat  7 0 7 0 % correct 47,6 66,7 85,7 

Alfalfa  4 0 1 3     

 

Table 6-15 Confusion matrices and error counts for crop type classification using L- 
and X-band from different flights. 

 
 
F4 X-band Barley Wheat Alfalfa F4 L-band Barley Wheat Alfalfa 

Barley 10 5 5 0 Barley 10 9 1 0 

Wheat  7 4 3 0 Wheat  7 1 6 0 

Alfalfa  4 4 0 0 Alfalfa  4 2 2 0 

Result X-band L-band 

Errors 13/21 6/21 

% correct 38.1 71.4 

 

 

Table 6-16 Comparison of confusion matrices and error counts of single band crop 
type classification using L- and X-band separately both taken during flight 4. 
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6.3.3 Illustration of radiometric changes due to irrigation 

For illustrative evaluation of the effect of irrigation, a wheat field has been chosen 
from which we knew that the irrigation was in operation. In this field the irrigation 
effect is clearly visible (Fig 6-1). Two areas, the blue marked (269 pixels) in the wet 
zone of the field, and the green marked (221 Pixels) in the not irrigated part of the 
field are displayed in Fig 6-1. In each of the two areas the mean value of the 
amplitude has been extracted for all X- and L-band polarisations. Additionally the 
ratios of the amplitudes of irrigated and non irrigated areas have been calculated 
(see Table 6-17). 

 

Fig 6-1: Irrigated wheat field (Flight 2). 

 
 Wet Dry Ratio 

Xhh 176 148 1.19 
Xvv 151 128 1.18 
Lhh 85 62 1.37 
Lhv 40 29 1.38 
Lvv 139 83 1.67 

Table 6-17: Mean values of the amplitudes of irrigated and non irrigated spots of the 
wheat field shown in Fig 6-1. 

See also 6.2.7. 
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6.3.4 Comparison of averaged amplitudes of unfiltered and filtered images 

 
To validate the results obtained with filtered images as compared to average values 
of unfiltered images, each applied at the same filed spot (where plant biomass has 
been harvested), the backscatter amplitudes have been compared for flight 4, path 
south. As a worst case analysis, the most heterogenous band, namely the L-band 
has been chosen, and comparison has been undertaken over all test fields in the 
southern flight path. 
 
Field No Crop Lhh (sp) Lhv (sp) Lvv (sp) Lhh (HAWI) Lhv (HAWI) Lvv (HAWI) 
8 niB 44 16 42 43 17 44 
9 niB 43 17 49 43 18 47 
10 iW 40 17 46 45 20 55 
11 A 81 35 104 91 39 108 

12 iB 40 19 59 44 20 56 
13 iB 42 17 47 42 19 50 
21 iW 43 20 47 42 19 50 
22 iW 34 15 39 40 18 50 
26 iW 44 21 52 47 23 54 
27 niB 38 17 52 42 17 54 

30 iW 34 18 48 34 19 50 

Table 6-18: Comparison of filtered backscatter amplitudes (L.. HAWI) with unfiltered 
amplitudes (L.. sp; sp=speckled) 

As shown in Table 6-18, in almost all cases backscatter amplitudes are only changed 
slightly within a range of 3 digital numbers. 
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6.3.5 Significance of the correlations between radar backscatter and the 
fresh and dry biomass 

A T-test has been conducted to establish the significance of biomass retrieval. First 
of all, outliers of biomass values and of backscatter amplitudes have been rejected. 
Outliers are defined as such, if backscatter values and biomass values resp. are 

more than 2σ apart from the mean value.  
Since this approach is different from the methodology of the analysis of the 
correlations applied for dry biomass and backscatter amplitudes in chapter 5.2.6, the 
R² values for dry biomass and radar backscatter as depicted in Table 6-19 to Table 
6-51 may differ slightly from these. In the calculation in chapter 5.2.6, some values 
have been rejected visually. In this case values have been rejected, when a field was 
e.g. much brighter than a neighboring field of the same crop type or when a single 
value was far aside from the rest of the “data cloud”. This has been carried out very 
carefully in order not to produce arbitrary “good looking” results. 
Again, a lot of combinations have been calculated, in the next tables, however, only 
the significant (probability of error <10%) results are shown. Significant correlations 
with R² of at least 0.5 are shown in red. 

6.3.5.1 Flight 2 results 

No significant relations have been found for Alfalfa fresh and dry biomass in flight2, 
with any of the radar bands and polarizations applied. The same holds for barley dry 
biomass in the southern flight path. Further, combining the northern and southern 
flight path in flight 2 gave no significant correlations with fresh and dry biomass for 
non irrigated barley (niB) fields. The same holds for the combination of all fields with 
all crop types. Significant correlations are given in the tables below. 
 
Dry yield; n=11  Xhh Xvv 

R² 0.57 0.32 Barley, North 
Perr <0.01 0.06 

Table 6-19: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
north) and backscatter amplitudes during flight 2. 

 
Fresh yield; n=11  Xhh Xvv 

R² 0.62 0.32 Barley, North 
Perr <0.01 0.07 

Table 6-20: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
north) and backscatter amplitudes during flight 2. 

 
Fresh yield; n=5  Lhh 
Barley, South R² 0.75 
 Perr 0.06 

Table 6-21: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
north) and backscatter amplitudes during flight 2. 
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Dry yield; n=7  Lhh/Lhv Lhv/Xhh Lhv/Xvv 
R² 0.59 0.48 0.66 Irrigated Wheat 
Perr 0.04 0.08 0.03 

Table 6-22: R² and probability  of error (Perr<10%) for dry biomass of irrigated wheat 
and backscatter amplitudes during flight 2. 

 
Fresh yield; n=7  Lhh/Xvv Lhv/Xvv 

R² 0.60 0.71 Irrigated Wheat 
Perr 0.07 0.02 

Table 6-23: R² and probability  of error (Perr<10%) for fresh biomass of irrigated wheat 
and backscatter amplitudes during flight 2. 
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6.3.5.2 Flight 4 results 

 
No significant correlations were found for dry yield and barley fields of the southern 
strip. Significant correlations are given in the tables below. 
 
Dry yield; n=4  Xvv Lhh Lhh/Xhh Lhh/Xvv 

R² 0.81 0.90 0.89 0.88 Alfalfa 
Perr 0.09 0.05 0.06 0.06 

Table 6-24: R² and probability  of error (Perr<10%) for dry biomass of alfalfa and 
backscatter amplitudes during flight 4. 

 
Fresh 
yield; 
n=4 

 Lhh Lhv Lvv Lhh/Xhh Lhh/Xvv Lhv/Xhh Lhv/Xvv Lvv/Xhh Lvv/Xvv 

R² 0.95 0.92 0.97 0.96 0.96 0.91 0.87 0.96 0.88 Alfalfa 
Perr 0.03 0.04 0.02 0.02 0.02 0.07 0.07 0.02 0.06 

Table 6-25: R² and probability  of error (Perr<10%) for fresh biomass of alfalfa and 
backscatter amplitudes during flight 4. 

 
Dry yield; n=10  Xhh Lvv Lhv/Lvv 

R² 0.36 0.42 0.59 Barley, North 
Perr 0.06 0.04 <0.01 

Table 6-26: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
north) and backscatter amplitudes during flight 4. 

 
Fresh yield; n=10  Xhh Lhv/Lvv 
Barley, North R² 0.41 0.41 
 Perr 0.05 0.05 

Table 6-27: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
north) and backscatter amplitudes during flight 4. 

 
Fresh yield; n=5  Lhv/Lvv 

R² 0.68 Barley, South 
Perr 0.09 

Table 6-28: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
south) and backscatter amplitudes during flight 4. 

 
Dry yield; 
n=7 

 Lhh Lvv Lhh/Xvv Lhv/Xvv Lvv/Xvv 

R² 0.64 0.86 0.63 0.52 0.67 Irrigated 
Wheat Perr 0.03 <0.01 0.03 0.06 0.02 

Table 6-29: R² and probability  of error (Perr<10%) for dry biomass of irrigated wheat 
and backscatter amplitudes during flight 4. 
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Fresh 
yield; n=7 

 Xhh Lhh Lhv Lvv Lhh/X
hh 

Lhh/X
vv 

Lhh/ 
Lvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

R² 0.45 0.84 0.54 0.88 0.75 0.82 0.50 0.70 0.66 0.69 0.76 Irrigated 
Wheat Perr 0.096 <0.01 0.06 <0.01 0.01 <0.01 0.08 0.02 0.03 0.02 0.01 

Table 6-30: R² and probability  of error (Perr<10%) for fresh biomass of irrigated wheat 
and backscatter amplitudes during flight 4. 
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6.3.5.3 Flight 7 results 

No significant correlations were found between barley of the southern flight strip and 
the fresh biomass. The same holds for wheat fresh and dry biomass. Significant 
correlations are given in the tables below. 
 
Dry yield; n=5  Lhh/Lhv 

R² 0.69 Alfalfa 
Perr 0.08 

Table 6-31: R² and probability  of error (Perr<10%) for dry biomass of alfalfa and 
backscatter amplitudes during flight 7. 

 
Fresh yield; n=5  Lhv/Lvv 

R² 0.77 Alfalfa 
Perr 0.05 

Table 6-32: R² and probability  of error (Perr<10%) for fresh biomass of alfalfa and 
backscatter amplitudes during flight 7. 

 
Dry yield; n=11  Xhh Lhv/Xvv 

R² 0.34 0.40 Barley, North 
Perr 0.06 0.04 

Table 6-33: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
north) and backscatter amplitudes during flight 7. 

 
Fresh yield; n=11  Lhv/Xhh Lhv/Xvv 

R² 0.49 0.49 Barley, North 
Perr 0.02 0.02 

Table 6-34: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
north) and backscatter amplitudes during flight 7. 

 
Dry yield; n=5  Lhh/Xvv 
Barley, South R² 0.81 
 Perr 0.04 

Table 6-35: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
south) and backscatter amplitudes during flight 7. 
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6.3.5.4 Time series Flight 2+4 results 

In the time series, flight 2+4 combined, all crop types and backscatter amplitudes 
showed significant correlations (see tables below). 
 
Dry yield; n=9  Xvv Xhh/Xvv 

R² 0.56 0.34 Alfalfa 
Perr 0.02 0.099 

Table 6-36: R² and probability  of error (Perr<10%) for dry biomass of alfalfa and 
backscatter amplitudes during flight 2 and flight 4. 

 
Fresh yield; n=9  Lhh/Lhv Xhh/Xvv 

R² 0.35 0.39 Alfalfa 
Perr 0.09 0.07 

Table 6-37: R² and probability  of error (Perr<10%) for fresh biomass of alfalfa and 
backscatter amplitudes during flight 2 and flight 4. 

 
Dry yield; 
n=21 

 Xhh Xvv Lhv/Xvv Lhv/Lvv 

R² 0.46 0.28 0.15 0.18 Barley, North 
Perr <0.01 0.01 0.08 0.06 

Table 6-38: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
north) and backscatter amplitudes during flight 2 and flight 4. 

 
Fresh yield; n=21  Xhh Xvv Lhv/Xvv 

R² 0.50 0.27 0.19 Barley, North 
Perr <0.01 0.02 0.05 

Table 6-39: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
north) and backscatter amplitudes during flight 2 and flight 4. 

 
Dry yield; n=10  Lvv Lhv/Lvv 
Barley, South R² 0.31 0.45 
 Perr 0.097 0.03 

Table 6-40: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
south) and backscatter amplitudes during flight 2 and flight 4. 

 
Dry yield; n=10  Lhv/Lvv 

R² 0.45 Barley, South 
Perr 0.03 

Table 6-41: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
south) and backscatter amplitudes during flight 2 and flight 4. 
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Dry yield; 
n=14 

 Lhh Lhv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lhv/ 
Lvv 

Lvv/ 
Xvv 

R² 0.34 0.48 0.25 0.39 0.38 0.58 0.24 0.30 Irrigated 
Wheat Perr 0.03 <0.01 0.07 0.02 0.02 <0.01 0.07 0.04 

Table 6-42: R² and probability  of error (Perr<10%) for dry biomass of irrigated wheat 
and backscatter amplitudes during flight 2 and flight 4. 

 
Fresh 
yield; 
n=14 

 Xhh Xvv Lhh Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lhv/ 
Lvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

R² 0.23 0.25 0.26 0.47 0.48 0.58 0.61 0.30 0.36 0.30 Irrigated 
Wheat Perr 0.08 0.07 0.06 <0.01 <0.01 <0.01 <0.01 0.04 0.02 0.04 

Table 6-43: R² and probability  of error (Perr<10%) for fresh biomass of irrigated wheat 
and backscatter amplitudes during flight 2 and flight 4. 
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6.3.5.5 Time series Flight 2+4+7 results 

In the time series, flight 2+4+7 combined, all crop types and backscatter amplitudes 
showed significant correlations (see tables below). 
 
Dry yield; n=13  Lhv/Lvv 

R² 0.34 Alfalfa 
Perr 0.04 

Table 6-44: R² and probability  of error (Perr<10%) for dry biomass of alfalfa and 
backscatter amplitudes during flight 2, 4 and 7. 

 
Fresh yield; n=13  Lhh/Lvv Lhv/Lvv 
Alfalfa R² 0.32 0.44 
 Perr 0.04 0.01 

Table 6-45: R² and probability  of error (Perr<10%) for fresh biomass of alfalfa and 
backscatter amplitudes during flight 2, 4 and 7. 

 
Dry 
yield; 
n=32 

 Xhh Xvv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

Xhh/ 
Xvv 

R² 0.77 0.67 0.14 0.32 0.29 0.66 0.11 0.26 0.53 Barley, 
North Perr <0.01 <0.01 0.03 <0.01 <0.01 <0.01 0.07 <0.01 <0.01 

Table 6-46: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
north) and backscatter amplitudes during flight 2, 4 and 7. 

 
Fresh 
yield; 
n=32 

 Xhh Xvv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

Xhh/ 
Xvv 

R² 0.77 0.60 0.20 0.36 0.37 0.67 0.14 0.28 0.40 Barley, 
North Perr <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01 

Table 6-47: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
north) and backscatter amplitudes during flight 2, 4 and 7. 

 
Dry 
yield; 
n=15 

 Xhh Xvv Lhh Lhv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lhv/ 
Lvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

Xhh/ 
Xvv 

R² 0.25 0.43 0.24 0.28 0.45 0.76 0.55 0.80 0.27 0.53 0.72 0.38 Barley, 
South Perr 0.06 <0.01 0.07 0.04 <0.01 <0.01 <0.01 <0.01 0.05 <0.01 <0.01 0.01 

Table 6-48: R² and probability  of error (Perr<10%) for dry biomass of barley (path 
south) and backscatter amplitudes during flight 2, 4 and 7. 
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Fresh 
yield; 
n=15 

 Xhh Xvv Lhh Lhv Lvv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhh/ 
Lvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lhv/ 
Lvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

R² 0.19 0.24 0.51 0.57 0.20 0.61 0.64 0.20 0.73 0.67 0.47 0.63 0.49 Barley, 
South Perr 0.10 0.06 <0.01 <0.01 0.09 <0.01 <0.01 0.10 <0.01 <0.01 <0.01 <0.01 <0.01 

Table 6-49: R² and probability  of error (Perr<10%) for fresh biomass of barley (path 
south) and backscatter amplitudes during flight 2, 4 and 7. 

 
Dry 
yield; 
n=21 

 Xhh Xvv Lhh Lhv Lvv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhh/ 
Lhv 

Lhh/ 
Lvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

R² 0.15 0.41 0.69 0.36 0.24 0.66 0.69 0.58 0.61 0.41 0.52 0.39 0.47 Irrigated 
Wheat Perr 0.08 <0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Table 6-50: R² and probability  of error (Perr<10%) for dry biomass of irrigated wheat 
and backscatter amplitudes during flight 2, 4 and 7. 

 
Fresh 
yield; 
n=21 

 Xhh Xvv Lhh Lhv Lvv Lhh/ 
Xhh 

Lhh/ 
Xvv 

Lhh/ 
Lhv 

Lhh/ 
Lvv 

Lhv/ 
Xhh 

Lhv/ 
Xvv 

Lvv/ 
Xhh 

Lvv/ 
Xvv 

R² 0.15 0.40 0.70 0.38 0.23 0.67 0.69 0.55 0.64 0.43 0.53 0.38 0.44 Irrigated 
Wheat Perr 0.09 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Table 6-51: R² and probability  of error (Perr<10%) for fresh biomass of irrigated wheat 
and backscatter amplitudes during flight 2, 4 and 7. 

 

6.3.5.6 Conclusion of the significance analysis 

R² of dry and fresh biomass of crops as related to backscatter amplitudes are at 
about the same level. In the tables above (Table 6-19-Table 6-51) R² values with 
least error probability (Perr<10%) have been reported. Best R² values are close to 0.9 
like with alfalfa and wheat. In the data analysis shown so far we comprised non 
irrigated (niB) and irrigated barley fields (iB) in order to have a greater number of 
fields for the biomass retrieval calculations. In an analysis with niB or iB, separately 
evaluated for biomass retrieval during flight 2, we found a curious result: It turned out 
that R² values with niB have been weaker than with iB in spite of the fact that niB at 
that time had distinctly more biomass than iB. Therefore we are concerned that in 
early stages of growth, biomass retrieval by radar is highly influenced by the soil 
below the crop. 
In the time series analysis combining data from flight 2, 4 and 7 correlation 
coefficients of about 0.7 to 0.8 could be found for barley and wheat with a high 
degree of significance for a number of backscatter coefficients. From flight 2 and 4, to 
flight 7 a distinct increase of biomass of crop type has been observed which is in 
accordance with the respective correlation coefficients. 
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6.4 Crop height analysis results 

 
The aim of this working package was to investigate the behavior of the interferometric 
coherence at different polarisations with respect to volume decorrelation occurring 
due to volume scatterers on the ground and to evaluate a possible vegetation height 
estimates using the well known ‘Random Volume over Ground Model’ [1].  
 
In the following the basic concept of the interferometric coherence and their 
contribution is described and the results of a first evaluation of the acquired 
interferometric coherences at different polarisation is shown.  
 

6.4.1 Definition of the Interferometric Coherence 

 
The interferometric coherence between two images S1 and S2 acquired under 
slightly different look angles is defined as  
 

     1 2

1 1 2 2

| |
:

S S

S S S S
γ

∗

∗ ∗

< >
=

< > < >
     (1) 

 
and can be decomposed - in the case of a single pass interferometric system - into 
two multiplicative contributions [2] 
 

      SNRSpatial γγγ =      (2) 

 
In the case of repeat-pass interferometric configurations additionally a third term 
expressing temporal decorrelation effects has to be considered in Eq. (2). 
 

γγγγSpatial expresses the decorrelation through the different projections of the scatterer 
reflectivity in the two SAR images caused by the slightly different acquisition angles. 
Thus, it is a baseline dependent contribution which can be splitted into two individual 
contributions 
 
      

VolumeRangeSpatial
γγγ =     (3) 

 

γRange describes the decorrelation due to the different projections of the ground-range 

scattering reflectivity. On the other side, γVolume expresses the decorrelation caused 
by the different projections of the vertical distribution of the scattering reflectivity. 

γVolume is given by the Fourier transformation of the vertical distribution of the 
scatterer. Assuming a homogeneous scatterer distribution with an effective height of 

sV, and accounting only linear scattering processes, γVolume becomes  
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where )sin(/)�( 0z ���� =  is the vertical wavenumber, ∆θ the baseline induced 

difference in the incidence angles and θ0 the reference incidence angle.  
 
For the evaluation of the acquired interferometric coherences over the test fields of 
the Barrax test site in Spain temporal and SNR decorrelations are neglected and only 
the volume decorrelation is accounted for. 
 
 

6.4.2 Evaluation of the Interferometric Coherences 

 
In Figure 6-52 the interferometric coherences at different polarisation for a baseline 
of 80 m shows very high coherences over the whole image scene, except for a small 
image part (on the right side of the image) which corresponds to a grange area. 
Some image features as field structure, roads and bush borders can be 
distinguished. 
 

 

 

 

Figure 6-52 Interferometric coherences at different polarisations (first:HH, second:VV, 
third:HV) for the 80 m baseline 

 
The interferometric coherences have been acquired for four large baselines ranging 
from 20 m to 80 m. The baseline range has been chosen in order to be sensitive to 
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smaller volumes on the ground, because smaller baselines are sensitive to higher 
volume scatterers and larger baselines are sensitive to smaller volume bodies.  
 
For the estimation window of the interferometric coherences a size of 7 by 13 has 
been chosen, which corresponds to 91 looks. The range spacing for the E-SAR 
System in L-band is 1.5 m and in azimuth 0.9 m. Hence, the effective independent 
interferometric coherence samples are 72.  
 
The worst case NESZ for L-band is about -25 dB (usually it is about -30 dB), and the 
obtained backscattered signals for the fields (Figure 3-3) are between -30 to -10 dB. 
This corresponds to an interferometric coherence noise floor of 0.05 to 0.2.  
 
In Table 6-52 the mean values for the interferometric coherences are listed for the 
different baselines and polarisations. The coherences range from 0.88 to 0.99. The 
values corresponding to very high coherences and are within the range of the 
coherence noise floor. From this values it can be stated that no volume decorrelation 
appeared on the ground and therefore no volume bodies are seen from the L-band 
on the ground.  
 
Int. Coh./ 
Baslines 

Interferometric 
coherence at hh 
[mean values] 

Interferometric 
coherence at vv 
[mean values] 

Interferometric 
coherence at hv 
[mean values] 

20 m 0.994 0.994 0.962 
40 m 0.967 0.967 0.926 
60 m 0.955 0.955 0.919 
80 m 0934 0.930 0.885 

Table 6-52 Calculated mean values over 7009956 samples for the interferometric 
coherences at different polarisation 

 

The histograms of the interferometric coherences show a very small standard 
variation around the mean values, which is only a little bit higher for the hv 
polarisations, seen in Figure 6-52. 
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Figure 6-53 Histograms of the Interferometric coherences at different polarisations 
(Colum: first: hh,second:vv,third:hv) and different baselines (Row: first: 20 
m,second:40 m,third:60 m, fourth: 80 m) 

One indication that no volume decorrelation can be observed in the Barrax test site 
scene is to choose one field with known ground parameters and vary it with baseline. 
If volume decorrelation is existent then the interferometric coherence will change with 
changing baseline. For this example the field 11 with growing alfalfa (crop height 30-
80 cm) has been chosen.  The interferometric coherence is varying from 20 m to 80 
m baseline from 0.98 to 0.96. The variation is very small and here again it can be 
stated that the change in the interferometric coherence corresponds to the noise 
floor. Consequently, the interferometric coherence corresponds to surface scatterers, 
which show no variations with changing baselines. 
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To assure that no mistakes have been made during the interferometric calculations or 
that there are some system problems, the theoretical volume decorrelation for a 
given local incidence angle of 35 degree and different vegetation heights (20 cm - 80 
cm) has been calculated. In Figure 5-33 and Figure 6-55 the vertical wavenumber 
corresponding to a baseline variation of 20 - 80 m is plotted against the expected 
volume decorrelation for different vegetation heights. The calculated theoretical 
volume decorrelation for a baseline of 80 m is ranging between 0.99 and 0.88. For 
the different vegetation heights the estimated vegetation heights from the ground 
reference are used, where the highest crop height is lower than 80 cm.   
 
Note please that in Figure 5-33 and Figure 6-55 only the volume decorrelation has 
been considered and no influences from the ground. The calculated theoretical and 
the data acquired interferometric coherences have a high correlation. The main 
exception is that for each height with changing the baseline the interferometric 
coherence is changing, which is not the case for the Barrax test site. Additionally, the 
influence of the ground would deliver different coherence values. 
 

 

  

Figure 6-55 60 cm to 80 cm vegetation height, local incidence angle of 35 degree, 
baseline of 20 m to 80 m 

 
 

Figure 6-54 20 cm to 40 cm vegetation height local incidence angle of 35 degree, 
baseline of 20 m to 80 m 
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One another aspect which can be used to test whether volume decorelation can be 
observed or not is to evaluate the interferometric phase. For the example of the test 
field 11 the phase centre has been observed to be located close to the ground. This 
means no sensitivity to volumes could be observed.  
 
From this evaluation two conclusions can be derived: 

♦ First the L-band wavelength of 23 cm is penetrating through the vegetation cover 
and is just reflecting the information of the ground. 

♦ Second the vegetation height is too low to be recognised as a volume scatterer 
from L-band. 

 
As there is no volume decorrelation observed in the interferometric coherences 
further evaluation in terms of volume decorrelation and vegetation height estimation 
could be not made. 
 
This data set with very accurate ground measurements can be used for the 
evaluation, comparison and validation of different surface scattering models in order 
to investigate the most reliable model for surface parameter estimation. 
 
For the evaluation of volume scatterer over agricultural fields a new campaign would 
be necessary to carry out with respect of higher vegetation heights and the chosen 
frequency.   
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6.5 Land use and classification results 

 

6.5.1 Introduction 

 
Land use classification was carried out by the use of mean values for each field.  
Field borders were available from cadastral maps and with the help of the taken radar 
data and ground truth measurements this cadastral data were corrected (see 5.2.2). 
The field-related mean values were computed for each radar data set on the basis of 
this field mask (see 6.5.2).�
The advantage of Mean Value Derivation is that statistical variations can be reduced 
and speckle effects could be neglected. Mean value is an attribute that is suitable to 
describe differences of radar backscatter of different areas and conventional pixel 
based classification algorithms are applicable for mean value images.  
Two different pixel-based classification algorithms which seemed to be most suitable 
relating to input parameters, Minimum Distance (see 6.5.3) (one training field per 
land use class) and Maximum Likelihood (see 6.5.4) (many training fields = many 
mean values per land use class), have been used to classify the mean value images. 
 
The classification accuracy is low since the conditions for land use classification were 
not optimal: 

- Early growing state in the first campaign, open ground on crop fields  
- Strong differences in surfaces roughness and soil moisture�
- Differences of radar backscatter of same crop type depending on incidence 

angle were corrected, but influence can not be considered as zero  
- Irrigation effects (sprinkler / pivots) 

and classification of the radar data was done without additional filtering or other 
methods to improve the radar image quality. 
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6.5.2 Mean Value Image Derivation  

 
In a first step for all relevant spectral bands and flight dates the Mean Value Images 
were created. For this purpose a special software AvgApp, which was developed at 
DJO, was used. With the help of the field mask (see 6.5.1, 5.2.2) the Mean Value 
Images are derived from the shifted Radar Intensity Images.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 6-56 Example of a Radar Intensity Image of the test 
site (northern part)  

E-SAR, C-Band, Polarisation hh, Flight No. 4 
 

Figure 6-57 Mean Values per field of the Radar Image of 
the test site (northern part)  

E-SAR, C-Band, Polarisation hh, Flight No. 4 
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6.5.3 Mean Value Classification using the Minimum Distance Classifier 

 
The first group of radar images that were classified is defined by the schedule below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
T   = TerraSAR quality 
E   = E-SAR quality 
25 = new processing quality 
X  = X-Band 
L  = L-Band 
C  = C-Band 

2, 4, 7 = 2nd, 4th, 7th flight 
 
The new processing quality = “25” means that the NESZ = - 25 dB for Level 1B data 
processing. 
 
On these data a one channel and a two channel classification was executed. 
The classification method, which was used, is the Minimum Distance Method: 
 
Every field in the Mean Value Image is represented by just one grey value. In the 
case of multi channel classification the representing grey value is a multi dimensional 
one. The classes (of land use) are here defined by the (multi dimensional) grey 
values of selected test fields. With the Minimum Distance Method for every single 
field that class is determinated, which has the least Euklidian distance to the grey 
value of the field to be classified. 
 
For the X-Band images of TerraSAR we have the two different polarisations (hh, vv). 
The other data in the list above have 4 polarisations (hh, hv, vh, vv). 
Thus there are 56 combinations for the two channel classification. 

Table 6-53 Channel combinations for Minimum 
distance classification 
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   Figure 6-57 Legend of land use classes 

Figure 6-57 Mask of the real land use for 
validation in the northern part of the test site 

Figure 6-57 Learn Mask for Classification 
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Classification Results 
 
One-channel classification 
 

 

 
T   = TerraSAR quality 
E   = E-SAR quality 
25 = new processing quality 
X  = X-Band 
L  = L-Band 
C  = C-Band 

2, 4, 7 = 2nd, 4th, 7th flight 
hh, hv, vh, vv = polarisations 
 
For X-band best results have been achieved with data from the 7th flight (late growing 
state). Results of E-SAR processing quality are not better than other processing 
levels. L-25 (NESZ = -25) and C-band delivers similar result as L-T (Terra SAR 
quality). Changes over time (short term intervals) insignificant. 
The classification accuracies are very low when only one channel is used.  
 

Figure 6-58 Percentage of correct classified fields for different 
polarizations – diagram  

Table 6-54 Percentage of correct classified fields for different polarisations 

XT-2 XT-4 XT-7 LT-4 LE-4 L25-4 CE-4

hh 18,01 17,39 20,50 15,53 13,04 15,53 19,25

hv - - - 11,11 16,15 22,98 22,98

vh - - - 14,29 13,66 19,88 23,60

vv 13,66 13,04 26,09 20,50 21,74 21,12 14,91
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Two-channel-classification 
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Similar results as for one channel classification but with a higher accuracy :  
For X-band best results have been achieved with data from the 7th flight (late growing 
state). Results of E-SAR processing quality are not better than other processing 
levels. L-25 (NESZ = -25) delivers similar result as L-T (Terra SAR quality). C-Band 
delivers similarly results as L-Band. Changes over time (short term intervals) 
insignificant. 

Figure 6-59 Percentage of correct classified fields for different 
polarizations – diagram 

Table 6-55 Percentage of correct classified fields for different polarisations 

LT-4-XT-2 LT-4-XT-4 LT-4-XT-7 LE-4-XT-4 L25-4-XT-4 CE-4-XT-4 CE-4-XT-7

hh-hh 18,01 19,88 32,92 19,25 20,50 23,60 24,84

hh-vv 17,39 20,50 29,81 20,50 21,12 20,50 33,54

hv-hh 19,88 22,98 27,33 20,50 19,88 19,88 29,19

hv-vv 16,15 16,77 26,71 16,77 17,39 14,91 31,68

vh-hh 19,88 22,36 26,09 20,50 19,25 20,50 27,95

vh-vv 16,15 17,39 26,71 16,77 18,01 16,77 31,06

vv-hh 28,57 24,84 28,57 21,12 24,84 23,60 24,84

vv-vv 21,12 21,12 28,57 21,12 21,74 21,12 26,09



                  

Dual-Band SAR - TerraSAR SIM  Page 164 of 192  
  Date:     14.09.2004 

Final report “Dualband – TerraSAR Simulation”   Contract No. 16736/02/NL/FF 2 

 

 

 
 

 
 
 
IA – irrigated alfalfa 
FFC - bare soil, fine cultivated 
BS – bare soil 
IW – irrigated wheat 
P – potatoes 
F - fallow 
niB – non irrigated barley 
L – lolium 
O - oat 
G - garlic 
CCC – bare soil, coarser cultivated 
IB – irrigated barley 
 

According the confusion matrix the best result was obtained for Non Irrigated Barley 
(niB). There is only a significant confusion with the class Oat.  
The worst result delivered the classification of Bare Soil. Obviously the selected fields 
with bare soil have many different appearances causing different mean grey values. 

Table 6-56 Confusion Matrix of the 2-channel classification of EC4_hh and TX7_vv with: 

Total 

24 

9 

37 

17 

1 

9 

38 

4 

3 

6 

2 

5 

IA FFC BS IW P F NIB L O G CCC IB

IA 3 7 3 2 1 2 2 4

FFC 4 1 2 2

BS 3 1 8 1 5 10 8 1

IW 4 2 3 2 1 2 3

P 1

F 1 4 1 2 1

NIB 1 1 3 22 9 2

L 2 1 1

O 1 2

G 1 1 3 1

CCC 1 1

IB 1 1 3
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A second group of data to be classified were different combinations of TerraSAR 
images (L-Band and X-Band). 
The summary of the classification results is listed below. 
 
 

 LT-7-XT-2 LT-7-XT-4 LT-7-XT-7 LT-2-XT-2 LT-2-XT-4 LT-2-XT-7 LT-1-LT-7 LT-1-LT-2 LT-2-LT-4 LT-2-LT-7 

hh-hh 24,22 28,57 28,57 18,01 24,22 28,57 26,09 17,39 18,01 23,60 

hh-vv 21,74 21,74 36,65 18,01 22,36 27,33 27,95 24,22 23,60 26,71 

vv-hh 22,98 23,60 31,06 23,60 28,57 28,57 24,22 21,74 22,98 23,60 

vv-vv 18,01 16,77 32,30 20,50 19,88 24,84 27,33 17,39 21,12 26,09 

Table 6-57 Percentage of correct classified fields 
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Figure 6-60 Percentage of correct classified fields - diagram 

 
Same results as for one channel classification:  
For X-band best results have been achieved with data from the 7th flight (late growing 
state). Results of E-SAR processing quality are not better than other processing 
levels. L-25 (NESZ = -25) delivers similar result as L-T (Terra SAR quality). Changes 
over time (short terme intervals) insignificant. 
For Nearest Neighbour Classification best results have been achieved by a 
combination of late X-band with late L-band too. 
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6.5.4 Mean Value Classification using the  Maximum Likelihood Classifier   

 
Mean Value Classification with Maximum Likelihood Method was applied to the 
northern strip of the Test site.  

The Maximum Likelihood classifier seemed to be useful for the following application 
due to the input of many fields per class (and thus many different mean values) as 
training sites. Therefore, the Learn Mask implicated an extended number of fields of 
the test site. The extended Learn Mask covered most of the fields, of which land use 
information were mapped during the ground truth campaign.  

Within this method the Learn Mask contained more than 100 fields and was used as 
Validation Mask too. Classification and training sets are identical, which causes 
potential higher classification accuracies in comparison to the results of Minimum 
Distance Method (see 6.5.3). The Algorithm was changed due to the extension of 
input parameters.  
Figure 6-61 shows the Learn Mask, which was used for Maximum Likelihood 
Classification.  

�

Figure 6-61 Learn Mask of Mean Value Classification with Maximum Likelihood Method 
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The following Channel combinations were tested: 
 

1. Xvv flight 7 and Lhh flight 1 
2. Lhh flight 2 and Lhh flight 1 
3. Xvv flight 2 and Xvv flight 1 

 
 
These channel combinations have been chosen since the channel combination ‘Xvv 
flight 7 and Lhh flight 1’ (1.) delivered the best results of separability analyses.  The 
channel combination ‘Lhh flight 2 and Lhh flight 1’ (2.)  had second highest values of 
separability of dominant classes. The channel combination ‘Xvv flight 2 and Xvv flight 
1’ (3.) had the lowest values of separability of dominant classes. The aim of the 
following classifications consisted in reflecting values of separability analyses. 
 
 
Classification result of Channel combination Xvv7 and Lhh1 
 
The values of confusion matrix are about 80% (Average accuracy = 80.45). Class 3 
bare soil, 6 fallow (scattering of mean values too high) and 9 oat (smallest area) were 
eliminated.    
 

 

Figure 6-62 Classification result with Xvv7 and Lhh1 (Image)
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Name Code Pixels      0      1      2     3    4      5    8    10    11    12 

irr_alfafa 1 2573113 0,55 77,48 0 0 0 0 2,81 15,19 1,58 2,4 

bare_soil_f,c, 2 930624 0 36,39 63,61 0 0 0 0 0 0 0 

irr_wheat 4 1160121 0 8,61 0 76,6 0 0 0 5,7 0 9,09 

potatoes 5 425684 0 0 0 0 100 0 0 0 0 0 

nib 7 3595308 0 0 2,37 3,35 0 85,46 0 0 0 8,83 

lolium 8 321163 0 0 0 0 0 0 100 0 0 0 

garlic 10 466455 0 0 0 0 0 0 13,3 86,7 0 0 

bare-soil_c,c, 11 345091 0 0 0 0 0 0 0 38,55 61,45 0 

irr_barley 12 148580 0 27,23 0 0 0 0 0 0 0 72,77 

Table 6-58 Confusion matrix of Classification with Lhh1 and Xvv7 

 
Classification result of Channel combination  Lhh2 and Lhh1 
 
The results of confusion matrix are about 50% (Average accuracy = 49.61). Class 3 
bare soil, 6 fallow (scattering of mean values too high) and 9 oat (smallest area) were 
eliminated.    
 
 

 

Figure 6-63 Classification result of Lhh2 and Lhh1 (Image) 
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Name Code Pixels 0 1 2 3 4 5 8 10 11 12 

irr_alfafa 1 2573113 1,58 72,34 1,42 0 0 0 0,55 0 20,39 1,39 

bare_soil_f,c, 2 930624 0 0 63,61 0 0 0 0 0 31,97 0 

irr_wheat 4 65536 0 0 0 100 0 0 0 0 0 0 

potatoes 5 1160121 1,97 16,07 62,7 0 0 0 0 0 18,07 0 

nib 7 425684 0 0 0 0 0 100 0 0 0 0 

lolium 8 3595308 9,59 31,69 23,32 0 5,71 0 16,25 0 12,12 0 

garlic 10 321163 0 0 0 0 0 0 0 0 49,57 50,43 

bare-soil_c,c, 11 466455 0 0 13,3 0 0 0 0 0 58,82 0 

irr_barley 12 345091 0 0 0 0 0 0 0 0 38,55 61,45 

Table 6-59 Confusion matrix of Classification with Lhh2 and Lhh1 

 
 
 
Classification result of Channel combination Xvv2 and Xvv1 
 
The results of confusion matrix are the following: Average accuracy = 49.77. Class 3 
bare soil, 6 fallow (scattering of mean values too high) and 9 oat (smallest area) were 
eliminated.    
 
 

 

Table 6-60 Classification result of Xvv2 and Xvv1 (Image) 
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Name Code Pixels 0 1 2 4 5 7 10 11 12 

irr_alfafa 1 2573113 1,58 64,72 0 1,62 0 0 0,65 1,42 30,01 

bare_soil_f,c, 2 930624 0 4,42 54,33 0 0 0 9,28 0 31,97 

irr_wheat 4 1160121 0 38,56 0 0 0 0 14,55 0 46,89 

potatoes 5 425684 0 0 0 0 100 0 0 0 0 

nib 7 3595308 2,83 81,01 1,54 1,81 0 0 0 0 12,81 

lolium 8 321163 0 50,43 0 0 0 0 0 0 49,57 

garlic 10 466455 0 27,88 13,3 0 0 0 0 41,96 16,85 

bare-soil_c,c, 11 345091 0 0 0 0 0 0 0 100 0 

irr_barley 12 148580 0 20,9 0 0 0 0 0 0 79,1 

Table 6-61 Confusion matrix of Classification with Xvv2 and Xvv1 

 
 
Summary: 
Average accuracy of tested channel combinations: 
 

- Xvv 7 and Lhh 1 � Average accuracy = 80.45 

- Lhh 2 and Lhh 1 � Average accuracy = 49.61 (for crop classes higher) 

- Xvv 2 and Xvv 1 � Average accuracy = 49.77 (for crop classes lower) 
 
 
The Channel combination ‘Xvv flight 7 and Lhh flight 1’ delivered the best results of 
classification. The channel combination ‘Lhh flight 2 and Lhh flight 1’ and the channel 
combination ‘Xvv flight 2 and Xvv flight 1’ had low values of classification accuracy, 
but for crop types the results of Lhh1 and Lhh2, was much better than for Xvv1 and 
Xvv2 combination. 
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7 Final statements 

 
A major objective of the TerraSARSIM campaign was to quantify the impact of time 
lag between acquisitions at different wavelengths on Land Use Mapping and crop 
parameter retrieval, to prove if time lag has an important impact when X- and L-band 
are acquired non-simultaneously from different platforms.  

The Barrax campaign for the data acquisition took place over a limited time period, 
covered only limited land use types and biomass changes and represents only one 
test area. But results have been verified with several methods and confirmed 
scientific results.  
 

7.1 Best performing sensor-configuration for the Barrax campaign 

 
Under the specific conditions of the Barrax campaign the following bands favoured to 
separate the following land use types: 
 
Bare soil/bare soil: 
Best results with band-combination: Lhh-Xhh, Lhh-Lhv/Lvh (or Chv-Xhh)  
 

• Sensitivity of L-band to surface roughness  

• C- cross polarization is better than C –band parallel polarisation since cross 
polarisation responds to significant multiple scattering within the target as 
occurs with very rough surfaces 

 
Covered/bare soil: 
Best results with band-combination: Lhh-Xhh, Lhh-Lhv/Lvh (or Chv/Cvh-Xhh)  
 

• Sensitivity of L-band to surface roughness  

• C-band cross-polarization is useful to separate vegetation from bare soil 
(better than parallel C-band) 

• Xhh is more sensitive to surface roughness 
 
Covered/covered: 
 Best results with band-combination: Lhh-Xvv, Lhh-Lhv/Lvh/Lvv (or Chh/vv-Xvv) 
 

• Xvv is more sensitive to different canopy structure / difference in biomass 
volume than Xhh  

• Sensitivity of L-band to surface roughness (row direction effect for crops)   

• Early growth stage of the plants cause a significant influence on the 
backscatter characteristics of soil 

• HH-polarization provides more information about the underlying soil conditions 
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7.2 Conclusions 

 
Investigations of the project based primarily on separability analysis showed that  

��Short term differences between X- and L-band acquisition not significant 
influence agricultural and land use applications,  

��Processing levels of L-band don`t have a significant impact on the results of 
separability analysis / classification / biomass retrieval, 

��Results improved when multi-frequency data is used with respect to single 
frequencies 

From the analysis in the framework of the project it can be stated that L-band is in 
general the best performing range of microwaves. Therefore, L-band deserves 
priority in a sensor configuration as applied in agricultural land use inventories in the 
Barrax campaign.  

 

• Maximum information content achieved when L-Band is combined with X- and 
C-Band, favoured polarisations: Lhh, Chv, Xhh / Xvv  

• L-, X- and C-band seems to be robust against a two day time shift or an in-day 
delay between data takes, variation of backscatter levels are moderate over 
time intervals ranging from 4 hours to 2 days  

• Different level 1B processing levels (different NESZ values) don’t have an 
impact on retrieval / classification results 

• Impact of time lag between L-, C-band and X-Band acquisition is negligible on 
overall information content of combined land use products unless irrigation 
events between acquisitions 

• Changes over time are insignificant for L-band, for X-band the changes are 
more significant since L-band is less sensitive to biomass than X-band 

• L-hh (early crowing stage) in combination with any other channel delivers 
always a high separability. L-hv/-vh delivers also good results 

• Xhh delivers better results than Xvv for non covered soil, Xvv is better for 
biomass-classes 

• Different biomass classes are better separable in X-band data in a growing 
state of covered soil 

• Cross polarisation of C-band (Chv/Cvh) delivers better results than parallel 
polarised C-band channels 

• The histograms of different C-band acquisition dates and of L-band are similar. 
Therefore C- and L-band can’t deliver independent information 
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• Differences between near range (steep incidence angle – overlapping area of 
southern flight strip) and far range (shallow incidence angle – overlapping area 
of northern flight strip) are slight and insignificant for certain land use classes  

• For different L-band baselines no volume decorrelation appeared on the 
ground and therefore no volume bodies are seen from the L-band on the 
ground, estimation of crop height is not possible with polarimetric L-band 
InSAR data. 
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09:38 1 NIB x x x NW x 16,75  - 1270,4 16,7 211,5

09:50 2 NIB x x x NW x 14,51  - 1520,0 17,0 256,6

10:03 3 NIB x x x NW x 15,22  - 848,7 16,6 139,9

10:11 4 NIB x x x NW x 16,03  - 385,1 16,8 63,5

10:28 5 IA x x x W x 21,96  - 1905,6 20,2 383,7

10:42 6 IA x x x W x 19,78  - 1610,7 15,1 242,2

10:56 7 NIB x x x W x 12,81  - 639,4 19,1 121,0

10:30 8 NIB x x x WNW x 14,95  - 631,4 28,4 177,2

10:45 9 NIB x x x WSW x 13,45  - 1020,9 18,8 190,7

09:45 10 IW x x x NW x 25,92 31,2 256,5 13,9 34,8

10:08 11 IA x x x WNW x 23,59  - 789,9 20,1 157,7

09:40 12 IB x x x WSW x 15,24 14,1 635,2 13,0 82,0

09:45 13 IB x x x WSW x 16,01 15,6 493,3 13,6 66,2

10:45 14 IW x x x NW x 18,24 17,3 305,4 15,3 45,8

10:15 15 NIB x x x NW x 13,23 13,5 1565,3 15,7 244,9

10:15 16 IA x x x NW x 18,92  - 1088,9 18,8 203,7

10:30 17 IW x x x NW x 15,21 17,8 307,5 17,2 51,9

10:10 18 IA x x x NW x 29,40 33,8 1225,0 17,5 213,8

11:10 19 IB x x x NW x 17,27 18,0 370,6 14,3 52,2

10:55 20 IB x x x NW x 17,50 16,5 518,6 13,8 70,4

10:20 21 IW x x x W x 16,09  - 254,9 19,0 47,2

10:20 22 IW x x x W x 18,97 24,3 294,8 15,7 45,2

09:45 23 NIB x x x x NW x 17,90  - 862,1 15,9 136,3

09:45 24 NIB x x x x NW x 16,77  - 975,5 16,0 154,7

09:55 25 NIB x x x NW x 16,03  - 617,2 17,1 104,1

10:25 26 IW x x x W x 15,90 19,4 233,8 19,4 44,1

09:40 27 NIB x x x WSW x 14,46 15,5 1293,1 14,6 187,8

11:40 30 IW x x x x W x 22,83  - 316,3 16,6 51,3

Soil Plant
wind rain Biomass

FLIGHT 1
wind 

flow
leaf wetness

Weather conditions

 

Table 8-1 Crop type, weather conditions, soil moisture and plant biomass of flight 1 (in 
the morning of 02.04.2003) 
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14:45 1 NIB x x x NW x 15,41  - 930,6 21,1 194,7

14:51 2 NIB x x x WNW x 16,64  - 1202,4 20,1 240,2

15:00 3 NIB x x x W x 14,56  - 975,5 20,7 200,8

15:10 4 NIB x x x W x 15,37  - 726,0 19,0 136,4

15:17 5 IA x x x W x 21,74 25,4 2019,1 16,0 322,2

15:20 6 IA x x x W x 20,98  - 1225,0 19,3 235,1

15:32 7 NIB x x x W x 12,34  - 547,0 22,8 123,1

15:10 8 NIB x x x NW x 13,97  - 430,2 24,2 102,3

15:30 9 NIB x x x NW x 12,83  - 584,8 21,0 121,2

14:45 10 IW x x x NW x 22,48 26,3 181,4 16,8 29,3

14:55 11 IA x x x NW x 22,88  - 635,3 21,6 135,7

14:50 12 IB x x x NW x 15,39  - 330,8 17,3 56,2

14:45 13 IB x x x NW x 13,81  - 360,2 17,0 60,1

15:35 14 IW x x x NW x 19,60  - 327,4 17,9 57,4

15:10 15 NIB x x x NNW x 14,87 15,1 1383,8 19,8 273,1

15:30 16 IA x x x NNW x 18,69  - 1134,3 21,4 241,1

15:15 17 IW x x x NNW x 13,76 16,9 418,6 21,1 86,8

15:00 18 IA x x x W x 26,21 30,5 1134,3 21,7 244,8

15:50 19 IB x x x WNW x 16,14 23,8 247,0 17,2 41,2

15:45 20 IB x x x WNW x 16,38 17,6 493,6 16,3 79,2

15:10 21 IW x x x W x 15,68  - 258,0 20,5 51,4

15:10 22 IW x x x W x 14,99  - 209,2 20,1 40,6

14:50 23 NIB x x x W x 16,71 19,0 771,3 19,8 151,2

14:45 24 NIB x x x W x 14,95 15,3 1134,3 19,0 214,5

14:40 25 NIB x x x W x 14,77 20,2 540,3 21,8 116,2

15:15 26 IW x x x W x 13,88  - 195,5 24,6 46,4

14:40 27 NIB x x x NW x 14,76  - 862,1 18,2 155,4

15:40 30 IW x x x WNW x 20,46  - 234,7 18,2 41,5

Soil Plant
Biomasswind rain

FLIGHT 2
wind 

flow
leaf wetness

Weather conditions

 

Table 8-2 Crop type, weather conditions, soil moisture and plant biomass of flight 2 
(in the afternoon of 02.04.2003) 
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10:15 1 NIB x x x x N x 13,92  - 998,2 22,4 223,9

10:24 2 NIB x x x x N x 14,78 16,7 1066,2 19,1 204,0

10:38 3 NIB x x x x NNE x 13,39 13,9 1247,7 20,6 257,2

10:52 4 NIB x x x NNE x 12,92 13,4 553,4 22,1 122,1

11:00 5 IA x x x N x 18,55 18,9 1568,1 16,0 251,4

11:10 6 IA x x x NE x (-) 18,28  - 1588,0 21,2 336,4

11:22 7 NIB x x x NE x (-) 10,09  - 567,7 23,1 131,3

10:45 8 NIB x x x NE x 13,69  - 602,0 23,9 144,0

11:00 9 NIB x x x x N x x 9,69  - 724,2 21,9 158,3

10:15 10 IW x x x 19,43 21,6 312,1 16,1 50,2

10:35 11 IA x x x x NE x 30,09  - 812,8 17,1 139,0

10:25 12 IB x x x NNE x 13,64  - 495,3 16,0 79,4

10:15 13 IB x x x NNE x 13,47  - 493,1 16,2 79,7

11:10 14 IW x x x SE x 19,44  - 254,4 20,6 52,3

10:50 15 NIB x x x NW x 10,20 12,5 1088,9 19,1 208,0

10:58 16 IA x x x NW x 16,31  - 952,8 21,7 206,6

10:55 17 IW x x x NW x 13,05 15,8 414,2 20,0 82,9

10:40 18 IA x x x NW x 24,61 23,1 1247,7 21,3 265,7

11:30 19 IB x x x NE x 13,89 18,3 391,7 16,4 64,3

11:20 20 IB x x x E x 15,44 19,1 680,6 15,3 104,1

10:45 21 IW x x x NNE x 12,59  - 223,7 23,1 51,7

10:45 22 IW x x x NNE x 14,21  - 269,9 22,9 61,8

10:30 23 NIB x x x NW x 14,87 18,8 794,0 19,1 151,7

10:25 24 NIB x x x NW x 12,66 16,3 862,1 20,7 178,5

10:20 25 NIB x x x NW x 12,87 16,2 564,5 20,6 116,2

10:55 26 IW x x x NNE x 13,88 18,0 296,8 23,4 69,3

10:15 27 NIB x x x NNE x 12,06  - 862,1 16,7 143,8

11:10 30 IW x x x E xx x 16,61  - 283,3 17,4 49,3

FLIGHT 3
wind 

flow
leaf wetness

Weather conditions
wind

Soil Plant
Biomassrain

 

Table 8-3 Crop type, weather conditions, soil moisture and plant biomass of flight 3 (in 
the morning of 04.04.2003) 
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14:30 1 NIB x x x x N x 12,91 13,4 998,2 22,9 228,1

14:38 2 NIB x x x x N x 14,31 15,2 1020,9 22,9 233,7

14:52 3 NIB x x x x 12,58 12,5 816,7 22,2 181,5

14:58 4 NIB x x x x N x 12,22 13,3 816,7 20,1 163,9

15:12 5 IA x x x x N x 17,12  - 1361,2 17,2 234,7

15:20 6 IA x x x x 15,29  - 1474,6 20,6 303,8

15:30 7 NIB x x x x E x 7,57  - 390,6 25,3 98,6

15:08 8 NIB x x x x NE x 12,27  - 567,4 25,4 144,2

15:15 9 NIB x x x x NE x 7,50  - 748,6 22,6 169,0

14:35 10 IW x x (SE) x 20,83  - 216,2 18,0 39,0

14:55 11 IA x x x NE x 23,64 33,2 998,2 20,1 200,4

14:35 12 IB x x x NNE x 14,05  - 272,5 20,7 56,5

14:40 13 IB x x x NNE x 13,14  - 312,0 19,1 59,5

15:20 14 IW x x x 19,08  - 347,5 19,3 67,1

15:10 15 NIB x x x W x 9,58 10,5 998,2 20,5 204,1

15:18 16 IA x x x W x 15,70  - 816,7 23,1 188,6

15:15 17 IW x x x W x 10,49 14,8 295,5 22,2 65,7

14:55 18 IA x x x 23,58 25,5 907,4 24,9 225,5

15:40 19 IB x x x 12,65 15,9 384,4 17,3 66,5

15:25 20 IB x x x 13,42 12,9 816,7 16,8 136,9

15:10 21 IW x x x NNE x 12,67  - 270,3 22,0 59,5

15:10 22 IW x x x NNE x 13,25  - 184,1 26,7 49,1

14:45 23 NIB x x x ENE x 14,43 19,9 930,1 19,9 184,9

14:40 24 NIB x x x 12,37 15,6 748,6 22,3 167,2

13:35 25 NIB x x x ENE x 12,75 17,0 502,3 23,7 119,3

15:25 26 IW x x x NE x 13,08  - 185,5 24,7 45,7

14:30 27 NIB x x x 11,24  - 952,8 18,7 178,1

15:40 30 IW x x (NE) x 14,72 20,1 288,7 19,3 55,8

FLIGHT 4
wind 

flow
leaf wetness

Weather conditions
wind

Soil Plant
Biomassrain

 

Table 8-4 Crop type, weather conditions, soil moisture and plant biomass of flight 4 (in 
the afternoon of 04.04.2003) 
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13:15 1 NIB x x x x W x 69 17,19 20,3 2177,9 24,2 526,3

13:00 2 NIB x x x x W x 68 15,46 16,0 1814,9 23,0 417,8

13:35 3 NIB x x x  - x 65-66 14,61 12,6 1633,4 25,5 417,2

13:40 4 NIB x x x x NO x 48-52 14,36 13,4 1157,0 23,3 269,7

13:54 5 IA x x x x SW x 52 21,22 21,4 2291,3 19,5 447,1

14:00 6 IA x x x  - x 44 17,81 17,7 1497,3 22,0 329,4

14:11 7 NIB x x x W x 57 9,73  - 2041,7 23,8 485,4

14:00 8 NIB x x x x W/NW x 50-70 13,38 14,8 1588,0 32,3 512,2

14:15 9 NIB x x x x x SW x 40-50 10,21 17,0 1293,1 25,3 327,1

13:10 10 IW x x x x N/NE x 39-40 17,44 17,4 3176,0 15,3 485,6

13:35 11 IA x x x x N/NE x 30-80 25,99 31,1 1882,9 18,9 355,2

13:15 12 IB x x x NW x 33-37 15,27  - 1860,3 16,5 306,2

13:30 13 IB x x x NW x 28-38 15,53  - 1769,5 17,8 314,1

14:05 14 IW x x x x W x 33 18,80 24,2 1497,3 17,9 268,7

13:40 15 NIB x x x x W x 62 11,48 15,4 2314,0 26,7 617,6

13:40 16 IA x x x x W x 28 18,42 17,8 1066,2 27,4 292,5

13:50 17 IW x x x x W x 38 12,95 15,5 1474,6 20,8 306,6

13:25 18 IA x x x x W x 33 22,42 24,6 1996,4 22,7 453,0

14:30 19 IB x x x W x 38 15,83 16,9 1429,2 17,8 254,9

14:20 20 IB x x x x W x 25 16,72 17,5 2109,8 21,4 452,1

13:55 21 IW x x x SW x 33-40 18,60  - 1860,3 17,2 319,7

13:15 22 IW x x x WNW x 35-46 16,43 19,7 1814,9 16,3 295,2

13:10 23 NIB x x x W x 55 14,22 15,5 1814,9 22,0 399,7

13:10 24 NIB x x x W x 52 13,39 15,6 1202,4 28,6 343,8

13:10 25 NIB x x x W x 49 12,31 14,2 1588,0 27,8 442,0

14:00 26 IW x x x SW x 35-41 13,74  - 1633,4 20,9 342,1

13:20 27 NIB x x x NW x 58-70 14,56 16,7 2971,9 21,8 648,9

 - 30 IW x x x W/SW x x 23-35 24,42 34,6 1633,4 18,1 296,0

Soil Plant
wind rain Biomass

FLIGHT 7
wind 

flow
leaf wetness

Weather conditions

 

Table 8-5 Crop type, weather conditions, soil moisture and plant biomass of flight 7 
(around noontime of 25.04.2003) 
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Figure 8-1 Map of the location of test fields 1-27, 30 and 42-75 
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Flight 4 Flight 7

Field

No.

Crop 

type

soil 

type
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c
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h
e
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th

 (
c
m

)

1 NIB sL  + x NIB NW 15/16  3.1  21-26 69

2 NIB sL x NIB NE 16/17  3.1  27-30 68

3 NIB sL  + NIB NW 17-19  3.1  20-25 65-66

4 NIB sL  + x NIB NE  +-17  2.9-3.1  16-20 48-52

5 IA sL x IA bc  3.1-3.5 15-18  18-26 52

6 IA sL x IA bc 2.5-2.9 15-25  13-20 44

7 NIB sL  +++ x NIB NNW 15 2.9-3.1  17-21 57

8 NIB sL  + x NIB NS 14-16  2.9 18 50-70

9 NIB sL  + x NIB WE  +-15 2.3-3.1 21 40-50

10 IW sL  ++ x IW NW  14-15 2.2-2.3 10 39-40

11 IA sL  + x IA ar. Pivot bc 3.4-3.5 18 15 30-80

12 IB sL  + x IB NNW  +-14 2.2-2.4  5-10 33-37

13 IB sL  ++ x IB NNW  +-14 2.2-2.4  7+-1 28-38

14 IW sL  ++ x IW NNW  9-11 2.1-2.2 9 33

15 NIB sL x NIB NW  +-17  3.1 30 62

16 IA sL x IA bc 3.5-3.9  12-18 20 28

17 IW sL + x IW SWNE 18-20 2.-3. 16 38

18 IA sL x IA bc 2.5-2.9  9-15 10 33

19 IB sL  + x IB SWNE  +-12 2.3-2.9 12 38

20 IB sL  ++ x IB WNW  12-20 2.3-2.9 11 25

21 IW sL x IW SWNE  +-14 2.1-2.2  8-15 33-40

22 IW sL  + x IW SWNE 13-14 2.2-2.4  7-12 35-46

23 NIB sL  + x NIB NWSE  +-16  3.1 24 55

24 NIB sL  + x NIB NWSE 14-16  3.1 26 52

25 NIB sL  + x NIB NWSE 14-16  3.1 23 49

26 IW sL  + x IW SWSE 13-14 2.1-2.2  10-15 35-41

27 NIB sL  +(+) x NIB NNE  +-14  3.1  15-20 58-70

30 IW sL  ++ x IW WNW  14-16 2.2-2.3 7 23-35

FIELD Soil Biomass
roughness

 

Table 8-6 Crop type, crop height, soil moisture and plant biomass of the test fields1-
27, 30 and extra crop heights of flight 4 (in the afternoon of 04.04.2003) and 7 (around 
noontime of 25.04.2003) 
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Soil Biomass
05.04.2003 27.04.2003

Field

No.

Crop 

type

soil 

type

D
e

v
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th

 (
c
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)

h
e
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th

 (
c
m
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42 IB sL  3.2 50-67

43 IB sL  3.2 30 60-80

44 IB sL 2.9-3.1 20 42-50

45 IB sL 2.9-3.1 14 50-76

46 IB sL 2.9-3.2 18 40-75

47 IB sL 2.9-3.2

48 IB sL  3.2

49 IW sL 2.3-2.9

50 IW sL 2.3-2.9

51 IW sL 2.9-3.1

52 IA sL  3.5

53 IW sL

54 IB sL  3.3 27 70-82

55 IB sL  3.2 17 65-80

56 IB sL  3.2 15 50-60

57 IB sL  3.1

58 IB sL 2.9-3.1

59 IB sL 2.9-3.2

60 IW sL  2.4

61 IW sL  2.4

62 IB sL 2.3-2.9

63 IB sL 2.3-2.9

64 IB sL 2.9-3.1

65 IB sL 2.9-3.1

66 IB sL 2.3-2.9

67 IA sL 3.5-3.9

68 IW sL 2.3-2.9

69 IW sL 2.3-2.9

70 IB sL 2.3-3.1

71 IB sL 2.3-3.1

72 NIB sL 2.9-3.2

73 NIB sL 2.9-3.2

74 NIB sL  3.1 13 65-72

75 IB sL  3.2 31 80-82

FIELD

 

Table 8-7 Extra crop type inventory of the first campaign and crop 
heightmeasurements of April 5 and 27 
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A-Fig.  1: L-Band, Path North, Flight 4, Amplitude- Multilook. 

 

 

A-Fig.  2: L-Band, Path North, Flight 4, GammaMAP filtered- Multilook. For 
improvement by the GammaMAP filter compare A-Fig.  1. 
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A-Fig.  3: L-Band, Path North, Flight 4, HAWI filtered- Multilook. For improvement by 
the HAWI filter compare A-Fig.  1 and A-Fig.  2. 

 

A-Fig.  4: C-Band, Path North, Flight 4, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  5: X-Band, Path North, Flight 2, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 

 

A-Fig.  6: X-Band, Path North, Flight 4, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  7: X-Band, Path North, Flight 7, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 

 

A-Fig.  8: L-Band, Path North, Flight 2, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  9: L-Band, Path North, Flight 4, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 

 

A-Fig.  10: L-Band, Path North, Flight 7, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  11: L-Band, Path North, Flight 4, Amplitude- Multilook. Spatial resolution: 3m.; 
compare A-Fig.  9 with spatial resolution of 12m. 

 

A-Fig.  12: L-Band, Path North, Flight 4, Amplitude- Singlelook. Spatial resolution: 5m.; 
compare A-Fig.  9 (spatial resolution 12m) and A-Fig.  11 (spatial resolution 3m). 
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A-Fig.  13: L-Band, Path North, Flight 4, Amplitude- Multilook. Noise level at –25 dB. 

 

A-Fig.  14: C-Band, Path South, Flight 4, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  15: X-Band, Path South, Flight 2, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 

 

A-Fig.  16: X-Band, Path South, Flight 4, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  17: X-Band, Path South, Flight 7, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 

 

A-Fig.  18: L-Band, Path South, Flight 2, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  19: L-Band, Path South, Flight 4, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 

 

A-Fig.  20: L-Band, Path South, Flight 7, Amplitude- Multilook. Crop types and field 
numbers identified during ground truth 2003. 
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A-Fig.  21: Result of automatic segmentation of the filtered images. Segment are color 
coded. Segmentation procedure is under development. Currently there still remains an 
oversegmentation. 

 


