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 Summary of main findings 
The SARSense campaign in the Jülich area (Germany) in summer 2019 was performed to support the 

ESA Copernicus high priority mission ROSE-L. Airborne SAR signals in C- and L-band, drone imagery, in 

situ soil and plant parameters, as well as biophysical variables in the lab were measured to provide a 

comprehensive data set to study details of the mission design for agricultural applications. Although 

an in depth analysis will be performed soon, the preliminary outcome of the dry summer example 

campaign is as follows: 

 An L-band SAR monitoring in the Copernicus program will provide an added value to the 

existing C-band capacities of Sentinel-1 (A/B). 

 Simultaneous C- and L-band observations may help to disentangle the different processes in 

the plant and the soil. Single frequency observations may tend to be misinterpreted. 

 Overview 
2.1 Introduction and Background 
SARSense 2019 is a demonstration campaign to provide insights in the potentials and specifications of 

the ESA Copernicus high priority mission ROSE-L (Radar observation System for Europe). ROSE-L would 

carry a polarimetric L-band SAR (Synthetic Aperture Radar). Since the L-band signal can penetrate 

through many natural materials such as vegetation, dry snow and ice, the mission would provide 

additional information that cannot be gathered by the Copernicus Sentinel-1 C-band SAR mission. This 

information can be used in support of forest management, to monitor subsidence and soil moisture 

and to discriminate crop types for precision farming and food security. In addition, the mission would 

contribute to the monitoring of polar ice sheets and ice caps, sea-ice extent in the polar region, and of 

seasonal snow. As ROSE-L is planned to fly in close to Sentinel-1 (S-1), synergies between the different 

microwave frequencies are envisaged. 

The overall objectives of the SARSense 2019 campaign are derived from the needs of ESA ROSE-L 

mission concepts. In particular the present activity will support the campaign to optimize the above 

mentioned mission with respect to the agricultural monitoring services with target applications 

including soil moisture, irrigation management, crop type discrimination, forest type/forest cover, 

food security and precision farming. 

The SARSense campaign 2019 is embedded in a larger campaign activity in the context of future EO 

programmes and their users. Further relevant missions are as follows: 

1. BIOMASS Earth Explorer 7 

2. FLEX Earth Explorer 8 

3. Candidate Copernicus Hyperspectral Imaging Mission  

4. Candidate Copernicus High Spatio-Temporal Resolution Land Surface Temperature Monitoring 

Mission 

5. Sentinel2/Sentinel3 

 

To 1) The Earth Explorer Biomass will provide global maps of the amount of carbon stored in the world's 

forests and how this changes over time, mainly through absorbing carbon dioxide, which is released 

from burning fossil fuels. Biomass will also provide essential support to UN treaties on the reduction 

of emissions from deforestation and forest degradation. Forest type and forest cover worldwide can 

be detected by today's satellites, but biomass will take the information to the next level. Due for launch 

in 2021, the satellite will carry the first P-band synthetic aperture radar, able to deliver accurate maps 
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of tropical, temperate and boreal forest biomass. The global mass of trees is not obtainable by ground 

measurement techniques. The five-year mission will witness at least eight growth cycles in the world's 

forests. Observations from this new mission will also lead to better insight into rates of habitat loss 

and, therefore, the effect this may have on biodiversity in the forest environment. 

To 2) The FLuorescence EXplorer (FLEX) will be the first mission designed to monitor the photosynthetic 

activity of the terrestrial vegetation layer by using a completely novel technique measuring the 

chlorophyll fluorescence signal that originates from the core of the photosynthetic machinery. This will 

provide a completely new possibility to assess the dynamics of actual photosynthesis through 

sun-induced fluorescence, which offers a great advancement over current capabilities that can only 

detect potential photosynthesis as derived in passive reflectance measurements by conventional land 

surface monitoring satellites. 

To 3) The hyperspectral imaging mission thus aims to augment the Copernicus space component with 

precise spectroscopic measurements to derive quantitative surface characteristics supporting the 

monitoring, implementation and improvement of a range of policies in the domain of raw materials, 

agriculture, soils, food security, biodiversity, environmental degradation and hazards, inland and 

coastal waters, snow, forestry and the urban environment. 

To 4) This mission shall be able to complement the current visible (VIS) and near-infrared (NIR) 

Copernicus observations with high spatio-temporal resolution Thermal Infrared observations over land 

and coastal regions in support of agriculture management services and possibly a range of additional 

services. 

To 5) The full Sentinel-2 (S-2) mission comprises twin polar-orbiting satellites in the same orbit, phased 

at 180° to each other. The mission monitors variability in land surface conditions, and its wide swath 

width and high revisit time (5 days with 2 satellites under cloud-free conditions which results in 2-3 

days at mid-latitudes) will support monitoring of changes to vegetation within the growing season. The 

coverage limits are from between latitudes 56° south and 84° north. The main objective of the 

Sentinel-3 mission is to measure sea surface topography, sea and land surface temperature, and ocean 

and land surface colour with high accuracy and reliability to support ocean forecasting systems, 

environmental monitoring and climate monitoring. The basic setup for envisaged campaign activities 

focus on collecting relevant airborne data over representative monitoring sites, concurrent with 

ground-based measurements for time intervals compatible with the different spaceborne mission over 

a longer period (e.g. 2 months) in order to sample variability in space (including vegetation, soils and 

atmosphere) and time. In order to study trade-off and synergies one should allow for oversampling 

during so called Intensive Observation Periods (IOP) to simulate temporal and spatial sampling with 

repeated over flights to the extent possible. 

In order to properly cover the above-mentioned analyses a strong collaboration is needed with 

different communities that build on the experience from already planned activities in the context of 

mission development and calibration/validation activities for existing (e.g. Sentinel-2, Sentinel-3) and 

future missions (e.g. BIOMASS, FLEX). The overall aim of such an activity focusing on the end-user 

community would be to start building a sound transdisciplinary database, with a creative approach 

towards the alignment of national programmes and the input of multiple actors and stakeholders. 
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2.2 Campaign objectives 
The main objectives of SARSense are to: 

- investigate the use of L- & C-band SAR data for soil moisture retrieval at high resolution 

(i.e., 0.1-1.0 km). Both the case of temporally collocated L- & C-band SAR time series and 

that of independent acquisitions will be investigated. 

- extend the existing airborne SAR programme to new test sites (Jülich, Germany) and acquire 

reference L- and C-band airborne SAR datasets collocated in time and space over different 

well-defined land-cover including agricultural and forested regions. 

- document the added value of L-band SAR in addressing current EO measurement gaps (soil 

moisture, vegetation biomass, etc.) and enhanced continuity together with other missions 

such as S-1. 

- support specification of the time interval/latency between S-1 and L-band SAR coverage for 

time-critical application products such as soil moisture. 

- support trade-off and definition of other key missions parameters in Phase-A/-B1 (noise floor, 

resolution). 

The objectives shall be addressed through the design of the campaign acquisitions, the data 

acquisition, processing and documentation and preliminary analyses to provide first answers to key 

mission design needs. The later includes documenting the unique value of L-band SAR and trade-offs 

on the C- and L-band time-latency between acquisitions. 

The flight configuration is two fully polarimetric L- and C-band SAR on one aircraft. The SARSense 

campaign will cover a number of vegetation types focussing on agricultural and forest areas in order 

to satisfy all of the campaign objectives. 

 Characterization of the campaign sites 
The campaign region for the SARSense 2019 campaign is the TERENO Rur observatory with focus on 

the Selhausen Critical Zone Observatory (CZO). Terrestrial Environmental Observatories (TERENO) is 

embarking on new paths with an interdisciplinary and long-term research programme involving six 

Helmholtz Association Centers. TERENO spans an Earth observation network across Germany that 

extends from the North German lowlands to the Bavarian Alps. This unique large-scale project aims to 

catalogue the long-term ecological, social and economic impact of global change at regional level. 

Scientists and researchers want to use their findings to show how humankind can best respond to 

these changes. The TERENO network is coordinated by the Institute of Bio- and Geoscience: 

Agrosphere (IBG-3). Long-term operation of the instruments is ensured. 

The Rur catchment is the research area of the TERENO Rur observatory. The site covers an area of 

approximately 100 x 40 km and can be described as an anthropogenically influenced area consisting of 

different ecosystems that includes intensive agricultural fields, managed pine and mixed forest, natural 

grasslands, and swamp areas. The catchment of the Rur covers 2354 km2 and is mainly situated in 

Western Germany with about 157 km2 (6.7%) extending into Belgium and about 108 km2 (4.6%) into 

the Netherlands (Figure 1). Further information can be found in Simmer et al. (2015), Bogena et al. 

(2012) and Bogena et al. (2018). Active and passive airborne L-band microwave measurements were 

taken in the area since 2010 (Hasan et al., 2014, Montzka et al., 2013, Montzka et al., 2016), as it is soil 

moisture validation site for several satellite missions (SMOS, SMAP, ALOS-2). 



 

Doc.:  Final Report 

Date:  8.7.2020 Issue:  1 Revision: 0 

Ref.:  ESA Contract No. 4000125444/18/NL/LF Page:  7 / 72 

 

 

Figure 1: Overview of the TERENO Rur observatory that is equipped with an extraordinary dense network of ground and 
atmospheric measurement systems.  

The Selhausen agricultural research station (50.865°N, 6.447°E, about 100–110 m asl) consists of 52 

agricultural fields covering an area of about 1 by 1 km (Figure 2) and represents the heterogeneous 

rural area of the lower Rhine valley (main crops are sugarbeet, winter wheat, winter barley [Hordeum 

vulgare L.], maize, and rapeseed [Brassica napus L.]). Data acquisition for this year’s SARSense 

campaign was performed in several fields for potato, wheat, maize, sugar beet, rye and barley. This 

region belongs to the temperate maritime climate zone, with a mean annual temperature and 

precipitation of 10.2°C and 714 mm, respectively. The soil was classified as a Cambisol with a silty loam 

texture. In spring 2011, one of the largest fields at the agricultural station was equipped with an EC 

station (see above) to support the ICOS programme. Besides flux measurements and typical 

meteorological parameters, the phenological development of the crops and farming activities are also 

recorded at a weekly to monthly basis. Groundwater level, water conductivity, and temperature in a 
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groundwater well next to the EC station are continuously measured using a multi-probe (CTD, Decagon 

Devices). Since 2015, four automated closed dynamic chambers (Li-8100, LI-COR) have been 

continuously operated to measure CO2 emissions from the soil. In addition, a SoilNet wireless sensor 

network consisting of five profiles (depths of −0.01, −0.05, −0.1, −0.2, −0.5, and −1 m) is operated in 

this field to measure soil moisture and soil temperature (SMT100, Trübner Precision Instruments) and 

soil heat flux (HFP01, Hukseflux Thermal Sensors) in near real-time. From 2015 to 2018, the site hosted 

field campaigns for the comparison of methods to determine flux components, e.g., the contribution 

of evaporation and transpiration to evapotranspiration, including isotope, microlysimeter, and profile 

(Ney and Graf, 2018) measurements.  

In 2010, a set of 18 lysimeters (UMS GmbH) was installed to continuously determine water balance 

components with high precision (see below). In addition, two rhizotron facilities were built (Figure 2) 

that enable root growth observations and soil moisture monitoring with ground-penetrating radar 

(GPR) in both lateral (7-m-long boreholes) and vertical (six depths) directions during a crop growing 

cycle (Cai et al., 2016). 

 

Figure 2: The Selhausen agricultural research station (Bogena et al., 2018). 

Ground-penetrating radar and electromagnetic induction (EMI) measurements can be used to 

noninvasively investigate the structure, composition, and hydraulic state of the subsurface. At the 

Selhausen test site (Figure 3), large-scale investigations of agricultural fields in an area of 1 by 1 km 

were performed by using multi-configuration EMI systems pulled by an all-terrain vehicle equipped 

with GPS positioning. These multi-configuration EMI systems provide apparent electrical conductivity 

(ECa) values for several depths of investigation (DOIs). The Selhausen area is characterized by a series 

of river terraces, where satellite-based leaf area index data (RapidEye) obtained after a dry period 

showed distinct patterns due to the presence of paleochannel structures in the subsurface of the upper 

terrace (Ali et al., 2015). It could be shown that these patterns in leaf area index correlated well with 

ECa patterns obtained for the deepest DOI (Rudolph et al., 2015), indicating that the deeper subsoil is 

responsible for the good crop performance in times of water scarcity for this particular area. When 

comparing crop development and ECa patterns during the growing season, correlations were strongest 

when the soil was dry (Stadler et al., 2015). To further improve the interpretation of EMI data, inversion 
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of EMI data was performed to obtain a quasi-three-dimensional model of the subsurface EC 

distribution (von Hebel et al., 2014) after appropriate calibration of the EMI measurements. In a next 

step, multi-configuration EMI measurements were performed at 51 agricultural fields in the Selhausen 

area. After combining this EMI survey with optimized sparse soil sampling and a remote-sensing-based 

classification methodology, a high-resolution (meter-scale) soil map with 18 soil types was obtained 

(Brogi et al., 2019) which well matches satellite observations of crop development.  

 

Figure 3: Comparison of leaf area index (LAI) and apparent electrical conductivity (ECa) at Field F01 (Rudolph et al., 2015), (b) 
electromagnetic induction (EMI) measurement setup showing three EMI sleds at Field F05, and (c) depth slices through quasi-
three-dimensional EMI inversion result at Field F10 (von Hebel et al., 2014), showing the low electrically conductive eastern 
part due to a massive gravel layer as well as the plow horizon over the test site and generally increasing electrical conductivity 
with increasing depth in the western part due to loamy soil.  
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 Instrumentation 
4.1 Airborne L-Band SAR 
The MetaSAR-L is the L-band SAR system by Metasensing, a versatile, compact (23 x 28 x 37 cm) and 

light weight (< 18 Kg) sensor characterized by low power consumption (<200W) providing imaging with 

sub-meter spatial resolution. Depending on the application, it can be operated in polarimetric or 

interferometric modes, FMCW or pulsed modulation techniques. The sensor is equipped with flat 

panel antennas based on microstrip technology. In Figure 4, some technical specifications of the 

MetaSAR-L band sensor enclosure with dimensions are summarized. The sensor features a waveform 

generator, ADCs, control unit, data storage device, power converter stage and RF subsystem, including 

HPA (max power 10W, tunable) and LNA. An integrated navigation unit (GPS/IMU) is fastened on top 

of the sensor and a heat dissipater element is installed at one side. The overall sensor weight is less 

than 20 kg, including sensor and navigation unit. The RF antennas are based on microstrip technology 

(flat panel). Two kind of antennas can be used, depending on the available space in the aircraft 

(self-standing system, like in BelSAR Vs dual-frequency system, like in SARSense). A squared antenna 

(33 x 33 cm) and a rectangular one (33 x 66 cm) are available. The increased dimension is along track, 

meaning a more focused beamwidth in the azimuth direction 40° vs 20°. Common characteristics of 

the antennas include 1.2-1.35 GHz nominal operating frequency range, dual (V & H) linear polarization, 

beamwidth of 40° in elevation. The antennas come with robust mounting kit.  

 

Figure 4: L-band RF antennas nominal specs 

4.2 Airborne C-Band SAR 
The MetaSAR-C is the C band SAR system by Metasensing, a versatile and robust sensor characterized 

by low power consumption (<200W) providing imaging with sub-meter spatial resolution. Depending 

on the application, it can be operated in polarimetric or interferometric modes, FMCW or pulsed 

modulation techniques. The sensor is equipped with flat panel antennas based on microstrip 

technology. In Figure 5, some technical specifications of the sensor are summarized. Dimensions of the 

sensor are 50 cm x 50 cm x 50 cm and weight is 30 kg. The RF antennas are based on microstrip 

technology (flat panel).  

 
Figure 5: C-band RF antennas nominal specs 
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4.3 Mobile Hydra Probe II 
The Hydra Probe is currently in widespread use (e.g., in the Soil Climate Analysis Network (SCAN) of 

the Natural Resource Conservation Service) and has proven to be robust under a variety of field 

conditions. Previous research demonstrated that Hydra Probe measurements are precise and accurate 

in fluids with known dielectric properties and highly correlated with soil moisture in soils, indicating 

the potential of the instrument for quantitative measurement (Seyfried et al., 2005). The sensing 

volume (cylindrical region) 5.7 cm * 3.0 cm, where 5.7 cm is the integrated soil moisture sensing depth. 

The Mobile Hydra Set makes mobile soil moisture measurements possible by internal GPS and 

smartphone connection. The measured variables are Time, Latitude, Longitude, Soil Temperature [°C 

and °F], Soil Moisture [%], Bulk Electrical Conductivity (EC) Raw [dS/m], Bulk Electrical Conductivity TC 

[dS/m], Pore Water EC, Real Part of the Dielectric Permittivity (TC and raw), and Imaginary Part of the 

Dielectric Permittivity (TC and raw). The accuracy is in the region of ± 3 % Soil Moisture, ± 5 mS/m EC, 

and ± 0.1 °C Soil Temperature. 

4.4 Cosmic Ray Rover 
The use of cosmic-ray neutron sensing for measuring soil moisture became increasingly popular since 

Zreda et al. (2008) published their proof-of concept. This method relies on the inverse dependence of 

aboveground epithermal neutrons (energy range from ~0.2 eV to 100 keV) on the environmental water 

content in a footprint of 130 to 240 m radius and 15 to 83 cm penetration depth (Köhli et al., 2015). 

Because in terrestrial environments most water is stored in soils it is possible to infer its moisture 

content.  

A cosmic ray rover is a mobile cosmic-ray neutron sensing unit mounted on a car, which allows to 

measure soil moisture snapshots rather than temporal soil moisture evolutions, which was done in 

most studies up until now. Therefore, high sensitivity devices are needed, because the measurement 

precision highly depends on the number of measured neutrons. The Jülich cosmic rover (FZJ – 

Forschungszentrum Jülich) consists of an array of 9 detector units, each holding 4 10BF3-filled tubes, 

summing up to a total of 36 cosmic-ray probes. The presented data relies on 5 detector units that were 

measuring epithermal neutrons at the time, 3 of which were mounted vertically in the car, whereas 2 

were mounted horizontally. Cosmic ray rover data is available for the 27.6.2019 and the 8.8.2019. 

4.5 UAV sensors 
Unmanned Aerial Vehicle (UAV) measurements were performed during the campaign period providing 

RGB maps, temperature data as well as 5 channel multispectral measurements. RGB data by a Mavic 

Pro UAV is available for 17.6.2019, 26.6.2019, 3.7.2019, 25.7.2019, and 8.8.2019. FLIR VUE Pro 640 and 

Micasense RedEdge-M data are available for 26.6.2019 and 27.6.2019.  

 Data acquisition  
5.1 Campaign windows 
At the following dates the SAR and in situ soil moisture measurements were performed 

simultaneously, vegetation measurements and UAV flights were performed temporally close to those 

dates. 

 KW25: 19.06.2019 (M1) + 21.06.2019 (M2) 

 KW26: 25.06.2019 (M3) + 27.06.2019 (M4) 

 KW32: 08.08.2019 (M5) + 09.08.2019 (M6) 
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5.2 Soil parameters 
Continuous soil moisture measurements were performed by operational stations of the TERENO and 

ICOS networks in fields F10 and F11, respectively (Figure 6 and Figure 7). Field F11 has been frequently 

irrigated. The continuous measurement data is publicly available at www.tereno.net. 

 

Figure 6: Continuous soil moisture measurements at the lysimeter facility at field F10. 

 

Figure 7: Continuous soil moisture measurements at the ICOS field F11 (partly irrigated). 

The soil moisture and soil temperature as well as the other observable parameters recorded with the 

Hydra Probes were measured spatially for the whole Selhausen area (Figure 8). The sampling scheme 

considered the subsoil texture as well as the crop cultivation. Each point was measured three times 
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within an area of ~1m2 to cover also the small-scale soil moisture variability. In total, more than 5000 

soil moisture measurements were obtained during the six campaign days. 

 

Figure 8: Soil moisture sampling example of 21.06.2019. Each point was measured three times within a 1m2 area (see zoom 
map). Colours represent the soil moisture from red = 0% to blue = 22%. 

In addition to the soil parameters, the vegetation height at each point was measured and logged by 

the memo function of the Mobile Hydra Set, see Figure 9. 
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Figure 9: Crop height measured together with soil parameters on 21.6.2019. 

5.3 Cosmic Ray Rover Measurements 
Cosmic Ray Rover measurements were performed for the region covered by the airborne SAR systems 

(Figure 10). The measured neutron counts were converted to soil moisture using the approach from 

Desilets et al. (2010), which requires the calibration of the measured epithermal neutron intensity to 

soil moisture within the footprint. For the example shown here, this was done during earlier 

experiments using the measurement from 4 other cosmic-ray neutron probes stationed in the Rur 

catchment (Bogena et al., 2018).  
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Figure 10: Cosmic Ray Rover Measurements and preliminary soil moisture estimates in August 2019 for the whole SARSense 
region. 

5.4 Vegetation parameters 
Total biomass (fresh and dry weight) including canopy water content and leaf area index (LAI) were 

measured from five different crop types in the field (Table 1, Figure 11). LAI as well as total biomass 

are analysed from fresh plant tissue samples taken at least within 3 days of the flight overpass from 

the fields. After assessing the LAI and the fresh total biomass, dry weight and canopy water content is 

determined. The sample size for measuring the total biomass and the LAI is the same.  



 

Doc.:  Final Report 

Date:  8.7.2020 Issue:  1 Revision: 0 

Ref.:  ESA Contract No. 4000125444/18/NL/LF Page:  16 / 72 

 

 

Figure 11: Vegetation sampling locations incl. code considering crop type and soil heterogeneity and soil characterization of 
the Selhausen area.  

The here described plant parameters were acquired during two weeks in the summer 2019. Samples 

from the field were taken on June 25th and August 7th 2019. The selected crop types were potato, sugar 

beet, barley, rye, maize and wheat. The data acquired in the field were the developmental stage using 

the BBCH scale, plant height, GPS data, fresh weight, dry weight, water content, biomass, LAI and 

chlorophyll content using a SPAD-502Plus Chlorophyll meter (Konika Minolta Inc., Japan). For the SPAD 

measurements, the average of ten leaf measurements was determined. To record how much light can 

reach the ground under the canopy, a sun scan device was used. 

Table 1: Canopy level parameters that were determined during the time of overpass. Characterization of all parameters will 
be performed at Selhausen, Germany. 

Canopy parameter Measured by Unit 

Total Biomass (fresh) Weighing of fresh material g FW/ m2 ground area 

Total Biomass (dry) Weighing of dry material g DW/ m2 ground area 

Leaf Area Index (LAI) Determining total leaf area m2 leaf area / m2 ground area 

Canopy water content (canopy H2O) FW - DW g H2O / m2 ground area 

 

Sample processing 

Before harvesting, photos of each field location should be taken to document the constitution of all 

plants. Whole plants of a 40 x 40 cm2 square was harvested. That meant for potato around two, for 

wheat 20, for sugar beet 1-2, for barley 30, for maize 2-3 and rye 20 plants in total. 

Then, one whole “representative” plant is taken out of the soil in each field location. It is cut at the 

roots. Each plant is harvested in a tight plastic bag, which is sealed against water evaporation. In the 

lab, the fresh weight of plants is measured while the plant is sealed in the plastic bag. For the 
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determination of the chlorophyll and carotenoid content, fresh green leaves were sampled in the field. 

Using a leaf tissue puncher, 5-10 leaf disks with a diameter of 9 mm were randomly punched out of 

the upper green leaves of a plant. The leaf disks were transferred into 2-mL microcentrifuge tubes, 

immediately frozen in liquid nitrogen and transported to the Jülich Research Centre.  

The weight of a bag should be determined separately in advance. Then, all plants are taken out from 

the bags to determine the fresh weight and the LAI of each plant is calculated with a LAI meter Li-3200 

Area Meter from LiCor. After leaving the plants in a drying oven at 65 °C for a few days, the dry weight 

can be measured. The canopy water content can then be determined by subtracting dry weight from 

fresh weight. 

Sample preparation and analysis (Chlorophyll and Carotenoid) 

The leaf disk samples acquired in the field and stored at -80° C were weighed into 2-mL microcentrifuge 

tubes with a weight between 10 mg and 20 mg. The extraction of chlorophyll A, chlorophyll B and 

carotenoids was performed with 100% acetone buffered with magnesium hydroxide carbonate 

(~4MgCO3 Mg(OH)2 5 H2O). 10 g of magnesium hydroxide carbonate were mixed with 500 mL of 

acetone and stored at 4° C. 250 μL of the described buffer were added to the previously weighed leaf 

disk including a metal sphere. Homogenization was done using the swing mill MM 400 (Retsch, 

Germany) for 60 s at a frequency of 30/s. The metal ball was removed using a magnet and washed 

three times with 250 μL acetone buffer that was captured in the microcentrifuge tube. The tubes were 

then centrifuged at 4°C at 4100 rpm for 5 min.  

250 μL of the supernatant were transferred into a cuvette and mixed with 750 μL acetone 100% 

(dilution 1:4). Absorption was measured with a Specord 200 Plus spectrophotometer (Analytik Jena 

AG, Germany). The measurements were performed at the wavelengths 470 nm, 645 nm, 662 nm, and 

710 nm. During all steps, starting at the extraction, the tubes were exposed to as little light as possible 

and continuously stored on ice until measurement.  

For the determination of the chlorophyll and carotenoid content, the absorbance values in the 

following equations as described in Lichtenthaler and Buschmann (2001) and Lichtenthaler (1987) 

were substituted with the acquired values: 

Chl A= ((11.24*(A662 – A710) – 2.04*(A645-A710))*dilution factor)* (extraction vol. / (fresh weight)) 
Chl B= ((20.13*(A645-A710) – 4.19*(A662-A710))*dilution factor)* (extraction vol. / (fresh weight)) 
Chl A+B= ((7.05*(A662 – A710)+18.09*(A645-A710))*dilution factor) * (extraction vol. / (fresh weight)) 
Bulk Carotenoids= ((((1000*(A470-A710)-1.90*ChlA-63.14*ChlB)) /214)*dilution factor)*(extraction vol. / (fresh weight)) 

5.5 SAR measurements 
In the framework of ESA’s SARSense project a series of airborne SAR measurements have been 

performed over the Jülich site in Germany for the Forschungszentrum Jülich GmbH. The campaign 

consists of simultaneous polarimetric airborne SAR acquisitions at C- and L-band to be performed over 

agricultural crops. In total, 6 different missions were planned. 

System setup 

According to the CIP, the installation of the system has been performed at the Skydive Center in Spa, 

Belgium, on board of a Cessna 208. The system was not uninstalled between M1 and M2. Afterwards, 

a new installation has been made for M3 and for M4, because the airplane had to be used for other 

purposes. Still, the antenna configuration did not change between different flights: the left-looking 

side, the nominal antenna look angle of 45° and relative distances between antennas remained the 

same among the different missions (Figure 12).   
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Figure 12: System installation on the C208 used for acquisitions. 

Acquisition parameters 

The acquisition parameters were set and remained the same for all the flights (Table 2).  

Table 2: SAR acquisition parameters. 

 Parameter   L C 

Center frequency [MHz] 1375 5400 

Bandwidth [MHz]  50 200 

Sampling frequency [MHz] 50 

PRF [KHz]  1.89 actual 

Flight altitude  FL50 (1620 m actual) 

Flight tracks 

Three tracks were flown: A and B, which are flown from south to north, and C, flown north to south, 

where the data over the corner reflectors can be acquired. These three tracks have been designed for 

an incidence angle illumination of processed images in the [35°-55°] range, with some 20% overlapping 

among adjacent strap images, see Figure 13. 
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Figure 13: SARSense designed tracks. 

 

A  Start     50.845352     6.497912       Stop  50.915435  6.430639 

B Start   50.839125  6.484670      Stop   50.910784    6.416184 

C Start    50.903174  6.398070  Stop    50.832884  6.465241 

 

Corner reflectors 

Three 75 cm side triangular corner reflectors have been placed during the acquisitions. Their designed 

position is summarized in Table 3 and shown in Figure 14.  

Table 3: Designed corner position and orientation. 

Corner # Position Azimuth orientation * Inclination  

1 (near)  50° 52.054'N              6° 26.795'E 

 
239° 

58° 

2 (mid)  50° 52.151'N              6° 26.932'E 52° 

3 (far) 50° 52.153'N              6° 27.082'E 48° 

*The magnetic declination in the area is ~1°50’ and it has been neglected. 
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Figure 14: Corner reflector displacement. Top, designed position (Google Earth image), Bottom, actual position (aerial picture) 
highlighted in yellow. 

Acquisition logs 

In the following tables an overview of the performed acquisitions is given. For each mission finalized, 

the acquisition name corresponds to the GPS time of the beginning of the acquisition. For redundancy 

reasons, SAR data have been acquired at least twice along each track.  

Table 4: Acquisition log for M1 on 19.6.2019. 

Acq# Track  Notes  

092317 C Very windy day, with strong cross wind  

092818 A 
At half way the door closed during the acquisition, so 
acquisition was not finalized  

093303 C  

093755 B  

094248 C  
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094743 A  

095241 C 
At L band it has been transmitted higher power (40 
dBm versus the usual 35 dBm)  

095649 B  

 

Table 5: Acquisition log for M2 on 21.6.2019. 

Acq# Track  Notes  

082733 C  

083247 A  

083756 C  

084243 B  

084757 C  

085225 A  

085745 C  

090210 B  

 

Table 6: Acquisition log for M3 on 25.6.2019. 

081428 C 

 

Small issue at a not-loocking PLL solved during 
flight  

082051 A  

082535 C  

083050 B  

084204 A  

085255 B  

090606 C  

 

Table 7: Acquisition log for M4 on 27.6.2019.   

073009 C 

 

Few scattered clouds on the AOI 

073544 A  

074106 C  

074551 B  

075616 A  

080716 B  

082120 C  
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Aerial pictures  

During each mission, several aerial pictures have been shot of the monitored scenario, for validation 

purposes. These will be part of the delivery together with the processed SAR data. As example, Figure 

15 and Figure 16 show aerial pics respectively of some agricultural crops showing some features and 

of a field being irrigated during the acquisitions.  

 

Figure 15: Aerial pic of agricultural crops characterized by features. 

 

Figure 16: Aerial pic of an agricultural crop being irrigated during acquisitions.  
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5.6 SAR data processing and delivery 
Here, the contents of the airborne SAR data delivered are described and its quality while briefly 

reviewing the processing procedures are assessed. Data quality is assessed by visual inspection and 

through a set of metrics standardized in SAR environments.  

 Visual inspections help us certify that radiometric and geometric calibration have been realized 

properly. Radiometrically calibrated data should not show reflectivity undulations induced by 

antenna patterns, range variations or topography. Proper geolocation should offer no offsets 

between radar and optical data on geographical coordinates. 

 Noise-equivalent sigma zero (NESZ) is a performance measurement of SAR instruments and it 

is related to the system signal to noise ratio (SNR). The NESZ values correspond to the 

backscatter (σ) of the thermal noise in the SAR imagery. A low NESZ indicates that a system 

has enough sensitivity to capture returns from targets with small radar cross section (RCS).  

 Impulse response functions (IRF) are derived from point-like targets, such as corner reflectors 

(CR). The IRFs measure image resolution, which translates into how well focused the data is. 

Function responses are evaluated in both directions, range and azimuth (or when in map 

coordinates: cross-range and ground range. 

The project consisted of multi-temporal acquisitions at C- and L-band simultaneously in polarimetric 

mode. Spanning over six missions, and at three data takes per mission, provided a total of 72 images 

per frequency. Each data take corresponds to one of the three flight lines (Alpha, Bravo and Charlie) 

that were designed. All lines have a look angle diversity ranging from 25 to 45 degrees and overlap at 

the swath edges.  

5.7 SAR data processing 
This section describes the processing flow, illustrated in Figure 17, and explains the algorithms used 
for image generation. There are three main data input sources: radar, navigation system and a digital 
elevation model (DEM). The navigation data is post-processed via DGPS and formatted for later use in 
the image formation process. Radar data is transcribed, subsequently, range compression is applied 
by means of a traditional pulse compression scheme or by a fast-time FFT (if using an FMCW radar). 
Here, azimuth compression is performed in time-domain using back-projection to account for the 
non-linear platform motion. By default, this will provide a focused image in ground coordinates already 
geolocated. Windowing may be used during range or azimuth compression to increase side-lobe 
suppression at the expense of slightly degrading the resolution. After having generated a focused 
image, in the radiometric and geometric calibration modules, mis-registrations are corrected and 
antenna pattern is removed. If desired, the data can be multi-looked to reduce speckle noise levels 
and is then packaged together with its metadata into a NetCDF structure (MetaSAR NetCDF File Format 
Description). 
 
Table 8: Summary of the main parameters used for data processing. *Limited by local authorities. 

  L-band  C-band 

Transmitted Bandwith* (MHz) 50 200 

Azimuth Bandwidth (MHz) 100 100 

Window type rg & az Hann & Hann Hann & Hann 

Pixel spacing rg x az (m) 1x1 1x1 

Multilooking Boxcar (m) 3x3 3x3 
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Figure 17: Block-diagram showing the data processing flow. 

 Results 
6.1 Data quality analysis by Range Doppler map processing 
During and after each mission some quick look data analysis has been performed to assess the data 

quality. Range Doppler maps have been processed, as shown in Figure 18 and Figure 19. 
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Figure 18: Example of RD maps plotted for an acquisition at C band during M2. As usual, the two co-pol channels (VV and HH) 
are characterized by higher SNR than the two cross-pol channels (VH and HV). 

 

Figure 19: Example of RD maps plotted for an acquisition at L band during M2. As usual, the two co-pol channels (VV and HH) 
are characterized by higher SNR than the two cross-pol channels (VH and HV). 

6.2 Navigation data 
Navigation data of each missions has been post-processed using differential correction data from 

ground reference stations. Position and attitude accuracies of the computed solutions are in line with 

expectations and healthy for further SAR processing. As an example, in Figure 20 the position and 
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attitude measurement accuracies are given for the postprocessed navigation data of M2. Cm-level and 

arcmin-level accuracies are shown in the plots for position and attitude measurements, respectively.  

 

 

Figure 20: Accuracies obtained from the postprocessing of navigation data from M2. Top, position accuracy. Bottom, attitude 
accuracy. 
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6.3 SAR data 
As an example, in Figure 21 some preliminary processed SAR images are given, relatively to M2, at 

C- and L-band, at the top and bottom respectively.  

 

Figure 21: Examples of preliminary processed SAR images from M2 of the SARSense campaign. Top: C-band. Bottom: L-band. 
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6.4 UAV data 
UAV flights were performed in order to better characterize the spatial heterogeneity of the region 

under investigation. Land surface temperature is presented in Figure 22 and the Normalised Difference 

Red-Edge Index (NDRE) is presented in Figure 23. 

 

Figure 22: Surface temperature measurements by a FLIR VUE Pro of 27.6.2019. 
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Figure 23: Normalised Difference Red-Edge Index measured by Micasense Red-Edge-M of 27.6.2019. 

6.5 Sentinel-1 data 
In addition to the SARSense data set, time series of S-1 IW GRDH data, acquired over the Selhausen 
site, along two ascending and two descending orbits (see Table 9) have been gathered and 
pre-processed (i.e., calibrated, multi-looked, geocoded, and temporal filtered). Also, S-2 L2A data (i.e., 
bottom of atmosphere reflectance), acquired along one orbit (see Table 9), have been collected, and 
time series of NDVI estimated.   
In the following, an initial contribution illustrating the temporal behaviour of S-1 VV & VH backscatter 
and S-2 NDVI over the Selhausen crops during the SARSense campaign is reported. In 2019, the winter 
crops cultivated over the site were: wheat, rye, and rapeseed; whereas the summer crops were: 
summer cereals, corn, sugar beet, and potato. 
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Table 9: S-1 orbits covering the Selhausen site. 

Orbit ID 
Relative Orbit 

Number 
Pass 

#pre-processed 
products 

S-1 A015 15 Ascending 37 

S-1 D037 37 Descending 41 

S-1 A088 88 Ascending 40 

S-1 D139 139 Descending 39 

S-2 R008 8 Descending 49 

 
The crop map of the site has been used to extract the S-1 VV & VH and S-2 NDVI observations over the 
various crops at the field-scale. For the sake of brevity, the following analysis focuses on a selected 
subset of crops, representative of the main radar scattering mechanisms over agricultural areas. 

Winter crops 

S-1 time series of the VV & VH backscattering coefficients, from January 30 (DoY 30) to July 29 (DoY 
210), are reported in Figure 24 (top right panel) for wheat field F17b (see Figure 2). The location of the 
field within the site of Selhausen and a photo documenting the vegetation state, acquired during the 
survey of the site, are reported on the left panels. The bottom right panel shows the temporal 
behaviour of the S-2 NDVI together with the VH/VV ratio, which may be regarded as proxy of the NDVI 
(Khabbazan et al., 2019, Veloso et al., 2017). It is worth noting that the VV backscatter (right top panel, 
black line) decreases in the first part of the growing season (i.e., DoY 60 to 120) due to the attenuation 
produced by the vertical stems of the wheat canopy (Picard et al., 2003). In the subsequent period of 
senescence (i.e., up to DoY 181), the backscattering coefficient increases again because the canopy 
gets dry and, therefore, almost transparent to microwaves. For this reason, in C-band winter wheat is 
a crop dominated by soil-attenuated scattering throughout the growing season. Satalino et al. (2014) 
proposed a simplified threshold approach (~-14 dB) to discriminate crops dominated by 
soil-attenuated scattering (below the threshold) from those dominated by volume scattering (above 
the threshold).  

 
Figure 24: F17b winter wheat field. Top left: F17b location. Bottom left: photo of the field on June 20. Top right: time series 
of S-1 backscattering coefficient in VV (black) and VH (magenta); the threshold proposed by Satalino et al. (2014) is also 
reported (black dashed line). Bottom right: time series of S-2 NDVI (green) and S-1 VH/VV (blue). For the EO data, the field 
average (solid line) and standard deviation (shaded area) are reported.   
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Summer crops 

The analysed period for the summer crops spans from April 10 (DoY 100) to August 29 (DoY 241). The 
pre-processing of S-1 data for the rest of the year is ongoing. 
Figure 25 is the same of Figure 24 but for sugar beet (field F21 in Figure 2). In the first part of the 
growing season (i.e., DoY 133 to 163), a rapid increase of the VH (i.e., from -20.4 to -14.0 dB) and VV 
(i.e., from -11.8 to -8 dB) is observed. This is due to the fast development of the plant, characterized 
by large leaves randomly orientated in space. It is worth noting that the VV increase is mostly related 
to the direct scattering from the leaves, whereas that of VH is due to multiple reflections between 
leaves (Saich and Borgeaud, 2000). After the first growing phase, the plant shows a fairly stationary 
behaviour that reflects the stable level of both the VH & VV channels observed for the rest of the 
period. 
Figure 26 is the same of Figure 24 but for potatoes (field F11 in Figure 2). The crop shows a similar 
behaviour to that of sugar beet, though the existence of deep furrows introduces an important 
roughness anisotropy that can be detected by comparing ascending and descending orbits (Khabbazan 
et al., 2019, Wegmuller et al., 2011).  

 
Figure 25: F21 sugar beet field. Top left: F21 location. Bottom left: photo of the field on June 20. Top right: time series of S-1 
backscattering coefficient in VV (black) and VH (magenta); the threshold proposed by Satalino et al. (2014) is also reported 
(black dashed line). Bottom right: time series of S-2 NDVI (green) and S-1 VH/VV (blue). For the EO data, the field average 
(solid line) and standard deviation (shaded area) are reported. 



 

Doc.:  Final Report 

Date:  8.7.2020 Issue:  1 Revision: 0 

Ref.:  ESA Contract No. 4000125444/18/NL/LF Page:  32 / 72 

 

 
Figure 26: F11 potato field. Top left: F11 location. Bottom left: photo of the field on June 20. Top right: time series of S-1 
backscattering coefficient in VV (black) and VH (magenta); the threshold proposed by Satalino et al. (2014) is also reported 
(black dashed line). Bottom right: time series of S-2 NDVI (green) and S-1 VH/VV (blue). For the EO data, the field average 
(solid line) and standard deviation (shaded area) are reported. 

6.6 Data quality of the SAR data 
The data has been processed using three grids, one for each designed track, to enable a quick 
generation of slc stacks. The flight line identifier uses the following naming convention: starting time 
stamp followed by an underscore and a single digit to indicate the radar frequency. L-band data 
corresponds to 1 whereas C-band uses 0 (MetaSAR NetCDF File Format Description). 
Three corner reflectors were deployed in the scene, sub-optimal pointing deemed them not reliable 
for radiometric calibration or resolution retrieval purposes in this dataset. Instead, since they still 
appear brighter than their surroundings, the corresponding data peaks have been used to retrieve the 
radar range delay. Absolute radiometric calibration is based on S-1 data provided. Relative calibration, 
on a line-to-line basis, is performed by estimating the noise power in the range compressed data and 
compensating any deviations from a set reference. 
 
Geometric calibration 

Ground control points, in this case corner reflectors, were used to estimate the radar range delay and 
subsequently asses the geolocation accuracy. The corners geographical coordinates are superposed 
on the georeferenced data and comparing the bright spot on the amplitude image with the corner 
location we can estimate a geometric offset. This procedure is applied to each corner and then the 
overall root mean square (RMS) accuracy is calculated for both radar systems in each direction. Here, 
cross-range and ground-range denote along-track and cross-track directions respectively, all lines 
having a mean heading of 328 or 148 degrees depending on the right direction. Note that various 
factors play a role in the geometric calibration and some of them can have a significant impact such as 
the corner reflector surveys. Different data takes may have sub-pixel co-registration accuracy but if 
the corner measurement has an accuracy worse than that of the radar, then the corner will ultimately 
dictate the global misregistration error.  
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Table 10: RMS of global geolocation accuracy for C- and L-band products. Note that a significant part of the error is induced 
by the accuracy of the corner reflector measurement itself. 

 

Radiometric calibration 

In multi-temporal acquisitions system gains, among others, may drift over time. To avoid relying on a 

ground control point and avoid matching the airborne radar reflectivity to that of S-1 on a pass-by-pass 

basis, we estimate the noise level for each data take to calibrate the images among themselves. Figure 

27 shows the noise power variation for C- and L-band during the course of this project. Here, the first 

acquisition is taken as a reference value for both C and L frequencies and from these, a relative noise 

level is calculated for each track to zero-out any temporal fluctuation. 

 

Figure 27: Error bars showing noise power estimated from range compressed data for each flight line. Here, only HH is shown 
without loss of generality to the other polarization pairs. 

 

Figure 28: System C-band calibration based on S-1. The calibration constant has been adjusted so that the airborne data is 
within S-1's reflectivity span. Left: Backscatter histograms of S-1A and the C-band airborne system over a forested area. Right: 
Sigma nought as a function of the incidence angle for both S-1 and the C-band airborne radar. 

System Cross-Range Ground-Range 

L-band 3.05 m 3.01 m 

C-band 3.06 m 2.92 m 
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With the S-1 data provided by project partners, over pass 20190620T055005 was used to adjust a 

global calibration factor to match the reflectivity histograms at C-band, minimizing the mean offset 

between the airborne and spaceborne data sets. A common patch over a uniformly forested area was 

selected for study and the resulting histograms after calibration correction are shown in Figure 28. 

Regarding the L-band data set, the data was calibrated to the C-band system. Based on empirical values 

found in the literature (Ulaby et al., 1986), we expected the longer wavelength to have a return about 

2-3 dB lower. Using a similar procedure as the aforementioned one, aggregating the data for all 

missions we calculated the backscatter histogram of a uniformly forested area at both frequencies. 

Then, we estimated a calibration constant for the L-band system such that its histogram mean would 

fall 2.5 dB below that of the C-band radar. Results after calibration are shown in Figure 29. 

 

Figure 29: Forest backscattering response histograms used to calibrate the L-band. Left: C-band; Right: L-band. 

NESZ 

In order to sample thermal noise in the imagery common practices are to look for shaded areas or 

smooth surfaces that offer specular reflection. Oil spills that create a slick layer over open water or 

standing water are often selected. The scene imaged in this project was comprised mostly by at 

agricultural fields resulting in neither shades nor rivers. At the northernmost end of the central pass, 

there is a rectangular area of standing water that was partially included in all data takes, see Figure 31. 

This area was selected as a best effort to estimate the NESZ for both systems. Figure 30 shows the 

aggregated NESZ over all flight lines as a function of the incidence angle and their distributions. The 

system specification is derived by the mean of all values yielding -34.8 and -27.6 dB for the L- and 

C-band radars, respectively. The slightly lower performance at C-band is, among others, due to a lower 

transmitted power. 
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Figure 30: Radars performance estimation for data collected during the project: a) and c) show the NESZ as a function of the 
incidence angle for L- and C-band respectively; b) and d) show the NESZ distribution for L- and C-band radars, respectively. 

 
Figure 31: Geolocated C-band image showing in a blue polygon the area used to estimate the systems NESZ. 

6.7 Radar calibration  
Here figures of radar imagery after geometric and radiometric calibration for each processing grid and 

band are shown as extended visual support. 
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Corners 

 

Figure 32: Each row corresponds to a different corner. CR1, CR2 and CR3 being top, middle and bottom. Left and right columns 
correspond to C- and L-band respectively. 
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Geolocation 

Examples of geolocated images for each system. 

 

Figure 33: Zoom in for geolocation detail, radar data layer has increased transparency to show overlap with optical imagery. 
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Polarimetric composites 

Examples of polarimetric composites for each system 

 

Figure 34: L-band polarimetric composite. Red - HH, Green - HV, Blue - VV. 
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Figure 35: C-band polarimetric composite. Red - HH, Green - HV, Blue - VV. 

6.8 SAR data analysis 
In order to provide recommendations for the ROSE-L satellite mission, the potential of L-band SAR data 

for soil surface and vegetation parameter retrieval and its synergy effects through potential 

combination with C-band SAR data from existing missions like S-1 need to be evaluated. In this regard, 

a first analysis was carried out, investigating the sensitivity of L- and C- band to in situ measured 

changes of soil moisture and plant height for potato, maize, sugar beet, wheat and barley fields within 

the Selhausen test site. It has to be noted that in the campaign period in summer 2019 exceptional dry 

conditions occurred. Single fields were irrigated to increase the observed soil moisture range. Besides 

the analysis of the polarized backscattering amplitudes, target and eigenvalue decomposition methods 

were applied on both data sets, namely the Freeman and Durden three-component model-based 

(Freeman and Durden, 1998) and H/A/alpha eigen-based (Cloude and Pottier, 2002) decompositions. 

6.8.1 Pre-processing 

In a first step, the in situ data was filtered, using the reliability flag (Data_reliability = 0) as well as soil 

moistures with 0.0% were masked as NaN. In this regard, these values are not considered in further 

analysis. The soil moisture in situ data were collected as up to three individual measurements close to 

each other for each measuring location. Therefore, measurements at related points were averaged 
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and a new point was defined, located in the centre of these points. To extract the polarimetric SAR 

data at these locations, the points were buffered to a circle with an 11 m radius.  

In order to create a continuous time series in which the recording conditions are as similar as possible, 

only SAR images from descending flights were used in this analysis. Since the individual flights were 

not flown on the same trajectory, the scenes are offset by up to 49 m, resulting in different incident 

angles for the related test sites. Even though the respective scenes largely cover the Selhausen test 

site, some of the marginal fields were not completely illuminated.   

Sigma nought  

To evaluate and compare the SAR data sets, further pre-processing steps had to be carried out. The 

backscatter amplitude sigma nought ( 𝜎0) was calculated from the Sigma Single Look Complex (SLC) 

NetCDF4 file by: 

𝜎0  =  20 × 𝑙𝑜𝑔10 | 𝑖 + 𝑗 |  

with i = real part and j = imaginary part of the SLC image. 
 

In a next step, a Lee filter (Li and Lee, 1993) was applied with a window size of 10 pixels to reduce 

speckle noise. The rasters were geolocated using the additional latitude and longitude information 

within the SLC NetCDF4 file (Figure 36). 

Decompositions 

The decompositions were processed using the publicly available software PolSARpro v6.0 Biomass 
Edition, offered by the European Space Agency (ESA). The educational software offers a wide range of 
scientific methods for exploration of partial and full-polarimetric SAR data from existing spaceborne 
(e.g. Sentinel-1, Radarsat2, TerrarSAR X) and airborne sensors (e.g. Airsar, UAVSAR, SETHI). The 
software as well as additional information can be retrieved under 
http://step.esa.int/main/download/polsarpro-v6-0-biomass-edition-toolbox-download/ (visited: 
07.04.2020).  

 

Figure 36: Comparison between unfiltered (left-side) and speckle filtered (right-side) SAR image for C-band (left map) and 
L-band (right map) for HH polarization from 19.06.2019. 

To import the SARSense data into PolSARpro, the real and imaginary raster data from NetCDF4 file 
were converted into float32 arrays, and the x and y dimensions were retrieved per scene (Figure 37). 
As the radar transmitter and receiver are collocated, the data was imported for the monostatic case 

http://step.esa.int/main/download/polsarpro-v6-0-biomass-edition-toolbox-download/
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(S12 = S21) in form of the Sinclaire S2 matrix, with the number of rows and columns retrieved from the 
previous step. All decompositions were made using an 11 x 11 pixel window size, resulting in an 8-bit 
.bmp raster file and ENVI .hdr file, containing related metadata. The raster pixel (x) was rescaled to dB 
values according to Xie et al. 2018 with: 

𝑑𝐵𝑥 =  
(𝑥−1)×(𝑑𝐵𝑚𝑎𝑥− 𝑑𝐵𝑚𝑖𝑛)

255−1
+ 𝑑𝐵𝑚𝑖𝑛        

Afterwards, the rasters were geolocated using the longitudinal and latitudinal pixel information stored 

in the original SLC NetCDF4 file.  

 

Figure 37: Processing steps for PolSARpro v6.0. decompositions. 

Yamaguchi Three-Component Decomposition 

To overcome the problem of non-negative eigenvalues observed in the Freeman and Durden three 

component decomposition method, the Yamaguchi method uses an adaptive volume scattering model 

(Cui et al. 2012). In a first step, the 3 x 3 coherency matrix T obtained from the measured full-polarized 

backscatter is doubled transformed using an orthogonal followed by an unitary transformation. The 

adaptive volume scattering model, with the adaptive parameter 𝛾 is given by:  

𝑻𝑉 =   [
𝛾 0 0
0 1 0
0 0 1

] , 0 ≤  𝛾 ≤ 2  

If 𝛾 = 2, a cloud of dipoles is assumed; if 𝛾 = 1, the maximum randomness model of An et al. 2010 is 

used; with 𝛾 = 0, the extended volume scattering model for urban areas of Singh et al. 2011 is used. 

The underlying concept for vegetated areas assumes, that the received signal is dominated from the 

reflection of randomly oriented leaves and branches (volume scattering), followed by double bounce 

backscatter from ground to tree-trunk/crop-stalk and stem reflections as well as direct reflection from 

the soil surface. As vegetation and soil information are separated, the retrieved components are more 

sensitive to changes either in vegetation or soil surface parameters.  
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H/A/alpha Decomposition 

Cloude and Pottier (1997) introduced a decomposition method based on the eigenvector and 

eigenvalue analysis of the coherency matrix T. In this regard, the averaged coherency matrix can be 

described as 

〈|𝑇|〉 =  [𝑈1] [

𝜆1 0 0
0 𝜆2 0
0 0 𝜆3

] [𝑈1]∗𝑇 

with 𝜆𝑖 as the eigenvalue, [U1] and [U1]*T being the eigenvector column matrices and complex 

conjugate transpose of it. From the eigenvalue the parameters entropy H and anisotropy A, from the 

eigenvector the parameter 𝛼 can be derived. Entropy is a measure of randomness of the polarimetric 

scattering process raising with complexity in scattering and co-occurrence of more and more scattering 

mechanisms, anisotropy gives information about the relative importance of secondary scattering 

processes. The angle 𝛼 is a measure about the dominant scattering mechanism, with 0°, 45° and 90° 

indicating single, volume and double bounce scattering (Cloude and Pottier, 2002, Deng and Wang, 

2014). Even though the H/A/alpha decomposition is mainly used for classification purposes, it can also 

be used for parameter estimation. Here, the analysis of L- and C-band can give a better understanding 

regarding the parameter behaviour for different surface and vegetation conditions. 

6.8.2 Results 

Sigma nought and soil moisture 

The backscattering amplitude was retrieved within an 11 m radius around the soil measuring locations 

for the fields F11 (potato), F14a (sugar beet), F42 (maize), F36 (barley), F22cb (wheat) and the mean 

value of the soil moisture was calculated for each date. The radius was chosen quite large, as the SAR 

data has an off set of up to 3 m in each direction. In some cases, the soil-moisture data do not cover 

all SAR recording dates but are missing either the 25.06.2019 (F42) or the 27.06.2019 (F22cb). 

Furthermore, it needs to be mentioned, that the L-band radar centre frequency changed from 1.4GHz 

in the June observations to 1.3 GHz for the dates 08.08.2019 and 09.08.2019. In this regard, the 

backscattering values are not compared directly between these two date periods and are excluded in 

the scatter plots for both bands as well as backed with grey in the time series plots for a better 

visualization.  

Nevertheless, a difference in L- and C-band can be observed. As an example, both SAR data on field 

F11 are shown in Figure 38 for the 27.06.2019, where the field was partially irrigated during the SAR 

recording. It can be observed that the HH backscatter signal of the L-band as well as C-band show a 

difference between irrigated and non-irrigated areas. In the irrigated part, the sigma nought values 

tend to be higher, whereas the non-irrigated parts have lower backscatter values. Looking at the 

histogram, the mean value of the non-irrigated area in L-band is around -24.1 dB, the irrigated one 

around -21.1dB. For the C-band, the mean of the non-irrigated area is around -18.3 dB, the irrigated 

one around -15.3 dB. In this regard, L- and C-band tend to be equally sensitive to irrigation and soil 

moisture in this example. As the field was irrigated during the recording, a considerable part of the 

water was still on the plants within the interception storage. Consequently, a statement about the 

sensitivity to soil moisture must be made with caution. Moreover, the incidence angle dependence is 

still visible with an incidence angle range from 31 to 45 roughly from East to West (Figure 39). 
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Figure 38: L-band HH (upper) and C-band (lower) backscattering signal and histogram for irrigated and non-irrigated areas of 
field F11 during partial irrigation at 27.06.2019. 

 

Figure 39: Incidence angle range for field F11 during SAR acquisitions of flight track C on 27.06.2019. 
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Figure 40: Sigma nought profile in range direction for L-band (left) and C-band (right) for HH and VH polarization. 

What can be seen in both bands is the decreasing backscatter volume with increasing incident angle, 

both in the irrigated and non-irrigated areas. Looking at the range profile for L- and C-band from a 

whole scene, this behaviour can be seen as well (Figure 40). In L-band, the mean backscatter value for 

HH polarization is around -27 dB at an incident angle of 28° and increases to -18 dB at an incident angle 

of 58°. In C-band, the mean HH backscatter value is -22 dB at an incident angle of 31° and increases to 

-12 dB at an incident angle of 60°. For VH polarization, L- band changes from -31 dB to -27 dB, C-band 

changes from -28 dB to -19 dB. As the individual scenes for each recording date are shifted up to 49 

meters, also the incident angle for each location is changing per scene. In this regard, a change in 

backscatter value of a pixel is not only influenced by changing surface conditions but also partially by 

the change of incident angle. 

Looking at the soil moisture, the conditions during the SARSense campaign were quite dry, ranging 

mainly between 2% and 30% volumetric water content (Figure 41). Especially in June, all fields despite 

field F11 which was irrigated, do not exceed a mean soil moisture above 15%. The maximum change 

in soil moisture is around 11%, observed from the 21.06.2019 to 25.06.2019 at field F14a. This can lead 

to a reduced sensitivity for soil moisture change using SAR, as the dielectric constant has reduced 

sensitivity to changes in soil moisture itself during very dry conditions (de Jeu et al., 2008).  
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Figure 41: Times series of soil moisture and sigma nought for HH and VH polarization (left) and related scatterplots (right) for 
the field F11 (potato), F42 (maize) and F22cb (wheat). 
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Figure 42: Times series of soil moisture and sigma nought for HH and VH polarization (left) and related scatterplots (right) for 
the fields F14a (sugar beet) and F36 (barley). 

It should be noted that the number of soil moisture measurements varies from day to day and from 

field to field, which may lead to an under- or overestimation of the mean soil moisture in the 

comparison. Despite the dry conditions, a backscatter behaviour specific to plant, soil moisture and 

frequency can be observed. Here, HH- and VH-polarization were used, being more related to either 

surface or double bounce and volume scattering. A significant difference in behaviour of backscatter 

amplitude regarding soil moisture between C- and L-band can be seen comparing field F11 (potato) 

and field F42 (maize) (Figure 41). At field F11, L-band HH and VH backscatter amplitude reacts more 

sensitive to soil moisture changes in June than C-band. The scatter plot shows that especially for soil 

moisture ranging from 16% to 32%, an increase in soil moisture is related to an increase in backscatter 

amplitude in L-band, whereas C-band does not react relatively to soil moisture changes. A possible 

explanation for this behaviour may be the different sensitivity of both frequencies to surface roughness 

and vegetation cover. At field F11, L-band is less affected by the intense rowing and vegetation cover 

and can penetrate the soil deeper than C-band, resulting in a better correlation between soil moisture 

and backscatter amplitude. 

The opposite behaviour is observed looking at field F42, where C-band, especially the VH polarization, 

is at a first glance slightly more sensitive to soil moisture changes than L-band. The C-band signal is 

more affected by changes in vegetation cover compared to L-band. During a continuous monitoring, 

the reduction in vegetation water content is in line with the reduction of soil moisture. Therefore, also 

C-band SAR has soil moisture monitoring capabilities, but in the case of the relative dense crop cover 

of maize in a more indirect way. Synchronous C- and L-band observations may help to disentangle 

vegetation and soil moisture changes (Capodici et al., 2017). 
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At field F14a, both L-band HH and VH polarization as well as C-band VH backscatter are sensible for 

the decrease of soil moisture from 21.06.2019 to 25.06.2019, whereas the C-band HH polarization 

amplitude changes only marginally (Figure 56). What is striking is the increase in the amplitudes of 

L-band HH and VV as well as C-band HH and VH from 25.06.2019 to 27.06.2019, even though no change 

in soil moisture could be observed and the value remains around 2%. Under very dry soil conditions, it 

can be observed, that the backscatter signal tend to be higher than under wetter conditions, due to an 

increase volume scattering of the dry soil itself (Morrison und Wagner 2020; Jeu et al. 2008)). Looking 

at the scatterplot, C-band HH and VH slightly decrease with increasing soil moisture, whereas L-band 

HH and VH is not similarly affected. For field F36 and F22cb, the changes in soil moisture are quite 

small in June, with a maximum of 5% for consecutive SAR observations (Figure 56 and Figure 42). 

Looking at the scatterplots, C-band HH polarization tends to decrease with increasing soil moisture, 

whereas VH polarization is not changing significantly. L-band HH and VH polarization is increasing with 

increasing soil moisture for F36, whereas no clear trend can be observed at field 22cb. Nevertheless, 

the small decrease in soil moisture at field F36 from 25.06.2019 to 27.06.2019 can be only observed 

with C-band HH polarization. What is striking, is that for field F36 and F22cb, VH amplitude is always 

close or even below the NESZ. In this regard, the interpretation of changes in amplitude are not very 

significant. 

The L-band SAR signal shows a low performance in backscatter amplitude compared to soil moisture 

in August. In all of the cases, the backscattering signal is either not responding or increasing to a soil 

moisture decrease observable on the fields. This is especially noteworthy, as the soil moisture in 

August is generally higher than in June, where a sensitivity to soil moisture change in L-band is 

observed. Here, C-band performs better with a clear decrease in amplitude for the field F42, F36 and 

F22cb, almost no change for F14a and increasing backscatter amplitude for F11. Furthermore, for field 

F22cb and F36, the amplitudes of L-band are far below the NESZ. In this regard, maybe calculating the 

NESZ from only 1.3 GHz frequency data for this period is more appropriate than calculating it from 

data with 1.4 GHz and 1.3 GHz frequency. If this contrary behaviour of L-band in August compared to 

June can be explained by the frequency change or if it originates from other circumstances can be 

investigated by further research only. 

Sigma nought, plant height and vegetation water content 

The plant height and vegetation water content data were collected on the 25.06.2019 and 07.08.2019, 

whereby the plant data from 07.08.2019 was compared to the SAR data from 08.08.2019. Since the 

number of field measurements is relatively small with a maximum of 5 measurements per field as well 

as some fields are only measured on 25.06.2019, the data is aggregated by the cultivated crop to 

investigate the behaviour of backscatter signal to plant height. In this regard, the backscattering signal 

of barley was measured using field F33 and F48b, maize at F03, F24b and F06, potato at F11, sugar 

beet at F04, F01 and F47, wheat at F05, F22b and F08. Here, only potato, sugar beet and maize fields 

were sampled a second time on 07.08.2019. The related SAR amplitude was retrieved within an 11 m 

radius around the sampling location and the mean value was calculated. Due to the overall small 

number of measurements, all data from L- and C-band are plotted, even though there is a change in 

frequency in L-band. Nevertheless, the variability of plant height for each crop is quite high, with barley 

ranging from 65 cm to 105 cm, maize ranging from 45 cm to 260 cm, potato ranging from 45 cm to 62 

cm, sugar beet ranging from 20 to 58 cm and wheat ranging from 56 cm to 95 cm (Figure 43). The same 

is true for the vegetation water content, with a 12% to 33% for barley, 65% to 85% for maize, 52% to 

72% for potato, 60% to 82% for sugar beet and 30% to 50% for wheat. Previous studies, comparing S-1 

C-band SAR data with plant height observed decreasing backscatter amplitudes with increasing plant 

height (Harfenmeister et al., 2019). The decreasing backscatter signal is caused by the increasing 
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attenuation of soil surface scattering. In this regard, C-band should be more sensitive to plant height 

changes than L-band, due to its higher sensitivity to vegetation cover. 

The backscatter amplitudes of C- and L-band show different behaviours when compared to crop height 
and vegetation water content (Figure 43). For barley, C-band HH and VH amplitude tend to slightly 
increase with increasing plant height, whereas for L-band HH and VH amplitude no clear trend is 
observable. Looking at the vegetation water content, no clear trend is observable for C-band, whereas 
L-band, especially VH polarization tend to increase. Since only five samples were taken, this behaviour 
is not very prominent and therefore not inconclusive. The opposite behaviour can be seen on wheat, 
where in C-band amplitudes, no clear trend is observable, whereas L-band amplitudes are slightly 
increasing with increasing plant height. Regarding the vegetation water content, L-band amplitudes 
are increasing, C-band amplitudes are decreasing with increasing water content values. Here as well, 
this signal is not very prominent, due to the small number of sampling points. Regarding the maize 
field, C-band HH and VV amplitudes are decreasing with increasing plant height. This is true for the 
range of 50 cm to 110 cm which was sampled on 25.06.2019 as well as for the range of 200 cm to 260 
cm, sampled on 07.08.2019. Looking at the L-band at maize fields, both polarization amplitudes are 
decreasing as well, between 50 cm and 110 cm, whereas from 200 cm to 260 cm, no clear trend is 
observable. Looking at the vegetation water index, the distribution of amplitude values is quite 
scattered and no trend can be determined, neither for L- or C-band. 

 

 

Figure 43: L- and C-band scatterplots of sigma nought and plant height (HH, VH) (left) and vegetation water content (right) 
for the crops barley and wheat.  
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Figure 44: L- and C-band scatterplots of sigma nought and plant height (HH, VH) (left) and vegetation water content (right) 
for the crops potato and maize. 

For the potato field, L- and C-band HH and VH amplitudes are generally decreasing with increasing 
plant height, if the higher amplitudes at 62 cm plant height, which are sampled on 07.08.2019, are 
considered as outliers. Here, C-band tend to be more sensitive to changes in plant height, whereas 
L-band VH least sensitive. The same behaviour is true for vegetation water content, where L- and 
C-band amplitudes decrease with increasing water content, with C-band HH and VH beeing the most 
and L-band VH beeing the least sensitive polarization. The most prominent correlation between 
backscattering and plant height can be observed at the sugar beet fields. Here, both L- and C-band 
amplitudes are increasing with increasing plant height. What is striking is the sharp decrease in 
backscatter in L-band at around 30 cm plant height. Here, the values from 20 cm to 30 cm were 
sampled on 07.08.2019, plant heights from 30 cm onwards were sampled on 25.06.2019. In this regard, 
this behaviour is highly likely to be caused by the change in frequency from 1.4 GHz to 1.3 GHz. Looking 
at the vegetation water content, L- and C-band amplitudes are increasing with increasing water 
content, as well as the effect of changing frequency is observable in L-band amplitudes as well. 
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Yamaguchi Three-Component Decomposition and soil moisture 

The L- and C-band SAR data are decomposed according to Yamaguchi decomposition method. It 

separates full-polarized SAR data into three scattering mechanism, namely surface (odd), double 

bounce (dbl) and volume (vol) scattering. Below, a Pauli RGB as well as a RGB of the Yamaguchi 

decomposition with odd (blue), double (red) and volume (green) is shown for L- and C-band for the 

25.06.2019 (Figure 45 and Figure 56). The Pauli RGB is displaying the polarization HH + VV (blue), HH – 

VV (red) and HV (green). Due to the multilook window size of 11 x 11 pixels, the decomposed rasters 

have a reduced speckle noise and appear sharper.  

 

 

Figure 45: C-band Pauli RGB (upper) and RGB of Yamaguchi decomposition (lower) for 25.06.2019. 

 

 

Figure 46: L-band Pauli RGB (upper) and RGB of Yamaguchi decomposition (lower) for 25.06.2019. 

Looking at the behaviour of the scattering components from Yamaguchi decomposition to soil 

moisture change, a similar pattern like in the sigma nought analysis can be observed (Figure 47 and 

Figure 48). In general, the L-band is more sensitive to soil moisture than C-band, especially at the fields 

F11, F14a, F36 and F42. Furthermore, the conflicting behaviour in August observed in the sigma nought 

analysis is reduced and not present in all scattering components of L-band. The C-band components 

appear to be contrary to the soil moisture change, with decreasing amplitudes on increasing soil 

moisture in particular at low soil moisture values observed in June.  

At field F11, L-band double bounce component appears to be most sensitive to soil moisture change, 

even though it misses the slight soil moisture increase from 19.06.2019 to 21.06.2019, which is only 

sensitive to L-band surface component. C-band components are showing a marginal increase in 

backscatter amplitude related to soil moisture increase from 25.06.2019 to 27.06.2019, despite this, 

the backscatter is less sensitive to soil moisture changes in June. In August, C-band double bounce 

component is decreasing as well as volume component is increase related to decreasing soil moisture. 

Here, L-band is less sensitive to changes in soil moisture. At field F14a, L-band surface component is 

most sensitive to soil moisture change in June, whereas C-band double bounce and volume component 

is most sensitive to soil moisture change in August. Here, double bounce is decreasing while volume 
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scattering is increasing. The phenomenon that the backscatter value increases under very dry soil 

conditions, as observed in the previous sigma nought analysis, is also present here. In particular, the 

volume and surface components of L- and C-band increase from 25.06.2019 to 27.06.2019, where soil 

moisture values are around 2%. At field 36, L- and C-band components are only slightly changing in 

June. In August, C-band double bounce and volume component are sensitive to the soil moisture 

decrease, while double bounce scattering is decreasing, and volume scattering is increasing. Regarding 

L-band, double bounce component is decreasing, while surface scattering is increasing. Looking at field 

F22cb, C-band components tend to increase with decreasing soil moisture and vice versa. In L-band, 

double bounce scattering follows the same trend as soil moisture. In August, C-band double bounce 

and surface scattering as well as L-band double bounce and volume scattering are decreasing while 

soil moisture is decreasing, whereas C-band volume and L-band surface scattering are increasing in the 

same period. At field F42, C-band surface and double bounce component is sensitive to the soil 

moisture decrease from 14% to 11% on 19.06.2019 to 21.06.2019, while the other components do not 

change significantly. From 21.06.2019 to 27.06.2019 soil moisture decreases from 11% to 3%, while 

the L- and C-band volume component amplitudes are not changing significantly, besides C-band 

volume component, which is strongly increasing.  

 

  

 
Figure 47: Time series of soil moisture and Yamaguchi decomposition for L- and C-band (left) and related scatterplots C-band 
(middle) and L-band (right) for the field F11 (potato), F14a (sugar beet), F36 (barley) and F22cb (wheat). 
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Figure 48: Time series of soil moisture and Yamaguchi decomposition for L- and C-band (left) and related scatterplots C-band 
(middle) and L-band (right) for the field F42 (maize). 

Yamaguchi Three-Component Decomposition, plant height and vegetation water content 

The plant height and vegetation water content scatterplots for Yamaguchi decomposition are similar 

to the sigma nought plant height scatterplots presented before (Figure 49). Regarding barley, an 

increase in plant height is related to a slight increase in C-band surface, double bounce and volume as 

well as L-band double bounce amplitude increase. Looking at the vegetation water content, especially 

L-band volume scattering component shows a more distinct pattern, increasing with increasing 

vegetation water content. For maize, amplitudes of C-band components are decreasing within a plant 

height between 50 cm and 110 cm and 200 cm to 260 cm. For L-band, between 50 cm and 110 cm, 

volume and surface scattering are decreasing, while this trend is not prominent for plant heights 

ranging from 200 cm to 260 cm. Regarding vegetation water content, C-band double bounce and 

volume component tend to decrease with increasing water content, while no clear trend can be 

observed at the others. Looking at the C-band on potato, surface and volume amplitudes are 

decreasing with increasing plant heights. The L-band volume amplitude is decreasing with increasing 

plant height as well, while the other scattering components tend to have no striking trend here. 

Regarding the vegetation water content, L-band double bounce component has a clear trend, with 

decreasing amplitude while water content is increasing. For the sugar beet, the trend is similar to the 

sigma nought analysis, with increasing amplitudes in almost all components besides C-band double 

bounce. Here, the change between 1.4 GHz to 1.3 GHz in L-band is more prominent in surface and 

volume scattering component and less prominent in double bounce component. Looking at the wheat 

field, the amplitudes of L-band volume and double bounce component is slightly increasing with 

increasing plant height. The other components of L- and C- band do not have a prominent trend with 

increasing plant height. 

 



 

Doc.:  Final Report 

Date:  8.7.2020 Issue:  1 Revision: 0 

Ref.:  ESA Contract No. 4000125444/18/NL/LF Page:  53 / 72 

 

 

 

Figure 49: L- and C-band scatterplots of plant height, vegetation water content and Yamaguchi decomposition components 
for the crops barley, maize, potato, sugar beet and wheat. 
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H/A/alpha Decomposition and soil moisture 

The L- and C-band SAR data are decomposed using alpha/Entropy/Anisotropy method after Cloude 

and Pottier 1997. Below, the three components are plotted over the Selhausen test site for L- and 

C-band for the 25.06.2019 (Figure 50). As can be seen on the pictures, the respective components of 

L- and C-band are considerably different. Particularly noticeable are the patterns within individual 

fields, which are clearly visible in the L band but do not appear in the C-band. The most striking example 

is the field marked in yellow, which stands out clearly from its surroundings in the L-band but is almost 

unrecognizable as such in the C-band. Another difference is the different visibility of the buildings 

(marked red) in the L- and C-band. These are clearly highlighted in the C-band, especially in the 

anisotropy, whereas they are less pronounced in the L-band. 

 

 

Figure 50: C-band (upper) and L-band (lower) alpha (left) / Entropy (middle) / Anisotropy (right) decomposition over the 
Selhausen test site from 25.06.2019. Some agricultural fields (yellow circle) or urban areas (red circle) are more dominant 
either in L- or C-band. 

The components of H/A/alpha decomposition do not seem to be very sensitive to soil moisture change. 

Compared to the previous correlation to sigma nought and Yamaguchi decomposition, neither the 

L-band nor the C-band tend to be more affected by changes in soil moisture. In general, the anisotropy 

components tend to increase with increasing soil moisture in both bands, whereas the other 

components, whereas the behaviour of the other components differs depending on the field. 

Looking at Field F11, L- and C-band anisotropy and L-band alpha values seem to respond to a change 

of soil moisture. Here, the anisotropy values are increasing with increasing soil moisture, whereas this 

trend is more prominent in C- than in L-band. At field F14a, C- and L-band entropy values are increasing 

with increasing soil moisture. Furthermore, this behaviour can be also seen on L-band alpha 

component, whereas the opposite is true for C-band alpha component. Looking at the time series, no 

clear correspondence between soil moisture and components can be observed. At field 36, C-band 

anisotropy is decreasing with increasing soil moisture values, whereas C-band entropy values are 
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increasing. This behaviour cannot be observed for L-band components, which seem to be less sensitive 

to soil moisture changes here. At field F22cb, no component seem to be majorly affected by changes 

in soil moisture. Most likely, a comparable course can be observed between L-band alpha component 

and soil moisture in the time series. However, this trend is not clearly visible in the scatterplot. Looking 

at Field F42, soil moisture and H/A/alpha components seem quite uncorrelated as well. Here, only 

L-band entropy is showing a small trend, while increasing with increasing soil moisture. 

 

 

 

 

 

 

Figure 51: Time series of soil moisture and H/A/alpha decomposition for L- and C-band (left) and related scatterplots C-band 
(middle) and L-band (right) for the field F11 (potato), F14a (sugar beet), F36 (barley), F22cb (wheat) and F42 (maize). 
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H/A/alpha Decomposition, plant height and vegetation water content 

Considering the relationship between H/A/alpha decomposition, plant height and vegetation water 

content, more distinct patterns can be observed. For barley, the increase of plant height is generally 

related to a slight increase in the values of the decomposition components (Figure 52). Here, the most 

explicit increase can be observed in the L-band entropy, the lowest response is observed in C-band 

alpha and entropy. Looking at the vegetation water content, C-band alpha and entropy is increasing 

with increasing water content, whereas C- and L-band anisotropy is decreasing. For maize, no clear 

trend can be observed, as the points are quite scattered, where C-band alpha is an exception. 

Regarding the vegetation water content, also no clear trend can be observed. Looking at the potato 

field, C-band anisotropy is increasing with increasing plant height, whereas the other components are 

scattered, and no clear trend can be observed. Regarding the vegetation water content, C- and L-band 

entropy decrease with increasing water content, whereas C-band anisotropy increases.  

 
 
 

Figure 52: L- and C-band scatterplots of plant height, vegetation water content and H/A/alpha decomposition components 
for the crops barley, maize and potato. 
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Figure 53: L- and C-band scatterplots of plant height, vegetation water content and H/A/alpha decomposition components 
for the crops barley, maize and potato. 

At the sugar beet fields, more distinct patterns can be observed. Here, L- and C-band entropy increases 

with increasing plant height, whereas L- and C-band anisotropy decrease strongly while L- and C-band 

alpha decrease only slightly. Furthermore, with increasing vegetation water content, C-band entropy 

increases and L- and C-band anisotropy decreases. The alpha components do not to be majorly 

affected here. Looking at the wheat fields, L-band entropy as well as C-band anisotropy seem to 

increase with increasing plant height as well as C-band alpha is slightly increasing with increasing 

vegetation water content. Besides this, no clear trend can be observed. 

 

6.8.3 Discussion 

The analysis of L- and C-band SAR data regarding their sensitivity to changes in soil moisture, plant 

height and vegetation water content indicates, that the performance of both bands differs strongly 

between the type of plant, the plant heights and the respective ranges of soil moisture and vegetation 

water content. In this regard, no general statement can be made here, whether L- or C-band is more 

suitable for remotely sensing changes in the investigated parameters. For the evaluation of sigma 

nought values (HH and VH), Yamaguchi and H/A/alpha decomposition, the first two methods tend to 

be more sensitive to soil moisture, plant height and vegetation water content changes than the 

H/A/alpha decomposition. Furthermore, the Yamaguchi double and volume components tend to 

improve the low performance of L-band in August seen in the sigma nought analysis for some fields. 

Nonetheless, neither HH and VH sigma nought nor the surface, double bounce and volume scattering 

component could be identified as clearly distinct or more consistent than the others in its sensitivity 

regarding soil moisture ranging between 2% to 30%. In most of the cases, they show opposing 

behaviours either between plant species, soil moisture ranges or between the observation period June 

and August. For plant height and vegetation water content, the anisotropy and entropy components 
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are most sensitive regarding the H/A/alpha decomposition, whereas the cross-polarization 

components in Yamaguchi and sigma nought analysis are most sensitive. 

Most striking in the analysis of the SARSense campaign is the well recorded relationship between L- 

and C-band within changing soil moisture and vegetation conditions. Here, their temporal behaviour 

could be used as an independent parameter describing surface parameters as well. As the conditions 

during SARSense campaign were quite dry, the L- and C-band images recorded here are particularly 

useful to investigate the different behaviour of both bands in the low to very low soil moisture 

conditions. As presented, L- and C-band surface, double bounce and volume scattering tend to behave 

differently on changes within dry soil conditions. This information can be used to discriminate between 

an increase in amplitude due to an increase in soil moisture or due the increase of backscattering from 

soil-based volume scattering. In this regard, further investigations using the temporal relationship 

between L- and C-band decomposition components for estimating soil moisture under very dry 

conditions should be made using this data set.  

Despite or even because of the very site-specific behaviour of L- and C-band and its components from 

decomposition, the simultaneous recording of both bands provides additional information about soil 

and plant parameters and their temporal and spatial changes. This can either be used for land 

classification purposes (Battsengel et al., 2013, Hagensieker and Waske, 2018), estimating biomass 

(Santi et al., 2017) or soil moisture retrieval (Bindlish and Barros, 2000, Zhu et al., 2019). Zhu et al. 

(2019) used L-, C- and X-band SAR data for soil moisture retrieval by minimizing measured and 

modelled backscatter amplitude from the three individual bands. Gorrab et al. (2014) showed that the 

individual penetration depth of L-, C- and X-band is affected by the soil moisture content. In this regard, 

the depending on the soil moisture profile, L-, C- and X-band are measuring the soil moisture at 

different depths. This is consistent with the findings of Macelloni et al. (2003) that L-band is rather 

correlated to the soil moisture content of deep soil layer, whereas C-band is more sensitive to the 

surface soil moisture content. In this regard, with the co-located measurement of L- and C-band radar 

backscatter signal, a valuable tool for improving soil moisture retrieval under vegetation cover and for 

different soil depths can be provided. In the sense of ROSE-L satellite mission planning, the 

implementation into an existing C-band satellite mission, like S-1 A and B, as an operational 

multi-frequency product would be of great benefit and so far, unique. With the upcoming launch of 

S-1 C and D, a temporal and spatial high-resolution and multi-frequency SAR time series can be 

provided, valuable for many fields of environmental research.  
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6.9 Consistency of airborne SAR acquisitions 
One of the objectives of the SARSense experiment was to investigate the sensitivity of 

multi-temporal/multi-angular SAR acquisitions both at C- and L-band to the changes of soil and 

vegetation parameters observed in situ. As reported in sections 6.6 – 6.8, the calibration of the SAR 

system was suboptimal and also changes in the central frequency of the L-band SAR system took place 

between the campaign of June and August. Such a complex scenario requires an initial assessment of 

the data quality. For this reason, in the next sub-sections, first, the consistency of the airborne SAR 

acquisitions along multiple tracks (see Figure 13) is assessed. Then, a comparison between 

multi-temporal S-1 and Metasensing (MS) SAR data in C-band, acquired over a subset of agricultural 

fields imaged at similar incidence angles, is carried out. Finally, the outcome of the analysis is 

summarised. 

In the following, the analysed data consist of amplitude-detected, multi-looked, geocoded SAR images 

(.tif) at 3m x 3m pixel size provided by Metasensing, and in situ surface soil moisture (SSM) acquired 

during the campaign & pre-processed as described in Section 6.8.1. 

 

Multi-temporal SAR & in situ SSM data 
The SAR acquisitions from flight tracks A, B (both ascending) and C (descending) are characterized by 

differences in the area covered and in the zenithal and azimuthal incidence angles (see Figure 13). For 

instance, the average zenithal incidence angle for track A is ~53° (i.e., from ~47° to ~58°), for track B is 

~32° (i.e., from ~27° to ~40°) and for track C is ~47° (i.e., from ~32° to ~57°). The azimuthal angle among 

the three tracks ranges between ~0° and ~2°. Despite such an interval may seem fairly small, its impact 

on the radar response of anisotropic agricultural fields can be significant (e.g. Wegmuller et al., 2011; 

Mattia, 2011). Under these circumstances, it may be not straightforward to disentangle the effects on 

backscatter related to poor calibration from those due to changes in the observation geometry and 

soil and vegetation parameters. 

An element that can support the identification of an anomalous behaviour of the SAR system between 

the SARSense campaigns of June and August is that the meteorological conditions were quite different. 

Figure 54 (top panel) shows daily precipitations acquired by stations SE_EC_001 within the Selhausen 

site, and RU_K_001, located Northern to the site. Only a small precipitation event during the first flight 

date (specifically during the second half of the day, after the flight) is observed and no precipitations 

during the rest of June. Conversely, in August, close to the campaign dates, multiple precipitation 

events are observed. Therefore, soil conditions were significantly drier in June than in August.  

Figure 54 reports the histograms of SSM observations during the SARSense campaign in June (middle 

panel) & August (bottom panel). In June, the average SSM was ~8.8% with a standard deviation (std) 

of ~4.7%; in August, the average was ~16.5% and the std ~6.6%.  

As a result, in average we would expect an increase of the backscatter level between the observations 

in June and August. 
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Figure 54: Top panel: daily precipitation on Selhausen from stations SE_EC_001 (blue) & RU_K_001 (cyan); campaign dates 
are reported as vertical red lines. Middle panel: histogram of in situ SSM measurements acquired in June; average ~8.8% and 
std ~4.7%. Bottom panel: histogram of in situ SSM measurements acquired in August; average ~16.5% and std ~6.6%. 

Figure 55 shows the SAR acquisitions at L-band on June 27 & August 8, from the three tracks, i.e. A, B 

(both ascending) & C (descending).  
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Figure 55: SARSense L-VV sigma naught [dB]. Top rows: Data acquired from tracks A & B on June 27 (left panel) & August 8 
(right panel). Bottom rows: Data acquired along track C on June 27 (left panel) & August 8 (right panel). All images are 
stretched from -30 to 0 dB. Red rectangles highlight Selhausen ROI. 

As expected, for tracks A & B an overall increase of the backscatter level is observed from June 27 to 

August 8. However, for track C it is fairly evident a decrease of backscatter from June 27 to August 8.  

To gather quantitative information about the different backscatter levels observed at site scale from 

the various tracks, Figure 56 reports the histograms of L-VV (L-HH) SAR data acquired over all fields of 

Selhausen site on June 27 & August 8. 

Let us focus first on Figure 56 top/middle/bottom panels. 

 Top panels. The average zenithal incidence angle is ~53°. The two histograms show that on 

August 8 the average backscatter is ~7 dB higher than that observed on June 27. This is what 

we expect since the soil in August is wetter than in June. The histogram on the left panel (June 

27) shows a fairly spread distribution indicating a fairly inhomogeneous scene likely due to a 

variety of crops in different growing stages. Conversely, the histogram on the right (August 8) 

is well approximated by a mono-modal distribution. In any case, the soil contribution plays an 

important role both in June and August. 
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Figure 56: Histograms of SARSense L-VV sigma naught [dB] data acquired on June 27 (left panels) & August 8 (right panels) 
from track A (top rows), B (middle rows) & C (bottom rows).  

 

Figure 57: Histograms of SARSense L-HH sigma naught [dB] data acquired on June 27 (left panels) & August 8 (right panels) 
from track A (top rows), B (middle rows) & C (bottom rows). 

 Middle panels. The average zenithal incidence angle is ~32°. The average backscatter level 

observed in August is higher than that in June and in both dates the backscatter distribution 

seems well approximated by a mono-modal behaviour. The scattering is likely dominated by 

the soil contribution in both dates. 

 Bottom panels. The average zenithal incidence angle is ~47°. In June, the backscatter 

distribution is fairly similar to the one observed from track A. However, in August the values 

are significantly lower than in June, which is in disagreement with the observations from track 

A and likely indicates a calibration issue. 
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Figure 57 is the same than Figure 56 but in polarization HH. For the track A, the histograms clearly 

show a bimodal behaviour both in June and August. This is less evident for track B, though in August 

the histogram shows a fairly high tail for values lower than the mean. Such a behaviour likely indicates 

a more complex interaction with the vegetation than in polarization VV. The data acquired from track 

C in August are still biased towards very low values, like already observed in polarization VV. 

We now move to a similar overview of the SAR data acquired in C-band.  

 

Figure 58: SARSense C-VV sigma naught [dB]. Top rows: Data acquired both from tracks A & B on June 27 (left panel) & August 
8 (right panel). Bottom rows: Data acquired from track C on June 27 (left panel) & August 8 (right panel). All images are 
stretched from -30 to 0 dB. Red rectangles highlight Selhausen ROI. 

Figure 58 is the same as Figure 55 but in C-band. The most evident differences are that: i) the 

backscatter levels are higher than in L-band; ii) the pattern near-far range is more evident than in 

L-band; iii) the contrast between June and August is less evident than in L-band.  

We can gather more insights between the backscatter behaviour at C- and L- band looking at the 

histograms in Figure 59 and Figure 60, which are the same as Figure 56 and Figure 57 but in C-band. 
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Figure 59: Histograms of SARSense C-VV sigma naught [dB] data acquired on June 27 (left panels) & August 8 (right panels) 
from track A (top rows), B (middle rows) & C (bottom rows). 

 

Figure 60: Histograms of SARSense C-HH sigma naught [dB] data acquired on June 27 (left panels) & August 8 (right panels) 
from track A (top rows), B (middle rows) & C (bottom rows). 

For track A, both in VV & HH polarization (Figure 59 and Figure 60, top panels) there is an overall 

backscatter increase of ~1.7 dB from June 27 to August 8. In August and HH polarization, the histogram 

shows a bimodal behaviour indicating the presence of two scattering mechanisms, at least. For track 

B and C, the average backscatter is approximately the same both in June and August. For track B, the 

bimodal behaviour in August is evident both in VV and HH polarization. Whereas, for track C, the 

bimodal behaviour is more evident in June than August. Such differences are likely due to the prevalent 

crops present on the areas imaged along the three tracks. 
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It is also worth noting that in HH polarization (see Figure 60), there is an important drop (~9 dB) of the 

average backscatter observed from track B with respect to track A. Considering that the zenithal 

incidence is higher for track A than B, the effect could be due to a calibration issue. 

C-band Airborne vs Sentinel-1 SAR data 
To assess the radiometry & temporal stability of the MS SAR system, the data acquired in C-band at VV 
& VH polarization have been compared with those acquired by S-1 over specific areas. For this purpose, 
a further 5x5 multi-look has been applied to reduce the backscatter variability. The backscatter 
estimates are at field scale. 
Initially, the comparison has been focused on a forested area, where the backscatter in C-band is 

expected to be little sensitive to slight changes of the incidence angle and surface parameters. The 

forested area is located in the Northern part of Selhausen site (see Figure 58), which is covered by 

tracks A & C. Precipitations from the closest station, i.e. RU_K_001, have been used as additional 

information. C-band MS vs S-1 VV & VH time series are acquired both at ~41° (from track A for MS data 

& track A088 for S-1 data), whereas from track C the forest is imaged at ~58°, which is much higher 

than S-1 incidence, i.e. ~43°. For this reason, the comparison has been carried out only for track A. 

From DoY 126 to 240, Figure 61 shows a fairly stable behaviour for S-1 acquisitions, i.e., ~-9 dB in VV 

& ~-15 dB in VH, with temporal stability of ~1 dB & ~1.2 dB (@3σ), respectively. The intra-field std are 

within 1.5 dB both for VV & VH. Conversely, the MS C-VV & C-VH acquisitions are characterized by a 

poorer temporal stability. For instance, the backscatter levels of the second and third flights (i.e., June 

21 & 25) changed from ~-13 dB to ~-5 dB in VV and from ~-19 dB to ~-14 dB in VH. The intra-field stds 

are up to 3 dB both in VV & VH. It is worth noting, that S-1 and MS acquisitions were not on the same 

days, i.e. S-1 acquisitions were on June 17, 23 & 29, and on August 4 & 10. 

Subsequently, the analysis has focused on 4 selected agricultural fields, i.e., F50c, F55, F11 & F21, 

cropped with wheat, corn, potato & sugar-beet (see Figure 62). Fields illuminated with incidence angles 

as close as possible to those of S-1 have been selected.  

 

Figure 63 to Figure 66 compare S-1 time series, acquired from May to August 2019, with MS SAR 

acquisitions both from ascending track B (left panels) & descending track C (right panels). C-VV & C-VH 

airborne acquisitions have been overlaid to S-1 VV (top panels) & VH (middle panels), respectively. S-1 

NDVI is shown as additional information about crop growth cycle (bottom panel); also, VH/VV ratio, 

which may be regarded as a proxy of the biomass (Veloso et al., 2017), is reported. The data points are 

field-scale averages with intra-field standard deviation (std). Daily precipitations recorded by the 

station closest to the fields, i.e. SE_EC_001, is reported (middle panels). 

 



 

Doc.:  Final Report 

Date:  8.7.2020 Issue:  1 Revision: 0 

Ref.:  ESA Contract No. 4000125444/18/NL/LF Page:  66 / 72 

 

 
Figure 61: Left panel: Google Earth image of the forested area. Top right panel: S-1 VV from May to August (black), MS C-VV 
(magenta), and daily precipitations (cyan). Bottom right panel: S-1 VH from May to August (black), MS C-VH (magenta), and 
daily precipitations (cyan). MS backscatter is acquired from track A. Both S-1 & MS data are acquired at an incidence angle of 
~41°. 

 

Figure 62: Google Earth image of the selected fields for the analysis, i.e. wheat field F50c, corn field F55, potato field F11, and 
sugar-beet field F21. 

Wheat 

For field F50c, the S-1 orbit selected for the comparison with MS data is D037 both for tracks B & C. 

The zenithal incidence angle is ~36° for S-1 and ~37° for MS both for tracks B & C. S-1 VV shows levels 

below -15 dB before DoY 170. Subsequently, they tend to increase until August. Conversely, S-1-VH is 

fairly stable. After DoY 180 the NDVI is decreasing, with levels around ~0.2-0.3 from DoY 200 onward. 

In August, wheat had been harvested, no canopy is attenuating the VV SAR signal. Moreover, the SSM 

is higher than in June. Therefore, the backscatter observed both by S-1 and MS SAR system is higher 

than in June. The radiometric level of MS VV backscatter is ~3 dB lower than that observed by S-1 on 

June 19 & 25. Its std is higher, i.e., ~2.5 vs ~1.2 dB. Moreover, between June 19 and 21, there is a 
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decrease in MS VV from ~-16.5 dB to ~-22 dB, which is not related to SSM. Larger differences have 

been observed for the VH channel, i.e., up to ~10 dB on June 21 & up to ~11 dB on August 8. 

 
Figure 63: Field F50c, wheat. Top panels: S-1 VV from May to August (black), MS C-VV (magenta), and SSM (blue). Middle 
panels: S-1 VH from May to August (black), MS C-VH (magenta), and daily precipitations (cyan). Bottom panels: S-1 VH/VV 
from May to August (black), MS C-VH/C-VV (magenta), and NDVI (green). Left panels are related to track B whereas right 
panels to track C. 

 

Corn 

Field F55 is observed at ~31° both from MS track B and S-1 orbit A015. Conversely, it is observed at 

~42° & ~44° from MS track C and S-1 orbit A088, respectively. For track B, both MS VV & VH are up to 

~7 dB below the level of S-1 on June 19, which is the acquisition temporally closest with S-1 pass. The 

VH/VV ratio are within ~2 dB from S-1 observations for June 19 & 21, whereas it is ~5 dB lower on June 

25 & 27. Concerning the behaviour with respect to SSM, on June 25 & 27 an increase of backscatter is 

observed not related to SSM, whereas the SSM increase from June to August does not determine an 

increase of MS backscatter. This is likely due to the strong interaction of the SAR signal with the corn 

canopy. 

 

For track C, the levels of MS VV are up to 3 dB above those of S-1 VV in June, except for June 21, where 

it is 1 dB lower, and within 1 dB from S-1 in August. The MS VH are within 1 dB from S-1 on June and 

~2 dB in August. The higher values observed with respect to track B can be related to the volume 

scattering larger at higher incidence angles. 

 
Figure 64: Field F55, corn. Top panels: S-1 VV from May to August (black), MS C-VV (magenta), and SSM (blue). Middle panels: 
S-1 VH from May to August (black), MS C-VH (magenta), and daily precipitations (cyan). Bottom panels: S-1 VH/VV from May 
to August (black), MS C-VH/C-VV (magenta), and NDVI (green). Left panels are related to track B whereas right panels to track 
C. 

 

Potato 

For field F11, S-1 VV & VH behaviour suggest that the dominant scattering mechanism is the volume 

scattering. Indeed, during crop growth, where the NDVI is increasing from DoY 140 to DoY 180, both 

VV & VH are increasing as well. For instance, the VH backscatter increases from -24 to -15 dB; whereas 
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the VV backscatter steadily increases from -15 to -9 dB, likely indicating an increase of SAR signal 

interaction with the canopy. As a consequence, the VH/VV is almost flat during the season. It is worth 

noting that unlike the case of wheat the S-1 backscatter is almost insensitive to rains occurred around 

DoY 230. 

 

As for corn, track C shows higher backscatter levels and closer to those of S-1 with respect to track B.  

 
Figure 65: Field F11, potato. Top panels: S-1 VV from May to August (black), MS C-VV (magenta), and SSM (blue). Middle 
panels: S-1 VH from May to August (black), MS C-VH (magenta), and daily precipitations (cyan). Bottom panels: S-1 VH/VV 
from May to August (black), MS C-VH/C-VV (magenta), and NDVI (green). Left panels are related to track B whereas right 
panels to track C. 

 

Sugar-beet 

For field F21, cropped with sugar-beet, both S-1 VV & VH increase from DoY 140 to DoY 170. The VH 

backscatter reaches the level of -15 dB. The VH/VV is flat during the growing season. In August, the 

SSM is ~20% higher than in June. Nevertheless, no significant change in the MS and S-1 backscatter 

level is observed, likely because the dominant scattering is due to the canopy contribution.  

 
Figure 66: Field F21, sugar-beet. Top panels: S-1 VV from May to August (black), MS C-VV (magenta), and SSM (blue). Middle 
panels: S-1 VH from May to August (black), MS C-VH (magenta), and daily precipitations (cyan). Bottom panels: S-1 VH/VV 
from May to August (black), MS C-VH/C-VV (magenta), and NDVI (green). Left panels are related to track B whereas right 
panels to track C. 

Summary 
The initial analysis of the data acquired by the airborne MS SAR system over the Selhausen site has 

shown some insights into the dynamic of C- and L-band backscatter response over agricultural fields. 

In general, the backscatter changes due to changes in the surface conditions have been found larger 

in L- than in C-band. At site scale, L-VV tends to be dominated by a single scattering, whereas L-HH is 

likely affected by two or even more significant scattering contributions. In C-band, the effect of the 

incidence angle and the interaction with the canopy is more important than in L-band. It is, however, 

worth noting that the acquisitions of the MS SAR system have shown some radiometric inconsistencies, 

both between various tracks and, also, with respect to S-1 acquisitions. Of course, the presence of 

biases related to the non-optimal calibration of the system may have affected the initial interpretation 
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of the physical relation between backscatter and surface parameters. Further analysis, supported by a 

theoretical modelling, should be carried out. 

 Conclusion 
The present document represents the final report concerning the airborne, in situ and UAV 

measurements of the SARSense campaign including SAR data analysis. As shown, these have been 

successfully finalized during summer 2019. A redundant amount of SAR data have been collected at 

the two frequencies of interest (C-and L- band) in line with expectations. Both radar and navigation 

data are healthy and usable for further SAR processing. Accurate radiometric calibration is challenging 

without the use of corner reflectors, especially at L-band for which we did not have up-to-date satellite 

data. The use of noise levels for inter-day calibration is sub-optimal and it has been proposed only as 

a countermeasure to help mitigate the variations observed. Similarly, the lack of ground control point 

surveys may have a slight negative impact on the overall geolocation accuracy. Data resolution is 

nominal and within the specifications of what these systems have provided in the past. Finally, NESZ 

levels are also nominal and should be taken as a worst case scenario given that the scene does not 

provide too many possibilities for its proper estimation. 

 Outlook 
In order to elaborate more on the synergies of C- and L-band SAR remote sensing and to analyze the 

SARSense data set in more detail, the following research topics are envisaged and recommended: 

 Cross-comparison of C- and L-band SAR backscatter signals with cosmic ray neutron 

measurements during the rover campaign 

 Analysis of soil scattering mechanisms during the exceptional dry period of SARSense 2019 

 SAR-based soil moisture analysis with different retrieval methods 

 Analysis of airborne L-band SAR signals and comparison to longer time series of ALOS-2 

 Further investigate synergies with the other airborne measurements at the same time in the 

same region, i.e. the fluorescence hyperspectral sensor HyPlant, the thermal multispectral 

sensor TASI, and the LiDAR system. 
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