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Abstract

:

The knowledge about heterogeneity on agricultural fields is essential for a sustainable and effective field management. This study investigates the performance of Synthetic Aperture Radar (SAR) data of the Sentinel-1 satellites to detect variability between and within agricultural fields in two test sites in Germany. For this purpose, the temporal profiles of the SAR backscatter in VH and VV polarization as well as their ratio VH/VV of multiple wheat and barley fields are illustrated and interpreted considering differences between acquisition settings, years, crop types and fields. Within-field variability is examined by comparing the SAR backscatter with several crop parameters measured at multiple points in 2017 and 2018. Structural changes, particularly before and after heading, as well as moisture and crop cover differences are expressed in the backscatter development. Furthermore, the crop parameters wet and dry biomass, absolute and relative vegetation water content, leaf area index (LAI) and plant height are related to SAR backscatter parameters using linear and exponential as well as multiple regression. The regression performance is evaluated using the coefficient of determination (R2) and the root mean square error (RMSE) and is strongly dependent on the phenological growth stage. Wheat shows R2 values around 0.7 for VV backscatter and multiple regression and most crop parameters before heading. Single fields even reach R2 values above 0.9 for VV backscatter and for multiple regression related to plant height with RMSE values around 10 cm. The formulation of clear rules remains challenging, as there are multiple influencing factors and uncertainties and a lack of conformity.
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1. Introduction


Global changes like population growth and an increasing food demand as well as a rising scarcity of arable land in the context of climate change are only a few of the numerous challenges agriculture has to face today and in the near future. While field management has to be intensified to achieve constant yields, a sustainable use of resources and environmental protection are becoming increasingly important to ensure a long-term food security.



To assure an economical use of resources, precision agriculture has been established as a field management strategy for numerous agricultural fields. Precision agriculture, also known as site-specific management, is defined as the spatially explicit management of a field according to different needs of different parts of the fields [1,2]. Therefore, the detection of temporal and spatial patterns on agricultural fields is an important step to identify field zones with varying potential yields. Potential yield is defined as the maximum yield that can be reached at a given location under optimal climatic conditions for a certain crop [3]. It therefore represents long-term and recurring yield structures of a field and is an important indicator for planning and decision-making purposes to optimize field management.



Hyperspectral and multispectral remote sensing data have been used for precision agriculture applications for over 30 years [4,5,6,7,8]. With new satellite missions like the Copernicus program of the European Space Agency (ESA) with its high temporal and spatial resolutions and a free data availability, it is now possible to extensively monitor crop development and to provide new applications. Optical satellite data are frequently and commonly used for agricultural monitoring since vegetation indices like the Normalized Difference Vegetation Index (NDVI) are directly related to the plant’s photosynthetic activities [9,10,11].



However, optical images have a main disadvantage: They are only available at cloudless conditions. These conditions are not given anytime and anywhere. In contrast, synthetic aperture radar (SAR) data are independent of weather conditions. Satellite missions like Sentinel-1 are providing SAR images at a very high revisit frequency and with a high spatial resolution. However, the interpretation of SAR data is complex since the backscattered microwave signal returning to the sensor is dependent on many factors like moisture and structure of the surface.



SAR data for agricultural applications has been used in many previous studies [12,13]. A main application is the identification of crop types based on backscatter values, either solely with SAR data [14,15,16,17] or in combination with optical data [18,19]. Furthermore, the backscatter characteristics of different crop types have been studied in detail and in different environments as well as with varying wavelengths (e.g., X-band, C-band or L-band) and incidence angles. Basic insights of the backscattering behavior of wheat plants in different phenological stages were conducted under lab conditions [20] or in the field [21] with ground-based radar scatterometers. In addition, many airborne campaigns were conducted using SAR systems, e.g., AGRISAR [22]. SAR data acquired by sensors on satellites are of great importance since they are able to cover much larger areas. Especially with Sentinel-1 data and its high temporal resolution, it is now possible to analyse dense SAR time series for crop monitoring [23,24,25]. The estimation of crop parameters like biomass, leaf area index (LAI) or plant height for different crop types using SAR data is another main application [26,27,28,29,30,31], often used in combination with optical data [32,33,34]. In addition, different modeling approaches have been developed, considering the backscattered signal to be a sum of the vegetation and soil contribution to the signal, e.g., the Water Cloud Model [35,36]. Most previous studies concentrate on backscatter differences between crop types, whereas differences between fields cultivated with the same crop type or within-field variability is underrepresented. This study is intended as a continuation and supplement to the work of Veloso [24] and Vreugdenhil [25] but additionally takes into consideration between- and within-field variability.



The importance of different backscatter parameters as well as the acquisition time period suitable to detect within-field variability is analyzed. Furthermore, the influence of different Sentinel-1 acquisition settings concerning pass direction and orbit on temporal profiles and regression analysis is investigated. This study focuses on winter wheat and winter barley since both crop types are frequently planted in both study areas in Germany and also have a great global importance regarding cultivated area and consumption. Furthermore, it is investigated if there is a significant difference in the SAR backscatter data between both crop types, because they are often analyzed together as winter grain or barley is not considered at all.



The aim of this study is to evaluate the capability of Sentinel-1 data to detect temporal within-field variabilities, representing field zones with varying potential yields. For this purpose, two analyses are performed: First, the delineation of the temporal behavior of Sentinel-1 backscatter in the course of the vegetation period and secondly, the examination of the quantitative relationship between Sentinel-1 backscatter parameters and the crop parameters wet biomass, dry biomass, absolute and relative vegetation water content, LAI and plant height using linear and exponential regression models.




2. Test Sites


The study is performed on multiple agricultural fields in two study areas in Northeast Germany. Both are located in landscapes shaped by glacial and periglacial processes and are intensely used for agriculture today (Figure 1).



The study area DEMMIN (Durable Environmental Multidisciplinary Monitoring Information Network) is located southeast of the town Demmin in the federal state Mecklenburg-West Pomerania [37]. The contemporary young drift morainic landscape with its numerous lakes and bogs as well as extensive, flat sand regions, hills and sinks is part of the North German Plain. Three streams (Peene, Tollense, Trebel) traverse the study area in broad valleys used as grassland, furthermore pine and deciduous forests and wetlands are characterising the landscape. The soils are mainly sandy and loamy. The region is located at the transition zone between continental and maritime climate and has a mean annual temperature of 8.8 ∘C and a total precipitation of about 600 mm. The main cultivated crops are winter grain (winter wheat, winter barley and winter rye), rapeseed and corn. In addition, potatoes, sugar beets, spring grain and several minor crop types are growing in the region. Since the study area DEMMIN has already been a test site for multiple remote sensing activities for more than ten years and is additionally an official test site of the Joint Experiment of Crop Assessment and Monitoring (JECAM), it is well-equipped with a measurement network and provides an excellent data availability.



The study area Blönsdorf, named after a small village nearby, is located around 200 km south of DEMMIN in the federal state of Brandenburg. The region belongs to the Fläming Heath, a glacial hill chain with fertile sand-loess soils. With a mean annual temperature of 9.3 ∘C and a total precipitation of around 540 mm the climate is slightly more continental than in DEMMIN. The region is more forested and has less water bodies than the DEMMIN area. The cultivated crops are similar to those in DEMMIN with a slightly higher amount of potatoes and less sugar beets. Field sizes are similar in both study areas and do often exceed 100 ha, furthermore all observed fields are managed by conventional farming. In total, seven fields cultivated with winter wheat and six fields cultivated with winter barley are observed in 2017 and 2018 in both study areas (Table 1).




3. Data


3.1. Sentinel-1 Data


Synthetic Aperture Radar (SAR) data provided by the ESA satellites Sentinel-1A and Sentinel-1B from the European Copernicus program are used in this study. Each satellite carries a C-band SAR at 5.405 GHz and images are acquired in Interferometric Wide Swath (IW) mode with a swath of 250 km. They provide a dual polarization (VH and VV) and are downloaded as Level-1 single look complex (SLC) data. Both Sentinel-1 satellites are passing the test sites in two different pass directions (ascending (ASC) and descending (DESC)) and consequently in four different relative orbits (ASC 44, ASC 146, DESC 95 and DESC 168) resulting in varying incidence angles between around 36∘ and 46∘. This results in four different acquisition settings and a very high revisit frequency of one or two days. In total, 400 Sentinel-1 images are processed and used for the analyses, the acquisition dates and settings (pass direction and orbit) are shown in Figure 2. Data gaps result from unavailable images at the time of analysis.




3.2. Field Data


Ground truth data was collected during the vegetation periods of 2017 and 2018 in the test sites Demmin and Blönsdorf. The measured crop parameters are summarized in Table 2. Four crop parameters are measured directly in the field, whereas three parameters are obtained after drying the wet biomass in the lab. A defined set of measurement points on wheat and barley fields were monitored from the beginning of March until the end of July or until harvest. All points were selected using a soil map, a digital elevation model and several satellite images of previous years with the purpose to cover the heterogeneity of a field in the best possible way. The points itself are placed in a homogeneous surrounding to avoid edge effects and mixed pixels, considering the spatial resolution of the satellite data. The measurements were repeated every 10–14 days to cover as much phenological growth stages (BBCH scale [38]) as possible. The monitored fields are listed in Table 1. The measurement dates for all points in both test sites and years are shown in Figure 2. The characteristic appearance of wheat and barley plants during the different BBCH stages as well as the development of the different crop parameters in the course of the vegetation period are shown in Figure 3.




3.3. Meteorological Data


Since SAR backscatter values are sensitive to moisture, precipitation data is needed to identify signal changes caused by wet plants or soils. Precipitation data for the test site DEMMIN is available at multiple climate stations which are part of the Terrestrial Environmental Observatories (TERENO) network [39]. Because of its short distance to all surveyed fields, precipitation values of the climate station Heydenhof are used [40]. Precipitation values are recorded every 15 min and summed up to get daily values. Daily precipitation sums for the test site Blönsdorf are obtained by the climate station Naundorf operated by the German Weather Service [41].





4. Methods


4.1. Field Data Processing


In order to obtain daily continuous field data, the measurements for each point and each crop parameter were interpolated over time using linear interpolation. Also a spline interpolation was tested but was outperformed by the linear approach. The interpolation is necessary since field measurement dates and Sentinel-1 acquisitions did not always take place on the same day and under the same acquisition settings.




4.2. Extraction of Sentinel-1 Backscatter


To calculate the backscatter coefficient σ0, the Sentinel-1 images have been processed using the Sentinel Application Platform (SNAP) [42]. First, the Sentinel-1 burst and sub-swath of the region of interest was extracted and the appropriate orbit file applied. To obtain backscatter values, the data was calibrated to σ0 and debursted afterwards. To enhance the image quality, all images were multi-looked and a speckle filter (Refined Lee, 7 × 7 window) was applied. To georeference the images, Range-Doppler Terrain Correction was used and a coregistration was applied separately for images acquired in ascending and in descending direction. The resulting backscatter images have a pixel size of 10 × 10 m and contain the backscatter values for both polarizations. All values were converted to a logarithmic scale with the unit Decibel (dB). Besides the extraction of the backscatter values in VH and VV, the VH/VV ratio was calculated. Previous studies reported the high explanatory power of the ratio particularly in early phenological stages and the higher stability compared to single polarizations since factors influencing the backscatter characteristics like moisture or radiometric instability of the sensor are compensated by the ratio [24,25].



The value extraction of the three backscatter parameters is performed as a weighted mean of the surrounding of each observed point in the field. For this purpose, the centroid of all GPS points taken at each visit at the field is calculated and framed with a buffer of 7.5 m. Each resulting circle covers an area of 176.7 m2, covering 4–9 Sentinel-1 pixels (Figure 4. The extracted parameter value is the mean value of all values appearing inside the polygon weighted by their area proportion. This approach takes into account the main region of the measurements without weighting outliers strongly. To calculate the mean value of a whole field, the first 20 m of the field border are excluded to avoid influences by the surrounding area and the headland.




4.3. Temporal Variation Analysis


To analyse the temporal variation of the backscatter parameters, the values in the course of the vegetation period are illustrated and interpreted. The first analysis aims to depict general differences between the two crop types wheat and barley and the two analysed years 2017 and 2018. The mean values of all wheat and all barley fields per year are shown with a surrounding polygon representing plus/minus one standard deviation. Furthermore, the influence of the four different acquisition settings resulting from varying pass directions and orbits is investigated.



The second analysis aims to detect differences between the observed fields. For this purpose, the mean values of each field are compared to each other. To exclude influences by varying pass direction or orbit, only ASC 44 (wheat) or ASC 146 (barley) images are used.



The third analysis investigates within-field differences by analysing the temporal change of the single measurement points compared to the mean value of the whole fields. Again, only backscatter values from images with the same acquisition setting are used to ensure comparability.




4.4. Regression Analysis


To get a deeper understanding of the statistical relationship between SAR backscatter and crop parameters measured in the field, regression analysis is used. Previous studies [25,31] already showed good linear and exponential relationships between SAR backscatter and field data, therefore both linear and exponential regression functions are tested.



The linear model is calculated by finding a linear equation that describes best the relationship between the extracted Sentinel-1 parameters and the corresponding interpolated field data. The exponential regression model is calculated using the logarithm of the field data and relating it to Sentinel-1 parameters. Additionally, multiple linear and exponential regression is performed using the combination of VV and VH backscatter. To investigate the performance and quality of the regression models, the coefficient of determination R2 and the root mean square error (RMSE) are calculated.



Possible differences between the four different acquisition settings are investigated. In a first step, all available Sentinel-1 images are used for the regression analysis. Afterwards, the data is split into BBCH stages based on the plant’s appearance. Furthermore, differences of the regression results between single fields are discussed.





5. Results and Discussion


5.1. Temporal Variation Analysis


Additionally to the parameter curves, precipitation values are shown in the following plots. Comparing the precipitation between both years, it is noticeable that the year 2017 was much wetter than 2018 with precipitation sums of 300 mm (Blönsdorf) and 456 mm (Demmin) between 1th of March and 31th of July. In 2018, only very few rainfall events are recorded between April and July with precipitation sums of 118 mm (Blönsdorf) and 155 mm (Demmin) in the same period. This resulted in water and heat stress, extremely dry soils and a premature ripening of the crops. The harvest was earlier than in 2017 and resulted in lower yields.



5.1.1. Differences between Crop Types


The mean values of all wheat and barley fields in both years show a characteristic trend in the course of the vegetation period with average standard deviations of 1.2 dB which are constant over time.



VH and VV backscatter values of wheat fields decrease slightly until the end of May and subsequently increase again until harvest (Figure 5). The backscattered signal is in general stronger in VV polarization, starting with values of around −11 dB (2017) and around −15 dB (2018) in March and decreasing down to around −18 to −20 dB at the end of May. Until end of July it increases again up to −10 dB (2017) and −12 dB (2018). VH backscatter starts with values around −19 dB (2017) and −24 dB (2018) in March and reaches its minimum values around −22 to −24 dB in May. Thus, the backscatter values in VV polarization show a stronger annual variation than the VH backscatter values. Additionally, the decrease of the backscatter value until end of May is more distinct in 2018 for VV backscatter. In 2018, the starting values are much lower with greater variation caused by several snow events in March. The VH/VV ratio is characterized by an increase from the beginning of the vegetation period until mid of May and stays constant or decreases slightly afterwards. In both years, VH/VV values are starting around −8 and reach their maximum values around −2.5 in mid-May. Whereas VH/VV values are already increasing from the beginning of March in 2017, they start to increase not before April in 2018, leading to a steeper increase of VH/VV ratio values at the beginning of the vegetation period in 2018.



The backscatter values of barley fields in the course of the vegetation period also show characteristic curves (Figure 6). Similar to wheat fields, VH and VV values are decreasing from the beginning of March, starting with values around −18 dB (VH) and −10 dB (VV) in 2017. In 2018, the starting values around −24 dB (VH) and −16 dB (VV) are much lower. Backscatter values show a distinct decline in both years with minimum values down to −24 dB (VH) and −19 dB (VV). In contrast to wheat fields, VV backscatter values start to increase again earlier in May in both years. The most striking difference to wheat fields is a very steep increase of the backscatter values in both polarizations by the end of May. Maximum values up to around −15 dB (VH) and −9 dB (VV) are reached at the beginning of June. An exception is the VV backscatter of the descending pass directions in 2017, when both curves are not increasing as steeply as all other values. VH/VV ratio values behave similar to those of wheat fields with increasing values until the end of April and a slight decrease afterwards. After harvest at the beginning of July (2017) and end of June (2018), VV and VH backscatter values begin to vary greatly caused by different stages of vegetation remains, soil tilling or replanting with catch crops.



The backscatter variation in the course of the vegetation period can be explained with the varying contribution of soil and vegetation as well as with structural changes of the plants and their water content. In March, wheat and barley plants are starting to develop multiple tillers in BBCH stage “tillering” (BBCH 20–29). At this stage, the plant height of 10–15 cm of both crop types is still low. Barley plants have already developed more tillers and consequently reach a higher crop coverage. Nevertheless, the soil is still the main factor affecting backscatter. Backscatter values decrease with increasing development of vegetation because of the higher attenuation of the signal, which was also reported in previous studies [20,21,24,25]. This mainly applies to VV backscatter and is less prominent for VH backscatter. VV backscatter is dominated by the direct contribution from soil and vegetation and the increasing vertical structures of the plants (stems) are increasingly attenuating the signal. VH backscatter is in general more sensitive to vegetation volume scattering, but for wheat and barley plants, soil backscatter is still dominant in early phenological stages. Consequently, VH backscatter is mainly affected by stem-ground double-scattering [20]. At this time of the year, backscatter values are still highly influenced by changes in soil moisture. Backscatter fluctuations at the beginning of 2018 are furthermore caused by snow covering the fields leading to changing scattering characteristics.



In April and May, wheat and barley undergo the phenological stages “stem elongation” (BBCH 30–39) and “booting” (BBCH 41–49), whereas barley fields are in general more developed. During these stages, the plants are beginning to develop stems, are growing in height and develop flag leaves. Also the crop coverage increases up to 100% caused by longer and thicker leaves. Backscatter values reach its minimum when the plants are developing their flag leaves leading to maximum signal attenuation. At this time, they often reach their maximum LAI values around 8 and have already a very high amount of wet biomass over 3000 g/m2 (Figure 3). In 2017, the flag leaves are developing later than in 2018. The minimum values of wheat in 2017 are reached at the end of May, whereas this phenological stage is already occurring mid-May in 2018 (Figure 3). Also barley fields are reaching this phenological stage earlier, at the beginning of May in 2017 and at the end of April 2018. The difference between the years is caused by very high temperatures and solar radiation as well as less precipitation in 2018 leading to a faster development of the plants.



After backscatter values reach their minimum, the contribution of vegetation to the backscatter exceeds the contribution of the soil when reaching the phenological stage “heading” (BBCH 51–59) and backscatter values in both polarizations are increasing again. Several previous studies also mention the changed backscatter characteristic after heading [20,21,24]. The plants reach very high wet biomass values up to 5000 g/m2, develop ears and awns (barley) and the signal is mainly backscattered from the vegetation and not dominated by the ground anymore [43]. In the following, the backscatter is increasing again caused by a still increasing biomass and evolving heads. Also the vegetation water content (VWC) plays a significant role. With a decreasing VWC, the backscattered signal contains more scattering from lower parts of the plants and also the soil contribution is increasing again [43]. This causes a reduced increase of the backscatter in late phenological stages up to constant or decreasing values.



After the heading stage, the backscattered signal reflects changes in vegetation structure and water content. The change in vegetation structure is particularly noticeable for barley. After the backscatter values reach their minimum in May, they are starting to increase again similar to wheat. But at a certain point at the end of May (2017) or mid-May (2018), the backscatter values increase remarkably by around 8 dB in a short time span. This is caused by the bending of the ears from a vertical to a horizontal orientation (Figure 7). For wheat fields, the bending of the ears is only occurring during or after the late ripening stage (BBCH 83–89). At this time, the plants are already very dry and VWC has reached very small values lower than 2000 g/m2 and lower than 50%. Therefore, the bending of the ears does not remarkably affect the backscatter. The backscatter values of barley fields are decreasing again after they reached their maximum after the bending of the ears. Similar to wheat fields, the decrease is caused by a still decreasing VWC.



For both, wheat and barley, the VH/VV ratio is increasing from the beginning of March due to the decreasing VV backscatter and a simultaneously constant VH backscatter. It starts with values of around −9 and reach its maximum as soon as VV backscatter reaches its minimum or shortly before, depending on VH backscatter. Therefore, the maximum values of around −3 to −4 are found mid-May for wheat and end of April to beginning of May for barley. Afterwards, the values are decreasing slightly because of a similar behavior of both VH and VV backscatter. As expected, fluctuations in VV or VH backscatter caused by rain or snow are mitigated, for instance at the end of July in 2017 or at the beginning of 2018. However, the standard deviations of the VH/VV ratio of the whole fields are with around 1.4 dB slightly higher than for single polarization backscatter. The increasing VH/VV ratio at the beginning of the vegetation period indicates the attenuation of the radar signal by growing vegetation and resembles the development of crop parameters like biomass and plant height.




5.1.2. Differences between Acquisition Settings


Only slight differences become apparent between the two pass directions (ascending and descending) with two different orbits each, whereas the overall trend in the course of the year is similar. However, images acquired at the same pass direction are generally more similar to each other. Small variations are mainly caused by rainfall events leading to daily surface moisture differences. This is the case, for instance, at the end of July 2017, when most backscatter values are increasing after a strong rainfall event, whereas the backscatter value of the ASC 44 images, which was acquired one day before, stays low.



Furthermore, it becomes apparent that backscatter values from images acquired in descending pass direction tend to be less stable and sometimes have strong variances independently from rainfall events, e.g., DESC 95 at the beginning of May 2017 or in March 2018. The reason might be the acquisition time. Descending images are acquired early in the morning (ca. 6:25 a.m. at local winter time and ca. 7:25 a.m. at local summer time), when plants might be still moist by dew which changes their scattering characteristics. In contrast, images in ascending pass direction are acquired at the late afternoon (ca. 18:00 p.m. at local winter time and 19:00 p.m. at local summer time).



The joint use of all images regardless of their different acquisition settings is therefore not reasonable and needs further investigations. Although the general backscatter development is similar, the value levels change slightly. Thus, images acquired in DESC 168 tend to have slightly higher values for wheat fields in 2017 and 2018, likewise images acquired in ASC 146 for barley fields in 2017 in VV polarization. Even in the physical context it is consequential that different acquisition settings influence the backscatter values because of varying viewing directions and incidence angles. Especially in earlier growing stages, the viewing direction might have a decisive influence on the backscatter, leading to a higher or lower direct soil contribution to the signal depending on the row orientation. The incidence angle influences the signal because of the varying length of the signal path through the vegetation, leading to a higher or lower signal attenuation [21,24]. Images with lower incidence angles (ASC 146 and DESC 168) tend to have higher backscatter levels due to their steeper view into the vegetation leading to a shorter signal path through the vegetation and a higher soil contribution to the signal.



For the following analyses, only images with the same acquisition setting are used. For wheat, ASC 44 images are used to avoid moist by dew. Furthermore, the relative orbit 44 scans the test site with a higher incidence angle leading to a longer path of the signal through the vegetation, which is advantageous for this study. Because one barley field is located outside the ASC 44 footprint, ASC 146 images are used for barley fields.




5.1.3. Differences between Individual Fields


Knowing the general temporal behavior of wheat and barley fields in the course of the vegetation period, it is now analyzed how temporal profiles of individual fields of both years and both test sites differ from each other. Although all observed field are managed conventionally, individual fields cultivated with the same crop type can differ because of varying crop varieties, time and amount of fertilization or irrigation as well as field heterogeneity due to relief or soil type. Furthermore, the row orientation plays a decisive role in early BBCH stages since the sensor in some cases looks directly into rows or orthogonal to them.



In the following, the temporal developments of the mean values of each individual field are compared to each other using backscatter values of ASC 44 (wheat) and ASC 146 (barley) images (Figure 8).




Wheat


At the beginning of March, both VV and VH backscatter values of wheat fields in 2018 are up to 7 dB lower than those from 2017. This is caused by a higher crop coverage in 2017, when plants are already larger and their phenological development in the BBCH stage “tillering” is already further advanced (Figure 9). This is mainly caused by a very wet and cold autumn 2017 and a later seeding as well as a cold winter in 2018 with occasional snow fall until the beginning of April. Snow coverage in Demmin is also visible at the beginning of April 2018, when fields “Hey” and “S” have around 2 dB lower backscatter values especially in VV polarization.



After a similar course of VV backscatter from mid-March until the end of April, fields of 2018 except for field “Hey” reach their minimum lower than −20 dB around two weeks earlier in May due to higher solar radiation. At this time in 2018, also LAI and to some extent wet biomass values are reaching their maximum around 4–6 (LAI) and up to around 4000 g/m2 (wet biomass) (Figure 3). Consequently, the signal attenuation reaches its maximum before it is backscattered mainly from flag leaves and ears afterwards [20]. The LAI in mid-May 2018 is often around 1–2 units higher than in 2017, which might be caused by thicker leaves and a higher number of tillers, since the plant heights are in general a few centimeters smaller in 2018. Although field “G” has the highest LAI (nearly 7), wet biomass (higher than 5000 g/m2) and plant height (85 cm) of all fields in May and June due to irrigation, this is not reflected in its temporal development compared to the other fields. Instead, especially its VV backscatter values are very similar to those of field “E”, which is a field with rather low maximum wet biomass (slightly higher than 2000 g/m2) and LAI (nearly 4). Additionally, the temporal profile of field “Hey” is more similar to fields of 2017 because of its slower development. Therefore, it is assumed that the structure of the plants based on their phenological development is the main factor influencing VV backscatter at this time of the year.



VH backscatter values are around 4 dB higher for fields of 2017 from mid-March until the beginning of April. Since the plants are up to 10 cm smaller and less dense at this time in 2018, the stem-ground-interaction and double bounce expressed in VH backscatter is lower. An exception is field “S”, whose plant height, LAI and biomass values are comparable to fields of 2017 (Figure 3). At the beginning of April, VH backscatter values of fields of 2018 are increasing to the level of fields from 2017 caused by an increasing double-bounce and volume scattering of the developing stems [24,31]. This increase happened already in March for fields of 2017. At the beginning of May, VH backscatter values of fields of 2018 are decreasing around two weeks earlier and reach their minimum around −24 dB earlier than fields of 2017 similar to VV backscatter values. This is again caused by a faster plant development in 2018 because of higher solar irradiation and higher temperatures. Field “Hey” is more similar to fields of 2017 in May, which is also expressed in similar biomass and LAI values (Figure 3).



After reaching their minimum, backscatter values of all fields are increasing again and the signal is mainly backscattered from the growing vegetation with its ears. At the beginning of July, backscatter values of fields from 2018 are decreasing again (VH) or are staying constant (VV), whereas the values of fields from 2017 are still increasing in both polarizations. Particularly fields “G” and “E” reach around 5 dB smaller VH backscatter values, whereas fields “S”, “Hey” and “BuBio” are staying constant and fields “A” and “D” are still increasing. A reason for the extremely low VH values of fields “G” and “E” might be the incline of the ears towards the ground, which is not the case for “S” and “Hey”, where ears are still upright (Figure 10). Field “BuBio” is still at the lake milk development stage with upright ears and still green plants in mid-July. Its backscatter values in July are slightly increasing caused by ongoing plant development. In contrast, fields “A” and “D” are already at the ripening stage, but the grain content is still soft and not completely dry as it is the case for fields of 2018, when lower precipitation and higher temperatures caused a faster ripening. The backscatter at this time of the year is therefore mainly influenced by the position of the ears and the grain moisture. Inclined ears as well as dry grains lead to lower VH backscatter values.



Regarding the VH/VV ratio, fields of 2018 have rather low values from March until mid-April (except for field “S”). From the beginning of May, all fields reach maximum values of around −3 and are slightly decreasing afterwards without a noticeable divergence of a certain field. Only in July, fields of 2018 are decreasing more strongly whereas fields of 2017 are staying constant. This is due to the higher similarity of VH and VV backscatter of the fields of 2017, whereas the difference between both polarizations is greater for fields of 2018 due to the drier conditions leading to lower grain moisture.




Barley


At the beginning of March, backscatter values of barley fields of 2018 are around 6 dB lower as values of 2017 at VV polarization but are mostly at the same level around −19 dB at VH polarization. This is caused by a higher crop coverage in 2017 leading to a higher signal attenuation in VV but similar stem-ground-interactions in both years. From mid-March until the beginning of April, the VV backscatter values of fields of 2018 are constant at a level around −10 dB, whereas values of fields of 2017 are decreasing since the end of March. At this time of the year, barley plants have a remarkably higher LAI (around 3 in 2017 compared to lower than 1 in 2018) and plant height (around 22 cm in 2017 compared to lower than 10 cm in 2018) (Figure 3 and Figure 11) and are attenuating the radar signal much stronger. In both VV and VH polarization, field “F” has the highest backscatter values in April due to a lower signal attenuation and less plant-ground-interaction. This is on the one hand caused by a lower biomass and LAI compared to other fields and a consequently lower crop coverage with a higher percentage of bare soil influencing the signal. Furthermore, the sensor is looking directly into the rows in ascending pass direction (Figure 12) which might be another reason for a lower attenuation of the signal by plants.



As soon as VV backscatter values of fields of 2018 start to decrease in the first half of April, they are decreasing faster and are reaching their minimum of around −17 dB earlier, namely at the beginning of May. This is caused by a faster plant development in 2018 due to higher solar radiation. Fields of 2017 reach their minimum values at the same level in the second half of May except for field “B”. It is planted with a different barley variety which is not that dense and matures earlier and is not expected to have as high yields as for example field “C” due to a lower soil quality.



After reaching their minimum, VH and VV backscatter values are strongly increasing due to the bending of the ears. A strong difference between fields can be seen in VH backscatter. Backscatter values of fields of 2018 are increasing a few days earlier due to an earlier bending of the ears. Because of the very high temperatures and the water deficiency in 2018, plants are maturing faster and already start with grain development and drying at a time when they did not have developed as much biomass and are not as high as in 2017. The difference between minimum and maximum of fields “F” and “H” of around 4 dB is rather low. Field “Sie” has a more continuous increase until mid-June with a difference between minimum and maximum of around 7 dB. Fields of 2017 are starting to increase at the end of May but have a much greater difference between minimum and maximum up to 9 dB (“KarBio”). Field “B” has only a small difference of around 4 dB due to the already mentioned reasons. The difference between minimum and maximum value before and after bending of the ears can be correlated to crop parameters, which is further discussed in Section 5.2. Furthermore, the time of the bending of the ears provides information on the stage of development of the plants and can therefore be used as a first indicator of the harvest period, as e.g., also reported in Wiseman et al. [31]. The time and strength of the increase of VV and VH backscatter values is similar. A difference is that field “B” reaches a similar maximum value as fields “KarBio” and “C”, but the absolute difference between minimum and maximum value is still lower. Also field “Sie” does not reach the same level as fields of 2017, whereas the extremely high biomass of field “KarBio” is better expressed in VH backscatter.



Right after reaching their maximum at the beginning of June, VH backscatter values of “F” and “H” are decreasing strongly. At this time they already reached their final phenological growth stage “senescence” and have very hard and dry grains. Similar as for wheat, the lower parts of the plants are now mainly contributing to the backscattered signal, which is furthermore influenced by grain moisture [43]. The temporal behavior of field “Sie” rather resembles those of the fields of 2017, which is also expressed in similar biomass, LAI and plant height values (Figure 3). Therefore, the different dryness of the grains is expressed in a decreasing VH backscatter after the bending of the ears.



Striking is the very high VV backscatter value of −1 dB of field “B” in July one week after harvest. At this time, only vegetation remains are present on the field. There is no reasonable explanation for this high value and why it only affects VV and not VH backscatter, but also surrounding fields around this time show these high backscatter values.



The VH/VV ratio is 2–6 dB lower for fields of 2018 at the beginning of March due to higher VV backscatter values. Since VH backscatter values are constant, the VH/VV ratio changes with VV backscatter changes. At the beginning of May, most fields reach their maximum of around −4 and are developing similarly afterwards with a slightly decreasing trend. In June, values of the fields “KarBio” and “Sie” are higher until harvest due to a similar development of both VH and VV backscatter.




5.1.4. Within-Field Variability


In the following, single exemplary fields are examined in detail analyzing the temporal behavior of the observed points in comparison to the field data, exemplary for wet biomass. The aim is to figure out whether biomass differences of the observed points are also reflected in the backscatter time series to identify heterogeneity within a field.




Field C: Blönsdorf 2017, Barley


A specific characteristic of field “C” is the presence of two different crop varieties. Since this was not known at the beginning of the field measurements, three observed points (C04, C05 and C06) are located inside or at the edge of the second variety at the western part of the field. Whereas this is not expressed in the crop parameters, the difference becomes apparent in July when VV backscatter values reached their maximum after bending of the ears. VV backscatter values of points located at the western part of the field do not increase as much and reach maximum values around −10 dB compared to maximum values around −6 dB of other points. Afterwards they are decreasing in mid-June by 1–2 dB before they are increasing again to the level of the other points (Figure 13).



The observed points C07 and C08 have lower biomass values than the other points of the field with a maximum around 3000–3700 g/m2 in May compared to a mean field maximum of 4800 g/m2. An indicator for that can be found at the end of May, when VH backscatter values are reaching their minimum (Figure 13). The minimum values of C07 (−19 dB) and C08 (−21.5 dB) are slightly higher than for other points (field average: −22 dB), furthermore both points reach high values (around 2–3 dB higher than the rest of the field) a few days earlier at the beginning of June, caused by a faster ripening.




Field H: Blönsdorf 2018, Barley


Field “H” confirms the correlation between minimum and maximum value as well as their difference before and after bending of the ears. There are two observed points (H01 and H05) with consistently high biomass values (maximum around 5000 g/m2 in May), whereas there are also points with constantly lower values (H04 and H07, maximum around 2000 g/m2 end of April). H01 and H05 also reach the highest maximum VH backscatter values after the bending of the ears (−14 dB) as well as the greatest value difference of around 6 dB (Figure 13). H04 and H07 together with H03 have the lowest maximum VH backscatter values around −18 dB combined with a low value difference of around 2–3 dB. In the case of field “H”, the maximum VH backscatter values as well as the absolute difference between minimum and maximum value serve as indicators for wet biomass.




Field G: Blönsdorf 2018, Wheat


Field “G” is a very heterogeneous field caused by an ancient river course running through the field, whereas plants inside the valley tend to have higher biomass values from the beginning of May (e.g., G03, G04 and G05). Their maximum values in June (up to over 6000 g/m2) are more than 2000 g/m2 higher than the field average. On the other hand, there are areas with very low biomass values (maximum lower than 2000 g/m2) like G02 and G07, which are located on the hillsides of the valley (Figure 13). However, differences in the temporal profiles of the single points of field “G” are not very distinctive. Whereas points with higher biomass values tend to reach VV backscatter values consistently lower than the field average, points with lower biomass values tend to be higher than the field average. In VH backscatter profiles, points with higher biomass values have lower minimum values in mid-May. This might be caused by a higher signal attenuation of the soil backscatter by areas with a denser vegetation cover as described in Section 5.2. This behavior could also be found for field “E”. Nevertheless, this is not unambiguous and does not apply for all points and all wheat fields.




Field A: Blönsdorf, 2017, Wheat


Also field “A” has points with rather low maximum biomass values around 1000 g/m2 (A03 and A08) and a visible field heterogeneity, but this is not expressed by the temporal profiles (Figure 13). On the one hand, point A02 has the highest biomass values up to 6000 g/m2 and also low VV backscatter values in May. On the other hand, also point A08 has low VV backscatter values, but low biomass values. Furthermore, points A01 and A03 have very similar temporal profiles of VH backscatter at the beginning of June, whereas their crop parameters are very different. The interaction of structure and moisture changes might prevent a clear differentiation between the individual points in this case.





5.2. Identifying Field Heterogeneity Using Sar Backscatter Time Series


In general, field heterogeneity is more expressed on barley fields considering the time of the bending of the ears with the characteristic steep backscatter increase. However, crop parameters of the observed points can not always be deduced from the corresponding temporal profiles. Points with consistently higher or lower crop parameters are not clearly identifiable with temporal profiles only. A reason might be the speckle effect combined with the spatial resolution of the SAR images as well as potential georeferencing errors. Furthermore structural plant changes, are not always reproduced by the measured crop parameters. Nevertheless, the strong backscatter increase is still an indication for crop parameters. It is assumed that points with lower biomass, LAI and height attenuate the backscatter signal less and the minimum value before the bending of the ears is therefore not as pronounced as for points with higher biomass, LAI or height values. Furthermore, the maximum value after the bending of the ear, when the signal is mainly backscattered from the upper part of the plants, could be an indicator for the plant density or the number of ears per area unit. The higher the maximum backscatter value, the higher are biomass and LAI and the more volume scattering takes place. In consequence, a large difference between maximum and minimum value also indicates higher biomass and LAI values.



Minimum and maximum value as well as their difference are related to field data using a regression analysis. The assumptions were partly confirmed and the following applies to all crop parameters: The higher a crop parameter, the lower the minimum value and the higher the maximum value and the absolute difference (Figure 14). The quality of the regression results differs between individual fields, whereas VH backscatter consistently produces higher R2 values. Furthermore, LAI and VWC reach highest R2 values, these are the two parameters that are most likely to react to changes in moisture and structure. Surprisingly, the minimum values before the bending of the ears reach lowest R2 values, whereas the difference between maximum and minimum value has consistently higher R2 values. However, it again becomes apparent that individual fields have very different slopes of the regression lines and also the quality of the regression changes drastically between fields.



Field heterogeneity is not clearly identifiable on wheat fields because there is no structural change as unique as in barley fields. The interaction of plant structure and plant moisture of wheat on the backscattered signal complicates the interpretation of the temporal profiles and prevents to make unambiguous statements. However, the relation between minimum and maximum values as well as their difference and field data were also tested for wheat fields. Since there is no distinct maximum value but rather a continuous backscatter increase, the minimum value is expected to have a higher significance. The regression results are similar to those of barley. Maximum values and absolute difference are increasing with increasing crop parameters, whereas minimum values are decreasing with increasing crop parameters. As expected, the regression quality is lower for maximum values, but also minimum values only reach low to moderate R2 values. The difference between minimum and maximum values reach highest R2 values up to 0.65 for dry biomass. Furthermore, VV backscatter performs better than VH backscatter, which is also reflected in a more distinctive temporal profile of the VV backscatter of wheat.




5.3. Regression Analysis


All available Sentinel-1 images per crop type, pass and orbit are related to the corresponding interpolated field data via regression analysis. The linear and exponential regression is performed for VH and VV backscatter and their ratio VH/VV individually as well as for VH and VV backscatter combined using multiple regression. The regression analysis is applied for all fields of a crop type as well as for each single field individually to investigate possible differences between fields and to potentially find universally valid regression equations. General trends are similar between the four different acquisition settings, but absolute R2 values are varying. Whereas images of the ASC 146 are reaching the highest R2 values, images of DESC 95 show consistently lower R2 values. In the following, only results from ASC 146 images are explained. R2 values of the regression results for all fields are shown in Table 3. Additionally, scatter plots illustrate the relationship between single backscatter parameters and field data exemplary for wheat (Figure 15, scatter plots for barley in Supplementary Materials).



There are no or only marginal relationships between backscatter and crop parameters for all fields (Table 3). No linear or exponential relationship between VH backscatter and any crop parameter could be found. Barley fields do not show any relationship with any backscatter parameter. Highest R2 values are found for wheat parameters of all fields exponentially related to the VH/VV ratio as well as for the multiple regression, reaching values up to 0.48 for VWC and LAI. Also R2 values of VV backscatter reach values up to 0.39 (LAI, linear) for all wheat fields.



Single fields often reach higher R2 values than all fields, which indicates considerable differences between fields and years. Field “S” shows R2 values up to 0.58 for LAI and VH backscatter. Single barley fields “KarBio”, “C” and “B” reach R2 values up to 0.6 for relative VWC and VV and VH backscatter. Furthermore, fields “F” and “H” reach R2 values around 0.5 for VV backscatter and VH/VV ratio and LAI and plant height. Also for VV backscatter, field “S” has highest R2 values for wet biomass (0.64, exponential), VWC (0.72, exponential) and LAI (0.74, linear and exponential). Nearly the same R2 values are reached by the multiple regression for field “S”: 0.75 for LAI (linear and exponential), 0.72 for VWC (exponential) and 0.65 for wet biomass (exponential). Fields “E”, “G” and “Hey” also have R2 values higher than 0.5 for LAI and field “E” additionally for plant height (0.57). Fields ”E”, “G”, and “Hey” are also fields with the highest R2 values for VH/VV ratio, particularly for VWC (up to 0.69), and LAI (up to 0.67). For multiple regression, field “Hey” reaches R2 values up to 0.7 (VWC, exponential) and 0.61 (LAI, linear). Barley fields have lower R2 values for VH/VV ratio with “F”, “H” and sporadic “C” with R2 values up to 0.58 (LAI). Multiple regression results for barley show highest R2 values for field “C” and “B” for VWC (above 0.63, linear), but also for field “H” with 0.66 (LAI, exponential).



Exponential regression often results in higher R2 values than linear regression, which was also found by Vreugdenhil et al. [25] and Wiseman et al. [31]. In contrast to the R2 values for winter cereals found by Vreugdenhil et al. [25], who found exponential R2 values higher than 0.6 for VH/VV and plant height (0.68), biomass (0.64), and VWC (0.63), such high values could only be observed for single fields in this study. For VV backscatter and biomass, VWC and plant height for all fields, R2 values of this study are similar to these found by Vreugdenhil et al. [25]. R2 values for LAI and VV backscatter (0.46) as well as VH/VV ratio (0.39) are higher in this study. However, high R2 values for all fields were also found for VH/VV ratio for exponential regression. Multiple regression yields the highest R2 values due to the combined information from both VH und VV backscatter. However, these are often only slightly higher than the second best R2 values of the individual parameters. This indicates that only one of the two parameters explains the relationship to the crop parameters sufficiently well and the second parameter contributes only marginally. The RMSE values of the multiple regression did not improve significantly and even worsened in some cases.



Also the scatter plots show exponentially increasing VH/VV ratio values with increasing crop parameters except for relative VWC, which shows no relationship to any backscatter parameter (Figure 15). Some of the scatter plots show diverging trends depending on the value range of the crop parameter. For example, VH and VV backscatter values are decreasing with increasing dry biomass until they reach a value of around 600 g/m2. Afterwards, VH and VV backscatter values are increasing with increasing dry biomass. A similar behavior can be found for plant height. Whereas VH and VV backscatter values are decreasing with increasing plant height, they are increasing again after the plants reach a height of around 60 cm, which was also found by Fieuzal et al. [33]. An increasing trend can also be found for VH backscatter for plant heights until around 20 cm. These diverging trends are consequentially since plants change their appearance and structure in the course of the vegetation period, which influences the scattering mechanisms. For this reason, the regression analysis was carried out again with the data subdivided into three groups based on their BBCH stages. The grouping of the BBCH stages was tested with different combinations, the presented three groups performed best and are based on plant appearance and experiences from the temporal profiles.



BBCH 21–49


A strong improvement of the regression results could be found for the first BBCH stages from tillering (BBCH 21) until the end of booting (BBCH 49). Highest R2 values between 0.65 and 0.75 are reached by wheat for VV backscatter as well as the multiple regression for all crop parameters except for relative VWC (Table 4). The scatter plots show decreasing VV backscatter values with increasing plant height and increasing dry biomass (Figure 16). This reflects and confirms the observations made previously. The higher and more dense the plants, the more attenuation of the backscattered signal from the soil takes place. Striking is the improvement of the exponential R2 values for wheat for multiple regression compared to results of the single parameters. For example, the R2 value for plant height increased from 0.65 (VV) to 0.75 (multiple), which indicates that both VH and VV backscatter are contributing to predict plant height. However, R2 values of linear regression results are already high for single backscatter parameters with lower RMSE values. VV backscatter and multiple linear regression results are almost identical. Also VH/VV ratio values combined with all crop parameters of wheat except for relative VWC results in exponential R2 values up to 0.69 for plant height. However, RMSE values for plant height are around 10 cm, which might be too high to detect differences within a field on a single date. But it could still be shown that the relations are similar across all wheat fields.



VH backscatter and wheat parameters still have low R2 values slightly above 0.2 for wet and dry biomass and VWC, whereas VH backscatter and barley fields show moderate regression results with R2 values up to 0.43 (plant height, linear). VV backscatter and barley parameters show R2 values up to 0.64 for plant height and R2 values higher than 0.4 for LAI and VWC, but do not reach as high values as wheat parameters. Barley parameters and VH/VV ratio only have very low R2 values. The VH/VV ratio is particularly sensitive for biomass changes in very early BBCH stages indicating growing vegetation by backscatter signal attenuation. Since barley plants are already relatively dense, the relationship between VH/VV ratio and crop parameters is not that pronounced. Multiple regression improves particularly the linear results for barley slightly, for example for wet biomass (R2 value of 0.43 compared to 0.38 previously).



Regression analysis was most successful for single fields at BBCH stages 21–49 (Figure 17). Striking are the very high R2 values for VV backscatter as well as for multiple regression and all wheat parameters except for relative VWC for fields “D”, “G”, “S” and “Hey”. They constantly reach R2 values higher than 0.8 and are sometimes even higher than 0.9 (e.g., field “G”, “D” and “S” for plant height). Also barley fields reach maximum R2 values higher than 0.8 for VV backscatter and multiple regression, fields “H” and “F” are to be emphasized here.



More barley than wheat fields reach high R2 values for VH backscatter, indicating a higher portion of volume scattering. Whereas field “S” is the only field having R2 values higher than 0.7, other wheat fields do not exceed values slightly above 0.5, but in most cases much less. Barley fields “B”, “C” and “H” are constantly having highest R2 values up to 0.73 (“H”, plant height).



Wheat fields like “D”, “E”, “G” and “Hey” also show good regression results for crop parameters and VH/VV ratio. Highest R2 values are mostly higher than 0.7 and sometimes even higher than 0.8. Barley fields do only show high R2 values for VH/VV ratio for fields “F” and “H”, particularly for plant height (up to 0.7) and LAI (up to 0.67). Both fields are not that dense in their early BBCH stages because of the dry conditions in 2018.



For VH and VV backscatter, linear regression produces higher R2 values and lower RMSE values for both wheat and barley in BBCH stages 21–49, whereas exponential regression of the VH/VV ratio is usually performing better than linear regression. Multiple regression again improves R2 values slightly, but these are still very similar to the highest single backscatter parameters. Only field “B” improves its R2 value remarkable for multiple regression.




BBCH 51–77


Regression results for data in BBCH stages between the beginning of heading (BBCH 51) and late milk (BBCH 77) have consistently low R2 values below 0.3 and no significance for most of the crop parameters (Table 5). Only relative VWC reach R2 values up to 0.31 for VV backscatter and multiple regression. For single fields, VV backscatter and multiple regression also show good relationships to relative VWC. Barley fields “B”, “C”, “KarBio” and “Sie” reach R2 values up to 0.85 and wheat fields “D”, “G”, “BuBio” and “S” at least R2 values higher than 0.5 for multiple regression (Figure S2). Also VH backscatter and the before mentioned barley fields show R2 values higher than 0.6. Field “D” is the only wheat field showing high R2 values of 0.72. Field “D” also has R2 values higher than 0.5 (VH backscatter) and above 0.6 (VV backscatter and multiple regression) for dry biomass. Also barley fields “H” and “Sie” show to some degree good R2 values higher than 0.5 for both single polarizations as well as the multiple regression and dry biomass. The VH/VV ratio has no importance for wheat fields and no significant regression results. Also for barley fields, it only has R2 values around 0.5 for relative VWC of fields “C” and “F”.



Characteristic for the data of this BBCH group is the high value range of the crop parameters. For instance, LAI and VWC cover the whole value range, whereas backscatter values do not change substantially. After the beginning of heading, plants do not change their structure significantly anymore and the radar signal is mainly backscattered from the upper parts of the plants. Most changes are happening in the ears, for example grain filling. Therefore, relative VWC has a greater importance, whereas all other crop parameters do not show any good regression results anymore. Backscatter is increasing with decreasing relative VWC.



The high variability of the data might be caused by the increasing relevance of field heterogeneity. The difference between less and more developed plants is more distinct and, depending on the development of the ears, moisture differences are more pronounced. Therefore, relative VWC reaches slightly higher R2 values.




BBCH 83–99


The last development stages are ripening (BBCH 83–89) and senescence (BBCH 92–99). Best regression results are reached by VH backscatter and multiple regression and the barley parameters wet and dry biomass, VWC and relative VWC with R2 values up to 0.58 (Table 6). Results of VH backscatter alone and multiple regression are again very similar, indicating that VH backscatter is contributing most. VH backscatter increases with increasing biomass and VWC values. This is probably caused by the drying of the grains and plants in the course of ripening. The more water a plant contains, the higher the biomass and VWC values and the higher the backscattered signal.



VV backscatter and barley parameters reach only moderate R2 values up to 0.39. Wheat parameters and VH backscatter as well as multiple regression reach R2 values up to 0.53 for relative VWC, but no strong relationships are found between wheat parameters and VV backscatter and VH/VV ratio. The moisture difference between 2017 and 2018, when plants contained much less water, is more distinct for wheat plants and leads to diverging trends resulting in low R2 values.



Most regression results of the BBCH stages 83–99 are not significant for single fields because there are not much field data available at this time (Figure S3). However, wheat field “Hey” shows high R2 values for VH and VV backscatter as well as for multiple regression up to 0.85 for VWC and relative VWC. All other wheat fields show no or no significant relationships with backscatter parameters, except for fields “E” and “G” for VH/VV ratio and multiple regression (up to 0.72 for relative VWC).





5.4. Detecting Field Heterogeneity Using Regression Analysis


The question remains why regression results differ remarkably between individual fields. One influencing factor is the quality of the field data. Fields with good regression results often have rather stable field data without outliers. For instance, field “KarBio” barely reaches high R2 values and has unstable field data with outliers particularly in late phenological stages (Figure 3). Consequentially, the linear interpolation of the field data produces errors and an unrealistic development of the biophysical parameters. Additionally, geometrical inaccuracies of the SAR images like speckle and inaccurate georeferencing are potential error sources. Furthermore, the local incidence angle, e.g., caused by slopes, might have an influence on the backscatter as well. Most of the fields do not have notable slopes, except for field “BuBio”, a field which is often among the fields with the lowest R2 values. In general, fields of 2018 often have better results than fields of 2017. A reason might be that field variability is more pronounced in 2018 because of different times of ripening. Furthermore, especially wheat plants were smaller at the beginning of the vegetation period in 2018 leading to better regression results particularly for VH/VV ratio because of a higher range of plant heights and densities in the early BBCH stages. Another reason might be the lower precipitation amount in 2018 and the lower moisture influence on the backscatter signal.



Some fields stand out due to consistently high R2 values, while most other fields have rather low R2 values, e.g., field “S” in BBCH stages 21–49 for VH backscatter or field “Hey” in BBCH stages 83–99. Reasons are complex and might be an advantageous interaction of multiple factors. For instance, the plants of field “S” already reached a certain height and density at the beginning of the field measurements at the end of March, whereas many low values prevent the fitting of a linear or exponential regression line for some other fields. Another reason is a higher value range combined with regular field data. Such unique behaviors complicate the establishment of regression equations that can be applied for multiple fields.



It was discussed if a minimum field variability is necessary to get good regression results. This is true for some fields, but on the other hand field “D” is a rather homogeneous field with good regression results, whereas field “A” is rather heterogeneous but with lower regression qualities. The development of the plants over time is apparently more important than the variability on a single date.



There are several reasons, why regression results are best in early BBCH stages. First of all, crop parameters are subject to major changes during this time until they reach their maximum height, LAI and biomass after heading. Afterwards, changes mainly take place in water content, which leads to a higher relationship between backscatter and VWC in later BBCH stages. Changes of structure and moisture are mainly reflected in backscatter, but are not always captured by the measured crop parameters. Structural changes, e.g., the bending of the ears or changes of the leaf thickness and position, might be captured by LAI values, but at this time of the year, the LAI is already very high and sometimes even saturated and smaller changes are not observable anymore. Moisture changes in early BBCH stages are reflected by wet and dry biomass as well as VWC values. After ripening, moisture changes are mainly taking place in the grains. These changes are far too small to be captured by biomass or VWC values. The individual components of a plant (leaves, stems, grains) would have to be weighed and dried separately to make statements about grain moisture.



Finally, there are still big regression quality differences between different acquisition settings. Whereas fields “S” and “H” reach highest R2 values in ASC146 in the BBCH stages 21–49, fields “A”, “B”, “C” and “D” are fields with the highest R2 values in ASC44. There is, however, a general trend of which fields are constantly reaching rather high R2 values, but the absolute height of these values differs strongly between acquisition settings. The establishment of transferable rules or regression equations is therefore not possible at the moment and further field measurements are necessary.





6. Conclusions


Both temporal profile analysis and regression analysis provide conclusions about the scattering mechanisms of wheat and barley fields in different phenological growth stages. The characteristic temporal behavior of wheat and barley fields shows a sensitivity to structural changes of the plants like heading as well as moisture changes. Thus, the temporal profiles indicate the phenological development of wheat and barley plants, e.g., by an increasing signal attenuation caused by vegetation growth in spring and a change of the main scattering contributor after reaching a certain height and with the development of flag leaves. Furthermore, backscatter increases with emerging heads, which allows conclusions to be drawn about head position (barley) and grain moisture. This information helps farmers to define optimal fertilizing or harvest dates. Between-field differences are usually more prominent than within-field variability because of geometrical characteristics of the SAR images. Furthermore, structural plant changes are not always reproduced by the measured crop parameters.



The results of the regression analysis are especially successful for wheat fields in the early phenological stages from tillering until the end of booting. R2 values around 0.7 were found for VV backscatter and all crop parameters except for relative VWC. Also VH/VV ratio and wet biomass (exponential) and plant height reach R2 values above 0.6 for wheat. Regression results of single fields even exceed R2 values of 0.9 in these phenological stages, mainly for wheat fields and VV backscatter and multiple regression. The use of multiple regression improved the R2 values only slightly, indicating that there is mostly only one single parameter which explains field data variations best.



However, regression results differed remarkably between fields caused by differences in field data quality, incidence angle, precipitation or field management. To find universally valid regression equations to predict crop parameters based on backscatter parameters, a larger data base with additional observed years and fields is required. So far, regression equations are still very dependent on the available field data, but general trends are already noticeable and helpful for further analysis.
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Figure 1. Location of the two test sites DEMMIN and Blönsdorf in Germany (left) and observed wheat and barley fields with measurement points in 2017 and 2018 in DEMMIN (center) and Blönsdorf (right). 
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Figure 2. Sentinel-1 acquisitions and field measurement dates 2017 and 2018. 
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Figure 3. Characteristic appearance of wheat and barley in different BBCH stages (a) and development of crop parameters for all measured wheat fields (b) and barley fields (c). 
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Figure 4. Exemplary extraction area of 176.7 m2 with 10 m pixels in the background. The center of the circle represents the centroid of the sampling locations of all dates (grey dots). 
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Figure 5. Temporal profiles of backscatter parameters VV, VH and VH/VV of wheat fields in 2017 (left) and 2018 (right). Standard deviations are depicted as polygons around lines. Blue bars represent daily precipitation sums for the test sites Demmin (dark blue) and Blönsdorf (light blue). 
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Figure 6. Temporal profiles of backscatter parameters VV, VH and VH/VV of barley fields in 2017 (left) and 2018 (right). Standard deviations are depicted as polygons around lines. Blue bars represent daily precipitation sums for the test sites Demmin (dark blue) and Blönsdorf (light blue). 
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Figure 7. Barley field “H” at 18th of May 2018 (left) and barley field “H” at 6th of June 2018 (right). 
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Figure 8. Temporal profiles of backscatter parameters VV, VH and VH/VV of all observed wheat fields (left) and barley fields (right). 
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Figure 9. Wheat field “BuBio” at 17th of March 2017 (left) and wheat field “G” at 15th of March 2018 (right). 
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Figure 10. Wheat field “Hey” at 13th of July 2017 (left) and wheat field “G” at 16th of July 2018 (right). 
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Figure 11. Barley field “C” at 4th of April 2017 (left) and barley field “H” at 5th of April 2018 (right). 
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Figure 12. Row orientation of all observed field compared to the looking direction of the sensor in ascending and descending orbits. 
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Figure 13. Temporal profiles of single fields: wet biomass (left), VH backscatter (center) and VV backscatter (right). The black line framed by a gray polygon represents the mean value of the field +/− one standard deviation. Gray bars indicate harvest periods, blue bars represent precipitation. 
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Figure 14. Scatter plots of LAI of three barley fields related to minimum VH backscatter before bending of the ears (left), maximum VH backscatter after bending of the ears (center) and the difference between both (right). 
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Figure 15. Scatter plots of crop parameters related to backscatter parameters for all wheat fields in 2017 (black points) and 2018 (gray points). 
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Figure 16. Scatter plots of plant height related to VV backscatter (left) and VH/VV ratio (right) and dry biomass related to VV backscatter (center) for BBCH stages 21–49. Regression lines, R2 and RMSE are shown in red (linear) and green (exponential). 
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Figure 17. Bar plots of R2 values of regression between crop and backscatter parameters per crop type for single fields in BBCH stages 21–49. 
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Table 1. Observed fields in Demmin and Blönsdorf 2017 and 2018.
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Test Site

	
Year

	
Field Name

	
Crop Type

	
Field Size [ha]

	
Number of Points

	
Visits until Harvest

	
Harvest Period






	
Demmin

	
2017

	
BuBio

	
wheat

	
23

	
15

	
16

	
August




	
KarBio

	
barley

	
71

	
7

	
12

	
17.07–26.07.




	
2018

	
S

	
wheat

	
180

	
9

	
10

	
17.07.–25.07.




	
Hey

	
wheat

	
107

	
7

	
11

	
27.07.




	
Sie

	
barley

	
69

	
10

	
8

	
02.07.–05.07.




	
Blönsdorf

	
2017

	
A

	
wheat

	
69

	
9

	
7

	
20.07.– 02.08.




	
B

	
barley

	
103

	
7

	
6

	
05.07.–06.07.




	
C

	
barley

	
52

	
9

	
6

	
13.07.–15.07.




	
D

	
wheat

	
58

	
7

	
7

	
03.08.–17.08.




	
2018

	
E

	
wheat

	
72

	
5

	
11

	
17.07.




	
F

	
barley

	
66

	
7

	
9

	
29.06.




	
G

	
wheat

	
108

	
9

	
11

	
17.07.–26.07.




	
H

	
barley

	
20

	
7

	
9

	
27.06.











[image: Table]





Table 2. Crop Parameters measured during field campaigns 2017 and 2018.
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Crop Parameter (Field)

	
Unit

	
Method






	
Phenology

	

	
Phenological growth stage in BBCH scale [38]




	
Plant Height

	
cm

	
Average height of ca. 10 plants, measured by folding rule




	
Leaf Area Index (LAI)

	
m2/m2

	
Green leaf area per unit ground surface area, average of ca. 10 measurements with SunScan LAImeter




	
Wet Biomass

	
g/m2

	
Weight of fresh plants, destructive sampling of plants in five 1 m rows




	
Crop Parameter (Lab)




	
Dry Biomass

	
g/m2

	
Weight of oven-dried plants (at 105 ∘C until constant weight)




	
Vegetation Water Content (VWC)

	
g/m2

	
Weight difference between wet and dry biomass




	
Relative Vegetation Water Content

	
%

	
Weight difference between wet and dry biomass divided by wet biomass
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Table 3. R2 values of the regression between crop and backscatter parameters per crop type for all fields. Values in parentheses are not significant (p > 0.01).
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ASC146 all

	
VH

	
VV

	
VH/VV

	
Multiple




	

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley






	
Wet Biomass

	
lin

	
0.02

	
(0)

	
0.21

	
0.02

	
0.2

	
0.08

	
0.24

	
0.08




	
exp

	
(0)

	
(0)

	
0.33

	
0.02

	
0.41

	
0.11

	
0.42

	
0.11




	
Dry Biomass

	
lin

	
(0)

	
0.16

	
0.03

	
0.07

	
0.06

	
0.01

	
0.06

	
0.17




	
exp

	
(0)

	
0.04

	
0.22

	
(0)

	
0.28

	
0.04

	
0.29

	
0.07




	
VWC

	
lin

	
0.04

	
0.02

	
0.3

	
0.08

	
0.26

	
0.08

	
0.32

	
0.1




	
exp

	
(0)

	
0.01

	
0.36

	
0.09

	
0.46

	
0.15

	
0.48

	
0.16




	
VWC in %

	
lin

	
(0)

	
0.14

	
0.05

	
0.2

	
0.06

	
0.06

	
0.06

	
(0.2)




	
exp

	
(0)

	
0.07

	
0.03

	
0.12

	
0.06

	
0.06

	
0.06

	
0.12




	
LAI

	
lin

	
0.07

	
0.02

	
0.39

	
0.06

	
0.3

	
0.07

	
0.4

	
0.08




	
exp

	
0.01

	
0.02

	
0.38

	
0.1

	
0.46

	
0.15

	
0.48

	
0.16




	
Plant Height

	
lin

	
(0)

	
(0.01)

	
0.2

	
(0.01)

	
0.25

	
0.07

	
0.26

	
0.08




	
exp

	
(0)

	
(0)

	
0.3

	
0.06

	
0.39

	
0.14

	
0.41

	
0.14
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Table 4. R2 values of the regression between crop and backscatter parameters per crop type for all fields in BBCH stages 21–49. Values in parentheses are not significant (p > 0.01).
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BBCH 21–49

	
VH

	
VV

	
VH/VV

	
Multiple




	

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley






	
Wet Biomass

	
lin

	
0.22

	
0.36

	
0.69

	
0.38

	
0.46

	
0.11

	
0.69

	
0.43




	
exp

	
0.06

	
0.2

	
0.6

	
0.3

	
0.61

	
0.14

	
0.67

	
0.3




	
Dry Biomass

	
lin

	
0.23

	
0.32

	
0.69

	
0.35

	
0.44

	
0.11

	
0.68

	
0.39




	
exp

	
0.09

	
0.14

	
0.65

	
0.22

	
0.6

	
0.11

	
0.7

	
0.22




	
VWC

	
lin

	
0.22

	
0.38

	
0.68

	
0.41

	
0.45

	
0.12

	
0.68

	
0.46




	
exp

	
0.05

	
0.28

	
0.57

	
0.42

	
0.6

	
0.2

	
0.65

	
0.42




	
VWC in %

	
lin

	
(0.01)

	
0.2

	
0.09

	
0.33

	
0.21

	
0.17

	
0.22

	
0.33




	
exp

	
(0.01)

	
0.19

	
0.09

	
0.32

	
0.2

	
0.17

	
0.21

	
0.32




	
LAI

	
lin

	
0.19

	
0.34

	
0.65

	
0.4

	
0.46

	
0.13

	
0.66

	
0.43




	
exp

	
0.03

	
0.27

	
0.52

	
0.46

	
0.58

	
0.24

	
0.62

	
0.46




	
Plant Height

	
lin

	
0.12

	
0.43

	
0.71

	
0.62

	
0.61

	
0.28

	
0.74

	
0.63




	
exp

	
0.05

	
0.39

	
0.65

	
0.64

	
0.69

	
0.33

	
0.75

	
0.65
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Table 5. R2 values of the regression between crop and backscatter parameters per crop type for all fields in BBCH stages 51–77. Values in parentheses are not significant (p > 0.01).
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BBCH 51–77

	
VH

	
VV

	
VH/VV

	
Multiple




	

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley






	
Wet Biomass

	
lin

	
(0.02)

	
(0)

	
(0.01)

	
(0)

	
(0)

	
(0)

	
(0.02)

	
(0)




	
exp

	
0.02

	
(0)

	
(0.01)

	
(0)

	
(0)

	
(0)

	
(0.02)

	
(0)




	
Dry Biomass

	
lin

	
0.05

	
0.24

	
0.07

	
0.22

	
(0.01)

	
(0.01)

	
0.07

	
0.25




	
exp

	
(0.02)

	
0.17

	
0.03

	
0.16

	
(0.01)

	
(0.01)

	
(0.03)

	
(0.17)




	
VWC

	
lin

	
0.06

	
(0.02)

	
0.04

	
(0.02)

	
(0)

	
(0)

	
0.06

	
(0.02)




	
exp

	
0.05

	
(0.01)

	
0.04

	
(0.02)

	
(0)

	
(0.01)

	
(0.05)

	
(0.02)




	
VWC in %

	
lin

	
0.25

	
0.26

	
0.28

	
0.31

	
(0.01)

	
0.06

	
0.3

	
0.31




	
exp

	
0.23

	
0.19

	
0.27

	
0.25

	
(0.02)

	
0.06

	
0.28

	
0.25




	
LAI

	
lin

	
0.08

	
(0)

	
0.08

	
(0)

	
(0)

	
(0)

	
(0.09)

	
(0)




	
exp

	
0.08

	
(0.01)

	
0.07

	
(0.01)

	
(0)

	
(0)

	
(0.08)

	
(0.01)




	
Plant Height

	
lin

	
(0)

	
(0.01)

	
(0.01)

	
(0.02)

	
(0)

	
(0.01)

	
(0.01)

	
(0.02)




	
exp

	
(0)

	
(0.01)

	
(0)

	
(0.01)

	
(0)

	
(0.01)

	
(0)

	
(0.01)
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Table 6. R2 values of the regression between crop and backscatter parameters per crop type for all fields in BBCH stages 83–99. Values in parentheses are not significant (p > 0.01).






Table 6. R2 values of the regression between crop and backscatter parameters per crop type for all fields in BBCH stages 83–99. Values in parentheses are not significant (p > 0.01).





	
BBCH 83–99

	
VH

	
VV

	
VH/VV

	
Multiple




	

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley

	
Wheat

	
Barley






	
Wet Biomass

	
lin

	
0.23

	
0.47

	
(0.01)

	
0.27

	
0.13

	
0.2

	
0.24

	
0.47




	
exp

	
0.26

	
0.56

	
(0.06)

	
0.34

	
(0.06)

	
0.23

	
0.26

	
0.56




	
Dry Biomass

	
lin

	
0.1

	
0.44

	
0.1

	
0.23

	
(0)

	
0.21

	
(0.14)

	
0.44




	
exp

	
0.09

	
0.45

	
0.11

	
0.24

	
(0)

	
0.22

	
(0.14)

	
0.45




	
VWC

	
lin

	
0.25

	
0.43

	
(0)

	
0.27

	
0.23

	
0.17

	
0.3

	
0.43




	
exp

	
0.44

	
0.57

	
(0.07)

	
0.39

	
0.16

	
0.2

	
0.44

	
0.58




	
VWC in %

	
lin

	
0.43

	
0.51

	
(0)

	
0.38

	
0.35

	
0.14

	
0.51

	
0.52




	
exp

	
0.5

	
0.46

	
(0.02)

	
0.36

	
0.29

	
0.12

	
0.53

	
0.48




	
LAI

	
lin

	
0.13

	
(0.1)

	
0.23

	
(0.01)

	
(0.01)

	
0.17

	
0.24

	
0.19




	
exp

	
(0.09)

	
(0.09)

	
0.22

	
(0.01)

	
(0.03)

	
0.2

	
0.22

	
0.21




	
Plant Height

	
lin

	
0.1

	
0.4

	
(0)

	
0.23

	
(0.07)

	
0.18

	
0.11

	
0.4




	
exp

	
(0.06)

	
0.35

	
(0)

	
0.2

	
(0.04)

	
0.16

	
0.07

	
0.35
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