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Abstract

:

Agriculture is of huge economic significance in The Netherlands where the provision of real-time, reliable information on crop development is essential to support the transition towards precision agriculture. Optical imagery can provide invaluable insights into crop growth and development but is severely hampered by cloud cover. This case study in the Flevopolder illustrates the potential value of Sentinel-1 for monitoring five key crops in The Netherlands, namely sugar beet, potato, maize, wheat and English rye grass. Time series of radar backscatter from the European Space Agency’s Sentinel-1 Mission are analyzed and compared to ground measurements including phenological stage and height. Temporal variations in backscatter data reflect changes in water content and structure associated with phenological development. Emergence and closure dates are estimated from the backscatter time series and validated against a photo archive. Coherence data are compared to Normalized Difference Vegetation Index (NDVI) and ground data, illustrating that the sudden increase in coherence is a useful indicator of harvest. The results presented here demonstrate that Sentinel-1 data have significant potential value to monitor growth and development of key Dutch crops. Furthermore, the guaranteed availability of Sentinel-1 imagery in clouded conditions ensures the reliability of data to meet the monitoring needs of farmers, food producers and regulatory bodies.
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1. Introduction


The Netherlands is the second largest exporter of food and agricultural products in the world, exporting 65 billion euro of agricultural produce annually. These exports represent 17.7% of total Dutch exports [1] and the sector is expected to grow further in the next 15 years [2]. The provision of timely, reliable, accurate and high resolution satellite remote sensing data are essential to facilitate a transition from parcel-level decision-making towards precision agriculture [3,4]. This transition towards precision agriculture is expected to yield increased productivity, lower environmental impact, transparent production and smarter production methods. Furthermore, the commercialization of remote sensing data processing and added-value product generation has the potential to become a valuable export commodity.



The current abundance of high-resolution optical data offers unprecedented opportunities for agricultural applications. Satellite remote sensing provides valuable information for many users from individual farmers to food producers, as well as national and international governmental agencies. Optical imagery can be used to predict yields, delineate management zones, support variable rate application and to monitor inter-field, intra-field and interannual variability [5,6,7,8].



The European Union aims to reform the Common Agricultural Policy (CAP) in 2020. The Integrated Administration and Control System (IACS) implements area-based, direct and rural development payments for farmers using high, and very high resolution satellite imagery. Given the abundance of open and free satellite data available through the European Commission’s Earth Observation programme (Copernicus), the EU is encouraging member states to change the IACS system to use Sentinel imagery for 100% monitoring of agricultural parcels. Therefore, many EU member states are actively investigating the feasibility of exploiting Sentinel data for monitoring crops [9].



The Netherlands Space Office (NSO) makes satellite imagery freely available for The Netherlands with a view to stimulating the development of innovative applications in agriculture and other domains [10]. In addition to freely available imagery from MODIS, Sentinel-2, etc., NSO acquires satellite imagery from commercial providers and makes it freely available for The Netherlands. However, the reliability of optical imagery in The Netherlands is severely undermined by cloud cover. Van der Wal et al. [11] used 20 years of data from a Royal Netherlands Meteorological Institute (KNMI). weather station data at Eelde (the Netherlands) to highlight the influence of cloud cover on the availability of optical imagery in The Netherlands. They showed that there is about a 20% chance of obtaining a clear (<2 Oktas) satellite acquisition during the growing season. While UAVs have been embraced by some growers, large-scale monitoring still depends on satellite remote sensing.



Low frequency (1–10 GHz) radar penetrates cloud cover and does not depend on solar illumination, so its potential to provide the timely and reliable observations essential for agricultural applications has been recognised for many decades [12]. More importantly, radar observations in this frequency range are sensitive to the moisture content, size, shape and orientation and roughness of the vegetation constituents as well as the moisture content, texture and roughness of the underlying soil [12,13,14,15,16]. In other words, low frequency radar is well suited to sensing soil moisture as well as water content and structural changes in agricultural crops. Several decades of ground-based experiments, and campaigns based on airborne and spaceborne sensors have demonstrated the suitability of low frequency radar for agricultural applications, particularly soil moisture monitoring, crop classification and crop monitoring [17]. The European Space Agency’s (ESA) Sentinel-1 Mission offers unique opportunities in terms of the operational use of radar observations for agricultural monitoring for two reasons: (1) its revisit time is unprecedented and (2) the imagery is freely distributed. The two satellites—the C-band Sentinel-1 Mission (Sentinel-1A and 1B) was launched in 2014 and 2015, respectively. They are in the same orbital plane, providing an average revisit time of two days above 45° N/S, and achieve global exact repeat coverage every two weeks. The default acquisition mode over land in Europe is the Interferometric Wide-swath (IW) mode that provides both VV and VH data [18]. Temporal coverage varies across the globe, but combining ascending and descending tracks from both satellites yields observations every 1–2 days in The Netherlands.



The high temporal revisit of Sentinel-1 provides insight into the temporal variability of vegetation, which has been exploited in many recent classification studies [19,20,21,22,23]. The current study, however, is motivated by recent research highlighting the potential of Sentinel-1 for crop monitoring during the growing season. Veloso et al. [24] compared Sentinel-1 data to Normalized Difference Vegetation Index (NDVI) estimates from optical data and ground observations of precipitation, temperature, green area index and fresh biomass. They demonstrated that Sentinel-1 data, particularly the VH/VV ratio, could yield useful information on crop development. In particular, they highlighted the potential to distinguish between crops based on the temporal variation of backscatter. They also showed that, for barley and maize, the NDVI and VH/VV agreed well with Green Area Index (GAI) and fresh biomass. More recently, Vreugdenhil et al. [25] analyzed time series of Sentinel-1 backscatter and polarization ratio (VH/VV), and explored their relationship to vegetation water content (VWC), height, biomass and leaf area index (LAI). They showed that Random Forest modelling could be used to estimate VWC from Sentinel-1 imagery. The relationship between Sentinel-1 observables and VWC varied during the growing season, however, with variations in backscatter in some periods being dominated by structural changes. The studies, conducted in France and Austria, illustrate the potential to use Sentinel-1 imagery for crop monitoring.



The current study is focused on one of the most productive agricultural areas in The Netherlands to explore the value of Sentinel-1 in monitoring regionally important crops, namely sugar beet, potato, maize, winter wheat and English rye grass. By comparing Sentinel-1 imagery to hydrometeorological data and ground measurements of phenological stage, and vegetation height, it is shown that the time series of Sentinel-1 backscatter data reflects moisture and structural changes associated with phenological development of crops during the growing season in this region. It is shown that key dates of interest (emergence and closure dates) can be mapped using Sentinel-1 backscatter data. Finally, it is shown that, in addition to backscatter data, the coherence between consecutive Sentinel-1 images is influenced by the structural changes associated with (potato) haulming and harvest.




2. Data and Methods


2.1. Study Area


The study was conducted in the Flevopolder, a region of reclaimed land with an area of 970 km2 that was drained in 1957 with the main purpose of agriculture. Figure 1 shows the location of the Flevopolder in The Netherlands, as well as the spatial distribution of the five crops considered. Parcel boundaries and crop types were determined from the Basisregistratie Gewaspercelen (BRP) [26]. The land surface in this region is flat and lies ±3 m below sea level. Soil at the surface is clay overlaying a sand layer at about 2 m depth. Capillary rise from the shallow groundwater is a major stabilizing control on soil moisture. The average minimum temperature during winter is −3.3°C, the average maximum temperature during summer is 22 °C and the mean annual precipitation is 797 mm per year [27]. Weekly crop growth stage, crop height and soil moisture data were collected in 24 agricultural parcels on the Flevopolder. The crop types were sugar beet (five parcels), potato (four parcels), maize (five parcels), wheat (five parcels) and English rye grass (five parcels).




2.2. Hydrometeorological Ground Data


Hydrometeorological sensors were installed at a silage maize parcel at the Aeres Practijkcentrum in Dronten (52.53° N, 5.66° E) for continuous ground measurements. The growing season of this parcel lasted from May to the end of September 2017. A weather station was installed on the 24th of May, adjacent to the maize parcel. A Decagon ECH2O Rain Model ECRN-100 tipping bucket was mounted on the station; however, it failed and was replaced on 23 June. Precipitation data from the KNMI station at Dronten (Station Number 364) were used in the interim [28]. The weather station also included an Apogee SP-212 pyranometer (solar radiation), a Davis Cup anemometer (wind and gust speed, and wind direction), and a HOBO Temperature/RH Smart Sensor Model S-THB-M008 (temperature and relative humidity).



Radar backscatter, particularly at C-band, is sensitive to the presence of water on the canopy [29,30,31,32,33]. Therefore, three Decagon Dielectric Leaf Wetness Sensors were installed in the maize parcel in Dronten to measure the presence and duration of interception or dew on the leaf. To investigate the wetting and drying at different levels, the sensors were installed on three heights in the canopy: 27.5, 42.5, and 145 cm from the ground. Precipitation data were used to determine whether water droplets on the sensor were likely to be interception or dew.



Root zone soil moisture was monitored by installing five Decagon ECH2O EC-5 soil moisture sensors between two rows in the middle of the parcel, at five different depths: −5,−10,−20,−40,−80 cm. The accuracy of the factory generic calibration is approximately 3 to 4% [34]. Results from the sensor at 20 cm were excluded from the analysis because the sensor produced spurious values throughout the study period.




2.3. Ground Data at 24 Parcels


In each of the 24 parcels, two sampling locations were identified and marked at the start of the growing season. The sampling locations were located 20 m from the parcel boundary to avoid edge effects. These sites were visited approximately once per week, weather permitting.



Soil surface roughness parameters (root mean square (rms) height and correlation length (L)) were determined using digital photos of a 1 m long grid board during the bare soil period for the maize, sugar beet, potato and wheat parcels. At each sampling location, the grid board was moved twice, so that three adjacent meters were photographed. The images were digitally combined to produce a synthetic 3 m data series. The images were digitized manually, sampling every 1 cm along the soil surface. Surface soil moisture at each sampling point was measured using ML3 ThetaProbe Soil Moisture Sensors [35]. The parcel’s soil moisture was estimated as the average of eight measurements, four at each sampling location. In potato parcels, soil moisture measurements were made at the crest and trough of the soil mounds. Crop growth stage was determined by visual inspection, based on the BBCH scale [36,37]. Where the BBCH stage differed across parcels, the “average” value is indicated in the following sections. Crop height was measured, and a photo archive was generated to document the development stage.




2.4. Sentinel-1 Data


Sentinel-1 includes C-band Synthetic Aperture Radar (SAR) operating at a centre frequency of 5.405 GHz. The observation mode over (non-polar) land is the Interferometric Wide (IW) mode providing dual polarization (VV and VH) imagery over a 250 km swath at a 5 × 20 m spatial resolution.



Combining data from Sentinel-1A and 1B, the Flevopolder is covered by 4–5 tracks (See Table 1). Track 110 was not considered because it only covers part of the domain. This potentially provides an average of 20–25 acquisitions per month. This study uses 60 images from Sentinel-1A and 1B from relative orbit 88 with a temporal resolution of six days between 4 January 2017 to 30 December 2017. An evening overpass time was chosen to minimize the influence of dew on the vegetation (see Section 3.1.2). Ground Range Detected (GRD) data were obtained via Google Earth Engine, and Single Look Complex (SLC) products for the coherence analysis were downloaded from the Sentinel Hub [38,39].



Time series of copolarized (VV) and cross-polarized (VH) normalized cross section (σ°) were extracted from the GRD products for all parcels shown in Figure 1. The number of parcels for each crop type is shown in Table 2. Pre-processing steps including radiometric calibration, removal of thermal noise offset and orthorectification with radiometric correction for residual slope effects had been done by Google Earth Engine using a Sentinel-1 Toolbox [40].



Spatial multilooking was performed by averaging across all pixels within each parcel polygon. Hence, the radiometric resolution, or precision, for a single parcel depends on the parcel area. Typically, about 100 independent looks are available per hectare, resulting in a radiometric precision n of 0.5 dB for a parcel of 1 ha.



Interferometric coherence can be defined as the amplitude of the complex correlation coefficient between two radar acquisitions. Given two interferometric complex SAR images s1 and s2 (Sentinel-1 SLC products), the coherence amplitude is described as:


γ=∣⟨s1s2*⟩∣⟨s1s1*⟩⟨s2s2*⟩`,



(1)




where |..| indicates the absolute value, ⟨..⟩ indicates an ensemble averaging operation, and * denotes the complex conjugate product.



A time series of interferometric coherence was obtained by processing Sentinel-1 IW mode images with a temporal base line of six days using the SNAP tool (version 6.0.0) [41,42], and the SNAP Graph Processing Tool (GPT) for batch processing. A flow chart of the processing steps for each pair of images is shown in Figure 2. The relevant sub-swath, bursts and polarization (VV) were extracted from the original Sentinel-1 SLC product. This was done separately, but with the same parameters, for each pair of images. The Sentinel-1 precise orbit files were then applied to both images separately. In the Back-Geocoding step, the orbital and DEM information was used to geometrically co-register the SLCs. The Enhanced Spectral Diversity (ESD) function was used to correct for both range and azimuth shifts over the burst overlap regions of the TOPS data. After the interferogram was generated, the TOPSAR-Deburst function was used to generate a spatially continuous product, the Flat Earth phase term was removed using the TopoPhaseRemoval function, and phase adaptive filtering (Goldstein Phase filtering) was applied to improve visualization and aid the subsequent unwrapping step. Finally, terrain-based geocoding was performed to produce the final product in geographical coordinates so that it could be combined with the parcel boundary information.



Detecting Emergence, Closure and Harvest Date


Emergence refers to the appearance of the first shoots and leaves above the ground. After emergence, VH backscatter is expected to increase as leaf development results in an increase in volumetric scattering. Therefore, emergence will be estimated as the time at which the slope of the VH backscatter becomes positive. Closure is defined as the moment when leaves from adjacent rows meet. It is a key input for crop growth models currently used for harvest forecasting and planning. For example, the SUikerbieten Model (SUMO) has been in operational use in The Netherlands since 1996 to provide bi-weekly forecasts of sugar beet yields, sugar content, and refined sugar yield [43]. These estimates are essential to provide timely advice to growers and to plan for the transport and processing of harvested beets to processing plants. Later closure dates generally correspond to lower yields [44]. A previous proof-of-concept study found the slowing down of leaf production around the closure date caused the VH backscatter to stabilize [27]. Hence, the closure date could be estimated as the time at which the slope in the VH backscatter becomes zero.



To estimate the emergence and closure dates, a curve is first fit to the time series of VH backscatter from 1 April to 1 July. This period is assumed to encompass the vegetative stages for sugar beet, potato and maize. The minimum and maximum points of this curve are determined and assumed to correspond to the emergence and closure dates. The estimated dates were validated visually using photos from the monitored parcels.



In Section 3.2, it will become clear that backscatter alone is not always sufficient to detect harvest in some crops. It will also be demonstrated that the disturbance to soil and vegetation properties and structure during harvest produce a change in coherence that can be used to detect harvest. In particular, it will be illustrated that, when the crop is harvested, the scene becomes more static and the coherence increases. A rule-based classification will be applied to identify harvest at a parcel level.






3. Results and Discussion


3.1. Hydrometeorological Data


3.1.1. Weather Station Data


Daily precipitation, average daily temperature and solar radiation, and 15-min relative humidity and wind speed are shown in Figure 3. Total precipitation in the period between 27 May and 19 September was 468.6 mm. The start of this period was characterized by two dry intervals of about two weeks with maximum daily average temperatures reaching up to 24 °C. More than one third of all rain fell between 8 and 19 September. The highest peaks of solar radiation and temperature were found in June and July, while August was relatively moderate. In September, both solar radiation and temperature decreased substantially.




3.1.2. Interception and Dew


Figure 4 shows the presence of water on the sensors at three different heights in the canopy. Most periods during which water was detected coincide with rain events, and are indicated as ‘interception’. Water detection in periods without rain are indicated as ‘suspected dew’. The lower, middle, and upper sensor were wet 20.5, 15.4, and 25.7 percent of their measuring time, respectively. The upper sensor (Figure 4a) detected water more frequently than the lower sensors, particularly during periods of low-intensity rainfall, e.g., 22–25 July and 17–20 August. During high-intensity rainfall, e.g., on 8 September, some interception was detected on all sensors.



Table 3 shows the percentages of days with water on the canopy at times coinciding with satellite overpasses (Table 1). Moisture was detected on the canopy almost three times more often during the morning (descending) than the evening (ascending) passes. In the following analysis, only data from the ascending pass (Relative Orbit 88) will be used to avoid the confounding effect of vegetation surface water on backscatter.




3.1.3. Soil Moisture


Figure 5 shows the volumetric soil moisture (θ) measured at four depths at the Aeres Practijkcentrum from 13 June to 20 September. In general, the season was characterized by well-watered growing conditions. From Figure 5, the soil moisture at 40 cm and 80 cm saturate close to 0.5 and 0.52 m3/m3, respectively. Porosity values higher than 0.5 are not uncommon in this clay soil, with higher values likely at depth [45]. The soil moisture values at 80 cm remain close to saturation throughout the study period due to precipitation and the availability of moisture from shallow groundwater. The frequent rain events in July and August allow the soil moisture at 5 cm and 10 cm to rise continuously, reaching near saturation by 9 September.



Figure 6 shows the surface soil moisture measured in each crop type throughout the growing season. Warm temperatures and limited precipitation in late-May and June are reflected in the relatively dry surface soil moisture values before 30 June. After that date, regular precipitation ensures that the surface soil moisture in all crop types remained relatively high. Temporal variations are similar across the different crop types due to the limited spatial extent and soil texture homogeneity of the study domain. Spatial variations are largest in the potato parcels due to differences between the crests (drier) and troughs (wetter) of the ridges. This is particularly clear during the drier period in late-May. Surface soil moisture in the grass parcels exhibits limited spatial variability. In the remaining crops, the variability is limited following large precipitation events or persistent precipitation (e.g., 30 June and 15 September).





3.2. Sentinel-1 Time Series


3.2.1. Maize


The time series of Sentinel-1 backscatter (VV, VH and VH/VV), as well as phenological development stages and measured crop height for maize parcels are shown in Figure 7. The crop height measurements indicate that the maize plants emerged around mid-May. In this region, maize is typically left to ripen in the field and harvested from mid-September onwards. Weekly phenological stage monitoring therefore covered the development from the early vegetative stages (BBCH = 12) to fully ripe (BBCH = 89).



From 1 January to mid-May, VH backscatter is around 12 dB lower than VV backscatter, but the temporal variations in both are quite similar. These are dominated by the surface soil moisture. Variations in space can be attributed to variations in roughness, soil texture and row orientation/geometry. The three sharp decreases in VV and VH on 22 January, 9 February and 12 December 2017 are the result of frost and snow cover, respectively [46] and are observed in the other crops too (Figure 8, Figure 9, Figure 10 and Figure 11). The increase of VV and VH before 5 March is caused by melting snow and precipitation on 26 February and 5 March. A heavy rain event on 16 April caused an abrupt increase in both VV and VH. It is noteworthy that these events have little or no influence on the VH/VV ratio. This reflects its reduced sensitivity to soil moisture variations compared to the individual VV and VH backscatter [25].



During the leaf development stage (BBCH 12 to 30) from 17 May to 8 June, the VH backscatter and VH/VV ratio increased by 7 and 3.5 dB, respectively. This is mainly due to an increase in volume scattering as the newly formed leaves unfold. From stem elongation (BBCH 31 to 39), through to the beginning of tassel emergence (BBCH 51), the maize height increased from 40 cm to 2 m. This rapid accumulation of above ground biomass, from 8 June to 10 July, resulted in increases in the VH backscatter and VH/VV ratio of 4.0 and 2.43 dB.



In general, VV backscatter also increases slightly during the leaf development and stem elongation phases. This can be explained by an increase in the double bounce between the vertical stalks and the soil [47,48]. While some studies report an increase in VV backscatter associated with maize biomass [48,49], others have reported no correlation or even an inverse relation between maize biomass and VV backscatter intensity [24,50]. The VV and VH backscatter start to plateau as the maize reaches its maximum height and the grain begins to develop (BBCH 71). This is consistent with previous studies showing that radar backscatter from maize parcels tends to saturate around the tasseling stage (BBCH 51) as the LAI reaches values of 2–3 [25,51,52].



During the late fruit development (BBCH 75) and ripening stages (BBCH 89) from 23 August until mid-September (BBCH 85 to 89), VH backscatter is relatively constant with an average of −16.2 dB. At the same time, the VV backscatter increased slightly from −9.5 to −7.5 dB. The combined effect is a decrease in VH/VV ratio consistent with the conclusion of Vreugdenhil et al. that the dynamics VH/VV reflect changes in vegetation water content [25].



Abrupt decreases in backscatter are observed in the individual parcels on various dates between mid-September and mid-October as maize is harvested. Harvesting reduces the backscatter, particularly in VH, and increases the spread in VV, VH, and VH/VV backscatter among the parcels. Harvesting the vegetation removes the dense maize canopy which reduced the sensitivity of both VV and VH backscatter to soil moisture signal during the growing season [24,49,53]. However, one reason why the harvest of the maize, sugar beet and potato is more difficult to detect in the autumn months is the elevated soil moisture. The expected reduction in backscatter from the vegetation is not observable against the high and variable backscatter from the moist soil as precipitation events occur throughout the usual harvest period. From mid-October onwards, the variability between the parcels remains relatively constant and fluctuations due to precipitation (25 of October and 12 of November 2017) and snowfall (12 of December 2017) are observed.




3.2.2. Potato


Figure 8 shows the Sentinel-1 and in situ data from January 2017 until January 2018 from 886 potato parcels in the Flevopolder. From November to March, the soil is bare so the dynamics in VV and VH backscatter are due to surface soil moisture variations and land management practices (tillage). Similar to the maize time series, the drops in backscatter associated with snow/frozen soil events on 22 January, 9 February and 12 December 2017 are observed in the potato parcels. The increase in standard deviation of backscatter in both polarizations from mid-March is due to the formation of ridges for potato cultivation. Differences in the orientation of the ridges with respect to the radar look direction results in variations in the backscatter from bare soil. In the potato parcels, VV backscatter in parcel DB is always higher than the others. This may be due to the influence of ridge orientation with respect to Sentinel-1 range direction. To illustrate this effect, Figure S6 (Supplementary Materials) shows the VV and VH backscatter from relative orbits 37 and 88 for field DB, which has a comparable incidence angle but is in a descending rather than an ascending track. Co-polarized backscatter (VV) is higher in orbit 88 from end of March (start of soil work) until first week of July (closure date). This suggests that differences in backscatter among the potato parcels is in part due to the influence of ridge geometry. After closure, the difference is reduced considerably as fractional cover of the underlying soil is high. In contrast, the backscatter values in VH polarization from the two orbits are quite similar, consistent with the idea that cross-polarized backscatter is less sensitive to ridge geometry. It is worth noting that the variability in VH backscatter is less than that in VV, suggesting that cross-polarized backscatter is less sensitive to directional scattering due to ridge geometry. Similar observations were made by Wegmuller et al. [54] in their analysis of roughness anisotropy in the same study area. This difference in sensitivity of co- and cross-polarized backscatter in different relative orbits should be explored as a potential source of information on the ridge geometry or tillage practices.



By the start of the phenological monitoring, the potatoes had already reached BBCH 61 (the beginning of flowering). The rapid increase in both VH and VV backscatter from 22 May onwards corresponds to the period of leaf formation and stem elongation. During this time, the potato plants enter a stage of exponential growth until the ground cover reaches a maximum in the middle of flowering stage at BBCH 63. Above ground biomass stabilizes during the flowering stage (BBCH 63, 27 June). The backscatter stays relatively constant, with only slight variations in VH due to heavy rain on 3 and 15 July and 8 August.



During the fruit develpment (BBCH 71 to 79) and ripening of fruit and seeds (BBCH 81 to 90) stages, the average height of the plants decreases. Variations in planting date, and field management practices (e.g., ridge structure and nutrient application) mean that the amount of above ground biomass can vary between parcels. In addition, the rate at which the plants reach the yellowing and brownish stages varies. Moreover, the reduction in vegetation water content increases sensitivity of the backscatter to the underlying soil layer. Therefore, variability in radar backscatter in VV and VH polarizations increase during this time. This is clear from the the increasing standard deviation in backscatter from 10 August to mid-September, particularly in the VH backscatter.



The abrupt decrease in VH backscatter from 13 to 28 September is related to haulming, the process of destroying the haulms (i.e., stalks or stems) prior to harvesting. In The Netherlands, chemical haulming is typically carried out 10–20 days before the intended harvest date to facilitate an equally ripening crop so that all tubers form resilient skin. Destruction of the above-ground plant reduces volumetric scattering and increases sensitivity to surface soil moisture and roughness. Hence, the subsequent increase in variability among the parcels. The rise in radar backscatter from 1 to 10 of October was caused by a rainy period from 29 September until 11 of October during which 67.4 mm of precipitation was observed at the KNMI station at Dronten [28].



The reduction in standard deviation in the VV, VH and VH/VV data after mid-October suggests that harvesting has been completed by that time. The main effect of mechanical harvesting is a perturbation in surface roughness after which the backscatter dynamics are primarily sensitive to soil moisture. This could explain the decrease in backscatter around this time. Similar to the case for maize, the combined influence of the changing roughness and increased in soil moisture level as a result of many rain events make it difficult to pinpoint the exact harvest time in the backscatter data. In Section 3.3.4, it will be shown that harvest is more readily identifiable using coherence data.




3.2.3. Sugar Beet


Figure 9 shows the Sentinel-1 and in situ data from January 2017 until January 2018 based on 763 sugar beet parcels in the Flevopolder. There are just three BBCH stages noted for sugar beets. The first BBCH stage measurement was during the rosette growth period and the last was when the crop cover was complete (BBCH 39), so the difference observed was primarily a change in ground cover from 60% to 90%. The later stages concern the development of harvestable beet root, and cannot be evaluated from visual inspection of the above-ground plant. Crop height was measured through to September 2017.



During March and April, the standard deviation across the parcels is high due to variations in sowing date, soil roughness and row orientation. The backscatter values start to converge in late-May during the leaf development stages. This coincides with a rapid increase in backscatter, particularly in VH as the development of new leaves increases the plant’s above-ground biomass. The sugar plant produces broad leaves in both horizontal and vertical direction which leads to an increase in volume scattering. The backscatter in both VV and VH stabilizes in mid-June and remains relatively constant until mid-August, with the exception of the influence of precipitation on 9 June and 8 August. Leaves cover 90% of the ground by 10 July (BBCH 39), so this stability in backscatter is due to stability in the structure and moisture content of the above-ground vegetation. There is limited sensitivity to increases in soil moisture due to smaller precipitation events during this period as the canopy is attenuating the signal from the soil completely. The influence of the larger events on 9 June and 8 August is clear in the VV and VH backscatter but is barely discernible in the VH/VV ratio. From August to mid-September, there is a noticeable decrease in the average VH/VV, and the standard deviation across parcels increases. This is due to the combined effect of very slight increases in backscatter, particularly in VV. This increase may be due to the increase in soil moisture (Figure 6), and an increased sensitivity to the surface soil moisture as the leaves lose moisture at the end of the summer. The standard deviation across parcels increases considerably from September to December coinciding with the harvest period. Sugar beet is harvested throughout this period. Hence, a sudden drop in the mean backscatter across all parcels is not expected. At an individual parcel scale, backscatter may decrease due to harvest. However, in Figure 9, these are difficult to distinguish from fluctuations due to increase in soil moisture level during the harvest period.




3.2.4. Winter Wheat


The time series of Sentinel-1 backscatter (VV, VH and VH/VV) and in situ measurements of crop height and phenological growth stages for 1048 wheat parcels are shown in Figure 10. The wheat was sown from mid-October to mid-November 2016 and harvested in August 2017. Four distinct periods can be identified in the backscatter time series.



From mid-March to mid-May, both VV and VH decrease due to the increase in biomass during the tillering and stem elongation period. VV backscatter is dominated by the direct ground and canopy contributions. The decrease in VV during the stem elongation is therefore attributed to the increasing attenuation due to the predominantly vertical structure of the wheat [24,25,55,56,57,58]. The decrease observed in VH is less severe than in VV. VH backscatter is influenced by double-bounce between the wheat stems and the ground [55,59] as well as a volume scattering component [48]. During the tillering and stem elongation periods, the increased attenuation of the double-bounce is countered by an increase in volume scattering from the new biomass [24,48]. The net effect is an increase in the VH/VV ratio, affirming its suitability as a measure of fresh biomass [25].



From mid-May to 1 June, during the booting and heading periods, VH backscatter remains stable while the VV backscatter starts to increase as the flag leaf opens and the inflorescences emerges. Brown et al. [55] found that the C-band VV backscatter during this period was primarily generated by the flag leaves and/or ears when they conducted detailed 3D imaging of wheat during this growth stage. The booting stage is therefore identifiable as the time at which the increase in backscatter due to stem elongation tapers off, but the VV backscatter increases due to the moisture content of the flag leaves and emerging ears.



From 1 June to 8 August, both VV and VH backscatter increase steadily by 8–9 dB as the winter wheat goes through the flowering, fruit development and ripening stages. This is due to the increased sensitivity to the ground contribution (both direct and double-bounce) as the vegetation loses internal moisture. Mattia et al. [56] emphasized the significance of the heading period as a turning point at which the radar backscatter becomes primarily sensitive to soil moisture rather than above ground biomass variations. The VH/VV increases by just 2 dB during this period.



Finally, the sudden drop in both VV and VH backscatter between 8 and 14 August is due to the harvest period. After this date, the standard deviation in backscatter between parcels increases. This is due to the diversity in post-harvest land management practices and the sensitivity to surface soil moisture and roughness which varies between parcels.




3.2.5. English Rye Grass


Figure 11 shows the Sentinel-1 and in situ data from January 2017 until January 2018 for 1286 English Rye Grass parcels in the study area. The snow/frozen soil events on 22 January, 9 February and 12 December 2017 result in dips in the VV and VH backscatter in the grass parcels. The heavy rain events on 9 June, 3 July, 8 August, 13 September and 7 October result in peaks of similar magnitudes in both VV and VH backscatter. The effect of precipitation/soil moisture on the VH/VV ratio is therefore limited, confirming that VH/VV is a good indicator of fresh biomass and vegetation water content [24,25].



The VH/VV ratio has a limited seasonal cycle due to the presence of grass cover throughout the year. A slight increase is observed in the summer months as the grass responds to increased solar radiation and warmer temperatures. This increase is due to a decrease in both VV and VH backscatter as the increasing fresh biomass attenuates the backscatter from the soil. The decrease in VV is larger than that observed in VH resulting in an increase in VH/VV during this time. Conversely, the lower temperatures from August onwards result in a decrease in biomass and an increase in sensitivity to soil moisture.



Dips in the grass height observations suggest that mowing occurred around 23 May, 15 June, 13 July, 17 August and 7 September. Slight decreases in VH backscatter are detected after these events. However, backscatter during this period is also influenced by precipitation and soil moisture variations, which makes it difficult to distinguish mowing events from soil moisture changes.





3.3. Mapping Key Dates


3.3.1. Emergence Date


The sugar beet emergence date was estimated as the point at which the emergence of the first leaves resulted in an increase in volumetric scattering from the vegetation, and hence an increase in VH backscatter. Several relationships were fit to the 6-day Sentinel-1 VH backscatter data from 1 April to 1 July, a period assumed to contain the vegetative stages. The highest goodness of fit (coefficient of determination) was obtained using a third order polynomial. The average goodness of fit across all parcels was R2=0.97. For each parcel, the emergence date was determined as the minimum of the fitted curve. Results for the entire study area are mapped in Figure 12a. The estimated emergence date for 93% of parcels occurred between day 115 (25 April) and day 130 (10 May) with the remainder emerging either one week earlier or one week later.



The first available photos of the sugar beet parcels are shown in Figure 12b–e, along with the estimated emergence date. For the RBW parcel in Figure 12b, the first pair of leaves is visible (BBCH 12). Therefore, it is plausible that shoot emergence (BBCH 9) occurred four days previously. For the other three monitored parcels, the first photo is 10 to 14 days after the estimated emergence date. However, visual inspection of Figure 12c–e indicates that these sugar beets were already at BBCH 17 to 19 by the time there were first photographed. The consistency in estimated emergence date across all parcels, together with this limited photo validation, suggest that the estimated emergence dates are credible. Similar results obtained for potato and maize are provided in the Supplementary Materials.




3.3.2. Closure Date


The closure date was estimated as the date of the maximum of the third order polynomial fit to the data. Results for sugar beet are mapped in Figure 13a. The closure date for 93% percent of parcels (710 parcels) was estimated to be between Day 166 (15 June 2017) and Day 171 (20 June 2017). Photos taken from five monitored parcels around the estimated closure dates are shown in Figure 13b–k. For each of the five monitored parcels, it is clear that closure date occurred between the dates of the photos in the top and bottom rows. The leaves from adjacent rows are several centimetres apart in Figure 13b–d, but are clearly touching in Figure 13g,i. In Figure 13e, the leaves appear to be almost touching and the estimated closure date is two days later. In the next photo at that location (Figure 13j), the leaves are providing almost full ground cover, so it is plausible that closure is closer in time to the first photograph.



In practice, closure date is also determined by visual inspection and is an inherently subjective measure. Additional photos around the expected closure date, and a larger number of photos distributed across the study domain are essential to draw a more robust conclusion. However, the limited range of estimated closure dates, their timing and the agreement with photographs from the field suggest that this method provides a reasonable estimate of the closure date.




3.3.3. Sugar Beet Harvest Date


Figure 14a shows an example of parcel-averaged NDVI from 6 August to 30 November 2017 estimated from Sentinel-2 imagery. This parcel is chosen because it is known that it was harvested before 15 September. The parcel-averaged coherence between pairs of Sentinel-1 VV images is shown in blue for the same period. The coherence reported for a given date indicates the coherence between the image on that date and its predecessor.



The NDVI is greater than 0.7 until 3 September and decreases to around 0.1 by 15 September. This is consistent with the parcel being harvested between these dates. The coherence between images is low (<0.3) in the period when the NDVI is high. This is to be expected in a vegetated field where movement of leaves, fluctuations in water content and structure, and variations in soil moisture or leaf surface water result in phase differences between consecutive images. Conversely, in October and November, when the NDVI is close to zero, the coherence is generally above 0.6 as the scene is comparatively stable. Therefore, harvest is associated with a significant increase in coherence. Occasionally, the coherence decreases when soil moisture variations result in phase differences between consecutive images.



The high coherence on 19 September suggests that the phase differences were small between 13 and 19 September, i.e., that harvest occurred between 7 and 13 September.



Figure 14b shows a box plot of the parcel-averaged coherence for all 763 sugar beet parcels in the study area during the same period. The coherence is generally below 0.4 until 13 September, suggesting that all parcels are covered in vegetation. From 7 October onwards, the median slowly increases until it reaches almost 0.9 by 30 November and the interquartile range (IQR) gradually shifts towards higher values. From 19 September to 25 October, there are so few parcels with high coherence that they are considered outliers of the distribution. By 30 November, the entire IQR has a coherence greater than 0.6 suggesting that most of the parcels have been harvested.



Figure 14c shows the results from a simple rule-based classification formulated based on the results in Figure 14a,b. An increase in coherence is considered “significant” if it is greater than 1.5 times the standard deviation of coherence during the reference vegetated period (6 August–6 September). Coherence values of 0.5 are considered “high”. In Figure 14c, a parcel is considered harvested when the coherence undergoes a significant increase and reaches a “high” coherence value.



The red curve is the percentage of harvested parcel observed estimated by field agents/SuikerUnie. The two estimates converge after 18 November, and both suggest that 85% of parcels have been harvested by 30 November. Prior to that date, the rule-based approach estimates a higher percentage of harvested parcels. One contribution to the mismatch in Figure 14c is that the coherence is averaged to parcel level before the rule-based classification. This leads to ambiguities if the parcel is not all harvested at once, something quite common in this study area.




3.3.4. Potato Haulming and Harvest Date


Figure 15 shows a box plot similar to Figure 14b for all potato parcels in the study area. The median coherence is less than 0.3 throughout August during the ripening and senescence stages as the loss in moisture content and associated changes in structure cause phase differences between consecutive images. The median coherence between images on 13 and 19 September is 0.5, suggesting that a transition to a more stable scene occurred between 7 and 13 September. Recall from Figure 8 that there was a decrease in mean backscatter from mid-September and an increase in the standard deviation of backscatter across the potato parcels. Together, Figure 8 and Figure 15 suggest that haulming occurred during this period. Harvesting can typically be expected around 10–20 days later. However, frequent rainfall in September and October produced some decreases in coherence during these months. This precipitation also possibly delayed harvest to longer than 20 days after haulming. Nonetheless, increases in coherence generally increases during October. Coherence values greater than 0.6 from 31 October onwards suggest that most parcels were harvested before 25 October.






4. Conclusions


Results presented here illustrate the potential of Sentinel-1 SAR backscatter and interferometric coherence for crop monitoring and the detection of key dates for important agricultural crops in The Netherlands. Furthermore, the prevalence of rainy (and cloudy) conditions during this growing season underscore the need to use Sentinel-1 data by itself, or combined with optical data to provide timely and reliable information on crop monitoring in The Netherlands.



Time series analyses showed that, for each of the crops considered, structural and biomass changes associated with crop development influenced the backscatter throughout the season. Similar to the results of Vreugdenhil (2018) and Veloso (2017), the VH/VV ratio proved to be particularly useful as it reduces the influence of soil moisture. It is particularly sensitive to the increase in fresh biomass during the vegetative stages, and decreases during senescence as the vegetation water content decreases.



Key dates such as emergence and closure dates were estimated by fitting polynomials to the time series of backscatter, and were validated using field photos. Harvest detection proved to be more difficult in all crops apart from wheat. For sugar beet and potato, coherence data were needed to detect the harvest date.



This study used data from a single beam mode resulting in a temporal resolution of six days, replicating the more common Sentinel-1 acquisition strategy. Combining all beam modes would yield almost daily data in The Netherlands, improving the temporal resolution of emergence, closure and harvest date estimates. The sensitivity of interferometric coherence to structural and fresh biomass change is under-used at present, particularly in crop monitoring. The temporal density of Sentinel-1 data, particularly in Europe, offers an opportunity to capitalize on the synergy between backscatter and coherence data for agricultural monitoring.








Supplementary Materials


The following are available online at https://www.mdpi.com/2072-4292/11/16/1887/s1, Figure S1: Emergence date for potato parcels, Figure S2: Emergence date for maize parcels, Figure S3: Closure date for potato parcels, Figure S4: Potato ridge geometry, Figure S5: Meteorological data for year 2017 collected at the KNMI Lelystad weather station, Figure S6: Time series of Potato field DB for relative orbit numbers 37 and 88, Table S1: Ridge geometry for monitored potato fields, Table S2: Cultivation calendar in Flevopolder (year 2017).





Author Contributions


S.S.-D. conceived and designed the research. S.K., P.V., L.R.A., C.M., K.W. and C.v.d.S. collected the field data. D.v.d.V., L.I., R.M. and S.K. processed and contributed to the analysis of the Sentinel-1 data. S.S.-D., S.K., and P.V. interpreted and analyzed the results and wrote the manuscript with contributions and input from all co-authors.




Funding


This project was supported by Vidi Grant 14126 from the Dutch Technology Foundation STW, which is part of The Netherlands Organisation for Scientific Research (NWO), and which is partly funded by the Ministry of Economic Affairs. This research was also supported by the Towards Precision Agriculture 2.0 (PL2.0) programme of the Topsector AgriFood in which knowledge institutes and private partners carry out R&D on the topic. In addition, 50% of the budget for PL2.0 is provided by the Ministry of Agriculture, Nature and Food.




Acknowledgments


The authors wish to acknowledge the students from the Aeres University of Applied Sciences, Dronten who contributed to the field measurements.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Berkhout, P. Agricultural Economic Report 2015 Summary; SUMMARY Report 2015-092; Agricultural Economics Research Institute (LEI): The Hague, The Netherlands, 2015. [Google Scholar]

	



The Netherlands in 2030; Technical Report; ECORYS: Rotterdam, The Netherlands, 2014.

	



Brisco, B.; Brown, R.; Hirose, T.; McNairn, H.; Staenz, K. Precision Agriculture and the Role of Remote Sensing: A Review. Can. J. Remote Sens. 1998, 24, 315–327. [Google Scholar] [CrossRef]

	



Mulla, D.J. Twenty five years of remote sensing in precision agriculture: Key advances and remaining knowledge gaps. Biosyst. Eng. 2013, 114, 358–371. [Google Scholar] [CrossRef]

	



Kross, A.; McNairn, H.; Lapen, D.; Sunohara, M.; Champagne, C. Assessment of RapidEye vegetation indices for estimation of leaf area index and biomass in corn and soybean crops. Int. J. Appl. Earth Obs. Geoinf. 2015, 34, 235–248. [Google Scholar] [CrossRef]

	



Georgi, C.; Spengler, D.; Itzerott, S.; Kleinschmit, B. Automatic delineation algorithm for site-specific management zones based on satellite remote sensing data. Precis. Agric. 2018, 19, 684–707. [Google Scholar] [CrossRef]

	



Vizzari, M.; Santaga, F.; Benincasa, P. Sentinel 2-Based Nitrogen VRT Fertilization in Wheat: Comparison between Traditional and Simple Precision Practices. Agronomy 2019, 9, 278. [Google Scholar] [CrossRef]

	



Houborg, R.; McCabe, M.F. Daily Retrieval of NDVI and LAI at 3 m Resolution via the Fusion of CubeSat, Landsat, and MODIS Data. Remote Sens. 2018, 10, 890. [Google Scholar] [CrossRef]

	



Pilot4CAP—European Commission. 2018. Available online: https://g4cap.jrc.ec.europa.eu/g4cap/Default.aspx?tabid=354 (accessed on 5 July 2019).

	



Satellietdataportaal.nl V1. Available online: https://satellietdataportaal.nl/ (accessed on 5 July 2019).

	



Van der Wal, T.; Abma, B.; Viguria, A.; Prévinaire, E.; Zarco-Tejada, P.J.; Serruys, P.; van Valkengoed, E.; van der Voet, P. Fieldcopter: Unmanned Aerial Systems for Crop Monitoring Services. In Precision Agriculture’13; Stafford, J.V., Ed.; Wageningen Academic Publishers: Wageningen, The Netherlands, 2013; pp. 169–175. [Google Scholar]

	



Bush, T.F.; Ulaby, F.T. An evaluation of radar as a crop classifier. Remote Sens. Environ. 1978, 7, 15–36. [Google Scholar] [CrossRef]

	



Ulaby, F.; Bush, T.; Batlivala, P. Radar response to vegetation II: 8-18 GHz band. IEEE Trans. Antennas Propag. 1975, 23, 608–618. [Google Scholar] [CrossRef]

	



Ulaby, F. Radar response to vegetation. IEEE Trans. Antennas Propag. 1975, 23, 36–45. [Google Scholar] [CrossRef]

	



Wang, J.R.; Engman, E.T.; Mo, T.; Schmugge, T.J.; Shiue, J.C. The Effects of Soil Moisture, Surface Roughness, and Vegetation on L-Band Emission and Backscatter. IEEE Trans. Geosci. Remote Sens. 1987, GE-25, 825–833. [Google Scholar] [CrossRef]

	



Bouman, B.A.M.; van Kasteren, H.W.J. Ground-based X-band (3-cm wave) radar backscattering of agricultural crops. I. Sugar beet and potato; backscattering and crop growth. Remote Sens. Environ. 1990, 34, 93–105. [Google Scholar] [CrossRef]

	



Steele-Dunne, S.C.; McNairn, H.; Monsivais-Huertero, A.; Judge, J.; Liu, P.W.; Papathanassiou, K. Radar Remote Sensing of Agricultural Canopies: A Review. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2017, 10, 2249–2273. [Google Scholar] [CrossRef]

	



Torres, R.; Snoeij, P.; Geudtner, D.; Bibby, D.; Davidson, M.; Attema, E.; Potin, P.; Rommen, B.; Floury, N.; Brown, M.; et al. GMES Sentinel-1 mission. Remote Sens. Environ. 2012, 120, 9–24. [Google Scholar] [CrossRef]

	



Arias, M.; Campo-Bescós, M.A.; Álvarez Mozos, J. Crop Type Mapping Based on Sentinel-1 Backscatter Time Series. In Proceedings of the IGARSS 2018-2018 IEEE International Geoscience and Remote Sensing Symposium, Valencia, Spain, 22–27 July 2018; pp. 6623–6626. [Google Scholar] [CrossRef]

	



Kussul, N.; Lavreniuk, M.; Skakun, S.; Shelestov, A. Deep Learning Classification of Land Cover and Crop Types Using Remote Sensing Data. IEEE Geosci. Remote Sens. Lett. 2017, 14, 778–782. [Google Scholar] [CrossRef]

	



Torbick, N.; Chowdhury, D.; Salas, W.; Qi, J. Monitoring Rice Agriculture across Myanmar Using Time Series Sentinel-1 Assisted by Landsat-8 and PALSAR-2. Remote Sens. 2017, 9, 119. [Google Scholar] [CrossRef]

	



Bazzi, H.; Baghdadi, N.; El Hajj, M.; Zribi, M.; Minh, D.H.T.; Ndikumana, E.; Courault, D.; Belhouchette, H. Mapping Paddy Rice Using Sentinel-1 SAR Time Series in Camargue, France. Remote Sens. 2019, 11, 887. [Google Scholar] [CrossRef]

	



Ndikumana, E.; Ho Tong Minh, D.; Baghdadi, N.; Courault, D.; Hossard, L. Deep Recurrent Neural Network for Agricultural Classification using multitemporal SAR Sentinel-1 for Camargue, France. Remote Sens. 2018, 10, 1217. [Google Scholar] [CrossRef]

	



Veloso, A.; Mermoz, S.; Bouvet, A.; Le Toan, T.; Planells, M.; Dejoux, J.F.; Ceschia, E. Understanding the temporal behavior of crops using Sentinel-1 and Sentinel-2-like data for agricultural applications. Remote Sens. Environ. 2017, 199, 415–426. [Google Scholar] [CrossRef]

	



Vreugdenhil, M.; Wagner, W.; Bauer-Marschallinger, B.; Pfeil, I.; Teubner, I.; Rüdiger, C.; Strauss, P. Sensitivity of Sentinel-1 Backscatter to Vegetation Dynamics: An Austrian Case Study. Remote Sens. 2018, 10, 1396. [Google Scholar] [CrossRef]

	



Introductie—PDOK. Available online: https://www.pdok.nl/introductie/-/article/basisregistratie-gewaspercelen-brp- (accessed on 5 July 2019).

	



Haagsma, M. Crop Monitoring with Radar. Master’s Thesis, TUDelft, Delft, The Netherlands, 2015. [Google Scholar]

	



KNMI—Daggegevens van het weer in Nederland. Available online: https://knmi.nl/nederland-nu/klimatologie/daggegevens (accessed on 5 July 2019).

	



Gillespie, T.; Brisco, B.; Brown, R.; Sofko, G. Radar detection of a dew event in wheat. Remote Sens. Environ. 1990, 33, 151–156. [Google Scholar] [CrossRef]

	



Herold, M.; Pathe, C.; Schmullius, C.C. The effect of free vegetation water on the multi-frequency and polarimetric radar backscatter—First, results from the TerraDew 2000 campaign. In IGARSS 2001. Scanning the Present and Resolving the Future. Proceedings of the IEEE 2001 International Geoscience and Remote Sensing Symposium (Cat. No. 01CH37217), Sydney, NSW, Australia, 9–13 July 2001; IEEE: Piscataway, NJ, USA, 2001; Volume 5, pp. 2445–2447. [Google Scholar] [CrossRef]

	



Wood, D.; McNairn, H.; Brown, R.J.; Dixon, R. The effect of dew on the use of RADARSAT-1 for crop monitoring: Choosing between ascending and descending orbits. Remote Sens. Environ. 2002, 80, 241–247. [Google Scholar] [CrossRef]

	



Russell, E.S. Effect of Dew and Intercepted Precipitation on Radar Backscatter of a Soybean Canopy. Master’s Thesis, Iowa State University, Ames, IA, USA, 2011. [Google Scholar]

	



Riedel, T.; Pathe, C.; Thiel, C.; Herold, M.; Schmullius, C. Systematic Investigation on the Effect of Dew and Interception on Multifrequency and Multipolarimetric RADAR Backscatter Signals. In Proceedings of the Third International Symposium on Retrieval of Bio- and Geophysical Parameters from SAR Data for Land Applications, Sheffield, UK, 11–14 September 2002; pp. 99–104. [Google Scholar]

	



Soil-Specific Calibrations for METER Soil Moisture Sensors | METER Environment. Available online: https://www.metergroup.com/environment/articles/how-calibrate-soil-moisture-sensors/ (accessed on 5 July 2019).

	



ML3 ThetaProbe Soil Moisture Sensor—Soil Moisture Measurement—Soil Moisture Meter. Available online: https://www.delta-t.co.uk/product/ml3/ (accessed on 5 July 2019).

	



Meier, U. Growth Stages of Mono-and Dicotyledonous Plants; Blackwell Wissenschafts-Verlag: Hoboken, NJ, USA, 1997; p. 158. [Google Scholar]

	



Meier, W.; Bleiholder, H.; Buhr, L.; Feller, C.; Hack, H.; Heß, M.; Lancashire, P.D.; Schnock, U.; Stauß, R.; Van den Boom, T.; et al. The BBCH System to Coding the Phenological Growth Stages of Plants—History and Publications. J. Kult. 2009, 61, 41–52. [Google Scholar]

	



Gorelick, N.; Hancher, M.; Dixon, M.; Ilyushchenko, S.; Thau, D.; Moore, R. Google Earth Engine: Planetary-scale geospatial analysis for everyone. Remote Sens. Environ. 2017. [Google Scholar] [CrossRef]

	



Copernicus Open Access Hub. Available online: https://scihub.copernicus.eu/ (accessed on 5 July 2019).

	



Sentinel-1 Algorithms | Google Earth Engine API. Available online: https://developers.google.com/earth-engine/sentinel1 (accessed on 5 July 2019).

	



SNAP—ESA Sentinel Application Platform v6.0.0, Download | STEP. 2018. Available online: https://step.esa.int/main/download/snap-download/ (accessed on 5 July 2019).

	



SNAP Documentation | STEP. Available online: https://step.esa.int/main/doc/ (accessed on 5 July 2019).

	



7.2 Opbrengstprognose | Teelthandleiding | Stichting IRS. Available online: https://www.irs.nl/alle/teelthandleiding/7.2-opbrengstprognose (accessed on 5 July 2019).

	



Van Swaaij, N. Groei en Ontwikkeling van de Suikerbiet. 2011. Available online: https://www.irs.nl/userfiles/testhandleiding_render/7.1-groei-en-ontwikkeling-van-de-suikerbiet.pdf (accessed on 5 July 2019).

	



Bronswijk, J.; Evers-Vermeer, J. Krimpkarakteristieken van Kleigronden In Nederland; Technical Report 22; Instituut Voor Cultuurtechniek En Waterhuishoudung (Icw): Wageningen, The Netherlands, 1987. [Google Scholar]

	



Baghdadi, N.; Bazzi, H.; El Hajj, M.; Zribi, M. Detection of Frozen Soil Using Sentinel-1 SAR Data. Remote Sens. 2018, 10, 1182. [Google Scholar] [CrossRef]

	



Liu, C.; Shang, J.; Vachon, P.W.; McNairn, H. Multiyear Crop Monitoring Using Polarimetric RADARSAT-2 Data. IEEE Trans. Geosci. Remote Sens. 2013, 51, 2227–2240. [Google Scholar] [CrossRef]

	



Wiseman, G.; McNairn, H.; Homayouni, S.; Shang, J. RADARSAT-2 Polarimetric SAR Response to Crop Biomass for Agricultural Production Monitoring. IEEE J. Sel. Topics Appl. Earth Obs. Remote Sens. 2014, 7, 4461–4471. [Google Scholar] [CrossRef]

	



Moran, M.S.; Alonso, L.; Moreno, J.F.; Mateo, M.P.C. A RADARSAT-2 Quad-Polarized Time Series for Monitoring Crop and Soil Conditions in Barrax, Spain. IEEE Trans. Geosci. Remote Sens. 2012, 50, 14. [Google Scholar] [CrossRef]

	



McNairn, H.; Duguay, C.; Brisco, B.; Pultz, T.J. The effect of soil and crop residue characteristics on polarimetric radar response. Remote Sens. Environ. 2002, 80, 308–320. [Google Scholar] [CrossRef]

	



Jiao, X.; McNairn, H.; Shang, J.; Pattey, E.; Liu, J.; Champagne, C. The sensitivity of RADARSAT-2 polarimetric SAR data to corn and soybean leaf area index. Can. J. Remote Sens. 2011, 37, 14. [Google Scholar] [CrossRef]

	



Ferrazzoli, P.; Paloscia, S.; Pampaloni, P.; Schiavon, G.; Solimini, D.; Coppo, P. Sensitivity of microwave measurements to vegetation biomass and soil moisture content: a case study. IEEE Trans. Geosci. Remote Sens. 1992, 30, 750–756. [Google Scholar] [CrossRef]

	



Daughtry, C.S.T.; Ranson, K.J.; Biehl, L.L. C-band backscattering from corn canopies. Int. J. Remote Sens. 1991, 12, 1097–1109. [Google Scholar] [CrossRef]

	



Wegmüller, U.; Santoro, M.; Mattia, F.; Balenzano, A.; Satalino, G.; Marzahn, P.; Fischer, G.; Ludwig, R.; Floury, N. Progress in the understanding of narrow directional microwave scattering of agricultural fields. Remote Sens. Environ. 2011, 115, 2423–2433. [Google Scholar] [CrossRef]

	



Brown, S.C.; Quegan, S.; Morrison, K.; Bennett, J.C.; Cookmartin, G. High-resolution measurements of scattering in wheat canopies-Implications for crop parameter retrieval. IEEE Trans. Geosci. Remote Sens. 2003, 41, 1602–1610. [Google Scholar] [CrossRef]

	



Mattia, F.; Toan, T.L.; Picard, G.; Posa, F.I.; D’Alessio, A.; Notarnicola, C.; Gatti, A.M.; Rinaldi, M.; Satalino, G.; Pasquariello, G. Multitemporal C-band radar measurements on wheat fields. IEEE Trans. Geosci. Remote Sens. 2003, 41, 10. [Google Scholar] [CrossRef]

	



Macelloni, G.; Paloscia, S.; Pampaloni, P.; Marliani, F.; Gai, M. The relationship between the backscattering coefficient and the biomass of narrow and broad leaf crops. IEEE Trans. Geosci. Remote Sens. 2001, 39, 873–884. [Google Scholar] [CrossRef]

	



Larrañaga, A.; Álvarez Mozos, J.; Albizua, L.; Peters, J. Backscattering Behavior of Rain-Fed Crops Along the Growing Season. IEEE Geosci. Remote Sens. Lett. 2013, 10, 5. [Google Scholar] [CrossRef]

	



Picard, G.; Toan, T.L.; Mattia, F. Understanding C-band radar backscatter from wheat canopy using a multiple-scattering coherent model. IEEE Trans. Geosci. Remote Sens. 2003, 41, 1583–1591. [Google Scholar] [CrossRef]








[image: Remotesensing 11 01887 g001 550]





Figure 1. Location of study area and map of crop types in Flevopolder. 
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Figure 2. Flow chart of procedure to map interferometric coherence from a pair of images of Sentinel-1 using SNAP software (version 6.0.0) [41]. 
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Figure 3. Meteorological data collected at the Aeres Praktijkcentrum, Dronten (52.53° N, 5.67° E): (a) precipitation data (mm day−1); (b) daily average temperature (°C) and solar radiation (W m−2); (c) relative humidity (%); (d) wind speed (m s−1). 
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Figure 4. And dew measurements in the maize parcel at the Aeres Practijkcentrum (52.53° N, 5.66° E) at (a) 145 cm; (b) 42.5 cm and (c) 27.5 cm. Coloured squares represent detection of water on the sensor for at least 15 min during that hour. A distinction is made between interception (light-blue), and suspected dew (dark-blue). Installation date for the lowest sensors was23 June, and for the upper sensor 13 July. The picture shows the middle sensor. 
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Figure 5. Volumetric soil moisture (m3 m−3) in the maize parcel in Dronten (52.53° N, 5.66° E) on different depths (5, 10, 40 and 80 cm). The sensors measured from the 13 June onwards. 
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Figure 6. Surface volumetric soil moisture (m3 m−3) for different crop types using Theta Probe soil moisture sensor. For a given date, the box plot displays the minimum, maximum, median and first and third quartiles of four samples at two locations at each parcel of the given crop type. 
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Figure 7. Sentinel-1 backscatter data for all maize parcels in the Flevopolder; (top) VH/VV (dB); (middle) VH (dB) and crop height (cm); (bottom) VV (dB). The black line and shaded gray areas indicate the mean and +/− one standard deviation across all maize parcels in the domain. The colored data series correspond to individually monitored parcels. Green vertical lines indicate the growth stage according to the BBCH scale [36]. 






Figure 7. Sentinel-1 backscatter data for all maize parcels in the Flevopolder; (top) VH/VV (dB); (middle) VH (dB) and crop height (cm); (bottom) VV (dB). The black line and shaded gray areas indicate the mean and +/− one standard deviation across all maize parcels in the domain. The colored data series correspond to individually monitored parcels. Green vertical lines indicate the growth stage according to the BBCH scale [36].



[image: Remotesensing 11 01887 g007]







[image: Remotesensing 11 01887 g008 550]





Figure 8. Sentinel-1 backscatter data for all potato parcels in the Flevopolder; (top) VH/VV (dB); (middle) VH (dB) and crop height (cm); (bottom) VV (dB). The black line and shaded gray areas indicate the mean and +/− one standard deviation across all potato parcels in the domain. The colored data series correspond to individually monitored parcels. Green vertical lines indicate the growth stage according to the BBCH scale [36]. 
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Figure 9. Sentinel-1 backscatter data for all sugar beet parcels in the Flevopolder; (top) VH/VV (dB); (middle) VH (dB) and crop height (cm); (bottom) VV (dB). The black line and shaded gray areas indicate the mean and +/− one standard deviation across all potato parcels in the domain. The colored data series correspond to individually monitored parcels. Green vertical lines indicate the growth stage according to the BBCH scale [36]. 
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Figure 10. Sentinel-1 backscatter data for all winter wheat parcels in the Flevopolder; (top) VH/VV (dB); (middle) VH (dB) and crop height (cm); (bottom) VV (dB). The black line and shaded gray areas indicate the mean and +/− one standard deviation across all winter wheat parcels in the domain. The colored data series correspond to individually monitored parcels. Green vertical lines indicate the growth stage according to the BBCH scale [36]. 
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Figure 11. Sentinel-1 backscatter data for all English Rye Grass parcels in the Flevopolder; (top) VH/VV (dB); (middle) VH (dB) and crop height (cm); (bottom) VV (dB). The black line and shaded gray areas indicate the mean and +/− one standard deviation across all grass parcels in the domain. The colored data series correspond to individually monitored parcels. 
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Figure 12. Estimated emergence date for sugar beet parcels in Flevopolder; (a) map of emergence date; (b–e) photos from monitored parcels in the closest time to emergence date. 
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Figure 13. Estimated closure date for sugar beet parcels in Flevopolder; (a) map of closure date; (b–f) photos from monitored parcels in the closest time before closure date; (g–k) photos from monitored parcels in the closest time after closure date. 
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Figure 14. Harvest date for Sugar beet parcels in Flevopolder; (a) NDVI and Coherence time series for monitored parcel 154693; (b) box plot time series of mean coherence for all 763 sugar beet parcels; the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively; (c) percentage of all sugar beet harvested parcels. 






Figure 14. Harvest date for Sugar beet parcels in Flevopolder; (a) NDVI and Coherence time series for monitored parcel 154693; (b) box plot time series of mean coherence for all 763 sugar beet parcels; the central mark indicates the median, and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively; (c) percentage of all sugar beet harvested parcels.



[image: Remotesensing 11 01887 g014]







[image: Remotesensing 11 01887 g015 550]





Figure 15. Haulming and harvest date for Potato parcels in Flevopolder. 
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Table 1. Sentinel-1 IW data available over the study area.
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	Relative Orbit
	Pass
	Local Time
	Min. Inc. Angle (°)
	Max. Inc. Angle (°)





	37
	DESC
	06:49
	38.9
	41.9



	161
	ASC
	18.32
	44.7
	46.1



	88
	ASC
	18:24
	36.6
	40.4



	15
	ASC
	18:15
	30.0
	31.5



	110
	DESC
	06:58
	30.0
	33.7
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Table 2. Number of parcels for each of five crop types in the study area.
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	Crop Type
	Number of Parcels





	Maize
	335



	Potato
	886



	Sugar beet
	763



	Wheat
	1048



	English Rye Grass
	1286
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Table 3. Percentage of days with water on canopy at morning and evening overpass times.






Table 3. Percentage of days with water on canopy at morning and evening overpass times.





	Sensor
	A.M. (%)
	P.M. (%)





	upper
	45.6
	19.1



	middle
	26.1
	8.0



	lower
	35.2
	11.4











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png
Read Read (2)

4 4

TOPSAR-Split TOPSAR-Split (2)
|— Apply-Orbit-File Apply-Orbit-File (2) —‘

» Back-Geocoding <

Enhanced-Spectral-Diversity

4

Interferogram

3

TOPSAR-Deburst

L

TopoPhaseRemoval

L

GoldsteinPhaseFiltering

Subset

L

Terrain-Correction

L

Write





media/file30.png
Coherence
o
()]

o
N

Coherence
o
()]

o
N

a) All potato fields, Flevoland

TENE
|

- +lllHl|-I|--llI++-H|l-H+|-

ﬁkﬂ}mm+++
RiEa—

o —————-

F‘

+*+H}+....m+ |

b) All potato fields, Flevoland
\ \ \ \

0
08/08/17 14/08/17 20/08/17 26/08/17 01/09/17 07/09/17 13/09/17 19/09/17 25/09/17 01/10/17 07/10/17 13/10/17 19/10/17 25/10/17 31/10/17 06/11/17 12/11/17 18/11/17 24/11/17 30/11/17






media/file18.png
1
()]

VH/VV (dB)
=
|

1
[R—
()]

Crop Height (cm)

VV (dB)

| | | 36 37 8P

20 | | | | | | 1
01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 O1/11/17 01/12/17 01/01/18
Time






media/file21.jpg
‘Sentinel-1 English Rye Grass.






media/file26.png
(@)

5°20'0"E 5°40'0"E
] ]
)
“ o
> T w *" l: oS a
" h“‘ v o ~‘ R
4 9 S Q ).'
g Sp P Yoy g0
g s . ‘o £, - S
= .-' -L:—-- -? &Q". .' [| "l
J Llw-ll -—-l_ Y R -.l-.
0 o - = . .lll.
O ii B © ! = 9
1 7 s~ . ¢ G
' Proe ¥ oy gas B0 a7,
52°30'0"N- 2, 8 2 Y % o0 #
o\‘ 8 %S f\” ,,/-1.
ARIRY @ / .
N0 ORI S A
PO e TN 2, e\ o> 3
R RIRETIES B, O
4 * " ,\ i5e s \ R
4 ” ‘“0 o 'vo “ ’%’
2 2 OO\ e ¢;‘
o e Beeo MEE
< S (P I}
A Y < \\\‘” & o Q. ‘o:; N 9
\,‘ N N sy S N
e 36 & RO $o ©
‘I“ . \“\& NN
‘0\ )“ Tt e w E
459 S’ - oY
R ‘s o e S
N 'v 3
52°20'0"N- ,,“ (o\ - Day of Year
s % B 164
(=11
N ““_ B 165
%a f‘\ 166
U 167
1168
1169
1170
/17
172
0 4 8 16 24 173
[ 1 Kilometers 174
Before:  (b) (c) (d) (e)

, ©

Photo Date: 8/6/2017 8/6/2017 8/6/2017 15/6/2017

After: (2 (1) ()

Photo Date: 23/6/2017 15/6/2017 23/6/2017 30/6/2017 23/6/2017
Field Name: AKW DBI DB2 HF RBW
Bstimated  51/6/2017 16/6/2017 19/6/2017 17/6/2017 19/6/2017





media/file27.jpg





media/file3.jpg
Read Read (2)

TOPSAR-Split TOPSAR-Split (2)
Apply-Orbit-File Apply-Orbit-File (2)
I——» Back-Geocoding J
Enhanced-Spectral-Diversity
Interferogram
TOPSAR-Deburst
1 3
TopoPhaseRemoval

Subset

L |

Terrain-Correction

L |

Write





media/file22.png
Sentinel-1 English Rye Grass

+/-0
—Mean
—SB9
—SB8
— AKW?2
— AKW1

-15 | | | | | | | | | | \ |
01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18

-10 - — 200
150
100

50

Crop Height (cm)

05 | | | | | 0
01/01/17  01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18

0 s
-5 — ——
m Y
2 .10 &\ /
z 2\ /\'\\ A\ | . A /A\Y’\‘ ,/\v/ NN
a5k Y /\ﬂ"‘,\ﬁ T ¥ -
| | | | | | | | | | \ |

-20
01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18
Time





media/file19.jpg
Fowr ovoUNT OUETT OVONT GUOSHT VDRI OVGTYT OVOMAT OIGST OVIGNT OWIUNT OUAZYT GOV





media/file7.jpg





media/file28.png
Coherence

60

40

20

Percentage Harvested (%)

0
08/08/17 14/08/17 20/08/17 26/08/17 01/09/17 07/09/17 13/09/17 19/09/17 25/09/17 01/10/17 07/10/17

a) parcel 154693

o,

b) All sugar beet fields, Flevoland

NERNEE
loonealBE

i
| ;

I N T
R R A

+

- L+

- Fﬂ}mmﬂ ]

¢) All sugar beet fields, Flevoland

—— Ground truth
—— Coherence

\ . T ! \ \ \ \ \ \ \ \ \ \ \ \ \ \ \

13/10/17 19/10/17 25/10/17 31/10/17 06/11/17 12/11/17 18/11/17 24/11/17 30/11/17

0.8

0.6

0.4

0.2

Coherence





media/file10.png
— 10cm
0.30" —— 40cm
— 80cm

17/06  24/06  01/07  08/07  15/07  22/07  29/07  05/08 12/08 19/08  26/08 02/09  09/09  16/09





media/file14.png
Sentinel-1 Maize

-5 +/-0
— Mean
= 7 ——PVD
Z ——SB10
§ -10 ——TK
T —KL2
S ——KL1
-15 | \ | | | | |
01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/147 01/12/17 01/01/18
— 500
3
- A LN 1400 2
| —300 g
()
—200 T
).
—100 8
(@]
-30 | | | | | | 1 | | | | 0
01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18
O_
_57
a —
S V7 Az
-15 — ==
| | | | 121L 16 3133363780 5164 7178 75798 | 87 8 | | | |

-20
01/01/17 01/0

2/17 01/03/17

01/04/17 01/05/17 01/06/17 01/07/17

Time

01/08/17 01/09/17 01/10/17

01/11/17  01/12/17

01/01/18





media/file11.jpg
Surface Soil Moisture (m?m?)

04

02

a) Sugarbeet fields

sid Fppotiesitieesi

b) Maize felds

@%é%%ﬁ%%%%ééééé%% 2 ¢
TiiLblias ibataset’

SR INLI I TII LTI

©) Grass fields

I £3% §aeptol

16105 2305 3005 01106 0806 1506 2106 2706 3008 3107 1307 17107 717 02108 1108 1718 2808 0109 07109 1509
Time.





media/file6.png
a) Precipitation
mam Decagon I
mm KNMI
. 401
: Il
£ ol I I II n m
07 27/05  03/06 10/06  17/06  24/06 01,07 _ 08/07 1507  22/07  29/07 _ 0508  12/08  19/08  26/08  02/09  09/09  16/09
25 b) Daily average temperature (left) and solar radiation (right)
T 1300
20- ~
{
u I ) VA s Ly A
15] 1100
27/05  03/06 10/06 17/06  24/06  01/07 08/07  15/07  22/07 29/07 05/08  12/08 19/08 26/08 02/09  09/09  16/09
¢) Relative humidity
100!
801
L
601
401
27/05  03/06 10/06 17/06  24/06  01/07 08/07  15/07  22/07 29/07 05/08  12/08 19/08 26/08 02/09  09/09  16/09
d) Wind speed
10.01
L 75
I(I)
g 5.0
2.5
0.04" . | | | | | | | j i . . . . . .
27/05  03/06 10/06 17/06  24/06  01/07 08/07  15/07  22/07 29/07 05/08  12/08 19/08 26/08 02/09  09/09  16/09





media/file15.jpg
Seutinel-1 Patate

VHIVV (dB)

Crop Height (m)

a0
aifovis ovei70u037 010417 00T o067 010717 0917 0UA0IT OVAVET O112AT OO,

Time






nav.xhtml


  remotesensing-11-01887


  
    		
      remotesensing-11-01887
    


  




  





media/file16.png
Sentinel-1 Potato

| | I |
—~ =5 -
% 7 e N ——Mean
SaTE - * | —RBW
g ——HF1
; I e
15 —|—
= AKW
-20

100
50
230 0
5@ ;;2 ———————
= _
.
| | | | | 61 63| 6566 67 | o | 9B 96 |

01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18
Time

Crop Height (cm)





media/file2.png
5°20'0"E 5°40'0"E

1 1

52°30'0"N

P

52°20'0"N=

0O 4 8

S

Sugarbeet

- Potato
- Maize
- Wheat

16 24
e wessssmmw————— Kilometers B Grass






media/file20.png
Sentinel-1 Wheat

O .

+/-0
— Mean
%T ) || —RBW

g -5+ N J; éiﬁ”@\‘ —g;s

E —CLA1
-10 —— AKW

| | \ \ | \ | | | | \ |

01/01/47 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18

-10 — — 250
15 % 2 200 §
%’_20 B % ~1 =N 150 -5.,
N (0]
= 25 s il Al 100 T
d - —150 S
30 - | | | | | | |\\*“—ﬁ"—' | | | ©

0
01/01/47 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18

-5
o -10 —
° -
215 N -
20 N
| | | | 4550 65 73 76 FB 8587 89 ?2 99 | | | | |

-25
01/01/17 01/02/17 01/03/17 01/04/17 01/05/17 01/06/17 01/07/17 01/08/17 01/09/17 01/10/17 01/11/17 01/12/17 01/01/18
Time





media/file23.jpg





media/file5.jpg





media/file24.png
(2)
5°20|'0"E 5°40'0"E

52°30'0"" N+

52°20'0"N

Field Name: RBW HF AKW DB
Photo Date:  12/5/2017 18/5/2017 18/5/2017 17/5/2017

]Fjittiglated 8/5/2017 4/5/2017 6/5/2017 7/5/2017





media/file29.jpg





media/file1.jpg
300N

S2°200°N:

5°200°E 5°400°E

L 4

-,
# RN A8 vié
_#REEAS /
s X X
% :
2 ‘Sugarbeet

B roao
. oo
[5] wneat

o o8
e e -






media/file25.jpg





media/file12.png
Surface Soil Moisture (m3/m3)

0.4 1

0.2 A

0.4 1

0.2 A

0.4 1

0.2 A

0.4 1

0.2 A

a) Sugarbeet fields

o O %%é
33 %%%é%%%%%%%%é -

b) Maize fields

@éé-@%&%% @éé%éé%% $ 7

c) Potato fields

bhfgTsias éé%é%é%@%*

d) Wheat fields

e 4 Oe e e #2TE084243

e) Grass fields

&P $7F [ F0a¥al

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
18/05 23/05 30/05 01/06 08/06 15/06 21/06 27/06 30/06 03/07 13/07 17/07 27/07 02/08 11/08 17/08 23/08 01/09 07/09 15/09
Time






media/file9.jpg
T e G W T B ae e e e e e e





media/file0.png





media/file8.png
a) height = 145 cm

c
R
]
co®
o5 h
e c
[T
JS I B ]
S0 w0
gog
E a0

d) Installed Leaf Wetness Sensor

EEEEEEE
[22] [22] [22]
2 =3 =3
A EEEEEEEEEEEE |\ A
— [ 11 — —
EEEEEEEEEEE
[22] [22] [22]
[=] [=] [=]
L= [ s
© © ©
o o o
EEEE
2 2 2
[ [ 1] [ =
© EEEEEE © ©
© © ©
(=] (=] (=]
12 12 12
n n n
o o o
] EEEEE [ 1]
mEE | o u mEE o EEE o
[ 1] EER=] =3 EEE EER=]
EENEEEEEEEEEEE [ & D EEEEEE D
— — EEEE —
EE EEEEEEEEE [ ] EEEEEE
111 EEEE
EEEEEEN © £ [ 1] © € EEEEEE ©
EEEEEEE [ 1] K= 5} [ 5} K=]
— n — n —
— o | INEEEEEE — ~ —
EEEEEEEEE 9 EEEEEEEE I~ EEEEEEEE
I EEEEEE 1 EEEEEE
© + © = ©
e & e 5 =3
< ‘S g ST [ 1] g
© 2 © 2 [ 1] EEE O
_ -
o (%)
EEEEEEEEEE &
~ HEEEE [~ ~
(2 [ 2
© © ©
o o o
EEEEER
EEEEEEEEEE [ 1]
aEE .nlv HEE .nlv .nlv
EEE S EEEEE (= =]
[ 111 (2] (2] (2]
EEEEEE
EEEEEEEEEEE
[ [ 1]
~ ~ ~
EEEE = lllllﬂ =] H EEEEEE =3 [ 1] EEEEEEE k=]
< u < <
— EEEEEEEEEEEEEEEE — EEEEEEEEEEEEEEEE —
EEEEEEEE 1] [ 1]
EEE
~ ~ ~
=3 EEEEEEEEEEE K= EEEEEEEEEEEER k=]
~ EEE R EE N
o o o
[ ]
© [ 1| o o
[ mie (S
S 1] e[S S
M EEEEEEEEEEEEE | O M
u
EEEEEEEE
[ 1] [ 1]
© EEEEEEEEEEEE © ©
=] x =] =]
=3 ") =3 m =3 ") =} m m
=] =] N N =] =] N N N






media/file17.jpg
VH/VV (dB)

VH (dB)

Sontanl-A Suger bent

0

]
Crop Height (m)

a0
o7 0VE170U0317 010417 OUOSIT OUOGT OLOTAT OUORIT 010917 OAOAT IAVIT OVIZAT DLV
Time






