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Abstract

:

The availability of large amounts of Sentinel-2 data has been a trigger for its increasing exploitation in various types of applications. It is, therefore, of importance to understand the limits above which these data still guarantee a meaningful outcome. This paper proposes a new method to quantify and specify restrictions of the Sentinel-2 imagery in the context of checks by monitoring, a newly introduced control approach within the European Common Agriculture Policy framework. The method consists of a comparison of normalized difference vegetation index (NDVI) time series constructed from data of different spatial resolution to estimate the performance and limits of the coarser one. Using similarity assessment of Sentinel-2 (10 m pixel size) and PlanetScope (3 m pixel size) NDVI time series, it was estimated that for 10% out of 867 fields less than 0.5 ha in size, Sentinel-2 data did not provide reliable evidence of the activity or state of the agriculture field over a given timeframe. Statistical analysis revealed that the number of clean or full pixels and the proportion of pixels lost after an application of a 5-m (1/2 pixel) negative buffer are the geospatial parameters of the field that have the highest influence on the ability of the Sentinel-2 data to qualify the field’s state in time. We specified the following limiting criteria: at least 8 full pixels inside a border and less than 60% of pixels lost. It was concluded that compliance with the criteria still assures a high level of extracted information reliability. Our research proved the promising potential, which was higher than anticipated, of Sentinel-2 data for the continuous state assessment of small fields. The method could be applied to other sensors and indicators.
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1. Introduction


The European Copernicus program operates its own constellation of Earth observation satellites and produces an immense amount of satellite data. Together with the fast development of cloud processing platform services, it gave rise to an impulse to exploit these resources and technology advances within the EU’s Common Agriculture Policy (CAP).



A substantial element of the CAP is a system of farmer subsidies granted to ensure income stability and to remunerate them for environmentally friendly farming and delivering public goods not normally paid for by the markets, such as taking care of the countryside (for instance flowering buffer strips for pollination) [1]. However, this farmers’ direct support is ruled by eligibility criteria, commitments, and other obligations under the CAP regulations. Compliance with these rules has so far been checked by administrative and on-the-spot checks (OTSC), a sample approach practice performed yearly by the EU Member States on at least 5% of aid applications [2]. The OTSC are performed by either classical field-based visits or checks via satellite imagery, called the control with remote sensing (CwRS) method. The CwRS uses a sequence of satellite images acquired during the crop season over the same selected sample of parcels. The sequence is usually composed of 2–4 data captures, from which one is of sub-meter resolution (for area measurement), complemented with images of slightly lower spatial resolution (for detecting field conditions over the season). A separate photointerpretation analysis of each image is the result at the end of the crop season as the conclusion for all sampled holdings. Satellite images have been used for the purpose of CAP control since 1993, and until now the number of acquired images has grown from 100 to 1400 captures for one control year. Both the amount of data and the quality (radiometric, spectral, and spatial resolution) of the satellite imagery have improved considerably. The list of various satellites used during the years includes: European Remote Sensing (ERS) satellite, Formosat 2, Radarsat, Landsat 5, Disaster Monitoring Constellation 2 (DMC 2), ResourceSat-1, RapidEye, THEOS, Cartosat 2, Deimos 1, CosmoSkymed, EROS A/B, Ikonos, QuickBird, Pleiades 1A/1B, SPOT 4/5, WorldView-4, PlanetScope, Kompsat-3/3A, SPOT 6/7, GeoEye-1, WorldView-1/2/3, last nine are currently used.



In 2018, the European Commission (EC) provided a legal and technical framework to exploit the advantages of Copernicus satellite data in the context of CAP controls. An amendment to Commission Implementing Regulation (EU) No. 809/2014 [3] gave the EU Member States an option to gradually replace the OTSC with checks by monitoring (CbM). This introduced a monitoring and prevention system that mainly relies on continuous provision of Sentinel satellite data. The free availability of global coverage and temporal resolution of the data enabled a shift from the sampling and sequence mode to the continuous assessment of the whole territory. Such constant assessment provides an individual time for the decision on the eligibility for each holding, which could make financial procedures more flexible in comparison to the OTSC approach. Furthermore, the checks mechanism is coupled with an alert component. Farmers receive early warnings and can correct their aid application to avoid noncompliant declarations, avoiding penalties at the end of the season. In practice, this involves automatic image analysis to determine the actual state of the field. This gives information either about the presence of a crop, its phenological stage, or about a specific activity conducted in a given time range. The accumulated information about the state of the land is continuously compared with the expected scenario of events implied by the obligations and commitments of the specific payment scheme [4].



As the CbM approach is based upon the use of Copernicus Sentinel data (Sentinel-1/2), its application scope is limited by the radiometric and geometric characteristics of these satellites. While the revisit time of Sentinel satellites provides an unprecedented temporal resolution, the ground sampling distance (GSD) and geometric positional accuracy could be too coarse for smaller spatial features. The CbM faces a tradeoff between the large amount of free data and its medium spatial resolution. Current OTSC image data have a spatial resolution of no more than 2.2 m for a panchromatic band. As a result, one of the major concerns of the EU Member States regarding the operational implementation of monitoring is the perceived inadequacy of the Sentinel sources for small fields. Cases where conclusion cannot be made regarding the eligibility of Sentinel imagery due to the size of the field (or other observed features) require alternative data sources, such as a higher resolution data stack, geotagged photographs, or field inspections. Inevitably, these alternative sources and processes have a higher cost than the automated processing of free Sentinel data, so managing them is essential.



This study addresses the concern of EU Member States regarding the monitoring of the small fields. It specifically focuses on Sentinel-2, i.e., optical data. The goals of the research are: (i) to quantify the capability of Sentinel-2 to provide information on the activity or state of a field; (ii) to examine the impacts of various geospatial parameters of the field on the suitability of Sentinel-2 data; (iii) to estimate the limiting geospatial criteria above which the Sentinel-2 data stacks still provide reliable information on the state or activity of the field, all in the context of the CbM of small parcels. A similarity assessment of the two sets of NDVI time series (Sentinel-2 and PlanetScope) extracted over the same fields is used as the main tool to achieve the research goals.




2. Materials and Data Preparation


2.1. Study Area and Vector Data


The study area selected was in the Netherlands, as it is one of very few EU Member States that makes annual geospatial aid application (GSAA) information publicly available. The test areas in Figure 1 are in the southeast part of the Netherlands, crossing the provinces of North Brabant and Limburg. North Brabant is mostly flat, with the majority of the area still above the sea level, whereas Limburg has a hillier landscape, within which the highest point is 322 m.s.l, while the southern part of the province is slightly undulated.



For delineations of boundaries of agricultural fields, as well as the other relevant information assigned by farmers, we made use of the GSAA data declared for the 2018 claim year. The dataset is publicly available through The Netherlands open geodata infrastructure (http://www.nationaalgeoregister.nl/geonetwork/srv/dut/catalog.search#/home) [5].



We chose area of interest 1 and area of interest 2 (AOI_1 and AOI_2), characterized by a high accumulation of agriculture parcels with arable crops having a size below 0.5 ha. The magnified example of a few parcels within each AOI is displayed in Figure 2.



The size of the study area was approximately 67,340 ha, including 867 crop parcels (fields) below 0.5 ha in size, with 25% of the parcels being smaller than 0.2 ha, as shown in Figure 3. In the sample of parcels, the four main crops for the 2018 declaration year were maize (silage), winter wheat, potatoes for consumption, and sugar beet. The complete distribution is shown in Figure 4. The distribution of the geometry and the variety of arable crops demonstrate the representatives of the test site.




2.2. Satellite Data


Since the quality of cloud cover (CC) mask and geolocation accuracy parameters of image data have a direct impact on a number of satellite images included in the process and on the correctness and quality of NDVI values retrieved, details on these data characteristics are described in the following two sections.



2.2.1. Sentinel-2 Data


NDVI time series were extracted from the level 2A (L2A) products from both Sentinel-2A and Sentinel-2B satellites. These L2A products contain applied radiometric and geometric corrections—the bottom of atmosphere reflectance (BOA) in the Universal Transverse Mercator - World Geodetic System (UTM-WGS 84) cartographic coordinate reference system. Sentinel-2 offers 13 spectral bands ranging from 10 to 60 m, with a temporal resolution of 5 days. For the needs of the study, only band 8 (NIR) and band 4 (RED) were fully utilized. The Level-2A image metadata provide the scene classification (SCL) map. The quality of the SCL given by recognition of clear pixels over land and water reached overall accuracy (OA) of 91.5% [6]. The SCL information was used to filter out cloudy images. The absolute geolocation accuracy was reported as close to 11 m at 95% confidence level for both satellites. However, the geolocation accuracy for Sentinel-2B was not stabilized. The temporal co-registration error was within one pixel for 92% of Sentinel-2A and 87% of Sentinel-2B products. The co-registration of multispectral bands resulted in less than 0.3 pixels [7].




2.2.2. PlanetScope Data


A constellation of PlanetScope (PS) satellites collects multispectral (MS) imagery in 4 bands, with a ground sampling distance (GSD) of 3.7–3.9 m. The NDVI time series extraction was applied on Analytic Ortho Scene products (Level 3B), exploiting band 4 (NIR) and band 3 (RED). These products are radiometrically and geometrically corrected and contain surface reflectance values (BOA) in the UTM-WGS 84 cartographic coordinate reference system. The GSD is resampled to a pixel size of 3 m [8]. The quality of the CC mask was unknown at the time of processing. According to the PS Analytic Ortho Scene Product Specifications, the requirements for the geometric quality are expressed at positional accuracy of less than 10 m in two-dimensional root mean square error (RMSE2D) [8]. The benchmarking test on the positional geometric accuracy for the purpose of CAP checks performed by the EC Joint Research Centre (JRC) resulted in circular error at the 90th percentile (CE(90)) of 9.93 m [9]. This outcome is in line with the horizontal accuracy assessment of one PS Ortho Scene [10], where the RMSE2D resulted in 5.42 m (i.e., CE(90) 8.22 m).





2.3. NDVI Time Series


2.3.1. Quality of NDVI Time Series


Time series in our context are defined as a series of consecutive observations acquired at regular or irregular time intervals [11]. The quality of data entering the process has a crucial impact on the correctness and consequently the reliability of extracted information. Satellite-derived NDVI time series are omnipresent in the remote sensing of vegetation, but their application could be hindered by prevalent noise caused by varying atmospheric conditions and sun sensor–surface viewing geometries. It is important to consider the strength and character of any noise present in the NDVI dataset when selecting an approach to noise reduction. However, applying noise reduction to relatively clean time series will tend to degrade them [12]. Therefore, in our processing flow, we did not apply any noise reduction technique on the time series. After initial data filtering based on the metadata of the imagery (date, CC mask), we obtained relatively smooth time series that were deemed directly suitable for further analysis. Another motivation for our approach was to avoid adding additional bias into the similarity comparison.



While the noise caused by meteorological conditions at the time of an acquisition is a common issue regardless of the size of the parcels, the geometric positional accuracy of the image data is an influential factor on the reliability of time series, in particular for small parcel sizes. One could say that the sensitivity to any geometrical displacement increases with the decreasing size of the parcel. However, other factors, such as the geometry of parcels, also play important roles. Narrow elongated parcels are particularly vulnerable to this positional parameter. For the time series extraction, the positional factor is mainly a mixture of absolute geolocation accuracy of the source data and the multitemporal co-registration accuracy of raster images. The potential impacts of poor co-registration on various applications, such as change detection [13,14] and pixel- and object-based classifications [15], have already been pointed out by other researchers.




2.3.2. NDVI Time Series Extraction


The following steps were performed for the NDVI time series extraction:




	
Images were found within a given timeframe: 1/2/2018–30/11/2018 (L2A product available from 1/4/2018);



	
Images were filtered based on CC information;



	
NDVI layers were calculated using Equation (1) [16,17];


  N D V I =   N I R − r e d   N I R + r e d        



(1)




where NIR and red are the surface reflectance of the NIR band and red band, respectively.



	
The mean value for each field is calculated, considering pixels within its boundaries (Section 2.4);



	
Visualization is performed.








The whole workflow of the Sentinel-2 NDVI time series extraction was carried out in the Joint Research Center’s internal Earth Observation Data and Processing Platform (JEODPP). JEODPP is a versatile petabyte-scale platform providing a cluster environment for batch processing, web-based remote desktop access with a variety of software suites, and a web-based interactive visualization and analysis ecosystem [18]. Unlike PS images, the image filtering was done separately for each parcel using pixel-based assessment of SCL data. As a result, the number of NDVI values in the time series varies with each parcel.



The PS image data were downloaded through the Planet Explorer platform (https://www.planet.com/explorer/) [19] using predefined metadata filters. The CC filter was limited to 0% for the entire ortho scene, relying on the high temporal resolution of PS imagery to counteract this strict criterion. The Analytic Ortho Scene products were merged by an acquisition date into separate mosaics. The calculation of PS NDVI values and the extraction of mean NDVI time series were accomplished by in-house-developed python scripts, using the built-in raster calculator and zonal statistics functionalities of the open source software Quantum geographic information system (QGIS).





2.4. Parameters of Parcels


Since one of the goals of this research was to find and understand the dependency of Sentinel-2 suitability on parcels’ geospatial and contextual characteristics, the following parameters were selected and their potential impacts were studied:




	
Parcel size;



	
Geometry of parcel (regular, irregular, various elongations);



	
Crop type (study is limited to arable crops, reason explained in Section 5);



	
Surrounding land use or land cover of the parcel (same or different within 5 m distance);



	
Number of Sentinel-2 pixels in the parcel without any buffer;



	
Number of Sentinel-2 pixels in the parcel with a 5 m negative buffer (i.e., full or clean pixels);



	
Percentage of Sentinel-2 pixels lost after application of a 5 m negative buffer (i.e., the relative difference between the numbers of pixels before and after applying the 5 m negative buffer).








Regarding the size of parcels, rule-of-thumb considerations of Sentinel-2’s ground sampling distance (10 m) and earlier experiences indicated that Sentinel-2 should operate well on agricultural parcels larger than 0.3–0.5 ha, depending on their geometry and neighborhood conditions [20]. We, therefore, considered only parcels less than or equal to 0.5 ha.



The number of pixels in the parcel expresses how many pixels participated in the mean NDVI value calculation for a given polygon. The counting procedure (i.e., deciding which pixel was inside the polygon, which would participate in further analysis) could have a direct impact on the resulting NDVI time series. The concept used in this study was based on the sum of all raster cells whose center was within the target polygon. A disadvantage of this approach compared to more complex methods is that its count is more affected by the relative position of the raster cells to the overlaid polygon layer. An example of the relationship between the number of counted pixels and the position of a given polygon in the raster is illustrated in Figure 5.



The noise in the time series caused by heterogeneous pixels on the borders of parcels might be reduced by introducing a negative buffer, thus isolating clean pixels to represent the parcel. In some cases, it might also mitigate the negative effect of the imperfect positional geometry accuracy of the image. The distance of 5 m assures a high probability that the full pixel is inside the parcel. The 5-m threshold is derived from the Sentinel-2 pixel size. The NDVI values were calculated as an arithmetical mean, which to a certain extent also suppressed the undesirable influence of the border pixels. We opted not to use any buffer during the NDVI time series extraction. The reason was two-fold: firstly, we intended to further study the significance of the surrounding parameters; and secondly, we preferred to keep the testing sample as large as possible, without excluding very small parcels that would have disappeared after application of the negative buffer.



Although no negative buffer was applied for NDVI time series construction, the theoretical percentage of Sentinel-2 pixels lost after the application of the 5 m negative buffer was calculated and analyzed as the parcel’s parameter (see list above). This was not considered at the beginning of the study but emerged during our analysis. This was found to be a powerful factor combining the impacts of the shape, size, and position of the polygon (field) on the raster image.





3. Methodology


3.1. General Approach


The test image data are captured by sensors of similar radiometric characteristics but of different spatial resolutions. One assumes that the higher the spatial resolution of the image data, the more detailed and reliable the information they provide about an imaged object becomes. Reflecting this simple assumption into the agriculture context, we first followed the evolution of a specific composite indicator (NDVI) to determine the state of the agriculture parcel over time. This temporal behavior of mean NDVI values of the parcel was portrayed as the NDVI time series. The temporal change of the state of each agriculture parcel was, therefore, represented by two NDVI time series retrieved from two data sources of different spatial resolution. Next, we carried out a trend behavior comparison and similarity assessment. We based our methodology on an assertion that the less similarities between the time series, the lower the reliability of information obtained from the time series that originated from coarser spatial resolution data. It is worth noting that we neither intend to assess the phenological phases of vegetation dynamics timing nor compare the absolute values of the NDVI indicator. The method relies on the time series’ curve comparison, while considering the time series from the higher resolution data as a reference. In addition, the fact that we applied comparative analysis makes the used methodology insensitive to various environmental conditions (climate, soil type, etc.). Prior to the investigation on small fields, the validation test on the fields measuring above 3 ha was performed. Two parcels out of 400 (i.e., 0.5%) were just below the threshold of similarity (Section 3.2, point 2). The results from the validation proved that the time series from both sensors were very comparable.



In order to establish the working framework for our study, we constructed NDVI time series over 867 small agricultural parcels (below 0.5 ha) extracted from Sentinel-2 and PlanetScope image datasets. Next, the following steps were performed:




	
Visual assessment of the similarity of the NDVI time series pairs to identify a portion of the sample for which the time series deviated. This assessment had a complementary purpose and allowed for familiarization with the analyzed data (Section 3.3);



	
Statistical assessment of the NDVI time series pairs’ similarity to identify a portion of the sample for which the time series deviated. These are the parcels (group 1) for which we assert that there is a higher probability of Sentinel-2 data providing insufficient information on the state or a change of the state of the land phenomenon (Section 3.4);



	
Statistical modeling to estimate the geospatial criteria of parcels limiting the suitability of the Sentinel-2 data use in CbM (Section 3.5)




	(a)

	
Classification and regression analysis to assess the impact of various parcels’ parameters (listed in Section 2.4) on the similarity of the NDVI time series;




	(b)

	
Modeling dependencies between the selected parcels’ parameters and the probability that the correlation coefficient exceeds the predefined threshold. Identification of criteria for defining the term “small parcels” in the context of CbM with Sentinel-2 satellites;









	
The limiting geospatial criteria were applied on the tested sample of parcels and the result was compared with the outcome of the statistical similarity assessment method.








For the mathematical approach described in points 2 and 3 above, we set a concept of similarity (Section 3.2) defining the appropriate thresholds. Figure 6 illustrates the methodology and its steps.




3.2. Concept of Similarity


The evaluation of the similarity of the NDVI time series stems from shape-matching analysis. The comparison does not consider the absolute values of NDVI as such (i.e., is invariant to scale and vertical shift transformation), but instead assesses the trends and patterns of the curve, and thus the traceability of the specific changes in the behavior and agriculture activity on the field. To fulfill the requirements for comparisons, the correlation coefficient between the two series was selected as a sufficient quantitative index [22].



For the time series similarity assessment and the limiting criteria definition, we adopted the following three methodologies and respective thresholds:




	
Visual assessment based on expert judgment, without thresholds;



	
Correlation coefficient as an index of similarity. The time series were considered as similar (i.e., not deviating) if the correlation coefficient was higher than the value of 0.5 with 95% probability;



	
Similarity model quantifying the probability of exceeding the correlation coefficient value of 0.75 as a function of geospatial parameters of parcels. The time series were assumed to be similar if the probability that the correlation coefficient exceeded the value 0.75 was equal to or higher than 80%.








These thresholds on the correlation coefficient were defined for the context and purpose of the study. For the statistical test on the 95% confidence interval (point 2 above), we decided to apply the limit of 0.5, indicating a moderately positive correlation. In the similarity model for the derivation of limiting parameters, we pointed to the probability, which was set to 80%, of the exact value of the correlation coefficient, and hence we stuck to a stricter correlation value of 0.75, interpreted as a high (strong) positive correlation [23,24,25]. Even if expressed with different absolute values, these two criteria are similar.




3.3. Visual Assessment


We applied the visual evaluation of the similarity of the time series pairs as an independent control method to the statistical methodology described below. Since the statistical concept intended to simulate the genuine human perception of the profile’s trend behavior, we considered the expert judgment as an adequate complementary approach. Since the visual assessment is impractical and work-intensive for large datasets, we maintained the reasonable size of the sample to enable this kind of manual evaluation. Two experts in remote sensing assessed the similarity of the NDVI time series independently from each other, portrayed by two curves on the same graph. The following categories were used for visual inspection: agreement, disagreement, doubt, and decision not made due to small number of observations. Typical examples of agreement, disagreement, and doubtful cases of the profiles are illustrated in Figure 7. In the assessment, the following aspects were considered: (i) the Sentinel-2 NDVI time series shadowed the trend of PlanetScope; (ii) distinct peaks and patterns visible in the PlanetScope profile were perceived as visible in the Sentinel-2 profile.



We used Cohen’s kappa index [26] to measure the reliability of the evaluation. Cohen’s kappa is a measure of an agreement between two operators who determine which category a finite number of subjects or decisions belong to, while the agreement due to chance is factored out. However, the index does not consider the degree of their disagreement. In the classification set, we could, however, observe different severities of disagreement. To address this issue, we opted for a modification to Cohen’s kappa called the Cohen’s kappa [27], as defined in Equation (2):


   κ w  = 1 −     ∑   i = 1  k    ∑   j = 1  k   w  i j    p  i j       ∑   i = 1  k    ∑   j = 1  k   w  i j    e  i j            



(2)




where    p  i j     are the observed probabilities,    e  i j     are expected probabilities, and    w  i j     are the weights that express the degree of disagreement between the two operators. The higher the disagreement, the higher the weight. A prior study [28] gave a practical example of how to calculate observed (   p  i j    ) and expected (   e  i j    ) probabilities.



It is important to emphasize that PlanetScope NDVI time series were taken as a reference. We did not judge the correctness of its profile for identifying a specific crop. However, visual inspection of the NDVI time series was performed to understand the quality and uncertainty of the reference. It was concluded that we doubted the correctness of 2% of all Planetscope NDVI profiles, mostly due to the weak trend.




3.4. Correlation Coefficient as the Index of Similarity


In this study, the Pearson’s correlation coefficient [22] was chosen to assess the similarity between the NDVI time series from PlanetScope and Sentinel-2. The correlation coefficient between two quantities is generally estimated using paired observations (i.e., each observation is a pair of both quantities). With paired observations, one can simply rely on the following estimator for the estimated correlation coefficient:


   ρ ^  =     ∑   i = 1  n   (   x i  −  x ´   )   (   y i  −  y ´   )        ∑   i = 1  n     (   x i  −  x ´   )   2        ∑   i = 1  n     (   y i  −  y ´   )   2       



(3)




where    x ´    and    y ´    are the observed averages of the time series and  n  is the number of observed pairs.



When comparing two time series from two different sensors, it is very unlikely that the data points from each time series are observed on the same dates. In order to circumvent this data issue, Ref. [29] proposed to fill the gaps by interpolating each of the time series at the observed dates of the other time series (i.e., the union of the observed dates). The authors concluded that relying on a linear interpolation was sufficient for translating the intuitive visual comparison of the time series pairs, while having the advantage that observations were temporally aligned, allowing estimation of the correlation coefficient. This method also proposes a solution for assessing the uncertainty of the estimated correlation coefficient.




3.5. Similarity Model


We built a model of the estimated correlation coefficients and selected geospatial parameters of the sampled parcels. The objective of this particular model was not necessarily to accurately predict if the parcel was suitable to be monitored with Sentinel-2 data, it was to better understand the conditions where Sentinel-2 and PlanetScope NDVI time series do not agree, as our analysis revealed that setting only a parcel’s size as a threshold is not a sufficient criterion.



In the first step, we relied on a classification and regression tree (CART) algorithm in order to select the most relevant factors. This algorithm was based on an iterative definition of the dichotomous split (i.e., the nodes) of the input factors so that the separation between the parcels with or without agreement was maximized. Theoretically, the advantage of this approach is that the most relevant factors for the classification can be selected automatically.



The parameters that were present in the classification tree were:




	
Percentage of Sentinel-2 pixels lost after application of a 5 m negative buffer;



	
Surrounding land use and land cover of the parcel (same or different than tested parcel);



	
Number of Sentinel-2 pixels in the parcel with a 5 m negative buffer (i.e., full or clean pixels).








Other parameters (listed in Section 2.4) were originally included in the classification tree but in lower nodes of the tree. Furthermore, we observed that they caused inconsistencies because of data over-fitting (e.g., the classification associates a high agreement to a node characterized by an elongated parcel simply because of one particular parcel). It was, thus, decided to discard those factors for further analyses.



As a second step, we decided to directly model the estimated correlation coefficient from the three retained parameters (see above). For this, we built the following linear regression model:


   Y i  =  α 0  +  α 1  S a m e C r o  p i  +  α 2  P u r e P i x e l  s i  +  α 3  P e r c L o s  t i  +  ε  i       ,    



(4)




where    α j    are the parameters of the model and where for each  i -th parcel:




	
  S a m e C r o  p i    is equal to 1 if the same crop is found in the surrounding and equal to 0 otherwise;



	
  P u r e P i x e l  s i    is the number of clean pixels;



	
  P e r c L o s  t i    is the percentage of Sentinel-2 pixels lost after the 5 m negative buffer;



	
   ε i    is an error term;



	
   Y i    is the transformed correlation coefficient (i.e., using Fisher’s transformation).








The use of Fisher’s transformation is important in order to (i) meet the normality hypothesis of the linear regression model and (ii) avoid the modelled nonsensical correlation coefficient being larger than 1 or smaller than –1 [29].



Using this model, we could:




	
Estimate the expected correlation coefficient for any parcel;



	
Evaluate the uncertainty of an expected value;



	
Evaluate the probability that the parcel’s correlation coefficient would exceed a given threshold.








For each of these three potential applications, one must use the fitted model and rely on the inverse of the Fisher’s transformation.





4. Results


In this chapter, we summarize the results for each of the three methods of the similarity assessment. Section 4.1 presents the results of the independent visual assessment of two experts and subsequent evaluation of their agreement via a weighted Cohen’s kappa index. Section 4.2 shows the outcome from the statistical approach using the correlation coefficient as an index of similarity. Section 4.3 deals with the outcome of the similarity model and the estimation of limiting geospatial parameters of parcels, using criteria from Section 3.2. From the test sample, we can estimate the suitability of Sentinel-2 and compare the results with the statistical assessment of NDVI time series pairs in Section 4.4.



4.1. Visual Assessment


The similarity of the time series pairs was assessed by two independent operators (A, B). The assessment classification contained four categories: agreement, deviation, doubtful, and no decision taken due to lack of observations. The results are summarized in Table 1. Table 2 outlines the distribution of the operators’ rates, while Table 3 shows how we assigned the weights to each category. The relationship “agreement–disagreement” was assigned a weight of 2, while “agreement/disagreement–doubtful” was assigned a weight of 1.



Using the values from Table 2 and Table 3, we obtained the weighted Cohen’s kappa equal to 0.43 (95% confidence interval: 0.36–0.49). According to [26], the value could be interpreted as a moderate agreement.




4.2. Statistical Assessment using Correlation Coefficient


A scatter plot between PlanetScope and Sentinel-2 NDVI values confirmed that the assumptions of the Pearson's correlation coefficient were satisfied. After calculating the correlation coefficient for each pair, we performed a test on the confidence interval using the threshold described in Section 3.2 to assign the similarity status. The results are reflected in Table 4.



One can already observe that the rate of agreement is higher for the statistical approach than for the visual assessment. This is particularly noteworthy with operator B. For the present dataset, contrary to the visual evaluation, the statistical approach was able to provide a similarity assessment for each of the 867 parcels. However, there was an obvious inferior limit of a minimum of 3 observations when computing the correlation coefficient.




4.3. Fitting the Similarity Model with the Parcels’ Characteristics


As described in Section 3.5, we relied on the linear model from Equation (4). The model’s parameters were estimated using ordinary least squares. The estimated values and some statistics can be found in Table 5.



The intercept of the model (i.e.,    α 0   ) was positive, indicating that the values of the correlation coefficients tended to be high for the whole dataset. The parameters for the “same crop” and for “pure pixels” were significantly positive. This means that having the same crop around the parcel or containing more pure pixels increases the chances of having a large correlation coefficient. On the other hand, the parameter for the percentage of pixels lost after the negative buffer was negative, indicating that the larger the loss, the smaller the correlation coefficient. Figure 8 illustrates (a) parcels having at least partly the same crop in the surroundings as the analyzed parcel; and (b) isolated parcels with different crops surrounding them compared to the tested parcel.



The worst case is, thus, met for a parcel that (i) is not surrounded by the same crop and (ii) does not have a single pure pixel. In these conditions, the estimated correlation coefficient is equal to 0.77 and the 95% confidence interval is [0.68,0.84] (the interval is not symmetric around the estimated correlation coefficient because of the inverse of Fisher’s transformation).



Applying the threshold for the similarity model set described in Section 3.2, we can deduce the exact values of the parcel’s geometric parameters, which we consider as spatial limits for Sentinel-2 suitability (i.e., causing difficulty in extracting meaningful information). Looking at Figure 8, we observe that for all parcels surrounded (fully or partially) with the same crop, the probability of exceeding the correlation coefficient of 0.75 is higher than 85%. On the other hand, for the crop isolated parcels, we might generalize the following assertion—the parcels containing less than eight full pixels and losing more than 60% of their pixels measured after the application of a 5 m buffer have a high probability (i.e., close to 80% or more) of having a correlation coefficient below the value of 0.75. Hence, we consider the parcels to be compliant with these criteria (illustrated with the red box in Figure 8b) as potentially problematic, with a high risk that Sentinel-2 will not provide a reliable NDVI profile (i.e., group 2, Figure 6).




4.4. Comparison of the Results from the Statistical Assessment and Similarity Model


Applying the limiting criteria retroactively to the tested dataset of isolated parcels (325 parcels), we obtained 271 parcels above the limiting criteria (estimated group 3) and 54 parcels below the limiting criteria, i.e., group 2. These two groups of parcels were compared with the results from Section 4.2 to observe the distribution of the deviating parcels (group 1). Table 6 shows that 37% of parcels out of the vulnerable group 2 did not pass the similarity test, while only 10% of parcels from the group of parcels above the limiting criteria gave a negative similarity outcome in the statistical assessment.





5. Discussion


For the purpose of this study, a set of normalized difference vegetation index time series from Sentinel-2 calculated over a number of fields with various geospatial parameters was compared with a set of NDVI time series from a higher resolution satellite (i.e., PlanetScope) extracted for the same group of fields. A similarity assessment of the two sets of NDVI time series was used as the main tool to reach the research goals. The latest studies dealing with image data time series in the agriculture domain mainly address the issue of understanding and monitoring of the crop phenology [30,31,32], focusing on cropland mask construction [33,34] and land cover classification [11,35]. The use of time series to assess cropping intensity became an actual topic due to its importance as a critical input data variable for many climate land surface and crop models [36,37]. The most recent research studies in the context of the CAP exploit the Sentinel-2 data time series to detect agriculture land use anomalies [38] or map the grassland use intensity [39]. The paramount topic in the agriculture sector is, however, crop identification. Previously, [40] presented a first experience with crop type classification using one of the first acquired (preoperational) Sentinel-2 images. The benefits of the subsequently available time series were explored in [41], using a random forest (RF) classifier for crop mapping purposes. This study confirmed that multitemporal information increases the crop type classification accuracy. The benchmark for various classification methods on simulated Sentinel-2 time series was described in [42]. Further research on real multitemporal Sentinel-2 data [43] compared the performance of supervised machine learning techniques (support vector machines (SVMs) and RF) with respect to their accuracy and execution time, highlighting the superior performance of Sentinel-2 for this type of application when compared to Lansat-8 OLI. Additionally, [44] showed that the SVM and RF outperformed the traditional statistical maximum likelihood classification method. Since the temporal resolution of Sentinel-2 is constrained by cloud cover conditions, [45,46,47,48] explored multisource data (Sentinel-1–Landsat-8) use to complement Sentinel-2 time series and increase the crop type classification accuracy.



An operational solution for multitemporal crop classification approaches at a national scale was developed by European Space Agency's Sentinel-2 for Agriculture project (Sen2Agri). Sen2Agri delivered an open-source system that derives 4 basic products from Sentinel-2 and Landsat 8 time series: cloud-free composites, dynamic cropland masks, crop type maps, and vegetation status indicators. Additionally, [49] described the overall approach and key principles embedded in the processing chain and presented the results from an independent validation of the monthly cropland masks and crop type maps. However, the CbM approach, as described in [4], is primarily based on the detection of particular phenomena (“markers” and behavior) to continuously monitor a presumed agricultural business scenario, allowing early feedback to be issued to individual farmers. Crop mapping is not foreseen as a key component, but crop identification remains a valid and relevant ancillary instrument. Member States adopting CbM use the crop identification and classification algorithms for various reasons.



Regarding the topic of monitoring small fields, recent research [50] dealt with assessments on the impact of sensor pixel sizes for EU CAP. However, the study limited its consideration to a simple assumption that for fields with no pure pixels inside their boundaries, no CAP services can be provided, mainly pointing to crop determination. Our study presents the application of the comparative spatiotemporal time series analysis to assess the limits of satellite data regarding the smallest traced entity in the context of CbM, taking into account its full complexity.



The potential of Sentinel-2 data for the state assessment and the event detection on small parcels, as presented in Section 4.2, was found to be better than expected. The evaluation was performed over cloud-free pixels with a sufficient number of observations, and therefore the constraint for small parcels in the agricultural regions very frequently covered by clouds during the growing season, as mentioned for instance in [49], was not considered.



Concerning the visual assessment, a difference (0.43 Cohen’s kappa) between the operators was observed. Even if according to [26] this might still be assessed as a moderate agreement, other researchers studies [51] considered this as a low degree of the agreement. While one operator (A) evaluated the NDVI time series similarly, and thus provided the same information content for 87% of parcels, the other operator (B) reached a level of 73% from the total amount. In comparison with the statistical approach, which resulted in 90% of agreements, there was visible conformity with operator A, whilst operator B most likely adopted stricter evaluation criteria. This confirms that in this case, the visual assessment was a subjective methodology strongly influenced by experience and personal perception. As such, we considered it as a supportive element for further analyses.



Regarding the PlanetScope NDVI time series (as a reference for our analysis), based on expert judgment it was concluded that for 2% there were doubts about the correctness due to the weak trend of the profiles. No dependency on the parcel size was found. For 80% of the parcels, the profiles of both sensors were assessed as not being similar. Additionally, 60% of these parcels were below our limiting criteria (<8 pixels and >60% pixels lost). After detailed analysis, we could observe that 65% of these parcels had elongated geometry, measuring 4–15 m wide. Parcels with such a shape are generally vulnerable, especially if the long side is perpendicular to the eventual shift. For the proper decision on the correctness, we would, however, need to have collected evidence during the crop season on the field.



From the investigation of the contextual parameters of the parcels, there is no clear evidence that the type of arable crop in the agriculture parcel would have an impact on the similarity of the NDVI time series pairs. The research was, however, restricted to arable crops only. This restriction is caused by the chosen statistical evaluation methodology of similarity using the correlation coefficient. The correlation coefficient uses averages as a pivot in order to measure the linearity between each NDVI time series pair. Thus, it assumes that the times series have marked trends over time. By contrast, parcels where slight or no trend is expected (e.g., permanent grazed grassland or permanent crops) exhibit time series with an almost constant value, and few fluctuations can be considered as noise. Hence, applying this methodology on these crops is not appropriate. Although the arable crop itself does not prove to have an impact on the similarity, the surface surrounding the evaluated parcel seems to be a significant factor. The results obtained from the study showed a higher rate of positive similarity status for parcels having the same crops in the surroundings. As a limitation of this result, we consider the fact that the algorithm used for the decision did not consider the amount of surrounding crops. In this respect, the resulting number of parcels with the same crop in the surrounding could be exaggerated (i.e., biased). We, therefore, assume that the positive influence of having the same crop in the surroundings could be even higher than the one shown in Figure 8.



Further analyses on the relationship between the correlation coefficient and quantitative parameters identified two parameters that were more relevant than the others; a number of clean or full pixels and a share of pixels lost after applying half of the negative pixel buffer. The possible explanation for that is the importance of the shape and position of the parcel on the raster. As outlined in Section 2.4, the parameter expressing the loss of pixels took into account both the shape and position, and emerged as a very suitable descriptor of the parcel. By contrast, the size of the parcel was revealed to be a vague description, with an apparent lack of a strong correlation.



Working further with the three selected parameters, i.e., surrounding the parcel, the ratio of Sentinel-2 pixels lost, and the number of full pixels after application of the buffer, we built a model displaying the possible impacts of their relationships, and combinations on the probability of the estimated correlation coefficient. From a priori defined thresholds, we derived the limiting parameters of the parcel geometry, according to which we could estimate and quantify the proportion of parcels (estimated group 2) with a higher risk of Sentinel-2 data failure to provide conclusive information about the parcel. Looking at Figure 8, one might theoretically question the stability of the model, as the tested sample does not cover all possible combinations of parameters. However, some of these combinations or dimensions are simply not realistic in the field.



The results in Table 6 show the proportions of parcels assessed as deviating in the similarity assessment exercise (group 1) for both groups of isolated parcels below (i.e., estimated group 2) and above the limiting parameters (estimated group 3). The proportions demonstrate the correctness and validity of the proposed limiting criteria.



As indicated earlier in Section 2.2, the geolocation accuracy of Sentinel-2B was described as unstable during the tested period. We, therefore, investigated a representation of Sentinel-2B in the NDVI time series sample and the proportion of Sentinel-2B in the NDVI profiles of parcels that deviated (group 1, Section 4.2). For both cases, the participation of Sentinel-2B amounted to approximately 40%. We did not observe any higher occurrence of Sentinel-2B values in those NDVI time series that did not pass the test of similarity. We concluded that Sentinel-2B instability did not impact the results of this study. A positive aspect of the applied approach might be the fact that the curve matching method applied to compare the similarity of NDVI profiles was not highly sensitive to a single date outlier, unless it was a periodical or longer duration phenomenon.



As mentioned in the introduction section, the quality of the produced time series has a direct impact on the similarity assessment results. The cloud cover mask and the co-registration accuracy leave much room for improvement and we assume that the potential of Sentinel-2 imagery will be even higher in the near future, for instance after the introduction of a global reference image [7].




6. Conclusions


The introduction of the checks by monitoring approach in the framework of the European Common Agriculture Policy gave an impulse to explore the ability of Sentinel-2 data to detect a parcel’s behavior in terms of the geometry of that parcel. The research demonstrated that the size of the parcel is not an appropriate measure for the evaluation of Sentinel-2 data suitability for CbM. The number of full pixels and the ratio of pixels lost after the application of a half-pixel-wide negative buffer emerged as more appropriate parameters. Our findings also suggest that the surrounding land use or land cover is a relevant factor that needs to be duly taken into account.



For the majority of tested parcels, the Sentinel-2 data provided the same or similar information about the state and the activity on the field as PlanetScope imagery. Considering the deliberate small size of the parcels in the studied sample, the results proved the high potential of Sentinel-2 imagery. Thus, for the checks by monitoring, the study provided evidence of a good design strategy involving the trade-off between the temporal and spatial resolution of the Sentinel-2 satellite.



The limiting criteria expressed by geospatial parcel parameters serve to identify a group of “vulnerable” agricultural parcels for which there is a high probability that Sentinel-2 might not be a suitable satellite to assess their state and related agricultural activity. Member states, therefore, might adopt the definition of these spatial limits when designing their monitoring approaches.



In our research, we applied the comparison technique on the time series pairs retrieved from two image datasets of different spatial resolution to estimate the potential and spatial limitations of the coarser one. This innovative approach, as well as the whole evaluation strategy with thresholds adapted to the specific needs, could be used for a similar assessment of any other satellite data and application purpose.
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Figure 1. Position of areas of interests (AOIs) in the Netherlands. 
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Figure 2. Magnified detail showing crop parcels (fields) within an area of interest (AOI): (a) example of AOI_1 in the background Sentinel-2 image from 06/05/2018; (b) example of AOI_2, in the background Sentinel-2 image from 27/06/2018. Sentinel-2 images are illustrated in false-color composite (R: near-infrared (NIR), G: red, B: green). 
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Figure 3. Distribution of parcels in a specific size category. 
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Figure 4. Distribution of arable crop types in the sample. 
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Figure 5. Different numbers of pixels linked to various positions of the parcel on the raster. Number of pixels from left to right: 11, 2, 8, 4. Adapted from [21]. 
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Figure 6. Workflow of the methodology. 
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Figure 7. Typical examples of the visual assessment of NDVI time series pairs: (a) illustration of the agreement; (b) illustration of the disagreement; (c) illustration of the doubtful case. 
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Figure 8. Model quantifying the probability of exceeding the correlation coefficient value of 0.75 as a function of the number of full pixels in the parcel and the percentage of pixels that are lost after application of the 5 m buffer. (a) Parcels with the same crop surroundings and (b) parcels with different crop surroundings. The background colors represent the variability of the probability. The red box illustrates the limiting criteria. 
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Table 1. Results from the visual assessment.
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	Agreement
	Deviation
	Doubtful
	No Decision Due to Lack of Observations





	Operator (A)
	87%
	5.5%
	5.5%
	2%



	Operator (B)
	73%
	19%
	6%
	2%
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Table 2. The distributions of operators’ rates.
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Operator (B)

	

	
Operator (A)

	




	

	
Agreement

	
Deviation

	
Doubtful

	
Sum




	
Agreement

	
625

	
2

	
7

	
634




	
Deviation

	
95

	
45

	
26

	
166




	
Doubtful

	
36

	
2

	
15

	
53




	

	
Sum

	
756

	
49

	
48

	
853
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Table 3. The assignment of weights.






Table 3. The assignment of weights.





	
Operator (B)

	

	
Operator (A)




	

	
Agreement

	
Deviation

	
Doubtful




	
Agreement

	
0

	
2

	
1




	
Deviation

	
2

	
0

	
1




	
Doubtful

	
1

	
1

	
0
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Table 4. Results from the statistical assessment.






Table 4. Results from the statistical assessment.





	Agreement
	Deviation
	Sum





	784
	83
	867



	90%
	10%
	100%
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Table 5. Estimated parameters of the regression model and their significant tests.






Table 5. Estimated parameters of the regression model and their significant tests.





	Term
	Estimate
	Standard Error
	t Ratio
	Prob>|t|





	Intercept
	1.828
	0.239
	7.655
	0.000



	SameCrop
	0.531
	0.077
	6.918
	0.000



	PurePixels
	0.015
	0.006
	2.388
	0.009



	PercLost
	–0.798
	0.281
	–2.834
	0.003
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Table 6. Application of the limits derived from the model on the samples of isolated parcels and the distribution of group 1.






Table 6. Application of the limits derived from the model on the samples of isolated parcels and the distribution of group 1.










	
	Parcels Below the Limiting Criteria (Estimated Group 2)
	Parcels above the Limiting Criteria (Estimated Group 3)





	Number of isolated parcels
	54
	271



	Proportion of parcels that deviated according to the statistical assessment, i.e., group 1 (Section 4.2)
	37%
	10%











© 2020 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
T Wale 0.00ha

[ p— JE—
Jo e o et o097
|4
i

F PSS PP e

3 Wintr whest 0330
prg caneaon coocir 060
5 contce ol (035088

R S .

: Rapeseed, winter (ncuing bt seed) 010ha

consaton contisnt 052
5% cokco e (078,097]

I






media/file4.png





nav.xhtml


  remotesensing-12-02195


  
    		
      remotesensing-12-02195
    


  




  





media/file16.png
[ [
rJ L
— e
o o
L. o
L L
iz £
c =
L'y, ey
L L
> 2=
-] o
2 =
o o
W W
= =
£ =
b L
iy £y
o o
— P
L L
L0 0
c c
- =
= =

0 0.2 04 06 0.8 1 0 0.2 0.4 06 08 1
Ratio of Sentinel-2 pixels loss after 5m negative buffer Ratio of Sentinel-2 pixels loss after 5m negative buffer

(a) (b)






media/file2.png
640000E 680000E 720000E 760000E

5720000N

5680000N

5640000N






media/file5.jpg
Number of parcels

250

200

150

100

221 2
203
137
8 I
(0,01] (01,02) (02,03 (03,04] (04,05]

intervals [ha]





media/file3.jpg





media/file1.jpg
7200006 760000F






media/file7.jpg
115% 5 gag

150%_ 127%

161%

a27%

Maize (siage)
= Winter wheat
= Potatoes (consumption)
= Sugar beet
Maize (grain)
= Winter barley
= perennials
= Spring wheat
« Haver
= Maize (corncob mix)
= Pumpkin
whye
= Others (<1%)





media/file10.png
L _‘__,_’...-—-‘\t

ol

N
Ve

NS






media/file12.png
Tested sample of parcels

v

Sentinel-2 and PlanetScope

NDVI timeseries
|
J' ¥
Correlati i Identification of relevant
parcel's parameters
Visual assessment Statistical assessment Similarity model
!
Definition of spatial limits
!
Application of spatial limits on
tested sample of parcels
|
| ‘
Parcels with deviated Parcels estimated cels estimated
Ass@snuzt;)f Ass&ssma:Bc;f fime sefies as vulnerable as not vulnerable
Operator Operator (group 1) (group 2)
I

(group 3)
|






media/file9.jpg





media/file0.png





media/file14.png
Mean NDVI

0.9 -
0.8 -

0.2
0.1 -

Maize 0.40 ha
—— PlanetScope correlation coefficient : 0.91

—=— Sentinel-2 95% confidence interval : [0.76; 0.97]

@ S S e 3
= AP % X o > Date (Year2018)

4
)
4
%

Mean NDVI

0.8
0.7
0.6 -
0.5 -
0.4 -
0.3
0.2
0.1 -

Winter wheat 0.33ha

correlation coefficient : 0 68
95% confidence interval : [0.35; 0.88]

04
& +  Date (Year 2018)

Mean NDVI

Rapeseed, winter (including butter seed) 0.10 ha

correlation coefficient : 0. 92
95% confidence interval : [0.78; 0.97]

& y % Q & N
N b N A’ A » < O S°" Date (vear 2018)






media/file8.png
1.50%
1.61%

1.15% 1.04%

1.27%

4.27%

Maize (silage)
®= Winter wheat
= Potatoes (consumption)
» Sugar beet
= Maize (grain)
» Winter barley
m Perennials
® Spring wheat
© Haver
® Maize (corncob mix)
= Pumpkin
® Rye
® Others (<1%)





media/file11.jpg
Testedsample of prcls
T
Seatinel-2and PlnetScope
NDVIteseries:
T
i
o —
Comaion coeicies oy
‘Visual assessment ‘Statistical assessment Sudarity model
E—
Defiion o sptl ks
Apphcation of spatial sts on
ested sanpl f prces
Parcls i devated e cimatd] Parces etmated
Asismcecf | | Adomso ot time series as vulnerable | |as not vuinerable
O | Qe () ) (o) [T






media/file6.png
Number of parcels

250

200

150

100

50

137

203

221

222

(0, 0.1]

(0.1, 0.2]

(0.2, 0.3]

Size intervals [ha]

(0.3,0.4]

(0.4, 0.5]





media/file15.jpg
3 3 8888

Number of Serine2 ul e i the parcel

K
g
£
:
i
]
H
]

0 "0 04 06 08 1 0 o2 o4 06 08 1
Ratioof Sentne 2 pixes oss ater Smnogatve bufer  Rato of Seiinek2 pes oss afer Sm negative bufler
) )






