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Abstract

:

Earth Observation (EO) imagery is difficult to find and access for the intermediate user, requiring advanced skills and tools to transform it into useful information. Currently, remote sensing data is increasingly freely and openly available from different satellite platforms. However, the variety of images in terms of different types of sensors, spatial and spectral resolutions generates limitations due to the heterogeneity and complexity of the data, making it difficult to exploit the full potential of satellite imagery. Addressing this issue requires new approaches to organize, manage, and analyse remote-sensing imagery. This paper focuses on the growing trend based on satellite EO and the analysis-ready data (ARD) to integrate two public optical satellite missions: Landsat 8 (L8) and Sentinel 2 (S2). This paper proposes a new way to combine S2 and L8 imagery based on a Local Nested Grid (LNG). The LNG designed plays a key role in the development of new products within the European EO downstream sector, which must incorporate assimilation techniques and interoperability best practices, automatization, systemization, and integrated web-based services that will potentially lead to pre-operational downstream services. The approach was tested in the Duero river basin (78,859 km2) and in the groundwater Mancha Oriental (7279 km2) in the Jucar river basin, Spain. In addition, a viewer based on Geoserver was prepared for visualizing the LNG of S2 and L8, and the Normalized Difference Vegetation Index (NDVI) values in points. Thanks to the LNG presented in this paper, the processing, storage, and publication tasks are optimal for the combined use of images from two different satellite sensors when the relationship between spatial resolutions is an integer (3 in the case of L8 and S2).
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1. Introduction


Earth Observation (EO) is considered a crucial tool for achieving the 2030 United Nations Sustainable Development Goals (SDGs) [1]. Especially, climate change-, natural hazards- and environmental protection-related SDGs represent focal challenges worldwide [2]. Currently, the development of multiscale data (i.e., with different resolutions) and open-source tools and models that help in evidence-based policy- and decision-making is mostly based on processing open data from the Landsat 8 (L8) [3] and Sentinel 2 (S2) satellite missions [4,5,6], e.g., using vegetation indices in agronomical applications, such as crop type mapping and monitoring [7,8], snow cover evolution [9] and monitoring vegetation changes [10], among others.



The development of the European EO downstream sector, and thereby increasing its economic value, depends on such tools and models offering value-added information to the end-user (e.g., advisors, public institutions, farmers, policy- and decision-makers) in comparison with already available products [11,12]. In this sense, using multisource data (i.e., data coming from different sensors and formats), artificial intelligence and semiautomatic or automatic processes pop up as the most tactical developments [11].



However, exploiting data from different sensors, particularly for time-series analysis, implies dealing with: (i) different acquisition and processing approaches; (ii) different spatial, spectral, temporal and radiometric resolutions; (iii) image georeferencing; and (iv) the possible change in the retrieved variable due to the aforementioned differences, especially the bands configuration of each satellite mission, i.e., its spectral resolution [13,14,15,16].



Considering that the complexity of exploiting data acquired from different sensors with different characteristics may pose a limitation for dense time-series analysis, different authors have developed some initiatives based on the Earth observation data cube (EODC) technology [17,18,19,20,21,22]. A complete analysis of the latest EODC developments and implementations is provided at [23].



When related with geospatial information, a systematic and regular provision of analysis-ready data (ARD), optimized for the problem in question, is required. The open-source project gdalcubes [24,25,26] addresses this issue by proposing a solution based on obtaining data cubes on demand for specific applications. In this project, tools are available for most space missions and can be easily adapted for any other mission or type of platform, such as sensors embedded in drones.



In [27], the main problems mentioned are described and the importance of finding a solution in which the pixels have an integer size in most of the Levels of Detail (LODs) is pointed out. The solution proposed is based on that adopted by Google Maps and OpenStreetMap (OSM) through the global Web Mercator [28,29] by choosing a tangency parallel for the Secant Web Mercator projection.



This article proposes the design of a Local Nested Grid (LNG) as the solution [27]. The approach spatially structures remotely sensed data from L8 and S2 optimally from the georeferencing and processing points of view. Currently, the Operational Land Imager (OLI) and the Multispectral Instrument (MSI) sensors, onboard L8 and S2, respectively, are frequently used in combination to increase the input data temporal resolution, i.e., the possibility for using cloud-free images [30]. The proposed design pursues an additional purpose: easing the exploitation and publication of the derived results into further processing models, guaranteeing a higher accuracy, efficiency and reliability on the results obtained. The issues that justify the need for the proposed approach are explained further in detail as follows [27]:



1. Differences within satellite georeferenced scenes.



Each satellite mission distributes remotely sensed data within georeferenced scenes. These scenes comprise spectral bands. The bands could share the same temporal resolution but have different spectral resolutions and either the same or different spatial and radiometric resolutions [13,14]. Spectral indices are a mathematical combination of two or more of these bands and are used because they are more clearly related to biophysical parameters of interest [31]. The indices, such as the Normalized Difference Vegetation Index (NDVI) [32], are retrieved as a raster file with the same georeferencing system as the processed bands, thereby differing between scenes and satellite missions.



2. Pixels’ misalignment.



Pixels’ misalignment is an important handicap derived. It occurs both between the same bands of different scenes from the same satellite mission and between equivalent bands of different satellite missions, even if having the same spatial resolution [16]. This issue leads to the need for introducing time-consuming resampling processes of the satellite input data, sometimes even more than once within the same approach [33]. The LNG designed is more efficient since it assures individual pixels’ alignment at the same spatial resolution and as a set of pixels for the Maximum Spatial Resolution (MSR) between the satellite missions. Therefore, each L8 pixel, of 30 × 30 m, comprises 9 S2 pixels, of 10 × 10 m, as a 3 × 3 matrix. Moreover, the approach establishes integer coordinates for the pixels’ squares at all levels of detail until the MSR. Integer pixel sizes are highly preferable to non-integer ones since operations will lead to rounding errors. These errors accumulate when processing many pixels, thus becoming a noticeable error in the form of visual artifacts such as moiré, missing lines and other problems. Our design solves the issue of pixels’ misalignment as an initial conversion, thereby avoiding the need for further intermediate resampling in subsequent processing algorithms, as long as working at the MSR. Pixel alignment is a consequence of the bounding box of each file in the LOD4 and an integer number of the pixels included. In addition, the corner coordinates are integer numbers.



3. Coordinate Reference System (CRS).



Selecting the appropriate CRS is a usual handicap within cartographic projects. No ideal solution exists given the impossibility of representing the reference surface of a terrestrial geodesic system, the ellipsoid, over a map without deformations. Therefore, a compromised solution must be always adopted depending on each case study [34]. In this context, it is important to differ between considering the whole Earth surface or a regional study area [35]. The latter is the case considered in this paper, although the design can be generalized to the context of the whole Earth. Particularly, the proposed solution adopts the same CRS used in the spatial missions, based on UTM projection, and takes the zone that covers most of the Region of Interest (ROI). This is the correct option considering the linear and surface deformations. Furthermore, this choice guarantees the minimum alteration in the value resulting from the conversion for the region of the terrain corresponding to each pixel of MSR of the satellite missions considered.



4. Spatial size of the raster files derived.



Finally, another important choice is the spatial resolution of the files and, consequently, the size of the resulting files [28]. In the proposed solution, an LOD must be selected within the LNG structure. The solution proposed is based on that adopted by Google Maps and OpenStreetMap (OSM) through the global Web Mercator [28,29]. Its associated Tiling Schema recently became an official OGC standard, known as the Web Map Tile Service Simple Profile (WMTS). This schema is described further in detail in Section 2.3 as being the theoretical base point for the approach presented in this paper.



In the context of spatial planning and environmental management, local stakeholders continue highlighting the need for high-resolution, value-added and easily understandable information that is continuously available, reliable and updated, and that helps in achieving EU policies [36]. The presented approach considers the tactical developments proposed by the European Commission. Firstly, the further development of the EU EO downstream sector within the Copernicus programme, particularly into the EU Space Programme 2021–2027, aims at maintaining the EU leadership in the Space domain worldwide, thereby using, and further developing, the Sentinels and the derived services [37]. Secondly, the EU Research and Innovation (R&I) actions in the frame of the H2020 and H2030 highlight the need for new, transparent and integrated solutions to better understand the Earth’s ecosystems, minimise climate-change impacts, support accountability towards long-term goals, and inform climate services and decision making [1,2].



The LNG designed plays a key role in the development of new EO products, which must incorporate assimilation techniques and interoperability best practices, automatization, systemization and integrated web-based services that will potentially lead to preoperational downstream services [37]. Therefore, it represents an open, multiscale and multisource design that ensures the interoperability of the two most currently used optical satellite missions: L8 and S2.



The strategies of the new Green Deal towards sustainable nature-based agriculture activities, e.g., through the “farm to fork” strategy [38] and the special interest of the European Environment Agency (EEA) on mapping and assessing the Earth’s ecosystem [39], led the authors to focus this work on aiding a perfect coherence between different sensors when using vegetation indices to monitor large areas accurately and efficiently. The LNG has been successfully applied in the Spanish region covered by the Duero river basin, which accounts for almost 80,000 km2. Multitemporal series of the NDVI, retrieved from different scenes from L8 and S2 that covered the river basin in the period of March to October 2017, were automatically downloaded and processed within the spatial regions designed. In addition, to test and compare the advantages of the proposed LNG, another case study was selected in the Jucar river basin: the groundwater Mancha Oriental (7279 km2). In this case study, the period selected was January to October 2019, thereby taking advantage of already atmospherically corrected scenes (Level 2A of S2 and Level 2SP of L8).



After outlining the need for designing the LNG and describing existing solutions that served as a baseline as well as its impact on the NVDI mapping of a large case study area, the article is organized as follows. Section 2 describes the input data, the proposed tiling schema and the study area where it has been tested. Section 3 shows the results and accuracies obtained using this approach. Finally, Section 4 summarizes all conclusions derived and future works, especially focusing on the further development of the EU EO downstream market.




2. Materials and Methods


2.1. Case Studies: The Duero River Basin and the Groundwater Mancha Oriental


The Duero river basin constitutes the largest hydrographic basin in Spain (78,859 km2). It is mainly located in the community of Castilla y Leon (Figure 1) and presents great heterogeneity in its climate, landscape and land use [40]. Given its size, it is crucial to rely on various satellite missions that guarantee the best possible coverage and thus respond to the needs of the stakeholders with greater precision and reliability. The irrigated area of the case study accounts for 4885 km2 [40].



The hydroclimatic variability in the Duero river basin, both spatially and temporally [41], and the intensive irrigation activity (around 80% of the consumptive demand) [42] made the Hydrological Planning Office outline the need for a tool that facilitated inspection and surveillance tasks. In this sense and given the large study area, remote sensing is considered an ideal information source, especially in the current context of free access to data provided by satellite missions such as L8 (United States Geological Survey, USGS, Hunter Mill, VA, USA) and S2 (European Space Agency, ESA, Paris, France), which also justify its use in this type of application. [5,6,7,8,9,10].



The groundwater Mancha Oriental belongs to the Jucar river basin (South–Eastern Spain) and has a surface of 7279 km2 within the full aquifer. This case study was selected since this aquifer covers a total area of 8500 km2 and has relatively uniform agroclimatic conditions. The most important economic activity in this region is agriculture. Annual average precipitation is below 400 mm/year and has an average annual reference evapotranspiration of more than 1200 mm/year. This aquifer supplies water to more than 110,000 ha of high-water-demanding crops with an average water table level of around 100 m. These restrictive agroclimatic and hydrological conditions demand measures that ensure sustainable water resource management. Remote-sensing techniques have been applied for a long time by water managers in this area. However, although proper measures to ensure high radiometry quality have been applied, less attention has been paid to adequate georeferencing and interoperability of the wide range of available products, which can lead to inaccurate results, primarily when products from different dates and platforms are compared. The overlapping of the paths of the L8 and S2 scenes that capture the case study is visible in Figure 2.




2.2. Satellite Data: L8 and S2


In the Duero river basin, given the large extension of the study area, 11 scenes of L8 and 16 granules of S2 are needed to cover it (Table 1). In the groundwater Mancha Oriental, 1 scene of L8 and 2 granules of S2 are needed. In the first case study, the study period is March–October 2017, and Level 1C images have been automatically downloaded from S2 and Level 1T from L8. In the second case study, the studied period is January–October 2019, and Level 2A and 2SP have been automatically downloaded from S2 and L8, respectively. In both case studies, the scenes are projected at EPSG 25830 (ETRS89 UTM zone 30 N).



The interoperability between S2 and L8 has been proven [13], concluding that the satellite platforms can be used jointly to collect data with higher temporal, spatial and spectral resolutions, increasing opportunities for more frequent cloud-free EO [28]. However, this means working with different spatial and temporal resolutions (Table 1), among other differential factors of image acquisition and processing. Furthermore, the overlaps between images make the initial input dataset extremely large, comprising up to 4908 bands/year in certain areas (Figure 3).



Another critical issue caused by the aspects highlighted above is the misalignment of pixels between the same spectral bands, both between different scenes of the same satellite mission and between different missions. This problem directly affects resampling processes prior to processing satellite data, e.g., for the calculation of biophysical indices. The proposed solution, based on the design of an LNG, eliminates these problems, thereby allowing for the optimal combined use of L8 and S2 data.




2.3. Design of the LNG


2.3.1. Global Web Mercator Tiling Schema


The proposed solution is based on the global Web Mercator Tiling Schema, which is based on the quadtree structure. Quadtrees are a tree data structure used to divide a two-dimensional space by recursively subdividing it into four quadrants or regions [43].



On the Web Mercator tiling schema, each tile (square) is given in (x,y) coordinates, ranging from (0,0) in the upper left to (2LOD-1, 2LOD-1) in the lower right. Figure 4a displays this coordinate system at LOD 3: tile coordinates ranging from (0,0) to (7,7). Figure 4b shows how tile 2 (LOD 1) is the parent of tiles 20 through 23 (LOD 2), and tile 13 (LOD 2) is the parent of tiles 130 through 133 (LOD 3).



The tiles do not overlap and have perfectly aligned borders at all LODs, so the pixels are perfectly aligned at all pyramid levels. The tiles inside each level are always 256 × 256 pixels. This size is chosen to optimize the visualization speed for WMTS services.



The tile coordinates can be combined into strings, called quadtree keys or Quadkeys. To do this, the tile coordinates (Tile_X and Tile_Y) are converted to binary based on the LOD (the equations and examples can be found in [44]). Quadkeys constitute a geographic identifier reference system. A unique identifier is assigned to each tile in the multilevel set of tiles for the entire world.



The number of digits in each Quadkey always equals the LOD of the corresponding tile. In addition, the Quadkey of any tile always starts with the Quadkey of its parent tile (the containing tile at the previous LOD) (Figure 4).



This solution entails the following drawbacks: (i) the CRS is not optimal for the ROI (cases study: the Duero river basin and the groundwater Mancha Oriental, Spain); (ii) the relationship between consecutive LODs is 2 × 2, which does not guarantee the interoperability of the MSR of L8 and S2, of 30 m and 10 m, respectively; and (iii) the coordinates of the pixels are not integers, with the subsequent inefficiencies in the processing that entails.




2.3.2. The Proposed Tiling Schema


The proposed solution improves the Web Mercator Tiling Schema. Firstly, the geographic scope is restricted to an ROI, so the most suitable CRS is selected. Secondly, the relationship between consecutive LODs is 3 × 3 (Figure 5), and all pixels have perfectly aligned borders at all levels. In this way, the pixel size in two consecutive LODs matches with the MSR of the sensors considered (each 30 × 30 m pixel of L8 contains 9 10 × 10 m pixels of S2). Thirdly, the coordinates of the pixels are set as integer numbers.



A tool has been developed (see Supplementary Materials at the end of the manuscript) to automatize the definition of the LNG based on the following input parameters:




	
CRS EPSG Code: 25830, projected CRS: UTM zone 30 North. Geographic base CRS EPSG Code: 4258 (ETRS89).



	
Recursive ratio factor in LODs: 3



	
Ground Sampling Distance (GSD) for the maximum LOD: 10 m



	
Tile dimensions: 256 × 256 (rows × columns)



	
ROI definition: This initial ROI covers the entire Iberian Peninsula, the Balearic Islands and the autonomous cities of Ceuta and Melilla, so that the defined LNG can be used for any project in Spain, except for the Canary Islands. The parameters for the ROI definition are as follows: NW longitude −10 DEG, NW latitude 44 DEG. Projected width: 1500 km. Maximum raster size: 183 km (L8). Then, a ROI is defined specifically for this project, which is the Spanish part of the Duero river basin and the groundwater Mancha Oriental.









2.3.3. Definition of the Tiling Schema: The Tuplekeys


The term Quadkey, used when the relationship between subsequent LODs is 2 × 2, is generalized to the term Tuplekey, where the relationship becomes 3 × 3. This relationship could be changed by convenience to any integer number depending on the multisource EO data used. The process of defining the tiling schema, based on Tuplekeys, is as follows:




	
Obtaining the NW point in the projected CRS.



	
Translation of the NW point: the NW point is translated in the projected CRS. The maximum size of the raster is subtracted from the X coordinate and added to the Y coordinate. In this way, the bounding box of a maximum size is fully integrated. Subsequently, the NW point is moved in the projected CRS to get its coordinates as integers and multiples of the GSD for the maximum LOD (in this case 10 m as the MSR of S2).



	
Determination of the ROI: it is obtained as the sum of the initial area and the maximum size of the raster, resulting in this case 1683 km.



	
Determination of the Region of Grid (ROG): it must be equal to or greater than the ROI and correspond to a certain LOD. Computed LOD is 6, corresponding to the MSR of S2, 10 m GSD, and 256 × 256 pixels. The geometry of the ROG and ROI is stored in a report file of results.



	
Assessment of the suitability of the chosen projected CRS: For the four corners of the ROG and ROI, the linear deformation of the projected CRS is obtained. The corresponding GSD on the ellipsoid is calculated for the GSD of the LOD of MSR. For any case study in Spain, the chosen projected CRS is suitable since the maximum difference is around 10 cm (1%) within the ROG, and less than 1% within the ROI.









2.3.4. Selection of the Storage LOD


Once the LNG has been defined, the MSR of the satellite data used, corresponding to S2 (10 m), is reached in LOD 6 whereas the MSR of L8 (30 m) is reached in LOD 5. The next question to address is the choice of the optimal size of the files transformed to this tiling schema. This choice must be justified based on the requirements of each project and the processing requirements of the data.



The adopted solution in the Web Mercator Tiling Schema is optimal from a publication point of view (256 × 256). However, it is a very small size that would lead to the existence of a large number of files. Therefore, the following processes would involve such opening and closing operations among files.



LOD 4 is defined as the common storage LOD for all the files of both satellite missions (S2 and L8) and for all the files resulting from the subsequent processes. The Duero river basin is covered by 192 Tuplekeys and the groundwater Mancha Oriental is covered by 26 Tuplekeys in LOD 4 (Figure 6). In addition, LOD 4 has been chosen so that:




	
The files that reach LOD 6, corresponding to the MSR of S2, will have dimensions of 256 × 256.



	
The files that reach LOD 5, corresponding to the MSR of L8, will have dimensions of 768 × 768, (768 = 256 × 3). The size of these files on disk without compression will be of the order of 2.25 Mb for floating type (32 bits), 1.12 Mb for unsigned integer (16 bits) and 0.6 Mb for byte type.



	
The files that reach LOD 4 will have dimensions of 2304 × 2304, (2304 = 256 × 3 × 3). The size of these files on disk without compression will be of the order of 20 Mb for floating type (32 bits), 10 Mb for unsigned integer (16 bits) and 5 Mb for byte type.










2.4. Processing Methodology


To make easier the subsequent processing operations, the developed tool meets the following requirements (Figure 7):




	
Automatic downloading of all the EO products and pre-processing of the raw bands, obtaining directly the NDVI values.



	
Operating only in one zone, the one corresponding to most of the study area (zone 30), which corresponds to the EPSG 25830 projection.



	
Initial conversion of the pixel corners’ coordinates into integer numbers at all LODs up to the MSR of the satellite missions used.



	
Perfect alignment of the pixels at the same spatial resolution and at different LODs up to the MSR of the satellite missions used, so that a pixel of L8 (30 × 30 m) includes exactly 9 pixels of S2 (10 × 10 m), as a 3 × 3 matrix.



	
Image resampling based on a bilinear interpolation method, used only for the computation of NDVI values in each satellite mission. During this resampling method, the radiometric resolution can be fixed to the original one or reduced to 8 bits for other types of products, such as combinations of images for photointerpretation.



	
Finally, a conversion to Cloud Optimized GeoTIFF (COG) format is applied. COG is a regular GeoTIFF file, aimed at being hosted on a HTTP file server, with an internal organization that enables more efficient workflows on the cloud.








After this operation, for any band, the corners of all files and pixels will be integer coordinates, making easier any operation that integrates raster and vector layers. Finally, regarding temporal resolution, each Tuplekey storage includes the NDVI file labelled by mission and date.



2.4.1. Automatic Data Acquisition and Pre-Processing


First, to increase the efficiency of the process, a Python script was developed based on Application Programming Interfaces (APIs) using WEB RESFULL services and the management and raster operation functionality through the GDAL library. The script automatically downloads and performs a first processing of the L8 L1T and S2 L1C products that cover the study area as they become available, directly obtaining the images with NDVI values [8].



NDVI is used to perform the crop classification so as to allow the standardization of the EO data from both satellite missions. Many works have used this index since its development in 1973 [32] for monitoring vegetation [29], providing high accuracies in crop classifications [7,8]. Crop types differ on the temporal signature of NDVI.



The main goal of the developed tool is to ease the processing of a large amount of multitemporal EO data in the study area. In this way, the processing is carried out in the most efficient way possible, optimizing analysis times without compromising the accuracy of the result.



The result of this process is stored in GeoTiFF format in the original CRS of the scene of each satellite mission, which can be EPSG 32629 or EPSG 32630, using floating type (32 bits) as the data type and assigning the value 9999 to those values without data (e.g., the wedge areas). A record of the downloaded products and those derived from the processing is kept in a PostGIS database.




2.4.2. Insertion of the NDVI Scenes in the LNG


The tool developed is based on the functionalities of the GDAL library. It automatically processes geomatic products in raster format and generates an LNG structure. It is guided through a project file in XML format in which the input data, processes to be carried out and necessary parameters are established. This file contains the information of the processing and the processed files.



To transform the NDVI raster files to the LNG structure, the following steps are performed:




	
The type of product and the date are retrieved from the file name, checking its validity.



	
The CRS of the LNG is reprojected.



	
The storage LOD and the MSR LOD are established based on the GSD.



	
The relation of tiles is obtained based on the storage LOD and the bounding box of the file.



	
For each tile, using GDAL tools, the resulting file is created by extracting the plot corresponding to its boundary and using the parameters defined in the project file: data type, resampling method, internal tiling, and compression algorithm. In particular, through the gdal_translate command the image values are rescaled, so that the maximum value of NDVI is 1.0. Furthermore, with the a_scale and a_offset parameters the LNG software converts the digital levels on the fly, so that even if a value is stored as an integer (8 bits), the value shown by the LNG software will be the original one. Finally, the files are converted to COG format and compressed.



	
If the pixels within the resulting file have a null value, the file is deleted. This happens in the wedge areas, especially in L8-derived NDVI products.



	
Finally, using gdaladdo, pyramid levels are added with the number of steps equal to that between the storage LOD and the MSR LOD. For this case, one for the L8 NDVI products and two for the S2 NDVI products.









2.4.3. Inserting the LNG Structure into a SpatiaLite Database


To allow queries in an optimized way, including spatial criteria, a database in SpatiaLite format is queried from C++ library. SpatiaLite format is selected since: (i) it is an embedded database; (ii) it does not require a database server; (iii) it includes a spatial query language with all the necessary functionality; (iv) the volume of information to handle is very limited; and (v) it is a format contemplated within the GDAL library. The latter allows its use in software that includes this library in its architecture, such as QGIS, the software used in this project. The structure of this database is saved as an ASCII file. This file is used by the program to create the database for each project. The information from the database is inserted in two processes:




	
Insertion of the information of the L8 and S2 NDVI products from the XML file generated in the previous step.



	
Region of Ground-Truth Plot Files (ROGTPF) in shapefile format. The fields that include the information to be inserted for each plot must be indicated: unique identifier and crop code.








The usability of this database is, for example, the query to obtain the tiles that spatially intersect with the geometry of a ground-truth plot. This query is performed with the QSpatiaLite plugin in QGIS.




2.4.4. Time Series Extraction of NDVI Statistics on Ground-Truth Plots


The objective of this step is to obtain the time series of NDVI statistics by plot and by satellite mission, L8 and S2, in a format that can be used by subsequent processes—in this case, by the classification model developed in Matlab [8]. For the time interval (1 March–31 October 2017), a different file is obtained for each satellite mission. For each plot of ground-truth the following features are defined: its id, its centroid (to be used in the classification algorithm as a proximity criterion), the crop code, and the area (to be used as a weighting criterion). In addition, for each date, the mean value of NDVI and its standard deviation are included. These values are obtained for all the pixels inside the plot. NaN is used to indicate that there is no data for a date.



Optimizing this process justifies the usefulness of the LNG design. The NDVI statistics extraction algorithm takes advantage of the fact that the information is structured in regions of the same dimensions (each tile of the storage LOD) and that in each tile the volume of information is controlled according to the time interval. In this way, the maximum size that an L8 and S2 NDVI file occupies, without wedge areas, is less than 3.2 MB and 32 MB, respectively.



The optimization of this step is achieved based on the following steps:




	
The relationship of all ROGTPFs s is obtained, together with all the necessary data.



	
Two containers are defined: one for ROGTPFs and one for Tiles.



	
In the ROGTPFs container, the list of tiles that contains is inserted for each ROGTPF.



	
In the tile container, the list of ROGTPFs that contains, totally or partially, is stored for each tile. These steps involve simple spatial operations.



	
For each tile, each NDVI file is sequentially opened.



	
ROGTPFs affected by this tile are recovered.



	
For each ROGTPF, the interior pixels are determined by a spatial operation.



	
The date and mission of the NDVI file are extracted and stored in a container for each ROGTPF, which will be updated with the values of other tiles. These values constitute the sample on which the statistics will be performed.



	
From the ROGTPF container that includes the list of tiles, the tile that has just been processed is removed.



	
If there is no tile left to process, the extraction of samples of NDVI values by date and mission is completed, and the statistics are obtained and stored: mean and standard deviation.











3. Results


3.1. LNG Definition Tool


The tool developed automates the definition of the LNG based on the parameters mentioned in Section 2.3.2., namely CRS, EPSG Code, recursive ratio factor in LODs, GSD for the maximum LOD, tile dimensions (rows and columns) and the local ROI definition (Figure 8a). It also allows automatically generating shapefiles of the different LODs. Store an LOD in each shapefile and create an attribute table in which the coordinates of each tile and its Tuplekey appear.



The tool also allows: (i) obtaining the Tuplekey from the x and y coordinates of the tile converted to binary based on its LOD, and (ii) obtaining the x and y coordinates of the tile from the Tuplekey (Figure 8b).




3.2. Insertion of the NDVI Scenes in the LNG


Figure 9 illustrates the result for a process of storing a LOD tile with an NDVI scene from L8 and S2 (Table 2). The corner coordinates are integers, the GSD is 30 and 10 m, respectively, and one pixel from L8 contains exactly 9 pixels from S2.



Figure 9 aims at clearly illustrating the achievement of the two main objectives pursued with the development of the LNG for the spatial distribution of the NDVI values derived from the two space missions: (i) allowing an exact coincidence in the upscaling or downscaling processes between pixels of both S2 and L8 missions; (ii) allowing the division of the space into tiles that can be processed through algorithms with parallelization strategies.




3.3. Extraction of Time Series of NDVI Statistics in Ground-Truth Plots for Calibration of the Crop Classification Model


Figure 10 represents the result of the estimation of an average value of NDVI for L8 and S2, by plot and date. The optimized estimation in terms of processing time has been achieved thanks to the spatiotemporal structuring of the information reached with the LNG. For each date with satellite data, two values appear: mean and standard deviation, calculated with all the pixels inside the geometry of each plot. NaN is set on those dates with no satellite data as to ease the data reading in the machine learning algorithm developed in Matlab.




3.4. Analysis of LNG Approach


Finally, our LNG approach was analysed based on data storage and processing requirements. Regarding data storage, there is not too much difference between applying LNG or not (Table 3).



Table 3 illustrates the storage optimization achieved by using LNG for storing the NDVI raster products in two different case studies, with an improved solution in the second one. In the first case study (the Duero river basin), by storing NDVI raster files with the same type of data, float32, applying the LNG the reduction is greater than 2% for S2 and 7% for L8, being logical as the area without information in L8 is greater. In the second case study (the Jucar river basin), the LNG approach entails a much greater reduction, 82% for S2 and 83% for L8, since the data is stored in byte type instead of float32, using the ability of the GeoTiff format to store and apply (on the fly) a scale and offset parameter to convert the stored digital level into the real value, with a strategy that guarantees a precision of 0.5% of NDVI.



The main advantage of the proposed solution is the optimization of the processing algorithms. In particular, the extraction of time series for NVDI statistics is performed within the Tuplekeys, instead of opening the original NDVI files. Furthermore, the algorithm is easily parallelizable. First, the algorithm determines the list of all NDVI files to read and the affected parcels for each one. Next, a multithreaded algorithm is launched that uses one processor per NDVI file. It should be noted that it obtains improved storage with the LNG-COG based on the gdal_translate command and the compression to COG format, achieving an accuracy in NDVI of 0.5%, higher than the average accuracy value achieved relative to average surface reflectance reference, which is below or near to 5% [45].



Finally, a Tuplekey Viewer based on Geoserver was developed for the case study of Mancha Oriental (see Supplementary Materials and Data Availability Statement at the end of the manuscript). One can view the LNG mesh, the Tuplekeys of L8 and S2, and check the NDVI values in points (Figure 11).





4. Discussion


The LNG approach has proved its usefulness as an ARD tool in the two case studies presented (the Duero river basin and the Jucar river basin) to create time series of NDVI for the monitoring and spatial comparison of the crops’ phenological stages using the Tuplekey viewer developed.



Comparing our LNG approach with the EODC technology, the LNG approach includes a structured definition of the geographic space that allows an optimization of the analysis processes, thereby contributing to the ARD purpose. Some authors of this work have taken part in the implementation of an ODC prototype at the National Geographic Institute of Spain, with the objective of analysing the utility for the combined use of S1 and S2 imagery [46]. Particularly, this work aims at carrying out a review of the state of the art about the problems in the generation of ARDs in Spain. Additionally, they developed a complement for QGIS that allows, among other functionalities, making available S1 and S2 images to final users and generating certain ARDs for some products. They implemented a DC pilot in areas of interest in Spain using ODC technology. Other authors [47] developed interesting materials based on the “Bringing Open Data Cube into Practice” workshop within the framework of the Swiss Data Cube (SDC) and the Armenian Data Cube for Sustainable Development (ADC4SD) projects. Both the documentation and the source code provided have been of special interest in the view for adopting and understanding the ODC technology. Despite the complete documentation cited, fully installing and configuring an implementation of the ODC core is complex currently due to, on the one hand, the numerous geospatial libraries and components of the ODC system and their corresponding dependencies of software versioning and, on the other hand, the inherent complexity of remote-sensing data, computing and storage resources that must be managed. Trying to minimize these difficulties, some authors [23] proposed the approach Data Cube on Demand (DCoD), which eases the generation and provision of a DC instance based on simple user requirements, thereby reducing the burden of software installation, configuration and data ingestion.



Finally, comparing our LNG approach and the gdalcubes [28,29], it was identified that the combination of gdalcubes and LNG may provide an optimal solution for the projects in which the research group has been working. The idea to further develop in future research works would consist of designing and implementing a tool, such as a QGIS plugin, that can define and structure the geographic space with LNG and perform the ARD processes with gdalcubes based on an iterative process on the Tuplekeys of the ROI. In this sense, LNG would complement gdalcubes by providing a space division strategy. This idea has already been put into practice in an agronomic application project, to be published shortly, combining multispectral images from S1, S2 and drones.



As for the tiling schema approach, some authors [17] have proposed the need of nested grids for aerial and satellite images, and digital elevation models. Our LNG approach is a local solution, applicable in the context of a national territory, whereas the approach proposed in [17] is global, thereby applicable to the entire Earth. The choice in the LNG of the UTM cartographic projection results in lower deformations in the pixels compared to the Web Secant Mercator projection of [17], especially for the high latitudes of Europe. In addition, in the definition of the LNG, another cartographic projection could be chosen, i.e., the Lambert Azimuthal Equal Area (LAEA) equivalent cartographic projection, used in Europe (ETRS-LAEA, EPSG: 3035) for a multitude of Copernicus products. Additionally, in [17], the entire size of the pixels would be fulfilled up to LOD17, whereas in LNG, up to the maximum proposed LOD is achieved, with a pixel size of 10 m, the main objective of the combination of L8 and S2 being to make it possible to preserve whole pixels at larger scales by integrating a solution.



The United Nations’ 2030 Agenda on Sustainable Development engages 17 Sustainable Development Goals (SDGs) and 169 targets, which have been translated into 232 indicators as a tool to monitor the progress towards the targets [48]. EO can help in this regard, easing the development and implementation of management strategies by the countries [49].



The increasing spatial, temporal and spectral resolutions of EO data offer an invaluable tool for getting timely and reliable data for better informing development policies and quantifying the SDG indicators. However, the issues regarding the acquisition, multisource data integration, processing, analysis and understanding of the data lead to the need for developing innovative and dedicated EO tools that ensure the operational applicability of the data by users of all levels [50].



The Copernicus family of Sentinels consists of different satellite platforms with subsequently different spatial, spectral, temporal and radiometric resolutions. Each Sentinel was developed for a specific goal of delivering EO information that serves the development of products within the Copernicus services, divided in 6 core thematic areas: land, marine, atmosphere, climate change, emergency management, and security. Copernicus was therefore created by the European Union as a program for EO and monitoring towards the achievement of the SDGs and subsequent targets. In this sense, the two satellite missions used in this paper, Landsat-8 from NASA USGS, and Sentinel-2 from ESA, were developed specifically for improving land monitoring. Therefore, any SDG oriented towards better land monitoring can benefit from the LNG approach [51,52].



As an example, the developed LNG can help in achieving SDGs 12, 13 and 15. SDG 12 aims at ensuring sustainable consumption and production patterns. The LNG has been applied in two of the most intensive agricultural areas in Spain: the Duero river basin and the Jucar river basin, which also suffer from spatiotemporal climatic variability. In this sense, developing and monitoring sustainable agricultural practices towards the achievement of the SDG 12 can benefit from our approach. SDG 13 aims at taking urgent action to combat climate change and its impacts. SDG 15 aims at protecting, restoring and promoting the sustainable use of terrestrial ecosystems, reversing land degradation and biodiversity loss. The monitoring and achievement of the latter SDGs requires robust EO methods that tackle multisource data integration (e.g., active/passive remote sensing, EO/in situ, optical/microwave data), thereby developing EO algorithms and workflows that coherently and in combination benefit from data from different sources, allowing for quantifying the SDG indicators related to natural ecosystems and their services, thereby supporting sustainable and environmental policies. Our approach allows for the coherent and efficient combined use of two of the most-used satellite platforms for monitoring the environment, climate change- and human-induced impacts, and can be scaled up to ease the efficient combined use of current and upcoming European and global satellite missions, such as the Copernicus Hyperspectral Imaging Mission for the Environment (CHIME) [53], towards a global sustainable development, thereby also supporting SDG 17 towards a global capacity development that benefits from partnering with other space agencies, companies and institutions.




5. Conclusions


This paper proposes an efficient solution for dealing with different spatial resolutions and spatial pixels’ misalignment when working in combination with L8 and S2 imagery. We showed that usual workflows for production, archiving, dissemination and use of raster geographic data pose big interoperability problems. The LNG approach presented in this paper allows the integration of information in a more efficient way, making easier its analysis and consequently contributing to cover the most recent advances in ARD developments and implementations for Sentinel data. We developed a method and a tool based on LNG for generating ARD for both optical S2 and L8 imagery. The LNG and the computer tool developed were designed to be applied in any region of the Earth. In fact, for the LNG proposed, any projected CRS included in the EPSG database could be used, it being advisable to use the CRS corresponding to the WGS84/UTM zone of the project’s geographic area. In particular, the Duero river basin encloses several UTM zones, so that in this case we could apply as many LNGs as WGS84/UTM zones exist in the area, being duplicated in the limits of the UTM zones. The LNG developed allows for the interoperable access and processing of L8 and S2 imagery. The approach spatially structures L8 and S2 data optimally from the georeferencing and processing points of view. The approach was tested in the Duero river basin, the largest river basin in Spain (78,859 km2), through a multitemporal crop classification. Thanks to the LNG, the whole basin was analysed in 16 h, obtaining an overall accuracy of 92%. Therefore, the LNG could guarantee higher accuracy, efficiency and reliability on results derived from multisource remote sensing data.



Moreover, the LNG approach was tested in the groundwater of Mancha Oriental (7279 km2), which belongs to Jucar river basin. In addition, in this case a new improvement was applied regarding the storage based on the gdal_translate command and the compression to COG format, achieving an accuracy in NDVI of 0.5%. The development of an LNG entails three important advantages. First, the automatic downloading of L8 and S2 imagery, including a pre-processing of the raw bands, thereby obtaining directly the NDVI values. Second, the management of the most relevant remote sensing data avoiding resampling processes and issues regarding pixel misalignment. Third, an efficient spatial resolution schema based on Tuplekeys that allows dealing with large areas and improves the overall accuracy in the EO products obtained.



The design of LNG proves its importance currently as the growth of the European EO downstream sector depends on the development of value-added EO products according to evolving users’ needs and requirements [12]. Considering the evolution of the current use of Copernicus data and products, and the European Commission’s six high-priority candidate missions to address EU’s policies and gaps in Copernicus users’ needs, the existing operational services, based on multispectral data, could be further expanded [11,37]—specifically, considering the six upcoming missions such as CHIME (Copernicus Hyperspectral Imaging Mission for Environment) [53] and ROSE-L (L-band Synthetic Aperture Radar), and therefore the future access to data from new sensors with the consequently different spatial, spectral, temporal, and radiometric resolutions. The LNG will allow for the interoperability and efficient structuring of data from different sensors.



As for future developments, a plugin is being developed currently for QGIS to integrate the LNG and gdalcubes (R version). The goal is taking advantage of the spatial structuring of the LNG and the versatility of gdalcubes to operate on data cubes with information not only from satellite missions but also from georeferenced products from sensors embedded in drones, visible cameras, thermal cameras and multispectral or hyperspectral sensors [24,25,26]. In addition, in this solution, the results will be generated in the Cloud Optimized GeoTIFF (COG) format [54] and, whenever possible, an offset and scale will be used for the results of the real data type to store digital levels as integers of the appropriate type and thus reduce the size of the files. The possibility to integrate different spatial resolutions coming from other sensors will pass through densifying the LNG based on a tree structure.
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Figure 1. Location of the Spanish region covered by the Duero river basin (adapted from [8]). 
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Figure 2. Location of the groundwater Mancha Oriental in the Jucar river basin. Overlapping of the products paths of L8 and S2 that cover the study area. 
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Figure 3. Large amount of data within the original input dataset due to the overlapping of the satellite missions’ paths. 
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Figure 4. Global Web Mercator Tiling Schema on which the LNG design is based (adapted from [42]). (a) Coordinate system at LOD 3: tile coordinates ranging from (0,0) to (7,7). (b) Tile 2 of LOD 1 is divided in tiles 20 to 23 in LOD 2, and tile 13 in LOD 2 is divided in tiles 130 to 133 in LOD 3. 
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Figure 5. The proposed Tiling Schema (3 × 3): The tile 3 in LOD 1 is the parent of 3 × 3 tiles 30 through 38 in LOD 2. 
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Figure 6. ROG (grey), ROI (blue) and Tuplekeys that cover the study areas for the storage LOD selected, LOD 4: (up) the Duero river basin. (down) the groundwater Mancha Oriental. 
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Figure 7. Flowchart of the processing methodology carried out by the designed LNG tool. 
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Figure 8. Tool created for the automatic definition of an LNG (see Supplementary Materials at the end of the manuscript). (a) Parameters for the LNG definition. (b) Geographic positions, coordinates and Tuplekey conversions. 
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Figure 9. Insertion of the NDVI scenes in the LNG in LOD4 assuring the pixels’ alignment between different sensors and at all LODs and containing 1 pixel of L8 exactly 9 pixels of S2: (a) L8. (b) S2. 
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Figure 10. NDVI statistics for L8 and S2. 
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Figure 11. Tuplekey viewer in the case study of Mancha Oriental, in the Jucar river basin: (A) LNG mesh. (B) Tuplekeys of L8 and S2. (C) NDVI values in points. 
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Table 1. Characteristics of the scenes and bands used from Landsat 8 (L8) and Sentinel 2 (S2).
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	Satellite Platform
	Landsat 8
	Sentinel 2





	Sensor
	Operational Land Imager (OLI)
	Multispectral Instrument (MSI)



	Scenes Duero river basin
	Path/Row: 200/31, 201/30, 201/31, 201/32, 202/30, 202/31, 202/32, 203/30, 203/31, 203/32 and 204/31
	Granules: 29TPE, 29TPF, 29TPG, 29TQH, 30TTK, 30TTL, 30TTM, 30TUK, 30TUL, 30TUM, 30TUN, 30TVL, 30TVM, 30TVN, 30TWL, 30TWM; in orbits R37, R94 and R137



	Scenes groundwater Mancha Oriental
	Path/Row: 199/33
	Granules: T30SWJ, T30SXJ; in orbits R51 and R94



	Scenes size
	170 × 185 km
	100 × 100 km



	Band set used
	Band 4 (Red: 630–680 nm)

Band 5 (Near Infrared: 845–885 nm)
	Band 4 (Red: 645–683 nm)

Band 8 (Near Infrared: 762–907 nm)



	Spatial resolution of the band set used
	30 m
	10 m



	Temporal resolution
	16 days
	10 days (5 with 2 satellites) 1



	Radiometric resolution
	12 bits
	12 bits







1 S2 B was launched in 2017, during the development of the project in the Duero river basin.
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Table 2. Characteristics of the NDVI scenes derived from L8 and S2 in Figure 9.
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	NDVI Image
	a
	b





	Satellite platform
	Landsat 8
	Sentinel 2A



	Date (yyyy/mm/dd)
	2017/08/20
	2017/08/20



	Scene
	202/31
	T30TUM in orbit R137



	Dimensions
	X: 768, Y: 768, Bands: 1
	X: 2304, Y: 2304, Bands: 1



	Extension (m)
	308,690, 4,617,960

331,730, 4,641,000
	308,690, 4,617,960

331,730, 4,641,000



	Pixel size (m)
	30
	10
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Table 3. Data storage analysis in terms of size of files and number of files for both cases of study.
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Duero River Basin




	
Satellite platform

	
With LNG

	
Without LNG




	
Sentinel 2

	
511.4 GB; 19,221 files

	
526.2 GB; 1063 files




	
Landsat 8

	
43.9 GB; 28,415 files

	
47.5 GB; 209 files




	
Groundwater Mancha Oriental–Jucar river basin




	
Satellite platform

	
With LNG

	
Without LNG




	
Sentinel 2

	
9.4 GB; 567 files

	
9.6 GB; 20 files




	
Landsat 8

	
1.9 GB; 811 files

	
2.3 GB; 10 files




	
Groundwater Mancha Oriental–Jucar river basin




	
Satellite platform

	
With LNG-COG

	
Without LNG




	
Sentinel 2

	
1.7 GB; 567 files

	
9.6 GB; 20 files




	
Landsat 8

	
383 Mb; 811 files

	
2.3 GB; 10 files
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