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Abstract

:

Satellite-based remote sensing (RS) data are increasingly used to map and monitor local, regional, and global environmental phenomena and processes. Although the availability of RS data has improved significantly, especially in recent years, operational applications to derive value-added information products are still limited by close-range validation and verification deficits. This is mainly due to the gap between standardized and sufficiently available close-range and RS data in type, quality, and quantity. However, to ensure the best possible linkage of close-range and RS data, it makes sense to simultaneously record close-range data in addition to the availability of environmental models. This critical gap is filled by the presented mobile wireless ad hoc sensor network (MWSN) concept, which records sufficient close-range data automatically and in a standardized way, even at local and regional levels. This paper presents a field study conducted as part of the Durable Environmental Multidisciplinary Monitoring Information Network (DEMMIN), focusing on the information gained with respect to estimating the vegetation state with the help of multispectral data by simultaneous observation of an MWSN during a Sentinel-2A (S2A) overflight. Based on a cross-calibration of the two systems, a comparable spectral characteristic of the data sets could be achieved. Building upon this, an analysis of the data regarding the influence of solar altitude, test side topography and land cover, and sub-pixel heterogeneity was accomplished. In particular, variations due to spatial heterogeneity and dynamics in the diurnal cycle show to what extent such complementary measurement systems can improve the data from RS products concerning the vegetation type and atmospheric conditions.
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1. Introduction


The Copernicus initiative is aimed at developing a European geo-information market. The Copernicus program is primarily concerned with implementing environment and security-related information services based on observation data received from Earth observation (EO) satellites in the interplay with ground-based information [1]. In particular, the Sentinel-2 (S2) mission [2], which can be considered a complement to the Landsat mission [3], focuses on long-term environmental monitoring. One of the key problems in recent environmental monitoring is the gap in temporal and spatial scales between measurement and management [4]. To adequately describe ecosystem conditions, information from different data sources is needed: spatial information from EO satellites and temporal high-resolution and continuous measurements via ground-based measurement networks to capture dynamic processes and local spatial heterogeneity. As part of the focus of national and European terrestrial long-term monitoring initiatives (e.g., [5,6,7]), agencies such as the German Aerospace Center operate different scientific data pools to guarantee the scientific community simplified and cost-effective or cost-free access to remote sensing (RS) data, for instance, the LANDSAT 7/ETM+ Scientific Data Pool or the TerraSAR-X Scientific Data Pool (https://sss.terrasar-x.dlr.de; accessed on 18 September 2023).



Since remote sensors record the amount of electromagnetic radiance at the sensor in different wavebands, the measured radiance represents the traits of abiotic and biotic surfaces from which the radiance emanates [8]. RS technology can only record entities of vegetation health and states based on physical characteristics, as well as the reflectance and scattering properties of individual plants, communities, habitats, and biomes [8,9], whereby only the superpositions of plant processes and signals (a composite of spectral features) become visible in EO satellite data. Therefore, ground-based measurements are necessary to detect changes locally with comparable spectral sensor characteristics in high temporal and spatial resolutions. The appropriate data can be made available partially by close-range measurements [10], which measure close-range data parallel to overpasses of satellite-based RS systems. However, an adaptive ground-based reference system can be useful for adequate close-range calibration and validation due to the



	
Heterogeneity and diversity of the land cover;



	
Existing structural gaps within stationary measurement networks, which can be supported temporarily by supplementing and complementing measuring systems for special investigations;



	
The differences in spectral and geometric requirements of various RS systems.






Those adaptive ground-based reference systems can be designed and developed as mobile wireless ad hoc sensor networks (MWSN), which are a promising application for a satisfactory solution in the ground-truthing of superspectral RS data [11,12]. Such systems (cf. Section 2.3.1) serve a short-term campaign-oriented deployment. Due to the relatively compact design and automated data acquisition and network topology, agile deployment in the field and spontaneous adjustment of the measurement design, similar to a mobile measuring device, are possible. These have already been successfully tested for identifying the main drivers of the seasonal decline of near-infrared reflectance of a temperate deciduous forest [13] and validating other RS systems, such as Cosmic-Ray Neutron Sensors [14,15]. For EO satellites, field deployment of the sensor nodes supports a comprehensible field of view (FOV) and allows for adjustment of the sensor technology based on temporal resolution (e.g., Nyquist sampling theorem) or sensor types depending on the biotic process. Significantly, the improvement of atmospheric corrections and resampling algorithms of single multispectral channels or derived vegetation indices hold great potential for the data quality management of RS value-added products.



Mobile monitoring is increasingly used as a complementary tool to capture environmental properties with high spatial resolution and to gain insights into spatial variability, which a stationary network could not enable [16,17,18]. This complementary monitoring requires careful setup with a sufficient number of replicates in terms of desired reliability and spatial resolution [16], with stationary devices being able to collect data over a time period at a specific location in the network, while mobile devices can collect data over large geographic regions [18] as well as in plot-scale setups. While a variety of monitoring applications (monitoring of, e.g., air quality, traffic, urban heat islands) take advantage of the joint application of stationary and mobile measurement systems [16,17,18,19,20], their use is still relatively seldom in the field of RS data validation.



Figure 1 illustrates the complementary interaction of terrestrial close-range measurement methods and RS technologies in providing spatially and temporally high-resolution data sets, which are thematically detailed, for diverse applications. Here, the close-range system offers a setup for detecting a homogeneous land cover class which minimizes the influence of spectral mixture on the pixels. The combination of both sensing technologies enables users’ requirements for information. This highlights that RS and close-range data acquisitions are an indispensable part of the modern exploration of the Earth and that there is a need to develop models for the aggregation of data with different origins.



Since the use of RS is subject to environmental aspects, the determination and monitoring of biomass above ground represents one of the most critical objectives [22,23]. In this context, determining the type and composition of vegetation and assessing its quantity and/or quality is the focus of interest.



Based on vegetation indices, different environmental parameters can be computed, e.g., canopy cover [24], leaf area index (LAI) [25,26,27], interception storage [28], surface temperature [29,30], air temperature [31], the canopy structure and photosynthesis of different vegetation types (e.g., [32]), the fraction of absorbed photosynthetically active radiation [33], crop identification and yield estimation (e.g., [34,35]), plant diseases [36], and proxies to derive soil characteristics and soil moisture [37,38].



Although these studies demonstrated the usability of vegetation indices to derive diverse environmental parameters, Vermote and Vermeulen [39] and Mannschatz et al. [40] discussed some uncertainties in estimating vegetation indices. They showed that, e.g., different parameterizations of atmospheric correction can lead to different LAI values when related to the normalized difference vegetation index (NDVI), which serves as an indicator for describing biomass development and vegetation activity, even when using the same data set. Different vegetation indices were developed considering the different influencing factors such as atmospheric influences or soil background. Therefore, different indices have been developed for minimizing influencing factors such as atmospheric effects or soil background (see, e.g., Gong et al. [41] or Viña et al. [27] for more information).



Against this backdrop, ensuring the quality of intended Copernicus information services based on, e.g., the S2 data, as well as protecting data integrity (i.e., ensuring the accuracy and consistency of the S2 data and derived information) is thus an urgent task to be resolved. This task can only be accomplished by validating the S2 data through the simultaneous provision of close-range and in situ data.



This paper discusses the use of an adaptable MWSN designed for assisting RS missions, such as S2, as the completion of existing stationary monitoring networks. Furthermore, we want to provide guidelines for the validation of the S2 data by MWSNs to develop value-added products with error logs, e.g., monitoring sensible environmental parameters and providing an outlook for other EO missions.




2. Material and Methods


2.1. DEMMIN Validation Test Site


The calibration and validation site DEMMIN is located in Mecklenburg-Western Pomerania, Germany. DEMMIN was designed with particular attention to the test site requirements necessitated by the broadest possible range of uses of operational RS applications. In addition, this site was included in the TERENO initiative [6] to develop a platform to address technical and technological developments related to RS for monitoring from an environmental and climate perspective. The TERENO initiative aims to create observation platforms based on an interdisciplinary and long-term research program with close cooperation between several German institutions to study the consequences of global change for terrestrial ecosystems, their complex feedback mechanisms, and the socio-economic impacts [4,6,42,43]. The intention is to provide a long-term series of system variables for analyzing and predicting the consequences of global change based on integrated model systems, which will be used to derive efficient mitigation and adaptation strategies based on remote sensing data and in situ measurement networks. As an environmental monitoring network, the DEMMIN test site operates more than 40 measurement stations with scientific instruments for measuring atmospheric and soil parameters. Although, several parameters are collected automatically, some, such as spectrometric signatures, require regular field campaigns [44].



The site extends from    54 °   2 ′   54.29  ″    N,    12 °   52 ′   17.98  ″    E to    53 °   45 ′   40.4  ″    N,    13 °   27 ′   49.4  ″    E, according to Gerighausen et al. [45]. Figure 2 shows a part of the site where an MWSN was installed as a transect (northeast to southwest) in the headland and in a canola field (marked as black crosses) with increasing distance from the branch of the Peene River.




2.2. Soil and Vegetation Characteristics


Along the MWSN measurement transect, a succession of nine soil profiles was investigated using sediment cores with an 8 cm diameter (Figure 3). Adjacent to the measuring devices, the drillings follow a straight line down the hill to a creek, which is a tributary of the Peene River. The investigation area is part of the Western Pomeranian till plains, originating from the youngest glacial advance of the Weichselian glaciation. Diamictic tills rich in carbonate and periglacial cover sands form the parental material for soil development.



While the upper Positions 7–9 represent strongly eroded soils, the mid- and down-slope Positions 1–6 show thick colluvial covers due to plowing and soil erosion (Figure 3). The vegetation cover at Position 1 (natural meadow) was well supplied with water, very closed, and fully developed (Figure 4a). The vegetation at Position 2 was a weedy meadow used as a driveway and headland by farmers and showed firmly compacted upper soils. Position 3 represents a transient area from the meadow to the canola field, standing likewise in the range of the headland (Figure 4b). Starting from Position 4, all other measuring stations were placed in the canola field (a sample is given in Figure 4c). The observed distribution of vegetation or land use and soil genesis is also reflected in the corresponding soil types and humus contents (see Table 1), which influence the related plant growth and, thereby, indirectly, the temporal development of, e.g., vegetation indices.




2.3. Close-Range Data and Remote Sensing Data


2.3.1. Mobile Wireless Ad Hoc Sensor Network


The presented MWSN is a joint development of the Helmholtz Centre for Environmental Research—UFZ, the Institut für Mikroelektronik- und Mechatronik-Systeme gemeinnützige GmbH (IMMS), and the Kompass GmbH. Further information regarding the network protocol and other applications can be found in Götze et al. [47] and Töpfer et al. [48].



The deployed network uses a wireless low-power protocol [49,50], which forms the basis of the proprietary protocol and modular sensor platform of the MWSN, respectively, previously developed at IMMS [47]. The Simple Network Time Protocol is used for time synchronization [51], which provides accuracies from 1 ms to 50 ms for most applications, depending on the characteristics of the synchronization source and the network paths [51]. In establishing and maintaining their network without the need for specialist operators, the MWSN offer also features self-organizing behavior [52]. In conclusion, inserting or removing sensor nodes from the network is an automated process with no significant effort. In addition, the systems have an integrated power supply, which allows them to carry out their measurement procedure autonomously in the field and send the corresponding data wirelessly.



To validate the S2 data, nine MWSN nodes were installed along the measurement transect on the DEMMIN test side. Figure 4d exemplarily shows an autonomous MWSN node for measuring four multispectral wavebands comparatively to specific S2A wavebands (see Table 2), allowing the detection of particular parameters for vegetation, e.g., the NDVI. The corresponding multispectral sensors (MSH-OS-NB-500HWB-IP67) are distributed by Kompass GmbH, headquartered in Ilmenau, Germany. The multispectral sensors are designed with removable sensor heads to allow the appropriate interference filters to be changed. The advantage of this version is that the spectral characteristics of the sensors can be adjusted to specific satellite missions or vegetation indices, among other things. Interference filters available on the market were used for this purpose. Producing separately mountable filters with the same spectral transmission curve is technically very difficult to realize and cost-intensive. Therefore, certain tolerances regarding a filter’s central wavelength and bandwidth (see Table 2) are expected for its production. However, cross-calibration methods can compensate for these deviations (see Section 2.4.2). The sampling rate for the measurement campaign was set to one capture per 300 s. Specific tolerances are expected concerning the long-term stability of the sensors, too. Many manufacturers (using similar components and materials to produce devices such as the MWSN sensors) indicate a long-term sensitivity degradation of 2% annually [53]. However, Akitsu et al. [53] observed an annual degradation of up to 11%, depending on the climatic conditions and sensor type, for a selection of commercially available products. Therefore, calibration after each measurement campaign, each filter change, and at least once a year is also recommended for the MWSN sensors.




2.3.2. Sentinel-2 Data


The S2 mission consists of two satellites (S2A—launch: 23 June 2015, S2B—launch: 7 March 2017) in the same sun-synchronous orbit. The mission is considered a supplement and continuation of the Landsat or SPOT missions and will deliver continuous multi-spectral RS data [54,55]. The S2 data are mainly used to record and monitor vegetation, soil, and water [56]. The spatial, radiometric, and spectral sensor characteristics of S2 are given in Table 2.





 





Table 2. The spatial and spectral characteristics of S2A data (https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi/msi-instrument; accessed on 18 September 2023) complemented by the MWSN sensors.






Table 2. The spatial and spectral characteristics of S2A data (https://sentinels.copernicus.eu/web/sentinel/technical-guides/sentinel-2-msi/msi-instrument; accessed on 18 September 2023) complemented by the MWSN sensors.





	Band Number (S2A/MWSN)
	Central Wavelength S2A (nm)
	Channel Bandwidth (FWHM) S2A (nm)
	Central Wavelength MWSN (nm)
	Channel Bandwidth (FWHM) MWSN (nm)
	Spatial Resolution S2A (m)





	4/1
	   664.6   
	30
	   665 ± 3   
	   25 ± 5   
	10



	5/2
	   704.1   
	14
	   705 ± 3   
	   20 ± 3   
	20



	6/3
	   740.5   
	14
	   740 ± 3   
	   20 ± 3   
	20



	8a/4
	   864.7   
	21
	   865 ± 3   
	   25 ± 3   
	20








The validation campaign was planned from 27 May 2016 to 19 June 2016. The relatively short measurement campaign is a general problem of mobile ground-based observation of land used for agricultural purposes. Representative plots are usually limited to long-term observation. In this case, this farmland was conventionally cultivated. Therefore, such a campaign depends on tenants’ approval, who understandably can only permit finite investigation periods to maintain operational processes, such as soil tillage or crop protection applications.



Unfortunately, only one evaluable S2 acquisition covered the test site during the campaign period on 11 June (see Table 3). The full L1C-Granule (Level-1C: top of atmosphere reflectance in cartographic geometry) was covered by clouds in about 11% of its area. However, the test area itself was free of clouds and cloud shadows.



Considerations to evaluate comparable data from other missions such as LANDSAT-8, which, in principle, would be technically possible with a cross-calibration of the systems, were not pursued because the spectral characteristics of the sensors of the MWSN have been designed explicitly for S2. Therefore, the primary goal is to validate exactly these data. However, in the example of LANDSAT-8, only a further recording of data would be suitable (see Table 3). In addition, the bidirectional reflectance distribution function (BRDF) effects lead to other uncertainties due to the different viewing angles of the sensors of S2 and LANDSAT-8. An accurate quantification would only be possible with an adapted radiative transfer model for the vegetation stands, which is beyond the scope of this publication. The presented work seeks to address how to implement MWSN technology in future monitoring strategies and campaigns and enable such further analysis.





2.4. Pre-Processing of Remote Sensing Data


2.4.1. Geo-Correction and Atmospheric Correction


The pre-processing of the S2 data includes a geometric and atmospheric correction to allow quantitative data processing. After that, the reflectance spectra of the S2A scene for all nine positions were extracted and compared with close-range data by the MWSN.



Atmospheric correction of S2A data on 11 June 2016 (granule: T33UUV) was performed using the ESA L2A-processor Sen2Cor (Level-2A: bottom of atmosphere reflectance in cartographic geometry) version 2.9 since there are no L2A data from 2016 in the current ESA archive. The processor was running with the default configuration: rural aerosols, variable visibility, midlatitude summer atmospheric profile, water vapor correction, ozone content from the metadata, no cirrus correction, no BRDF correction, adjacency range of 1000 m, and flat terrain at an altitude of 10 m.




2.4.2. Sensor System Cross-Calibration


For a quantitative analysis of different RS sensors, the devices must be on a consistent radiometric calibration scale [57]. Cross-calibration is the only viable solution to tie similar and differing sensors into a standard radiometric scale [58]. For an ideal cross-calibration, the two sensors should observe the same target simultaneously with the same viewing geometry [59]. Since, in this measurement design, the different viewing geometries are part of the investigations, only the internal spectral characteristics of the sensor systems were considered for the calibration. These differences in spectral responses between the opto-electronic sensors lead to a systematic waveband offset when comparing these sensors, as the two sensors respond differently to the same electromagnetic source [58,60].



To apply this calibration between S2 and the sensor network channels, a spectral band adjustment factor (SBAF) was calculated for each waveband. The transfer coefficients for S2A (  T  C S   ) and the MWSN (  T  C W   ) were determined by the respective convolution of the relative spectral responses (RSR) with the solar spectrum (  E 0  ) derived by Thuillier et al. [61] for each band instead of a hyperspectral profile. The relative spectral responses for the close-range sensor channels were provided by the manufacturer in 1 nm spectral resolution (supplied datasheet). The corresponding data for S2A are given by the European Space Agency [62].


  T  C W  =    ∫   λ 1    λ 2    E 0   R S  R W   d λ    ∫   λ 1    λ 2   R S  R W   d λ    



(1)






  T  C S  =    ∫   λ 1    λ 2    E 0   R S  R S   d λ    ∫   λ 1    λ 2   R S  R S   d λ    



(2)






  S A B F =   T  C W    T  C S     



(3)




where   λ 1   and   λ 2   are the limits (RSR   < 1 %  ) of the multispectral bands.



Once the band-specific spectral band adjustment factors are calculated, the sensor reflectances of the MWSN (  R λ  ) can be divided by these factors to adjust the spectral response differences between the two sensors.


    R ¯  λ  =   R λ   S A B F    



(4)








2.4.3. Inter-Calibration of the Close-Range Sensors


Usually, light-sensor calibration is performed by sensor manufacturers or professional laboratories because this type of calibration is time-consuming, expensive, and disruptive to measurements since the sensors have to be dismounted, gathered from field sites, and delivered back and forth [63]. Since the MWSN aims to deploy event-based sensor nodes with possibly adapted spectral characteristics in the study area, an inter-calibration is provided by an accurate and straightforward in situ calibration method based on relative sensitivities described by Jin and Eklundh [63]. This user-level method for sensor pairs in daylight estimates bi-hemispherical reflectance or hemispherical–conical reflectance, suitable for multispectral sensors.



To perform the inter-calibration, a test rig was built as a free field test according to the description of Jin and Eklundh [63] for the close-range calibration of light sensors with hemispherical–conical sensor pairs (see Figure 5). The measurements were applied over ten days with a sampling rate of 10 s to achieve a high calibration accuracy in accordance with the calibration procedures proposed by Jin and Eklundh [63]. The procedure assumes that the light Sensor 1, with an ideal angular response, is oriented upwards to measure incoming solar radiation. The incident radiant flux density, depending on the sun’s zenith angle and azimuth angle, has a diffuse and a direct fraction. For the downward-looking conical-FOV Sensor 2, a white reference panel is placed horizontally in the sensor nadir direction, which may be viewed together with Sensor 2 as an upward-oriented sensor system that measures irradiance. By neglecting the nearby ground reflection, the sensor pair being inter-calibrated measures the same irradiance quantity as the sensor readings. Using linear regression for the two time series, the sensitivity ratio can be determined and used as a correction factor for the calculation of the reflectance.




2.4.4. Vegetation Indices


The reflectance spectra of the available S2 data were extracted for the close-range measurement stations. Based on these RS data, different spectral indices have been computed and compared with the computed data measured at close range. The computed spectral indices are listed in Table 4.






3. Results


The pre-processing of the MSWN data consisted of the inter-calibration of the sensor pairs and the cross-calibration of S2A. In the case of the inter-calibration, all linear regressions of the close-range light sensors with hemispherical–conical sensor pairs resulted in adequate coefficients of determination (   R 2  ≥ 0.95  ). Subsequently, the individual sensitivity ratios were applied to the data sets as a corrector.



Figure 6 illustrates the RSRs of S2A and the MWSN nadir-oriented sensor of Station 1 of the visible and NIR spectrum. Since the installed close-range sensors are manufactured from the same filter plate, the spectral differences between the specific channels are considered negligible. Therefore, the spectral characteristics of Station 1 are discussed in this paper as an example for all MWSN stations. These adjustment factors were applied to compare the S2A data with the MWSN data.



The multi-temporal behavior of the NDVI for all close-range measurements on 11 June 2016 is shown in Figure 7. Between 04:00 and 18:30 UTC, the measurements show a parabola curve between both maxima (in morning and evening) on different NDVI levels. The minimum during the day is approximately between 09:00 UTC and 12:30 UTC (see Figure 7).



Figure 8 describes the multi-temporal behavior on the MWSN records in more detail. Here, linear regressions of the measured NDVI and solar altitude are plotted for each station. The corresponding time series of solar altitudes were determined for each position using Astropy, version 5.0 [69], and considering the atmospheric refraction. Solar altitudes smaller than   25 °   were not considered, minimizing effects such as the shading of the plots from shadows cast by the surrounding vegetation. Therefore, the selected data set corresponds to a time period of 5:55–16:20 UTC. In general, except for Station 1, there is a strong or moderate negative correlation between the solar altitude and the close-range measured NDVI. These correlations support the observed slight depression of the NDVI during the daytime (see Figure 7). Due to the local effects at Station 1, no correlation is discernible using simple linear regression. Applying the Theil–Sen estimator [70,71] to the data set of Station 1, a method of robustly fitting a line to sample points and that is insensitive to outliers, results in a similar fitting slope compared to the other stations.



Figure 9 graphically demonstrates the locality, spread, and skewness groups of all measured and cross-calibrated reflectances of all MWSN stations during the significant overfly period for sun-synchronous EO satellites (09:15–12:15 UTC). In addition, the instantaneous reflectance and the corresponding S2A reflectance are given for the respective locations of the MWSN. It should be noted that, depending on the spectral waveband, several sensor nodes can be located in the same pixel of the S2A measurement. This may also differ for different S2A overflights. This applies to the following cases for 11 June 2016: Stations 2 and 3 are in the same pixel for S2A Channels 5, 6, and 8a, whereas Stations 8 and 9 are in the same pixel for S2A Channel 5. Furthermore, linear regressions, with corresponding coefficients of determination (  R 2  ) and p-values (p), were applied to correlate the instantaneous reflectance with the determined median of the MSWN reflectance time series (09:15–12:15 UTC). Only a weak correlation was found at 665 nm (   R 2  = 0.332  ;   p = 0.105  ); a moderate correlation was found at 865 nm (   R 2  = 0.644  ;   p = 0.009  ) and 705 nm (   R 2  = 0.689  ;   p = 0.006  ). A strong correlation was determined at 740 nm (   R 2  = 0.823  ;   p = 0.001  ).



To compare the ground-based monitored spectral characteristics of the MWSN transect in more detail, the VIs listed in Table 4 for the MWSN based on the measurement closest to the S2A acquisition (  Δ t < 150   s  ) were calculated as well as for S2A. Figure 10 shows the development of different VIs depending on the distance to the Peene River ditch. While Figure 9 is intended to illustrate potential dynamics for the EO overfly period, the main focus of Figure 10 is to compare the near-instantaneous data sets directly and illustrate more stationary influences during this period, such as the soil signal and vegetation cover fraction, respectively. Furthermore, linear regressions were also determined concerning the near-instantaneous indices of Figure 10. The NDVI (   R 2  = 0.541  ;   p = 0.024  ) shows only a moderate correlation between the MWSN and S2A. Strong correlations occur for the SAVI (   R 2  = 0.719  ;   p = 0.004  ), RENDVI (   R 2  = 0.789  ;   p = 0.001  ), and RDVI (   R 2  = 0.721  ;   p = 0.004  ).



In addition to the instantaneous information, box plots based on the calculated NDVI for solar altitudes ≥  25 °   are also shown (see Figure 11) for the MWSN compared to the NDVI of S2A to visualize potential fluctuations. This is a general approach for MWSN data to document short-term effects (e.g., wind-induced change in vegetation reflectance). However, conditions were stable during the observation period on the day of 11 June 2016, as can be seen in Figure 7. Furthermore, an important aspect for consideration is the effect of vegetation types and climates as well as potential variation in the NDVI of the effective full cover on a maximum value of the NDVI (NDVImax). For different EO satellite missions, a compilation was given by Shah et al. [72]. This compilation illustrates the range of NDVImax values from 0.65 for Senegal, West Africa [73] to 0.7 in the northern boreal forests of Canada [74] and up to 0.996 for the Iberian Peninsula [75]. For the DEMMIN area, an NDVImax value of 0.95 was measured for Landsat 7 ETM+ [31]. Figure 11 shows the individual ground-based NDVI variations in comparison to a selection of NDVImax measured worldwide.




4. Discussion


The development of the NDVI (Figure 7) at the measurement stations depends on the monitored vegetation and site factors and stressors (e.g., water supply, soil density, nutrient supply) of the selected transect along the elevation profile in the field. Comparative observation of the fundamental environmental and pedological situation (Figure 3 and Table 3) of the MWSN stations allows an initial assessment of the influence regarding the close-range measurements. The spectral measurements at Station 1 show a signature of dense, vital vegetation. This is reflected in high (>0.8) vegetation on Stations 2 and 3, where loose vegetation in the direct headland of the field (and, therefore, heavily compressed) was characterized by natural vegetation types. The following six stations were located in the winter canola field. The significantly lower NDVI for these stations indicates non-optimal growth conditions in these areas and the simple absence of vegetation due to the driveway.



The NDVI curve progression at all stations (Figure 7) and corresponding linear regressions (Figure 8) demonstrate the influence of the solar zenith angle on the NDVI measurements. In general, the vegetation index decreased with increasing solar altitude (Figure 8). This is consistent with the results of Ishihara et al. [76] for different vegetation types with clear sky conditions for solar altitudes higher than   30 °  . Therefore, seasonal differences due to other typical solar courses cannot be excluded. Under cloudy sky conditions, Ishihara et al. [76] did not find a clear linear relationship. Since canopy reflectance is affected by the view and illumination geometry, the canopy structure, optical properties of the vegetation, and the soil conditions [76,77,78,79], a correction of vegetation indices derived, e.g., by a radiative transfer model for respective land cover classes, is a key procedure. Accordingly, the response of the canopy reflectance to the solar zenith angle is determined by the interactive effects of the canopy structure (the LAI and leaf angle distribution) or by the BRDF, respectively, of the canopy and soil surface [76]. Usually, sun-synchronous satellite-based remote sensing missions collect data between 9:15–12:15 UTC in Central Europe. This corresponds with the time slot of diurnal minimum between the morning and evening maximum of the ground-based measured NDVI, exemplarily shown for S2 in Figure 7. This effect indicates that, depending on the overflight time of an EO mission, the reflectance or vegetation indices determined in a corresponding manner can vary enormously without a corresponding correction.



Figure 7 also illustrates the significantly different NDVI signal behavior of the stations during sunrise and sunset. This can be attributed to topological conditions such as the strong slope in the trench area (see Figure 3). Therefore, depending on the location in the transect, depressions (e.g., Station 1) or time-shifted progressions may occur during this period. However, this cannot be clarified using the available data.



Figure 9 shows that, overall, the spectral components of the observed frequency bands correlate well with the reflectances of S2A in the red edge and correlate less in the red or the NIR range. However, depending on the respective MWSN station, the red, red edge, and NIR channels of the close-range sensors show slightly higher or lower reflectances in some cases, as calculated for S2A. The cause of this effect could be the varying portion of the soil signal during the measurement since small-scale heterogeneity in the FOV of the sensor network can have a significant influence. A typical bare soil or vegetation–soil mixture usually has a significantly higher reflectance in the red waveband and lower reflectances in the red edge and NIR compared to dense green vegetation [80,81,82]. This also correlates with the observations of the identified VIs (see Figure 10). There are more significant deviations in the NDVI (   R 2  = 0.541  ;   p = 0.024  ) between the MWSN and S2A than in the case with the SAVI (   R 2  = 0.719  ;   p = 0.004  ), which is estimated from the same input data as the NDVI but was developed to minimize such influences. However, besides the heterogeneity in the FOV of the close-range sensors, some deviation could be attributed to sub-pixel heterogeneity. As mentioned in the results, Stations 8 and 9 are located in the same pixel during the corresponding S2A overflight for Channel 5 (reflectance at 705 nm). Here (Figure 9), the determined reflectance of S2A corresponds approximately to the mean of the two time series of the close-range sensors and indicates the integrative signal but needs to be further investigated for validation.



Another distinctive feature in Figure 9 is that the signal scatter significantly varies depending on the stations’ location in the transect. This could be caused by the influence of vegetation height, or the LAI, on the close-range measurements. The optical thickness of a canopy and the illuminated components of vegetation or background highly influence the diurnal variations in reflectance [76,83]. In most crop canopies, the canopy reflectance is determined mainly by the soil reflectance in small LAI conditions (≈1) and by the vegetation reflectance in large LAI conditions (≈4) [76]. The reflectance scatter is lowest in the headland and increases over the natural meadow to the canola, where the most substantial variations occur. Here, the shading of the lower parts of the vegetation stand is a possible driving factor.



However, Station 9 also shows a relatively slight variation in the scatter. This implies a more exposed FOV, which should contain more soil signal. Comparing the close-range channels with the S2A measurements, as well as the field observations, confirms this (see Figure 4c). Station 8 shows a lower reflectance in the red waveband and correspondingly lower reflectances for the red edge and NIR than S2A, as expected from a higher share of soil signal. In addition, the slight variations at Station 1 could be influenced by the relatively homogeneous FOV of the natural meadow. The reason for the large scatter at Station 8 at 740 nm is slightly unclear. It is not due to a typical outlier since several nonconsecutive values define the lower whisker of the boxplot. In contrast, the first and third quartiles show plausible data. Therefore, this should nevertheless be classified as an outlier.



When increasing distances from the water ditch of the Peene River, the MWSN stations, as well as S2A, show lower values for all of the calculated VIs of more sparse vegetation (Station 2–4; see Figure 10). In addition, the strongest variances between both data sets also occur in this transect section, as Figure 11 shows that spontaneous or highly dynamic processes do not cause these deviations since the measurement times are shifted by up to 150 s. The statistical evaluation of the measured close-range reflectances (see Figure 9) during the significant overfly period for sun-synchronous opto-electronical satellites shows that these deviations must be caused systematically. Some of these effects may be caused by the heterogeneity of the canola stand at the subpixel level. However, this does not explain the offset of all of the VIs of Station 7, which could be due to a misaligned sensor head.



As highlighted by Figure 7, the view and illumination geometry also significantly influence all of the VIs. This becomes apparent when considering the effect of vegetation types and climates as well as the potential variation in NDVI caused by effective full cover on the NDVI’s maximum value (see Figure 11). Station 1, which can be regarded as effective full cover, shows that, e.g., the effect of vegetation type is very much dominated by the influence of the respective BRDF. In general, diurnal responses are affected by the differences in canopy structure and the growth pattern for each vegetation type [76]. Therefore, it is necessary to correct this influence in the close-range measurements of the MWSN data and in the RS data, such as the S2 scenes, to improve the inter-comparability of both data sources. These corrective steps can minimize the uncertainties between close-range measurements and remote sensing [40,84].




5. Conclusions


Because neither RS nor ground-based close-range measurements can usually cover all information requirements exclusively to describe, e.g., an ecosystem function, an optimized combination of both techniques that specifically targets the problem is required. Furthermore, the necessity for an integrated measurement system is evident. It would feature a favorable, synergistically effective function sharing of ground-based measurements and RS to leverage the benefits of each measurement system and minimize their drawbacks. Therefore, the presented study represents key challenges of the interplay of in situ and RS data in several respects: the uncertain spatiotemporal availability of remote sensing products, the ad hoc validation of multispectral data in an agricultural context, and the continuous collection of similar sensed data on the ground and in space, which networks such as DEMMIN cannot realize using their automated monitoring program.



Especially in the context of studies of the net ecosystem exchange (NEE) of, e.g., carbon dioxide, accurate knowledge of the diurnal cycle of vegetation is an essential prerequisite for understanding the system [85]. In this context, daily variations in the NEE for mountain grasslands, for example, have been primarily related to PPFD and soil and air temperature [85], while seasonal variations have been linked to changes in the LAI [85,86]. In both cases, the NDVI can be evaluated as an indicator to track vegetation behavior [85,86,87]. Systems that provide accurate knowledge of the spatiotemporal diurnal variation in NDVI values are particularly geostationary satellites that allow monitoring of daily ecosystem dynamics [86,87]. Ground-based close-range observations can provide detailed and accurate information on the dynamic change in structure or function of vegetation based on high temporal resolution data and can be used for the absolute calibration of satellite or airborne images [76]. However, these data are affected by the solar altitude and the current light conditions at the time of data recording. In addition, the continuous collection of such long-term data sets can be challenging because access, e.g., to arable land, is limited in time. A suitable measurement program for recording such ecosystem exchange processes would therefore result in a methodology such as this:




	
Multi-temporal measurements with the same satellite from different orbits (positions);



	
Measurements with geostationary satellites at different times of the day;



	
Measurements with gonioreflectometer for measuring BRDF;



	
Measurements with UAVs in a goniometer-simulating configuration;



	
Continuous measurements with ground-based close-range sensor systems.








However, for terrestrial ecosystems, or systems of potentially unlimited complexity and heterogeneity, the amount and quality of data limit the amount of extractable knowledge [88]. Rose et al. [89] suggest how human activities are altering the scales of ecological processes, resulting in interactions at novel space–time scale combinations that are diverse and predictable. In addition, global change affects the Earth and the environment on many temporal and spatial scales. Currently, only limited knowledge is available on the importance of distinct dynamic events for the long-term development of environmental systems [90]. To adequately describe these relations and processes, harmonized high-quality data on the continental scale are required and tools need to be developed to meet the new challenges of technological advances and scientific progress: space-borne and ground-based [5]. Therefore, e.g., one of Europe’s key challenges is the transformation of existing in situ research sites into harmonized, high-performance, complementary, and interoperable socio-ecosystem research infrastructures [5] to provide the European counterpart to other continental-scale ecological research infrastructures such as the US National Ecological Observatory Network [91] or the Australian Terrestrial Ecosystem Research Network [92]. Existing harmonization initiatives such as the Long-term Ecological Research Network (LTER)’s framework for standard observations provide a harmonized guiding principle for designing a pan-European infrastructure and for future infrastructural enhancements of LTER-Europe sites [5]. An MWSN can support stationary networks and RS products as an ad hoc complement to routine measurement programs. The possibility of adapting the spectral characteristics of the networks to the corresponding missions represents a cost-effective alternative that can especially play a decisive role in future data analysis and should be further investigated for other EO satellite missions. This results in a spatial and temporal compression of the measurement programs or an extension of the parameters for the processes to be observed and can bridge existing spatiotemporal gaps, allowing European EO satellite missions, such as S2, to reach their full potential, given the availability of adequate ground truth data.
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	BRDF
	Bidirectional reflectance distribution function



	DEMMIN
	Durable Environmental Multidisciplinary Monitoring Information Network



	EO
	Earth observation



	ESA
	European Space Agency



	FOV
	Field of view



	FWHM
	Full width at half maximum



	LAI
	Leaf area index



	MWSN
	Mobile wireless sensor network



	NDVI
	Normalized difference vegetation index



	NDVImax
	Maximum value of the normalized difference vegetation index



	NIR
	Near infrared



	RDVI
	Renormalized difference vegetation index



	RE
	Red edge



	RENDVI
	Red edge normalized difference vegetation index



	RS
	Remote sensing



	RSR
	Relative spectral responses



	S2/S2A
	Sentinel-2/Sentinel-2A



	SAVI
	Soil-adjusted vegetation index



	SBAF
	Spectral band adjustment factor



	TC
	Transfer coefficient
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Figure 1. Schematic diagram of the combination of different measurement systems as complementary tools to capture environmental properties (modified according to Borg [21]). 
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Figure 2. Left: DEMMIN in Mecklenburg-Western Pomerania (red rectangle). Right: Agricultural fields are marked in yellow, and an enlarged image by S2A of the NDVI (11 June 2016) with pins (1–9) indicating the location of the MWSN nodes (modified according to [46]). 
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Figure 3. The succession of nine soil profiles along the MWSN measurement transect. The soils indicate intense soil erosion at the hilltop and thick colluvial covers at the lower slope. 
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Figure 4. The photographs show the vegetation cover on 2016/05/31. The plant cover at Position 1 was a natural meadow (a); at Position 3, a relatively naturally developed meadow in the range of the headland and the drive onto the field (b); and the canola cover at Position 9 (c). The scheme (d) illustrates an MWSN node measuring analogous to the spectral wavebands to S2. 
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Figure 5. Schematic configuration of sensor pair calibration for a hemispherical–conical sensor pair (modified according to Jin and Eklundh [63]). The downward-facing conical FOV sensor (Sensor 2) and the white reference panel are considered a sensor system measuring an irradiance quantity that is assumed to be equal to the irradiance measured by the hemispherical view sensor (Sensor 1). 
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Figure 6. Response functions of the analyzed S2A channels and the corresponding close-range sensor channels. 
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Figure 7. Multi-temporal behavior of winter canola (NDVI) using ground truth data on 11 June 2016 (04:00–18:30 UTC) at different measurement stations. 
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Figure 8. Comparison of the NDVI and solar altitude for each individual MWSN station for solar altitudes   ≥  25 °    on 2016/06/11. Solid lines indicate simple linear regression with the corresponding coefficient of determination (  R 2  ). The dashed line indicates the linear fit for Station 1 using the Theil–Sen estimator. 






Figure 8. Comparison of the NDVI and solar altitude for each individual MWSN station for solar altitudes   ≥  25 °    on 2016/06/11. Solid lines indicate simple linear regression with the corresponding coefficient of determination (  R 2  ). The dashed line indicates the linear fit for Station 1 using the Theil–Sen estimator.



[image: Remotesensing 15 04663 g008]







[image: Remotesensing 15 04663 g009a][image: Remotesensing 15 04663 g009b] 





Figure 9. Comparison of the locality, spread, and skewness groups of close-range reflectance for each individual MWSN station (blue boxplots) during the significant overfly period for sun-synchronous EO satellites (11 June 2016; 09:15–12:15 UTC) and the respective S2A band pixel measurements (red dots, 11 June 2016; 10:20 UTC) with increasing distance from the Peene River ditch. 
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Figure 10. Comparison of the calculated close-range light sensor VIs closest to the S2A overflight (  Δ t <   150 s) vs. the S2A VIs (11 June 2016; 10:20 UTC) with increasing distance from the Peene River ditch. 
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Figure 11. Plot-scale measured NDVI (blue boxplots) for each MWSN station during the day of 11 June 2016 for solar altitudes   ≥  25 °    (05:55–16:20 UTC) compared to a selection of worldwide estimated NDVImax [31,73,74] (colored lines) and the S2A data acquisition on 11 June 2016 at 10:20 UTC (red dots). 
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Table 1. Topsoil sediment characteristics and the organic content of nine soil profiles along the MWSN measurement transect.
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	Profile
	Topsoil Sediment
	Organic Content





	1
	slightly loamy sand
	(2–4%)



	2
	slightly loamy sand with fine and medium gravel
	(<1%)



	3
	slightly silty sand
	(<1%)



	4
	medium sand, slightly silty sand
	(<1%)



	5
	medium sand with fine sand, fine gravel, and medium gravel
	(<1%)



	6
	slightly silty sand with fine and medium gravel
	(<1%)



	7
	slightly silty sand with fine gravel
	(<1%)



	8
	moderately silty sand
	(<1%)



	9
	moderately loamy sand
	(<1%)










 





Table 3. Available data: data recording by S2 and LANDSAT-8 during the validation campaign from 27 May 2016 to 19 June 2016.
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	Satellite Data
	Data Recording
	Usability
	Comment





	S2A L1C
	29 May 2016
	no
	cloudy (≥40% coverage) and the transect is not covered by the scene



	S2A L1C
	8 June 2016
	no
	the transect is not covered by the scene



	S2A L1C
	11 June 2016
	yes
	these data are used in the manuscript



	S2A L1C
	18 June 2016
	no
	cloudy (≥50% coverage) and the transect is not covered by the scene



	LANDSAT-8 L1
	30 May 2016
	no
	haze over the transect



	LANDSAT-8 L1
	6 June 2016
	yes
	not comparable to S2A (different angles of view cause different spectral information due to BRDF effects)



	LANDSAT-8 L1
	18 June 2016
	no
	cloudy (≥40% coverage)










 





Table 4. Overview of the calculated vegetation indices (modified according to Dahms et al. [64]).
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	Index
	Equation
	Remarks
	Reference





	NDVI
	    N I R − R   N I R + R    
	most commonly used vegetation index to describe the vegetation state
	Rouse Jr et al. [23]



	SAVI
	     N I R − R   N I R + R + L    ( 1 + L )    
	intended to minimize the effects of soil background on the vegetation signal
	Huete [65]



	RENDV
	    R  E 2  − R  E 1    R  E 2  + R  E 1     
	sensitive to vegetation in red edge
	Gitelson and Merzlyak [66], Ahamed et al. [67]



	RDVI
	    N I R − R    N I R + R     
	sensitive to vegetation cover fraction variation
	Roujean and Breon [68]



	Symbol
	Explanation
	
	



	R
	Red
	
	



	   N I R   
	Near Infrared
	
	



	L
	soil adjustment factor
	
	



	   R  E 1    
	   705  nm   
	
	



	   R  E 2    
	   740  nm   
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