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LEAK DETECTION IN WATER TRANSMISSION SYSTEMS BY MULTISPECTRAL REMOTE SENSING WITH AIRPLANE AND UAV

Water leak detection in water transportation mains outside urban areas by airborne remote sensing has been assessed with a series of measurement campaigns in 2017 over SCP (Société du Canal de Provence -France) network in Provence (Fr). The most appropriate wavelengths and combination for revealing high moisture areas and artificial leaks coming from this image database (VNIR, SWIR, TIR spectral range) allowed us to select the best onboard instrumentation for both types of platforms (manned & unmanned). This work aims at validating the choice of this instrumentation associated with the multispectral approach (Triangle method) in the framework of a new airborne campaign in October 2018 with a plane and an UAV in operational environment.

INTRODUCTION

Water loss in the transmission networks is a perennial problem which challenges the efficiency of water transmission systems and represents a waste of limited natural resources. Water has become increasingly scarce and less predictable [START_REF] Sarni | Water Tech: A guide to investment, innovation and business opportunities in the wáter sector[END_REF]. In some places of Europe as much as 50% of water resources are being lost before they reach the end-user [START_REF]A water blueprint for Europe[END_REF]. Solutions shall address the problems Europe is facing, e.g. 60% of European cities over-exploit their groundwater resources and 50 percent of wetlands are endangered [START_REF]Water is for life: How the Water Framework Directive helps safeguard Europe's resources[END_REF], which could get worse if a more efficient and sustainable use of water resources is not achieved. Problems with leakages are not only related to the efficiency of the network but also to water quality. The detection of leakages in large diameter mains, which represent a high share of the total water losses, is key but it has been poorly addressed due to the challenges it faces (less frequent access to pipe, high frequency noise is quickly attenuated, multiple travel paths, etc.).

Currently, active leakages in water distribution networks (WDN) are detected and located by ground sensing and monitoring techniques based on the measurement of pressure differences, acoustic sounding and ground penetrating radar. These ground methods become difficult or inadequate for water transmission mains, especially out of urban areas, and for open canals. New efficient and cost-effective pipeline surveillance methods are required.

The water leaks induce soil moisture which can reach the upper surface by diffusion and capillarity depending on the pipe damage severity. In a vegetation context, water leaks increase the water content in the vegetation canopy and the vegetation vigour.

Remote sensing offers the possibility of large, medium and field-scale soil moisture monitoring and characterization relying on variations of reflectance in optical bands or emission in thermal bands. An increase of the soil moisture induces reflectance changes in both soil and vegetation, and emission changes related to surface emissivity (close to 1 for natural surfaces) and surface temperature. Some visible effects associated to the soil water content are surface darkening, temperature variations due to increased evaporation, thermal inertia of local areas, and on vegetation anomalous growth or vigour.

The Earth-atmosphere energy balance conditions the surface temperature. This balance is affected by the thermal properties of the surface and the underlying horizons. The water presence in soil or vegetation increases the latent heat losses through evaporation or evapotranspiration respectively. These losses reduce the amplitude of the temperature variations related to variations of the radiative flux (e.g. day-night variations) for both soil and vegetation.

Wet areas should show a lower radiance temperature as compared to drier areas during sunny day hours, whereas the opposite is expected after the sunset and before the dawn [START_REF] Myer | Crops and soils[END_REF]. Thermal infrared (TIR) sensors are used on this basis to assess the soil moisture or the evaporation rate over vegetation canopy areas [START_REF] Nellis | Application of thermal infrared imagery to canal leakage detection[END_REF][START_REF] Tracey | Hydrologic investigations in canal and aqueduct systems using airborne thermal infrared linescanning[END_REF][START_REF] Pickerill | Leak detection from rural aqueducts using airborne remote sensing[END_REF][START_REF] Mcgowen | Identifying channel seepage using pre-dawn thermal imagery[END_REF][START_REF] Huang | Airborne remote sensing for detection of irrigation canal leakage[END_REF][START_REF] Thomson | Potential and challenges in use of thermal imaging for humid region irrigation system management[END_REF][START_REF] Arshad | A remote sensing technique detecting and identifying water activity sites along irrigation canals[END_REF][START_REF] Cundill | Investigation of remote sensing for potential use of dike inspection[END_REF]. However, the detection accuracy of the TIR [START_REF] Nellis | Application of thermal infrared imagery to canal leakage detection[END_REF][START_REF] Tracey | Hydrologic investigations in canal and aqueduct systems using airborne thermal infrared linescanning[END_REF][START_REF] Thomson | Potential and challenges in use of thermal imaging for humid region irrigation system management[END_REF] is low leading to false positives and misinterpretations caused by diverse scenarios like dense vegetation or shadows. To overcome this limitation, TIR was combined with visible and NIR data from multispectral or hyperspectral cameras [START_REF] Pickerill | Leak detection from rural aqueducts using airborne remote sensing[END_REF][START_REF] Huang | Airborne remote sensing for detection of irrigation canal leakage[END_REF][START_REF] Arshad | A remote sensing technique detecting and identifying water activity sites along irrigation canals[END_REF][START_REF] Cundill | Investigation of remote sensing for potential use of dike inspection[END_REF]. A combined use of TIR and VIS-NIR data like in the Triangle Method can be used in water leak detection over water transmission pipes and canals to gain accuracy. This method consists in combining the apparent temperature and a vegetation index like NDVI to perform a temperature-NDVI scatterplot for all the pixels over an area with a wide diversity in terms of cover fraction and water content. The name is related to the (roughly) triangle shape of the obtained scatterplot [START_REF] Sandholt | A simple interpretation of the surface temperature-vegetation index space for assessment of surface moisture status[END_REF][START_REF] Carlson | An overview of the" triangle method" for estimating surface evapotranspiration and soil moisture from satellite imagery[END_REF][START_REF] Petropoulos | Surface soil moisture retrievals from remote sensing: Current status, products & future trends[END_REF][START_REF] Krapez | Comparison of three methods based on the temperature-NDVI diagram for soil moisture characterization[END_REF][START_REF] Krapez | A combination of temperature, vegetation indexes and albedo, as obtained by airborne hyperspectral remote sensing, for the evaluation of soil moisture[END_REF][START_REF] Krapez | Combined airborne thermography and visible-to-near infrared reflectance measurement for soil moisture mapping[END_REF][START_REF] Maltese | Surface soil humidity retrieval using remote sensing techniques: a triangle method validation[END_REF][START_REF] Maltese | Soil water content assessment: Critical issues concerning the operational application of the triangle method[END_REF][START_REF] Chatelard | Multispectral approach assessment for detection of losses in water transmission systems by airborne remote sensing[END_REF]. The vertex of the triangle is often truncated, giving a trapezoidal shape. The scatterplot yields to the calculation of a water index for each point or pixel by making a quotient between its relative position with respect to the dry edge and the wet edge of the triangle/trapezoid [START_REF] Sandholt | A simple interpretation of the surface temperature-vegetation index space for assessment of surface moisture status[END_REF][START_REF] Petropoulos | Surface soil moisture retrievals from remote sensing: Current status, products & future trends[END_REF][START_REF] Krapez | Combined airborne thermography and visible-to-near infrared reflectance measurement for soil moisture mapping[END_REF][START_REF] Maltese | Surface soil humidity retrieval using remote sensing techniques: a triangle method validation[END_REF][START_REF] Maltese | Soil water content assessment: Critical issues concerning the operational application of the triangle method[END_REF][START_REF] Chatelard | Multispectral approach assessment for detection of losses in water transmission systems by airborne remote sensing[END_REF].

An airborne remote sensing campaign was conducted during February, April and July 2017 over several areas belonging to the water network infrastructure provided by SCP to evaluate the applicability of the temperature/Vegetation Index space (i.e. the triangle/trapezoid method) in a water leak detection method based on airborne data. The campaigns were driven with ONERA's BUSARD aerial platform instrumented with two hyperspectral Hyspex VNIR and SWIR cameras and a microbolometer infrared camera (FLIR A325 or FLIR A655sc 7.5-12µm). The best results were obtained by applying the triangle method fusing a thermal infrared image and a vegetation index image based on a visible image and a NIR image [START_REF] Chatelard | Multispectral approach assessment for detection of losses in water transmission systems by airborne remote sensing[END_REF].

The aim of this work is to validate the T-VI (Temperature -Vegetation Index) method at different scales by means of a manned aircraft platform and an UAV with data acquired in October 2018 over an area with artificial water leaks (Fig. 1).

METHODS

An airborne and UAV remote sensing campaign was carried out on October 2018 over several areas belonging to the water network infrastructure of SCP. The aircraft was a Tecnam P2006T operated by Air Marine and instrumented with a Spectrocam VNIR multispectral camera (with 8 custom selected filters: 425, 550, 640, 660, 724, 820, 832.5 and 840 nm), a Noxant Noxcam cooled TIR camera (7.7 -9.3 µm) and a custom made acquisition software. The flights with the manned platform were performed at an altitude of 800 m which led to a spatial resolution of 0.30 m for the Spectrocam camera and 0.48 m for the Noxant camera. The UAV was a custom designed multicopter operated by Galileo Geosystems and instrumented with a Micasense RedEdge 3 VNIR multispectral camera (with five bands: 475, 560, 668, 717 and 840 nm) and a microbolometer uncooled FLIR Vue Pro R TIR camera (7.5 -13.5 µm). The flights with the unmanned platform were performed at an altitude of 50 m which led to a spatial resolution of 3.4 cm for the Micasense camera and 6.5 cm for the FLIR camera. Soil moisture ground measurements have been carried out during the flights in the 5 cm upper layer with a portable FDR probe over the area of interest to assess the results. The area of study in the present work is a plot located in Vauvenargues (Aix-en-Provence, France). A secondary pipe has been connected to the existing main pipe and buried at a depth of about 1m; the connection with the existing pipe was equipped with a valve, a flow meter, a recorder and a pressure regulator; calibrated holes have been drilled in the added pipe to generate leakages.. In the present work three bands have been used in both cases, manned aircraft and UAV (660 nm (red), 832,5 nm (NIR) and TIR for manned aircraft and 668 nm (red), 840 nm (NIR) and TIR for UAV). In both cases, the images have been preprocessed with the Pix4D photogrammetric software to obtain spectral orthomosaics. The multispectral aircraft data are uncalibrated raw data. A radiometric calibration based on spectralon calibration images has been applied as part of the radiometric calibration carried out by Pix4D in the case of the red and NIR bands of the UAV acquired data. Although the aircraft and the UAV TIR cameras are both radiometrically calibrated, the emissivity parameter has been set to 1 and no temperature function has been applied to the raw data to extract the true temperature from the brightness temperature. The work in [START_REF] Chatelard | Multispectral approach assessment for detection of losses in water transmission systems by airborne remote sensing[END_REF] has showed negligible differences between wetness indexes obtained from calibrated and uncalibrated optical or thermal data. The rest of the data processing pipeline is similar in both cases. As a first processing step, the spectral mosaics have been normalized and the data range limited to the range [0, 1] with the aim of eliminating the "no data" value added by Pix4D. The co-registration of the spectral orthomosaics has been done with Gefolki software developed by ONERA [START_REF] Brigot | Adaptation and evaluation of an optical flow method applied to coregistration of forest remote sensing images[END_REF] and Pix4D (only the UAV multispectral data). The coregistration has been done taking as master the TIR image as the lowest resolution image in both cases; for this purpose a resampling of the VNIR with a bi-cubic spline interpolation algorithm was performed.

The empirical Triangle/Trapezoid method according to [START_REF] Sandholt | A simple interpretation of the surface temperature-vegetation index space for assessment of surface moisture status[END_REF] can be implemented by using either NDVI or OSAVI for the vegetation index. OSAVI is expected to have better immunity to the bare soil influence and then it is better correlated to the cover fraction [START_REF] Rondeaux | Optimization of soil adjusted vegetation indices[END_REF]. The water index (WI) is obtained by plotting each pixel of the scene in the temperature -VI space (T-VI). The resulting T-VI scatter plot shows a triangle/trapezoid shape of the pixel distribution. The WI of a pixel at temperature is calculated following the next expression: =

where and are the lowest and highest temperatures observed at the same VI as the considered pixel. The lowest temperature belongs to the so-called "cold" edge (or "wet" edge") of the triangle/trapezoid distribution, whereas the highest temperature belongs to the "warm" edge (or "dry" edge). In the classical Triangle method these edges are straight lines. They can be set automatically or manually, although the best results have been obtained by setting the edges manually.A software called WadiLeaks has been developed by Galileo Geosystems to carry out all the processing steps in a unique graphical user interface.

RESULTS

The OSAVI images obtained from the VIS and NIR images obtained onboard the airplane and the UAV are reported in Fig. 2. The flight line of the airplane was much larger than the image represented in Fig. 2-top. The latter has itself a much larger extent than the area covered by the UAV (black rectangle in the top image). The spatial resolution obtained by the UAV sensors is nevertheless from 7 to 9 times better. The Temperature-VI scatterplots obtained with the two sets of sensors are reported in Fig. 3. There are unavoidably some differences since the airplane explored a wider region; hence the corresponding scatterplot is more extensively covered.

For each scatterplot, the wet edge (low temperature border) and the dry edge (high temperature border) have been set manually, by excluding only a small number of pixels (outliers). The pixels that are excluded at bottom right of both scatterplot correspond to roads and paths.

The manned aircraft scatterplot is shifted towards lower VI values than those in the UAV scatterplot. This shift is due to the lack of calibration of the VNIR bands from the manned aircraft and doesn't affect the leaks' detection methodology. In the end, the inferred water index maps are reported in Fig. 4. The color scale is such that high moisture areas are in dark blue whereas low moisture areas are in light blue or even in white.

In the area where artificial leaks were present (see the red ellipse), a slight contrast can be observed in both WI images. The ground measurement have shown that the mean moisture level was about 30% and that it reached locally 60% at a few points along the leaking line (small puddles could then be seen as well). One should nevertheless admit that the contrast related to the leaks is quite faint; it is of about the same level as the other contrasts naturally developed across the considered field. In addition it is much lower than other false signals originating from the vegetation shadows. One explanation is that the campaign occurred one week after a rain period and the soil didn't have time to dry enough. In addition, in October, the solar radiation was not high enough to induce a tremendous difference regarding evaporation between the not-yet-dry surrounding soil and the soil wetted by the leaking line. 

CONCLUSION

An airborne and UAV remote sensing campaign was performed in October 2018 over SCP water transportation means for acquiring airborne images with both platforms (aircraft and UAV) and for validating in operational conditions the WADI system (sensors, embedded software and on the ground) intended for the detection of water leaks. The multispectral approach has been validated on images of the Vauvenargues site where artificial leaks were introduced (new secondary pipe drilled with calibrated holes connected with the existing pipe) by applying the triangle method fusing a thermal infrared image and a vegetation index upon a visible image and a NIR.

The leaks induced a small contrast in the water index images obtained from both Airplane and UAV. Nevertheless, to achieve a level of contrast that would unarguably be detected against sources of false alarm (i.e. tree shadows), measurements should be done long after a rainy period and during warm seasons (around midday and with a powerful solar irradiance).

Figure 1 :

 1 Figure 1: Waterleaks test field. The green mark corresponds to the hydrant. The red line shows the leaking pipeline.

Figure 2 :

 2 Figure 2: OSAVI vegetation index from the manned aircraft (top) and from the UAV (bottom). The area covered by the UAV in the bottom corresponds approximately to the black rectangle in the top image.

Figure 3 :

 3 Figure 3: 2D scatterplots of Vegetation Index VI vs. normalized brightness temperature from the manned aircraft (left) and from the UAV (right). The wet edge is in blue and the dry edge is in red.

Figure 4 :

 4 Figure 4: Water index from the manned aircraft (top) and from the UAV (bottom). The leaking area is highlighted with a red ellipse (compare with Fig. 1).
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