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Abstract

:

Stream velocity and flow are very important parameters that must be measured accurately to develop effective water resource management plans. There are various methods and tools to measure the velocity but, nowadays, image-based methods are a promising alternative that does not require physical contact with the water body. The current study describes the application of a low cost unmanned aerial vehicle that was selected in order to capture a video over a specific reach of Aggitis River in Greece. The captured frames were analyzed by three different software (PIVlab, PTVlab, and KU-STIV) in order to estimate accurately the surface water velocity. These three software also represent three different image-based methodologies. Although there are differences among these three methods, the analysis produced similar trends for all. The velocity ranged between 0.02 and 3.98 m/s for PIVlab, 0.12 and 3.44 m/s for PTVlab, and 0.04 and 3.99 m/s for KU-STIV software. There were parts, especially in the existing vegetation, where differences were observed. Further applications will be examined in the same or different reaches, to study the parameters affecting the analysis. Finally, the image-based methods will be coupled with verification measurements by a current meter to produce more rigorous results.
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1. Introduction


Streamflow varies substantially, as there are periods when the flow is low because of droughts and periods characterized by high discharges because of precipitation surplus [1]. Low flows are seasonal and typically occur during similar periods over different years, especially during the summer months, although there are extreme precipitation events that can result in flash floods [2]. Based on the presence and flow of water, streams are characterized as (a) perennial (water flow exists all year round), (b) intermittent (water flow is present for weeks or months over a year) and (c) ephemeral (water flows for hours or days after a rainfall event) [3]. The range of water discharge and stream velocity affect the adjacent environment and riparian area [4], their floodplains [5], their habitats and macroinvertebrates [6], the transported sediment [7], engineering constructions [8,9], the human needs (agriculture, ecotourism, etc.) [10]. Based on the above reasons, monitoring of streams is very important (both for their quantity and quality) and obligatory when referring to European Countries based on the Water Framework Directive [11]. There is an extensive global monitoring network, but it primarily focuses mostly on larger rivers [12] while the majority of intermittent and ephemeral streams or rivers are ungauged [13]. These types of streams and rivers dominate the Mediterranean region [14].



There are various tools and methods to measure the stream velocity and discharge from rating curves to acoustic Doppler devices [15,16] and modeling tools [17]. During the last decades, image-based methods have been proposed in water resources that are still being developed and utilized in different environments and different conditions, but also for different applications. These methods focus on images/frames that can be extracted by captured videos [18]. Initially, the image-based methods were mainly used in laboratory facilities for fluid hydraulics [19]. While researchers have applied the image-based methods in studying liquids since 1977, Meynart was the main researcher who used images to estimate the water velocity, and referred to his work as laser speckle velocimetry (LSV). The term “particle image velocimetry” (PIV) was proposed in 1984, because the images included individual particles [20]. PIV produces two-dimensional or even three-dimensional vector fields of the velocity based on the recorded motion of particles [21]. The method requires a plastic or glass tube, a digital camera, particles, proper lighting conditions by using a lamp, a laser that enhances the visibility of the particles and, finally, software/hardware to run the PIV analysis [22]. The PIV method has mostly focused on studying the water profile of laboratory tubes as they provide the proper visibility to study the hydraulic parameters, but it can be also applied above the free surface of the water [23]. There are many reviews about the PIV method (e.g., review by Di Cristo [24]). Another method used is the particle tracking velocimetry (PTV), that is applied when the particle concentration is so low that it is possible to follow an individual particle. There are also several reviews about the PTV method [25]. The implementation of these methods at a larger scale, such as natural environments (e.g., streams, rivers), led to the introduction of the term “large scale PIV” (LSPIV) [26], a method that measures the surface velocity of water bodies by analyzing the captured images and the movement of larger particles [27]. LSPIV has been applied by cameras mounted in vehicles [28] or over bridges [29] or at high height locations near riverbanks [30], and with unmanned aerial vehicles (UAVs) [31]. The PTV method can also be applied at larger scales, and the LSPTV (large scale particle tracking velocimetry) method was introduced [32,33]. Space time image velocimetry (STIV) is another method developed by Fujita in 2007, in order to estimate the surface water velocity [34]. The STIV method estimates the velocity by analyzing the texture of the flowing water surface within a space time image sequence [35].



Although the UAVs have been developed for military purposes [36], currently, they have been used in other applications and environmental fields, including hydrology [37,38]. The main reasons for their exploitation are the (a) increased life of batteries, (b) decrease in their cost, and (c) innovative software development, including smartphone applications [39]. The UAVs are distinguished into two categories concerning the type of aircrafts (i) the multi-copters or multi-rotors, and (ii) the fixed-wing [40]. Various UAVs have been used in order to estimate the water velocity in hydrology, either commercial or custom-made. The type of drones used in such studies are the multi-copters (hexacopters, quadcopters, or octocopters) because this methodology requires a stable video of a specific location, in contrast to a fixed-wing aircraft that cannot stop during flights. Detert and Weitbrecht used a low-cost UAV system (DJI Phantom FC40) that cost $800, including the camera and the gimbal (GoPro Hero 3), in 2015 [41]. Tauro and his associates used a DJI Phantom 2 quad-rotor with a Zenmuse H3-2D gimbal and a GoPro Hero 3 camera that cost $1300 [42]. Thumser and Haas used a custom-made hexacopter while introducing the name “RAPTOR” which stands for real-time particle tracking in rivers using an unmanned aerial vehicle [43].



The objective of this study was the application of the image-based methods using a low-cost UAV system. The study incorporates three different software that represent three different image-based methods. The three software (PIVlab, PTVlab, and KU-STIV) were utilized by a low cost and small UAV equipment (DJI Spark). The application took place in a natural environment—the Aggitis River in Greece. The results of these three software are compared and discussed.




2. Materials and Methods


2.1. Study Area


The study area was a reach of Aggitis River, the largest tributary of Strymonas River in Greece. The Aggitis River basin is located both in Serres and Drama Prefectures in Northern Greece (Figure 1a) [44]. The river flow is generated by water inputs of an extensive underground karst system, and flows as an underground river at Aggitis (or Maara) Cave [45]. The Aggitis springs are located at the outlet of the cave [46]. The river crosses the plain of Drama Prefecture along with other major streams, then flows through a small gorge “Aggitis Gorge” near Alistrati Cave, and finally contributes to Strymonas River which ends in Strymonikos Gulf in the North Aegean Sea [47,48]. The total area of the Aggitis River basin is about 2300 km2 [49]. The selected reach of the river provides the proper accessibility, since the riparian vegetation from one of the riverbanks is very low, while the road network is nearby and there are two bridges before and after the specific reach (Figure 1b). It is worth mentioning that the study area is not listed as a restricted flying zone while hovering at ≤50 m from the user’s location, so it is legal to fly without any flight plan according to the Greek National Regulations [50]. Due to many previous rainy days before the UAV flight, the water flow of Aggitis River had increased while the water was muddy. Finally, the specific location provides the necessary natural turbulence patterns for the LSPIV analysis due to a constructed barrier (a pipe that transports water for agricultural purposes).




2.2. The UAV


The mini drone DJI Spark was selected to capture a video above the river. It is a low-cost drone (costed €400) compared to other UAVs used in similar studies. The specifications of the drone are depicted in Table 1 [51]. The drone is connected via Wi-Fi with a smartphone/tablet, and can be operated through the official application DJI GO 4. The “Tripod Mode” is an intelligent flying mode option that reduces the speed of the drone, and the video is stable and smooth—appropriate for image-based methods analysis. The DJI spark hovered at 40 m over the selected location and captured a video of about 30 s in the “tripod flight mode”.




2.3. The Software


2.3.1. PIVlab


The PIVlab software was developed by Thielicke and Stamhuis as a Graphical User Interface (GUI) in MATLAB (MathWorks®) for the particle image velocimetry analysis [52], but it can also be utilized in LSPIV applications [53]. It is a free software, downloadable from the internet, while it provides tutorials in order to be user-friendly. More specifications can be found in its tutorials and examples [54]. The image analysis in PIVlab was performed on the georeferenced extracted images (200 frames based on the minimal movement of the drone to reduce errors). The analysis was done at a continuous sequence of frames. Multipass window deformation was applied with two interrogation passes: (i) 64 to 32 px2 and (ii) 32 to 16 px2. Both unreliable high vectors and misleading riparian vectors were deleted during the post-processing of the images. The analysis lasted 15 min, based on the capabilities of the computer and the number of frames that were selected. Figure 2a represents a frame extracted from the captured video by the drone while Figure 2b is the greyscale image used for the image velocimetry.




2.3.2. PTVlab


The PTVlab software was developed by Dr Wernher Brevis (the mathematical algorithms part) and Antoine Patalano (GUI adaptation in MATLAB part) based on the codes of PIVlab [55]. PTVlab uses the LSPTV method and allows the particle detection by the binary correlation, the Gaussian mask, and the dynamic threshold binarization techniques. The particle tracking can be executed with the cross-correlation, the iterative relaxation labeling technique, or a hybrid of the two approaches [56]. It is also a free software, and its specifications can be found online [57]. The same sequence of frames was input for this image analysis. The particle detection was performed using Gaussian mask with a correlation threshold 0.5 and a sigma of 3 px, while the PTV algorithm was cross-correlated by an interrogation area of 20 px, a minimum correlation of 0.7 px, and a similarity neighbor of 25%. The analysis lasted approximately an hour.




2.3.3. KU-STIV


KU-STIV is a software developed by Fujita and his team to apply the STIV method [58]. KU-STIV combines various algorithms: the displacement, rotation, and size change between the consecutive images are detected by using the algorithm known as RIPOC, while the algorithm named SIFT is used to detect feature points in the respective image and record the track based on the coordinates of the detected feature points [59]. This software also provides a stabilization method for the videos but, also, an orthorectification option if the images are captured at oblique angles. The velocity is estimated upon parallel lines to the water flow, predefined by the user, and not in the entire field of the image. Finally, the software requires a license in order to use it. The following figure, Figure 3, illustrates the flowchart of the methodology followed in the present study for all three software.






3. Results


The results of the LSPIV analysis using PIVlab are depicted in Figure 4. The green arrows are the mean calculated velocity vectors that show both direction and magnitude. The vectors are visible only in the location where natural patterns occurred. There were no visible tracers over the constructed barrier requiredo produce the velocity field. There are many reasons for this absence, such as (a) the period that the measurements were taken had no leaves or branches carried by the river flow, (b) the river was muddy and it was therefore difficult to distinguish any floating particles, and (c) the height of the flight was at 40 m, so it was impossible to record sufficient particles in size. A known distance must be defined to convert the pixels of the frame to real dimensions. The black line depicts the known distance of the pipe as measured at the site. PIVlab and PTVlab are both able to produce the streamlines or the flow paths depicted in Figure 4 as white lines. They also have the capability to provide statistics and graphs based on the designed cross-sections or areas. The purple line is the cross-section of the specific reach of Aggitis River. Figure 5 represents the vectors of the PTV analysis in PTVlab.



Figure 6 illustrates the overall mean velocity magnitude of the cross-section results in PIVlab. The colored bar depicts the low (red), medium (white), and high (red) velocity values. The greater velocity is depicted in the central part of the river, due to the low depth and absence of obstacles, while there are also two paths at the left and right sides. The two positions where the velocity is low are because of the existing vegetation and rocks that were also depicted. The part of the river upstream with the constructed barriers is represented as expected, with zero or very low velocity because there were no sufficient turbulence patterns to acquire the velocity field. Figure 7 is the produced graph that displays the velocity magnitude, from the left to the right bank, at this cross-section based on PIVlab. The greater velocity (>2.5 m/s) occurs in the central part of the river between 17 and 23 m from the left side of the bank, due to the non-existence of great obstacles. There are two points where the velocity is close to zero at 5–7 m and 38–40 m from the left side of the bank, because of the existing vegetation and rocks.



In a similar way, Figure 8 depicts the overall mean velocity magnitude of the section produced by the application of PTVlab. The same colored bar corresponds to the low (red), medium (white) and high (red) velocity values. The greater velocity is depicted in the central part of the river due to the low depth and absence of obstacles, while there are also two paths at the left and right sides. The two positions where the velocity is low because of the existing vegetation and rocks are also depicted. The part of the river upstream with the constructed barriers is represented as expected, with zero or very low velocity because there were no sufficient turbulence patterns to acquire the velocity field. PTVlab also provides graphs, and Figure 9 is the produced graph that displays the velocity magnitude, from the left to the right bank, at this cross-section. The graph is almost identical to the one produced in PIVlab, and its velocities range from 0.12 to 3.44 m/s. There were minor differences, e.g., at 7 m where the velocity is 0.7 m/s (PTV) instead of 0 m/s (PIV), or at 10 m where the velocity is 2 m/s instead of 1.5 m/s (PIV).



The KU-STIV software was also applied, and the produced results can be seen in Figure 10. The software cannot represent the same field as PIVlab and PTVlab. It estimates the velocity vectors only in defined lines parallel to the water flow. For this reason, the results are not depicted in a colored scale bar, while the vectors (red arrows) follow the direction of the defined parallel lines to the water flow. KU-STIV can also extract the velocity magnitude over a defined cross-section, as represented in Figure 11, that is also very similar to the other two produced graphs. In addition, a bar chart (Figure 12) was produced to depict the maximum, minimum, median, and mean values of the surface velocity at the specific cross-section for the three software used in this study. The velocity ranges are 0.02–3.98 m3/s for PIVlab, 0.12–3.44 m3/s for PTVlab, and 0.04–3.99 m3/s for KU-STIV software. The median values are similar for PIVlab and PTVlab (~1.6 m3/s) while greater for KU-STIV software (1.88 m3/s). On the other hand, the mean value from the KU-STIV is lower (1.63 m3/s) than the other two software that have close values (1.72 m3/s for PIVlab and 1.79 m3/s for PTVlab).




4. Discussion


Different studies have compared different software of the same method [60] or different software with other methods to measure stream velocity [58,61]. To our knowledge, this is the first time that these three software/methods have been compared to each other using the same dataset. All three methods produced similar results, as depicted in previous figures (4 to 12). There were minor changes over specific locations (e.g., 7 to 10 m, and 30 to 34 m) of the reach where the velocity had different values, but the overall trend was almost identical in most measuring locations. In particular, the similarity between the LSPIV and LSPTV analysis was very high because of the high visible natural patterns (surface ripples). The peaks can be observed at the same locations for all three methods. The PTVlab analysis produced lower values at the peaks. As expected, surface velocity was higher (maximum velocity was equal to 3.98 m/s for PIVlab, 3.44 m/s for PTVlab, and 3.99 m/s for KU-STIV) in the center of the river, and decreased near the river banks due to greater friction [62]. Water velocity was estimated only in the parts where visible surface ripples existed. There is a part over the constructed barrier where there were no visible moving particles, and it was not possible to estimate the surface water velocity. Both the PIVlab and the PTVlab are free software, downloadable from the internet and user-friendly, as they have a GUI, but they require MATLAB in order to use them and each needs a different version of MATLAB.



The STIV method produced similar results (as depicted in Figure 10 and Figure 11), but only for selected locations of the stream reach where the parallel lines to the water flow were defined. The differences with the other two methods were because of the methodology and algorithms that STIV uses. While it cannot produce the entire velocity field, this method has the advantage in that it provides the velocity magnitude very quickly in contrast to the other two software/methods. For this reason, it is an important and powerful tool (both as a method and software). Another advantage is that the KU-STIV software is a stand-alone software, user-friendly but with the disadvantage that it requires a license from its developers. Finally, another advantage is that it incorporates the orthorectification for images when the images have an oblique angle view to the water surface.



The results indicated that a low-cost UAV system can be applied easily and effectively, in order to capture a video or a sequence of frames over rivers or flowing water bodies. The use of a multi-copter provides the ability to capture images by using the camera vertically downward. This allows the images to be captured without any angles, that allow the orthorectification process to be avoided [63]. All studied methods have been approved by the scientific community and provide satisfactory performance and results, as they have been tested coupling other verification methods, such as data from gauged stations or acoustic Doppler devices [64,65,66]. In addition, these image-based methods are very useful tools when the studied area is not very easily accessible for field measurements. They can be used as a remote tool without any physical presence if there are no limitations concerning the flying UAV zones and the drone is able to fly remotely over long distances, or if there is a network of cameras that can record the images automatically [67,68]. This is highly advantageous especially when extreme conditions of high discharges or even flood events occur, and it is dangerous for humans to record the velocity and the discharge by field measurements.



Although the image-based methods for stream velocity have been introduced several years ago, there are still limitations to overcome in order to become a worldwide monitoring system [69]. One of the image-based method limitations is to acquire the correct water level or bathymetry measurements. This limitation could be eliminated in urban environments, especially during flood events, as the water level can be measured by using the known height of random objects [70]. In addition, a UAV can provide water level measurements, especially in constructed canals and dams where the depth is known, and this enables us to measure, also, the water discharge if appropriate ground reference points are available [71]. Another limitation is that the surface velocity errors are affected by wind and rain drops, so the measurements are difficult in such weather conditions [72]. The light limitation during nights can be eliminated by using a thermal camera or a far-infrared camera to provide monitoring all time [73,74]. Overall, the main advantages of the imaged-based methods, compared to other traditional methods, are the safety of the recorder, that they are not intrusive to the water body, and they do not require water contact by either the tools or humans.



UAVs have been utilized for the image-based analysis of water velocity by various researchers [31,38,41,42,43]. This was the first time these different image-based methods were applied in Greece, and the first time DJI Spark was used for such applications worldwide. The specific reach studied provided the necessary natural surface patterns for image analysis (surface ripples), but further measurements will be conducted in different reaches in future where there are no natural surface patterns. Various vegetation debris, such as tree branches and leaves, will be examined as surface flowing particles, to enable us to apply these image-based methods [75]. These measurements will be obtained by coupling current flow meter measurements for the entire width of the river, in order to evaluate the results of the image-based methods. In addition, bathymetry measurements will be done along the entire width of the river in order to estimate, accurately, the stream discharge.




5. Conclusions


This study was the first application utilizing a small-cost UAV system (DJI Spark) in order to capture stable video images over a specific natural river reach of Aggitis River in Greece. The continuous frames captured by the UAV were analyzed by using three different software: (a) PIVlab, (b) PTVlab, and (c) KU-STIV, representative of three different image-based methods (LSPIV, LSPTV, and STIV, respectively). According to our knowledge, this is the first time such image-based methods were utilized in a Greek environment for river velocity measurements. In addition, it is the first time that the specific low-cost UAV was used worldwide. There are no studies available online that compare the results of all these three software. The results among the three software depicted, overall, a similar trend. However, more tests are needed to confirm and validate these results, as there were points where the velocity had a different value among the three software. In addition, the results must be verified by using a streamflow current meter as it was not possible to make physical measurements in the entire stream width during the time that the video was recorded by the UAV. Further measurements, combining the image-based methods and a streamflow current meter, will be conducted along the same, but also other, cross-sections of Aggitis River. This will allow for studying the surface velocity in different reaches and testing of different natural vegetation debris (e.g., leaves, branches, etc.) apart from the natural water patterns (surface ripples).
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Figure 1. (a) The study area of Aggitis River in Greece; (b) The selected reach of Aggitis River compared to the existed road network. Source: Google Maps. 
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Figure 2. (a) The captured frame of the study area via DJI Spark at 40 m height; (b) the captured frame in greyscale color for better performance. 
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Figure 3. The flowchart of the methodology used in the present study for all image-based software. 
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Figure 4. The velocity vectors (green arrows), the streamlines (in white), the reference distance (black line), and the defined cross-section (blue line) produced in PIVlab. 
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Figure 5. The velocity vectors (green arrows) produced in PTVlab. 
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Figure 6. The velocity magnitude produced in PIVlab and depicted as a colored bar. 
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Figure 7. The produced graph of the velocity magnitude (in PIVlab) over the defined cross-section, from left to right. 
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Figure 8. The velocity magnitude produced in PTVlab and depicted as a colored bar. 
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Figure 9. The produced graph of the velocity magnitude (in PTVlab) over the defined cross-section, from left to right. 
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Figure 10. The velocity vectors (red arrows) over the defined parallel lines to the flow (blue lines) produced in KU-STIV and depicted as colored bars. 
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Figure 11. The produced graph of the velocity magnitude (in KU-STIV) over the defined cross-section, from left to right. 
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Figure 12. The produced bar chart of the velocity magnitude statistics (maximum, minimum, median, and mean values) over the defined cross-section for all three software. 
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Table 1. The DJI Spark Specifications (from https://www.dji.com).






Table 1. The DJI Spark Specifications (from https://www.dji.com).





	
Drone Specifications

	
Camera Specifications






	
Takeoff weight:

	
300 g

	
Sensor:

	
1/2.3″ CMOS




	
Dimensions:

	
143 × 143 mm

	
Lens:

	
FOV 81.9° 25 mm




	
Max flight time:

	
15′–16′

	
ISO range:

	
Video: 100–3200




	
Satellite positioning:

	
GPS/GLONASS

	
Video:

	
Resolution: 1920 × 1080 30 fps




	
Hover accuracy range:

	
Vertical ±0.1 m

Horizontal ±0.3 m

	
Format:

	
MP4 (MPEG-4 AVC/H.264)




	
Max transmission Wi-Fi distance:

	
100 m distance

50 m height

	
Stabilization:

	
2-axis mechanical (pitch, roll)












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