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ABSTRACT
Airborne Image Velocimetry (AIV) measurements of a large surface velocity field were performed on the upstream and
downstream river reaches of the hydropower plant (HPP) Schiffmühle on river Limmat, Switzerland. The averaged river
3
3
discharge was 71.5 m /s and slightly fluctuated ±0.5 m /s during the measurements. The overarching goals of the study
were to evaluate efficiency of fish guidance structures with horizontal bars installed at the turbine intake of the HPP and to
assess the effect of the HPP operation on the downstream fish habitat. To this end, both AIV and 3D Acoustic Doppler
Current Profiler (ADCP) measurements were conducted. The AIV setup consisted of a quadrocopter DJI Phantom 4 Pro+
incl. camera costing below 2,000 Euro and seeding particles of ecofoam chips costing around 150 Euro. Surveying flights
were performed on a reach length of about 500 m with 4K video resolution at 23.976 frames per second. The total video
data set comprised 23,600 image frames. To minimize computational time for the subsequent image analysis, a reduced
data set of 579 image pairs each with an internal time shift of 0.2085 s was chosen. Image ortho-rectification was
performed by photogrammetry software PhotoScan with ground control points taken from an existing 3D terrain model.
The MATLAB-based open source software PIVlab was used to determine the time averaged surface velocity field. Despite
small areas with misleading and unreliable results, the main flow characteristics match with those measured quasisimultaneously by ADCP.
Keywords: AIV, ADCP, PIV, Surface Velocity, Field Measurement

1.

INTRODUCTION

Since the 1990s Fujita and co-workers have provided a fundamental framework for the airborne image velocimetry (AIV)
measurement technique (e.g., Fujita & Komura, 1994; Fujita & Hino 2003; Fujita et al., 2015). The idea behind AIV is to
measure the surface velocity of flowing waters without being in contact with the fluid, i.e. to measure non-intrusive. This
provides more degrees of freedom to position the camera than using a fixed station as e.g. from bridges, high buildings or
telescopic masts. After recording the images adequately, AIV mainly consists of the procedures of image rectification,
including undistorting lens effects, and flow field computation.
Off-the-shelf rotary-wing drones, i.e. Unmanned Aerial Vehicles (UAVs), have become affordable platforms in recent years
enabling researchers and engineers to build low-cost videometry systems (e.g., Detert & Weitbrecht, 2015). Recently,
Detert et al. (2017) developed a purely image-based concept to determine a small rivers’ surface velocity field,
bathymetry, and its flow discharge derived thereof. The performance of their river-monitoring tool based on AIV-application
is promising and gets better near future with improvements.
The current study presents an AIV case study at HPP Schiffmühle on river Limmat, Switzerland. Discharge of the river is
subjected to moderate fluctuations. Therefore, the flow velocity measurements of a large area at a constant flow condition
were challenging and hence were performed in a timely manner. Furthermore, ecofoam chips were tested in the present
study as tracers alternative to more expensive spruce wood chips as used in, e.g., Detert & Weitbrecht (2015) and Detert
et al. (2017). Ground control points were taken from an existing high resolution 3D terrain model.
Measurements were performed in the frame of EU-project FIThydro (Horizon 2020). Here, the overarching goals of the
study were to evaluate efficiency of fish guidance structure with horizontal bars installed at the turbine intake of a
hydropower plant (HPP) and to assess the effect of the HPP operation on the downstream fish habitat.
In the following, we present the velocity measurement campaign, methodology, results and conclusions.
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2.

MEASUREMENT CAMPAIGN

Schiffmühle main power house and residual flow HPP are located on the 35 km long river Limmat between
Untersiggenthal and Turgi, some 27 km downstream of Lake Zurich, Switzerland (WGS coordinates N 47.488° E 8.269°).
Figure 1 gives a 3D overview to the case study HPPs.

Figure 1. 3D snapshot view to the dry topography area observed by Regionalwerke Baden AG. Flow direction is from right to left.

Regionalwerke AG (Zabah, 2018) mapped the non-wetted topography of the study area. Eleven ground control points
(GCP) were accurately determined by geotechnical surveying on 2018/03/08 and a measurement flight was performed on
2018/03/08 between 10:00-11:00 at a height of 140–145 m over ground. Based on 104 images, a high resolution 3D point
cloud was computed by photogrammetry software Pix4D (Pix4D SA), which uses Structure from Motion (SfM) technique
and MultiView Stereo (MVS) methods. A Digital Surface Model (DSM, see Fig. 1) as well as an RGB orthoimage each with
raster sizes of 24.4 mm was computed out of it. Geo-reference was obtained from the Swiss survey LV95.
The goal of the field campaign was to measure the surface flow velocities at the upstream and downstream river reaches
of the residual flow HPP and along the headwater channel up to the main power house using AIV. The AIV measurements
were performed on 2018/03/13 between 11:00-11:45. The river flow discharge during the measurements was quasi3
3
constant at 71.5±0.5 m /s, although the river Limmat in this reach is typically subjected to fluctuations of ±10 m /s within
only a few 10 min. The discharge data was obtained from Federal Office for the Environment (FOEN) gauging station
Baden-Limmat (Station #2243, located 4.6–5.1 km upstream, with assumption of bulk flow velocity of 1–2 m/s for river
Limmat). Furthermore, 3D flow velocity and bathymetry measurements were conducted during the two days of
2018/03/13–14 at various flow discharges using an Acoustic Doppler Current Profiler (ADCP) mounted on a high speed
remote controlled boat. The ADCP and the boat are a River Pro 1200 kHz including piston style four-beam transducer with
th
a 5 independent 600 kHz vertical beam and a Q-Boat supplied by Teledyne Marine, USA, respectively. Due to discharge
fluctuations during the measurements, it is not possible to directly compare all results from both measurement techniques.
However, two ADCP transects were measured quasi simultaneously with the AIV recordings. Their data is compared with
the AIV data in the results section below.

3.

AIV METHODOLOGY

The applied AIV technique was similar to the one presented by Detert at al. (2017). A brief description of the set-up,
performance and image analysis is given in the following, with detailed information deviating from Detert at al. (2017). AIV
consisted of an UAV DJI Phantom 4 Pro+ incl. camera with a weight of 1.4 kg including a three axis gimbal-stabilized
action-camera. The latter has a 1” CMOS-sensor and the lens providing a field of view of 84° and a 35 mm focal length
equivalent. The total cost of quadcopter and accessories was well below 2,000 CHF (March 2018).
Surveying flights were performed at 30–70 m over ground, recording in h.256 video mode at 23.976 frames/s with a
2
resolution of 4096×2160 px . To have a significant grayscale contrast on the video frames the flow was seeded with
tracers from an upstream bridge, from a boat and from diverse riparian points during the measurements. Eco foam chips
with diameters of about 30–40 mm (FILL-PAC Bio from MEDEWO, Switzerland) were used as tracers (Figure 2a). In total,
3
3.5 m were used during the actual experiments (Figure 2b), with half of the amount for mistrials. These kind of ecofoam
chips are made out of corn starch and are, therefore, 100% biodegradable (certified according to EN 13432 for their proof
of compostability). In-situ tests showed that they were almost dissolved in the 10°C cold flowing water of river Limmat after
5–10 min (Fig. 2c). The length of the video data set was 20.6 min and considered as too large to be analyzed in total.
Therefore, a reduced data set consisting of 579 image pairs each with an internal time shift of t 0:1 = 5 / 23.976 = 0.21 s
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and a median time shift of t
analysis.

0:1–4:5

= 40 / 23.976 = 1.67 s between the image pairs was chosen for the subsequent image

Figure 2. Ecofoam chips (FILL-PAC Bio from MEDEWO, Switzerland. (a) Single particles (courtesy of medewo.com). (b) 3.5 m3 of
seeding material used during the actual experiments, where half of the material was utilized for mistrials (student for scale). (c) Snapshot
of ~10×10 m2, taken from UAV-video, where particles ‘freshly’ seeded from the boat appear more distinct than the particles on the right
sight that are already slightly degraded as they have been given to the flow about 5 min before.

Image orthorectification was performed by photogrammetry software PhotoScan (Agisoft LLC) based on the 2×579 =
1158 image frames, combined with the eleven GCPs from Regionalwerke Baden AG (Zabah, 2018). To provide more
supporting GCPs for the computation, 17 additional characteristic markers (e.g. gully holes, larger stones) were identified
as virtual GCPs on their dry topography data set.
During the workflow process of PhotoScan a frame camera type setting was used to initialize implementation of a camera
model that adequately fits the actual lens distortions. The whole process of photo-alignment at original resolution,
including computation of camera parameters and positions took about 10 h computational time on a standard PC. The
camera positions of the resulting sparse cloud had a reprojection error of ±0.2 px (in image coordinates). PhotoScan
corrected the 3D coordinates of the GCPs by an average value of ±1.26 m according to the positions measured in the field
and gave a reprojection error of ±1.2 px (in image coordinates) for all GCPs. A dense point cloud was reconstructed within
17 h computational time on a typical office PC, with (i) medium quality, i.e. the images were resized by factor four, and
(ii) aggressive depth filtering. The resulting point cloud had a density of 8.1 million points, which is >25 times higher than
the density of the sparse cloud as used within PhotoScan’s initial estimation of the camera positions. A mesh with 420,000
vertices was build based on 4.5 million manually selected points of the dense point cloud, i.e. with misleading points at the
water surface and non-riparian points deleted. Finally, 1,158 RGB georeferenced ortho-images of various pixel-sizes and
2
one panoramic orthomosaic with 28,882×16,710 px were exported for the subsequent image velocimetry analysis with
raster sizes of 1.6 mm.
Flow velocities were determined from geo-referenced images using PIV technique. The images were converted to 8-bit
grayscale, with each individually Gaussfilter-computed background image subtracted. The image intensity was adjusted
and pixel values < 40 / 255 were capped – as described by the following MATLAB-code lines:
I = rgb2gray(I);
J = imerode (imbinarize(I,0),strel('square',40));
I = imadjust((I-imgaussfilt(I,10)).*uint8(J));
I(I<40) = 0;
Then, the MATLAB-based open source code PIVlab by Thielicke & Stamhuis (2014) was used to determine the surface
flow velocities. Particle Image Velocimetry (PIV) analysis was performed to the 579 image pairs in mode [(0,1), (4,5), (8,9),
2
. . .] on a final window size of 64×64 px with 50% overlap. It should be noted, that in a straightforward PIV approach each
2
image pair should have the same pixel size dimension similar to the 28,882×16,710 px -orthomosaic. This results in,
however, large additional computer storage and power, with most of the total image area having no information at all.
Instead, both two images of an image pair were transferred to the same pixel size dimension, and, after PIV computation,
each of the georeferenced velocity vector fields were registered to the global coordinate system according to the
2
28,882×16,710 px -orthomosaic. In this way a single time averaged vector typically was computed out of 25–50 image
pairs.
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Post-processing comprised masking out non-water surface areas and applying a universal outlier detection method
(Westerweel & Scarano 2005) to the instantaneous velocity fields to eliminate misleading velocity vectors. The median
value of the time series at each grid point was chosen to describe a characteristic time averaged surface velocity.
Inhomogeneous flow-seeding conditions and non-perfect image orthorectification results (i.e., shivering between image
pairs) causes additional image noise that results in pseudo velocity vectors also in still water areas. Thus the chosen
approach is prone to overestimate near-zero flow velocities. Therefore, the computed velocities < 0.2 m/s finally were
removed.
For further use, the time averaged surface velocity data set was exported to a GeoTIFF file.

4.

RESULTS

Figure 3 shows the resulting time averaged surface velocity field and related streamlines. A closer view of the upstream
area is shown in Figure 4. It is obvious that the main flow is deflected to the outer bend of the headwater channel and the
streamlines bulge from the upstream towards the headwater channel. It can be estimated form the streamlines that the
main flow is accompanied by a strong streamwise-clockwise rotating secondary current that dives down a few meters
before it reaches the flow-right riparian side. There, a smaller streamwise-anticlockwise rotating secondary current is
indicated by much slower flow velocities at the left bank of the headwater channel. The surface flow velocities are around
0.6–0.7 m/s upstream of the residual flow HPP with the streamlines being deflected towards the turbine only a few meters
upstream of the horizontal bar rack. The residual flow reaches can be subdivided in two parts. The area around the
downstream fish passage bypass outlet and the entrance to the technical fish pass is affected by the turbine outlet flow of
the residual flow HPP and in this area, surface velocities are slightly above 1.0 m/s. The transversal groundsill
downstream of the nature-like fish pass entrance obviously retains the water and slows down the surface velocity to 0.6–
0.7 m/s. Downstream of the groundsill the flow is quite inhomogeneous and locally reaches surface velocities up to 2.0
m/s in maximum.
Unfortunately, some areas show non-accurate flow velocities that obviously do not represent reliable flow physics. They
are exemplarily highlighted in Figure 3. There are multiple reasons that may be responsible for these noises, such as a
lack of seeding, white water, sun reflections, and higher riparian vegetation apparently moving with the moving camera
position. Upcoming studies should focus on developing adequate techniques to avoid those noises directly during the
video recording or filter out false velocity vectors afterwards during the image velocimetry computation.
Figure 5 shows a comparison of velocity magnitudes at two different cross-sections, (i) obtained from surface AIV and (ii)
measured by the ADCP boat at 0.4 m below the water surface. Despite some scatters, the AIV data are in a good
agreement with the ADCP data as the main flow characteristics match. Unfortunately, the ADCP-boat was not able to
measure nearer than 0.4 m below the water surface. With average water depths at h = 1–2.5 m the relative distance to the
river bed for the ADCP data is at z0/h = 0.6–0.85. An in-depth comparison to the surface velocity data at z0/h = 1.0 is,
therefore, illusory.
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Figure 3. Swiss grid georeferenced surface velocity field and streamlines measured by AIV, including areas of noisy velocity data. (Note
that according to Le Coz et al. (2010), depth averaged velocities can be estimated by multiplying the surface velocity by factors 0.79–
0.89, with a central value close to 0.85).

Figure 4. Detailed view to the upstream area of the surface velocity field as given in Figure 3, including locations of cross-sections A–A’
and B–B’ with results given in Figure 5.
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Figure 5. Comparison velocity magnitudes (m/s) of AIV results determined at the water surface and ADCP results measured 0.4 m below
the water surface, with average water depths at 1-2.5 m. Single marker show raw data, with the ADCP data revealing to have clearly a
larger scatter. However, to facilitate interpretation, given lines refer to data smoothed by a moving average at a span of 11 data points.
(a) Transect A-A’. (b) Transect B-B’.

5.

CONCLUSIONS

Airborne Image Velocimetry (AIV) measurements were successfully conducted at HPP Schiffmühle, Limmat River,
Switzerland. The time average surface flow velocities were computed from the recorded and georeferenced images.
Despite small areas with misleading and unreliable results, the main flow characteristics of the resulting velocity field
matches with those quasi-simultaneously measured by ADCP.
Unfortunately, the full potential of the AIV method is not yet utilized for the entire data set. However, the current state of
analysis gives a first overview on the capability of AIV for documenting the flow situation at HPP Schiffmühle. Streamline
plots give a satisfactory view of flow patterns including zones with secondary currents. In some areas the absolute
magnitude of the surface velocities, however, appears to be strongly influenced by various disturbing factors. Strong
gradients in the light conditions with pronounced sun reflection as well as due to shadows add noise to the velocity field
which is estimated to be much smaller than the effective water velocity. Due to suboptimal filtering, the actual time
averaged velocity magnitudes are expected to be underestimated. This issue still requires considerable research. Other
image-based velocimetry techniques, such as PTV or optical flow may be of application for the recorded images and could
overcome some of the handicaps identified.
Apart from these technical issues to be addressed, it is concluded that airborne image velocimetry has considerable
potential for many river engineering applications.
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