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Abstract Large scale particle image velocimetry (LSPIV) is a nonintrusive methodology for continuous
surface flow monitoring in natural environments. Recent experimental studies demonstrate that LSPIV is a
promising technique to estimate flow discharge in riverine systems. Traditionally, LSPIV implementations
are based on the use of angled cameras to capture extended fields of view; images are then orthorectified
and calibrated through the acquisition of ground reference points. As widely documented in the literature,
the identification of ground reference points and image orthorectification are major hurdles in LSPIV. Here
we develop an experimental apparatus to address both of these issues. The proposed platform includes a
laser system for remote frame calibration and a low-cost camera that is maintained orthogonal with respect
to the water surface to minimize image distortions. We study the feasibility of the apparatus on two com-
plex natural riverine environments where the acquisition of ground reference points is prevented and illu-
mination and seeding density conditions are challenging. While our results confirm that velocity
estimations can be severely affected by inhomogeneously seeded surface tracers and adverse illumination
settings, they demonstrate that LSPIV implementations can benefit from the proposed apparatus. Specifi-
cally, the presented system opens novel avenues in the development of stand-alone platforms for remote
surface flow monitoring.

1. Introduction

Recently, considerable interest has been devoted to the development of innovative observational method-
ologies for improved understanding of hydrological processes [Montanari et al., 2013]. Applications of such
novel systems include shallow water flow measurement [Dunkerley, 2003; Lei et al., 2005], stream and rill
flow estimation [Berman et al., 2009; Planchon et al., 2005; Stockdale et al., 2008; Tauro et al., 2012a, 2012b],
sediment transport and geomorphology monitoring [Hugenholtz and Barchyn, 2011; Mankoff and Russo,
2013], temperature distribution sensing [Selker et al., 2006a, 2006b], areal rainfall estimation [Haberlandt and
Sester, 2010], water level measurements [Hut et al., 2010], and noncontact discharge estimation [Costa et al.,
2000; Lee et al., 2002; Melcher et al., 2002; Osorio-Cano et al., 2013; Plant et al., 2005; Puleo et al., 2012].

Among noncontact river gauging techniques, large scale particle image velocimetry (LSPIV) is a remote sur-
face flow measurement methodology that enables the nonintrusive and continuous characterization of
water bodies based on digital image acquisition [Fujita et al., 1997; Bradley et al., 2002]. Such a technique
has been utilized to estimate flow discharge in riverine environments [Creutin et al., 2003; Jodeau et al.,
2008], flow patterns in limnological ecosystems [Kantoush and Schleiss, 2009], and hydrodynamic features in
natural water bodies [Hauet et al., 2009]. Different from river gauging measurements through current meters
[Buchanan and Somers, 1969], acoustic Doppler current profilers [Yorke and Oberg, 2002], and dye or chemi-
cal tracing [Planchon et al., 2005; Leibundgut et al., 2009], LSPIV does not require either physical sampling or
the presence of human operators for data acquisition [Gunawan et al., 2012; Kantoush et al., 2011]. In fact,
the methodology allows for safely monitoring extended areas in varying flow regimes, spanning from heavy
floods to low flows [Bechle et al., 2012; Tsubaki et al., 2011].

LSPIV is an extension of classical particle image velocimetry (PIV), an optical flow measurement technique

that is used in laboratory environments to estimate the instantaneous flow velocity of seeded fluids [Adrian,
1991, 2005; Raffel et al., 2007]. More precisely, LSPIV implementations include: (a) a digital image acquisition
system that is often installed at a considerable height (several meters) and angled with respect to the water

TAURO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1


http://dx.doi.org/10.1002/2014WR015952
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-7973/
http://publications.agu.org/

@AG U Water Resources Research 10.1002/2014WR015952

surface to capture extended fields of view (FOVs), (b) highly visible surface flow tracers or patterns, which
are carried by the flow, and (c) a processing unit to extract flow velocity from images [Kim et al., 2008; Muste
et al, 2008, 2011]. After acquisition, digital images are orthorectified to eliminate distortions introduced by
the angled camera and to calibrate image dimensions. Image orthorectification is performed by a photo-
grammetric relation between fixed ground reference points in the real environment and objects captured
in digital images, whereby the accuracy of velocity estimations increases with the number of ground refer-
ence points [Hauet et al., 2008]. Specifically, image orthorectification relies on the acquisition of a minimum
of four ground reference points, which are typically identified by means of a total station [Hauet et al.,
2008]. The identification of such points is deemed as the second major source of inaccuracies after seeding
density [Kim, 2006], and represents a considerable hurdle in the implementation of LSPIV in inaccessible
environments [Kantoush et al., 2011].

Besides image calibration, ground reference points are utilized to mitigate distortions introduced by the
camera tilt angle. In particular, angled cameras introduce perspective distortions, in which near-field objects
are better resolved than the far field [Hauet et al., 2008]. Once orthoimages are generated, the motion of
surface tracers or flow patterns is used to estimate surface flow velocity through PIV algorithms. In particu-
lar, images are subdivided into interrogation windows that are cross-correlated with larger search windows
in consecutive frames to estimate the displacements of the tracers. During the process, interrogation win-
dows are translated on a pixel grid superimposed on the pictures, and the flow velocity at each node of the
grid is obtained by considering the time delay between consecutive images [Raffel et al., 2007].

LSPIV is a promising flow measurement technique, which allows for pivotal observations in challenging
settings, such as surface velocity estimations during extreme floods. LSPIV is potentially a low-cost meth-
odology, whose cost will only reduce in time with technological progress. This should be considered as
a major advantage for short-time measurement programs in ungauged settings and environmental mon-
itoring in developing countries. However, standard LSPIV experimental setups present several drawbacks
that may hamper practical implementation and increase uncertainty of flow estimation. Specifically,
major pitfalls of the technique include the need for ground reference points and the need for floating
tracers. These issues result in expensive experimental observations, which hinder continuous measure-
ments in natural settings.

The present manuscript focuses on addressing the need for ground reference points. The dependence of
the methodology on the acquisition of ground reference points through GPS or total station dramatically
reduces LSPIV applicability. For instance, standard LSPIV may be difficult to implement in case of severe
events, where river banks, and thus ground reference points, may be inundated, and in case of inaccessible
stream banks in mountainous environments. To extend LSPIV applicability in complex natural settings, this
work proposes a mobile and inexpensive sensing system, including a horizontal telescopic mast, a miniature
and waterproof GoPro Hero 3 video camera, and a system of two lasers. The laser system creates visible
points at a known distance on the water surface, allowing for nonintrusive calibration without dimensioning
reference objects in the real environment through ground control points. The setup limits image distortions
by mounting the camera at one end of a mast with its axis perpendicular to the water surface. The reduced
image coverage due to the camera orthogonality is compensated by the wide-angle GoPro lens, which ena-
bles large view capture of the center of the stream. The apparatus can be easily transported and utilized to
survey diverse water bodies. Further, to allow for continuous monitoring of large scale environments, the
system can be properly customized to be permanently installed underneath bridges or hosted on traveling-
block cableways. Future applications of the system may also include its integration in autonomous aerial
vehicles for environmental sensing [Hoffer et al., 2014].

To assess the feasibility of the proposed apparatus in surface flow observations, we conduct measurements
on two different streams, the Aniene and Tiber Rivers in Rome, Italy. In such study sites, inaccessible river
banks, flow conditions, and large scale settings prevent the identification of ground reference points. In
addition, the selected experimental settings provide cases for varying flow regimes, illumination conditions,
and surface tracer seeding densities. Specifically, the Aniene River exhibits torrential flow regime, abundant
ripples induced by water reflections, and a meager number of buoyant tracers. On the other hand, the Tiber
River presents lower surface flows, mirror-like reflections, and several inhomogeneously seeded floating
objects. While traditional LSPIV is unlikely to be feasible in the selected scenarios, our approach affords the
development of usable surface flow velocity maps. To this end, images captured with the novel apparatus
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Telescopic mast are corrected for camera lens
distortion and analyzed with a
commercially available PIV
software. Surface flow velocity
estimations are compared to
supervised measurements per-
formed by visually tracking
objects floating on the stream
surface in acquired images and
to rating curves developed by
the Ufficio Idrografico e Mar-
eografico (UIM) at Regione
Lazio, Italy.

Laser system

The rest of the paper is organ-
ized as follows. Section 2
details the proposed LSPIV
experimental apparatus, the
study sites, and the image-
based methodologies to esti-
mate surface flow velocity. Sec-
tion 3 presents LSPIV results for
experiments performed in the
Aniene and Tiber Rivers; sec-
tion 4 discusses advantages
and criticalities; section 5 is left
for conclusions and expected
outcomes of the proposed

b Camera

Lasers

Figure 1. (a) Sketch of the proposed LSPIV implementation and (b) close-up view of the alu- technique.
minum frame hosting the camera and the laser system.

2. Materials and Methods

2.1. Experimental Apparatus

The video acquisition system includes a telescopic hollow aluminum bar that can be extended up to 2 m.
At one end of the bar, an orthogonal aluminum pole is connected as displayed in Figure 1a. The pole is T m
long and hosts two 1 mW green lasers at its ends, which emit at 532 nm wavelength. At the intersection of
the pole and the bar, a GoPro Hero 3 video camera is encased in a waterproof box, see Figure 1b. The cam-
era axis is consistently kept perpendicular to the water surface throughout the experiments. Measurements
are performed from river parapets by anchoring one end of the bar on the bridge railing and with the pole
hanging out parallel to the stream surface.

2.2. Study Sites

Two vastly different study sites are selected for LSPIV tests. One class of experiments is conducted on the
Aniene River, Italy, where we deal with a torrential flow-regime and free-surface waviness. To assess the fea-
sibility of the methodology in a more challenging scenario, we also execute measurements on the Tiber
River, Italy, in low flow conditions and adverse visual settings.

Experiments on the Aniene River are performed at Ponte Salario (41°56'22.20"N, 12°30'30.24"F) at the
UIM gauging station APS_17. The station is located on a bridge and is equipped with the ULM20
ultrasonic water meter fabricated by CAE S.p.a. and positioned underneath the midspan of the
bridge at the upstream cross section. Water levels are recorded at time intervals of 15 min, and dis-
charges are obtained from the available rating curve. Further, UIM provides the bathymetry for the
upstream and downstream cross sections. Due to the larger presence of ripples, foam patterns, and
water reflections, the downstream section is selected for LSPIV experiments, and its bathymetry is
used for surface velocity estimations from the rating curve. At the time of the video-based measure-
ments, the water meter recorded a level of 1.6 m and a corresponding discharge of 32.52 m3/s.
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From graphic estimates on
the available bathymetry, the
total wetted area for the
measured water level is
27.24 m?, and by assuming a
velocity correction factor of
0.85 [see Creutin et al., 2003],
the average surface velocity
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Figure 2. (left) FOV captured in experiments on the Tiber River. The red dashed ellipse enc- is approximately 1.78 m/s
loses the reference points created by the lasers on the water surface. (right) Close-up view
of the laser lights. Measurements on the Tiber

River are conducted at the
Ripetta monitoring station (46°42'31.30"N, 29°05 34 E) located at the midspan of the local five-span bridge
(Ponte Cavour). The UIM gauging station features a ULM20 ultrasonic water meter located underneath the
midspan of the bridge at the upstream cross section, which records level measurements every 15 min.
From the available bathymetry for the upstream and downstream cross sections, a discharge of 354.17 m3/
s is estimated for a level of 7.13 m. By using the available bathymetric data, the total wetted area is esti-
mated to be 680.77 m?, thus leading to an average surface velocity of 0.61 m/s for the velocity correction
factor set to 0.85. LSPIV videos are recorded at the center of the midspan of the bridge at both the
upstream and downstream cross sections during the falling stage of the flood event that occurred on 14
November 2013, corresponding to meager quantities of floating material transported by the river.

2.3. Experimental Procedure

The experimental data set encompasses a set of eight videos recorded at Ponte Salario and 10 recordings
acquired at Ripetta. At Ponte Salario, videos of the downstream cross section are acquired at time intervals
few minutes apart in the same day. At Ripetta, nine videos are captured from the upstream and one from
the downstream cross sections in a time span of 3 h during the same day. Throughout the experiments, the
camera is set to Full HD (1920 1080pixels) resolution and 60 Hz frame rate. Each video is approximately 2
min long, which corresponds to 7200 images.

Supervised flow velocity is estimated by manually tracking visible floating objects in consecutive sets of
images. Specifically, several floaters transiting in the captured fields of view are manually tracked from their
entrance in the top of the image to their exit in the bottom of the frame. The time taken by the floaters to
transit in the field of view is obtained by computing the number of frames depicting the transit of the
objects and from the time lag between consecutive frames. Metric dimensions are assigned to images by
equating the pixel distance between laser points from captured frames to the known metric distance (1 m)
of the laser pointers on the aluminum pole, see Figure 2. Specifically, for the Aniene River, the camera FOV
captures a region of approximately 60X 35 m?, whereas videos performed on the Tiber River monitor an
area of 3721 m?. Flow velocity is estimated to be equal to 4.50-4.70 m/s in the Aniene River and to 2-

2.3 m/s in the Tiber River as per visual analysis on floaters transiting in the center of both streams. Such val-
ues are remarkably different from estimations from the rating curves, which are obtained by dividing the
depth averaged streamwise velocity by the velocity correction factor.

2.4. LSPIV Implementation

LSPIV is conducted by extracting consecutive sequences of 100 frames from each video. Images are cor-
rected for lens distortion through the GoPro lens intrinsic parameters, as obtained from a preliminary cali-
bration procedure. Further, two alternative methodologies are explored to minimize the effect of the
vibrations due to the flexibility of the aluminum bar. Specifically, LSPIV implementations relying on the use
of mast-mounted cameras or cableways may be severely affected by wind gusts, which result in slightly
varying FOVs and inaccurate flow measurements. Techniques for the removal of unwanted vibrations are
similarly developed in Fujita and Hino [2003], Fujita and Kunita [2011], and Pagano [2014] to display identical
FOVs in subsequent LSPIV images captured from aerial vehicles and in Wang et al. [2013] to reconstruct
images from a dual-camera system. More precisely, one FOV matching methodology entails the cross-corre-
lation between a template image and the sequence of pictures. Images are properly trimmed to depict
overlapping FOVs as imposed by LSPIV processing. The template image represents objects on the river
banks which are present in every picture. The alternative methodology consists of performing LSPIV on the
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Table 1. LSPIV Parametric Study on Two Representative Videos Captured on the Aniene and Tiber Rivers®

FOV Matching Velocity Subtraction
Full HD VGA Full HD
60—32 30—-32 20—-32 15-32 60—64 60—32 30-32 20—-32 15-32 60—32
Aniene
Vm 213 2.15 1.94 1.66 1.94 1.31 1.87 1.70 1.52 1.75
By 0.34 0.36 0.41 0.46 0.46 0.46 0.40 0.45 0.52 0.81
Tiber
Vim 0.23 0.22 0.17 0.14 0.25 0.33 0.29 0.26 0.23 1.12
Py 0.87 0.86 0.82 0.71 1.08 0.82 0.90 0.96 1.04 0.95

“Digits in the third row separated by a dash specify frame acquisition rates (60, 30, 20, and 15 refer to 60, 30, 20, and 15 Hz, respec-
tively) and dimensions of the interrogation window (32 stands for 32X32 pixels and 64 indicates 64X64 pixels). Velocities vy, are in
m/s, whereas f, are dimensionless. LSPIV values should be compared to benchmark supervised velocities, that is, 4.50-4.70 m/s for the
Aniene River and 2-2.3 m/s for the Tiber River.

raw sequence of pictures and then subtracting velocity components relative to fixed objects in the images,
such as portions of the bridge, from the velocity of the water surface. PIV analyses are performed with the
commercial software EDPIV [Gui, 2013].

2.5. LSPIV Parameter Selection

To identify the optimal settings for estimating reliable flow velocities, a preliminary analysis is conducted on
one video from each set of experimental acquisitions. Since PIV accuracy is largely influenced by the size of
the interrogation window in relation to the homogeneity, size, and motion of the tracers in the field of
view, analyses are conducted for varying values of image resolution, size of the interrogation window, and
time interval between subsequent images. In addition, both the methodologies described in section 2.4 to
mitigate the effect of the mast vibrations are considered. For each experiment, flow velocity values, v,,, are

N
obtained from v, = %ZM v, where v; is the time-average velocity computed at the ith node of the PIV
grid and N is the total number of nodes in the grid, see Table 1.

Therein, we also list the index of variation, f3,, defined as the ratio of the standard deviation of the velocity

N 1/2
calculated over the entire FOV to vy, that is, 5, = J—m H Zi:] (Vi—vm)z} . This dimensionless parameter

indicates the spatial velocity variations in the field of view and should be associated with the heterogeneity
of the flow estimations rather than with experimental uncertainties. While the flow is not uniform over the
region of interest (lower velocities are expected along the river banks and higher velocities in the central
portion of the image), the stream reach does not present riffles, pools, or constrictions and, therefore, the
velocity profile is expected to be uniform in cross sections captured in the images. The parameter f, is uti-
lized to provide an estimate of the variability of the velocity values in the field of view, which is highly
dependent on the appearance of the water surface and on the occurrence of tracers. Therefore, f3, should
be regarded as an indicator of the visibility conditions rather than as a parameter to evaluate LSPIV
accuracy.

Randomly selected sequences of 100 frames are processed by setting image resolution to Full HD and
VGA (640X480 pixels). Further, images are subsampled to vary the time interval between pairs of pic-
tures. Full HD sequences of frames are sampled at 0.067, 0.05, 0.033, and 0.0167 s, corresponding to 15,
20, 30, and 60 Hz frame acquisition rates. For such image resolution, the interrogation window size is
chosen between 32X 32 pixels and 64 X64 pixels, whereas the grid size is always set to half the dimen-
sions of the interrogation window size. VGA sequences of frames are sampled at 0.067, 0.05, 0.033, and
0.0167 s, corresponding to 15, 20, 30, and 60 Hz frame acquisition rates, and processed by setting the
interrogation window size to 32X32 pixels. For VGA resolution, larger interrogation window sizes may
fail to capture variations in surface patterns and are therefore not considered. Parameters v,,, and f3, are
computed by discarding the false velocity vectors obtained for the river banks and portions of the
bridge.

To inform the identification of the most appropriate LSPIV settings, flow estimations from the supervised
tracking method (4.50-4.70 m/s for the Aniene River and 2-2.3 m/s for the Tiber River) are considered as
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a c
1 m

Figure 3. (a-d) Snapshots captured at 60 Hz of a rapidly evolving surface reflection pattern
in the Aniene River.

benchmark velocities and,
therefore, LSPIV parameters
leading to high v, and low f,
in Table 1 are regarded as
more reliable. Generally, high
values in Table 1 are obtained
for high acquisition frame rates
and in case of preprocessing
through the FOV matching procedure. Conversely, the velocity subtraction method leads to remarkably low
velocities even for image sequences recorded at 60 Hz. At such acquisition rate, consecutive frames pre-
cisely depict the evolution of surface patterns, and, therefore, cross-correlation should result in accurate
flow estimations. As expected, LSPIV estimates tend to be higher than the values obtained from rating
curves (1.78 m/s for the Aniene River and 0.61 m/s for the Tiber River), which are affected by numerous
uncertainties.

In the case of the Aniene River, higher velocities are found using high frame rate and resolution, whereas
flow estimates tend to decrease as the time interval is increased. This behavior is likely due to the deforma-
tion of the water reflections in sets of successive images. For instance, Figure 3 depicts snapshots of a sur-
face pattern captured at a time interval of 0.0167 s. From Figures 3a-3d, the light gray shape on the left
translates toward the top of the image and rapidly evolves in shape. Such rapid deformations represent seri-
ous challenges for PIV analyses since the cross-correlation algorithm may fail to capture pattern similarity in
pairs of subsequent images. Specifically, even if the displacement of the tracers is small between successive
images in Figure 3, that is, about 2-3 pixels, increasing the time interval in between pairs of images may
introduce further errors, since surface patterns may have completely deformed. To alleviate these issues,
videos relative to the Aniene River are processed by setting Full HD resolution to fully detect small objects
flowing on the surface, 60 Hz frame rate to account for reflection deformation, and 64X 64 pixels interroga-
tion window size to capture the motion of large scale reflections and foam structures.

On the other hand, videos of the Tiber River are characterized by mirror-like background, slower flows, and
instances of sparse floating objects. In this case, acceptable results are obtained by setting a VGA resolution,
that preserves the presence of floaters, and increasing the time interval between processed images to

0.033 s, that leads to more accurate PIV estimations in case of slow flow regimes. Both sets of videos are

t =33 ms

t =233 ms

t= 17 ms

Figure 4. (top) Raw, (middle) undistorted, and (bottom) matched snapshots captured at 60 Hz of the Aniene River.

TAURO ET AL. ©2014. American Geophysical Union. All Rights Reserved. 6



@AG U Water Resources Research 10.1002/2014WR015952

preliminarily processed
through the FOV matching
algorithm to further reduce the
uncertainty in velocity
estimation.

The effect of varying the dura-
tion of the observations is also
assessed by conducting two
PIV analyses on sequences of
300 consecutive frames. Specif-
ically, a sequence of 300
frames of the Aniene River cap-

0 tured at 60 Hz is analyzed by
setting the interrogation win-
Figure 5. Time-averaged surface flow velocity map of the Aniene River. Values are in m/s. dow to 64X64 pixels. By dis-

Red, black, and green lines indicate cross sections at 3, 8, and 13 m from the bridge,

i carding false velocity vectors
respectively.

obtained on the river banks,
the parameters vy, and f, are found to be equal to 2.00 m/s and 0.44, respectively. For the representative
video of the Tiber River, 300 frames captured at 30 Hz and VGA resolution are processed. In this case, the
parameters vy, and f3, are equal to 0.26 m/s and 0.88, respectively. As reported in Table 1, values obtained
for longer observations are in line with estimates computed from samples of 100 frames.

3. Results

3.1. Aniene River

Figure 4 displays a sequence of frames captured at Ponte Salario on the Aniene River recorded at a 60 Hz
frame rate from a representative experiment. In the top row, colored raw images from the GoPro camera
are reported, and, in the second row, snapshots are corrected for fish eye lens distortions. Such correction
results in gray-scale pictures displaying smaller FOVs. In the last row, images are processed and trimmed to
display identical FOVs for PIV analyses. Despite the considerable height of the camera with respect to the
water surface (around 15 and 13 m for the Aniene and Tiber, respectively), the GoPro fish eye lens results in
severely distorted FOVs. Further, it is noted that vegetation on the river banks creates large dark areas on
the sides of the FOV, while a directly illuminated area is visible in the bottom central region of the pictures.
The stream reach presents ripples and waves due to the high flow regime. In the right bottom corner of the
images, stationary waves due to the streambed roughness are also identifiable.

Figure 5 depicts a surface flow velocity map for a representative video, where black arrows are velocity
vectors and colored contours indicate velocity values in m/s. Velocity values are computed by averaging
PIV estimations in time over the entire sequence of 100 images. No filtering or data postprocessing is
applied on displayed LSPIV data. Interestingly, PIV analy-
sis accurately captures flow direction whereas low veloc-
Table 2. LSPIV Estimations and Indices of Variation for it | btained al the ri banks i
Experiments Performed on the Aniene and Tiber Rivers® ity values are obtained along the river banks in
Aniene Tiber proximity of the vegetation. Unrealistic low velocity val-
ues are found in the bottom central region of the pic-

Test v, B, Test % B . . . .
. : . - ture, where sunlight directly illuminates the water
1 2.05 041 1 0.29 0.90 . - .
2 B 5 9 5| g surface, see a.Iso F!gure 4. Unreall.stlc low flow veloc1t.|es
3 1.94 046 3 0.40 0.80 are also obtained in the bottom right corner of the pic-
% 256 024 & 035 0.86 ture in correspondence of the stationary waves. By aver-
5 250 0.20 5 030 073 ina the velocity values in the enti tial d .
6 s D7 a - iy aging the velocity values in the entire spatial domain, a
7 244 0.29 7 037 0.97 mean flow velocity value of 2.05 m/s is obtained with
g a7 0 2 8'2‘3‘ 8-2; index of variation equal to 0.41. Similar values are
10 0,66 056 reported in Table 2 for the entire set of experiments.
*Values for v, are in m/s, whereas the parameter f, In Figure 6a, time-averaged surface flow velocity profiles
is dimensionless. are reported for stream cross sections located at 13, 8,

TAURO ET AL.

©2014. American Geophysical Union. All Rights Reserved. 7



@AG U Water Resources Research

10.1002/2014WR015952

W

[m/s] g,

0 L L L
0 10 20 30 40

OO 10 20 30 40

[m]

Figure 6. (a) From top to bottom, time-averaged surface flow velocity profiles for the river
cross sections at 13, 8, and 3 m from the bridge obtained from a representative experiment.
The origin of the horizontal coordinate in the plots corresponds to the left side river bank in
Figure 5. Shaded areas indicate the standard deviation over the sequence of 100 frames
analyzed in this experiment. (b) Surface flow velocity profile obtained by averaging with
respect to space and time over the entire set of river cross sections captured in the FOV for
the same representative experiment. For this experiment, v, =2.05 m/s and f5,=0.41.

and 3 m from the bridge for
the same representative
experiment in Figure 5. Specifi-
cally, for each selected section,
velocities at each node of the
PIV grid along the stream cross
section are averaged in time
over the sequence of 100
frames. Due to the sunlight
reflections in the bottom cen-
tral area, low velocity values
are gathered at 15-20 m. Simi-
larly, the surface flow profile in
Figure 6b depicts lower values
at 15-20 m and velocities up
to 3 m/s are found in the cen-
ter of the stream. Such profile
is obtained by: (i) computing
the time-averaged velocity
map for the captured field of
view and (ii) averaging veloc-
ities at similar distances from
the river banks in the esti-
mated map. Since the plot is
obtained by averaging with
respect to time and space, the
standard deviation is not
reported.

3.2. Tiber River

In Figure 7, a sequence of
snapshots recorded at a 30 Hz
frame rate is presented. In the
top row, colored raw images
are reported, whereas in the
subsequent rows, images are
corrected for fish eye lens dis-
tortion, matched to display
identical FOVs, and reduced in
resolution, respectively.
Despite the bridge shadow,
which creates a darker area in
the bottom half of the pictures,

images are homogeneously illuminated and water surface reflections are scarce. Several floating objects
and debris are concentrated in the center of the stream. Yet, the limited dimensions of the objects and
poor contrast with respect to the homogeneous background reduce the tracer visibility.

Figure 8 presents a time-averaged surface flow velocity map of the Tiber River as obtained from PIV analy-

ses, where each value of the grid is computed by averaging over the selected sequence of frames. Notably,

velocity vectors do not describe realistic flow patterns and velocity values are almost everywhere close to

zero due to the absence of appropriate tracers. Areas of higher flow velocities are concentrated in the cen-
ter of the stream where the transit of floating objects is observed. Consistently, the time-averaged velocity
value over the entire spatial domain is estimated to be 0.35 m/s with index of variation equal to 0.86. Similar

results for the entire set of experiments are illustrated in Table 2.
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t =33 ms

Figure 7. From top to bottom, raw, undistorted, matched, and lower-resolution snapshots of the Tiber River captured at 30 Hz.

Figure 9a reports time-averaged surface flow velocity profiles for cross sections located at 13, 10, and 3 m
from the bridge, where each value on the PIV grid along the river cross section is averaged over the
selected sequence of frames. Profiles are obtained for the same representative video analyzed in Figure 8.
In this case, velocity values are almost constant for the entire stream span and do not sensibly decrease at
the bridge piers. In Figure 9b, the time-averaged surface velocity profile further averaged over the stream
cross sections is equal to 1 m/s everywhere along the entire cross section.

4 4. Discussion

While our results can be con-
3 sidered encouraging given the
challenging experimental con-
ditions, they draw the atten-
2 tion to two major issues.
Specifically, flow velocities are
consistently lower than estima-

1 tions from the supervised
methodology, and indices of
0 variation are remarkably high.

Flow underestimations are

. mainly attributed to the inho-
Figure 8. Time-averaged surface flow velocity map of the Tiber River. Values are in m/s. Red, d .
black, and green lines indicate cross sections at 3, 10, and 13 m from the bridge, mogeneous density, or
respectively. absence, of surface tracers.
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Figure 9. (a) From top to bottom, time-averaged surface flow velocity profiles for the river cross sections at 13, 10, and 3 m from the
bridge obtained from a representative experiment. The origin of the horizontal coordinate in the plots corresponds to the left side river
bank in Figure 8. Shaded areas indicate the standard deviation over the sequence of 100 frames analyzed in this experiment. (b) Surface
flow velocity profile obtained by averaging with respect to space and time over the entire set of river cross sections captured in the FOV
for the same representative experiment. For this experiment, v, =0.99 m/s and f3,=0.80.

Indeed, in both experimental data sets, flow velocities that are close to predictions from the supervised
analysis are observed at isolated locations in the center of the streams, where floaters are more likely to
transit. High flow spatial heterogeneity is attributed to the large areas of null flow values recovered in prox-
imity of the stream sides, in poorly illuminated regions, and in homogeneous visibility zones. For instance,
with regards to the Aniene River, even if foam patterns and ripples were observable, several structures were
stationary, thus resulting in unrealistic low velocities. In experiments on the Tiber River, given the poor con-
trast with the background and practical challenges in homogeneously seeding the entire river cross section,
little improvements were observed with the deployment of wax particles. Such unrealistic null velocity val-
ues highly contribute to lowering spatial averages and to increasing indices of variation in Table 2. Notably,
the high variation in flow estimations cannot be attributed to frame sampling time. In case of the Tiber
River, the poorly seeded surface leads to images depicting almost identical FOVs and, therefore, sampling
frame rate is decreased to 30 Hz to limit unrealistic null velocities in large portions of the frames. On the
other hand, in case of the rapidly deforming floaters in the Aniene River, sampling frame rate is kept to 60
Hz to prevent the images to be too dissimilar for cross-correlation.

Despite few locations in the stream center, velocity values obtained by averaging PIV data over the entire
duration of the experiments also led to significant velocity underestimations. For instance, in Figure 10, we
expand on Figure 6a by reporting boxplots for velocity values obtained at each node of the PIV grid along
the selected cross sections for the entire 100 frame sequence. Specifically, edges of the filled boxes indicate
the 25% and 75% percentiles, circles refer to mean velocity values, error bars display minimum and maxi-
mum data points, and squares show outliers. The shaded red horizontal stripes indicate flow velocities esti-
mated through manual tracking on floaters transiting in the center of the stream. From Figures 10a-10c,
the distance from the bridge, and therefore from the adversely illuminated area, decreases, thus resulting in
generally lower velocity profiles. As expected, the variability and the number of outliers are high, suggesting
that velocity estimations depend on the irregular transit of surface tracers and flow patterns. Conversely, in
the poorly illuminated area (see values from 16 to 21 m from the left river bank), the density of outliers
decreases, thus indicating a region of critical visibility. Resting upon evidence in Figure 10, we plot in Figure
11 velocity contour and color maps obtained by considering the 85% percentile rather than averaging
velocity values with respect to time. In this case, surface velocities are much closer to estimations from the
supervised tracking procedure, while still accurately describing flow regime in the entire FOV. Low flow val-
ues faithfully relate to the side of the stream and to the critical visibility area.

While our findings confirm the promise of LSPIV for monitoring water bodies, they indicate that its accuracy
is highly dependent on the transit of visible flow patterns. In case of torrential flows, LSPIV is expected to
lead to more reliable surface velocity fields than low flows. Nonetheless, the detrimental effect of irregularly
transiting tracers and stationary patterns should be accounted for by analyzing variations of the velocity
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a field estimated by PIV during

the time of observation. For
this purpose, we expect that
sensitivity analyses on the
dependence of LSPIV data on
flow conditions will aid in the
selection of adequate velocity
percentiles to systematically
create velocity maps analogous
to those in Figure 11. These
preliminary calibration analyses
can also contribute to the
improvement of LSPIV-based
rating curves [Dramais et al.,
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discharge estimations are cur-
rently performed on selected
cross sections by considering
the time-averaged surface
velocity values computed at
the nodes of the PIV grid.
Based on our findings, more
accurate estimations may be
attained by: (i) studying time
variations of velocity data and
investigating their relationship
with flow conditions, and,
therefore, with varying surface
seeding densities, (ii) removing
null or unrealistic velocities
attributable to the absence of
tracers or poor illumination in
the entire FOV, and (iii) devel-
oping a representative cross
section by averaging over the
7 stream transects captured in
the FOV. Such procedures may
6 be of great advantage in engi-
o neering practice for the devel-
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While such measures could

% improve estimations on the
Aniene River, in the low flow
conditions experienced on the
& ([18 Tiber River, flow measurements
were particularly challenging
due to the almost complete
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Figure 11. (left) contour and (right) color maps for the 85% percentile velocity values estimated from PIV. Values are in m/s.

of properly seeded water surfaces and the combination of tracer-poor visibility and scarce illumination has
led to a maximum error of 35% in flow velocity estimations in Muste et al. [2008] and Kim [2006]. In some
instances, artificial seeding has been necessary to compensate for the absence of moving patterns [see for
example, Dramais et al., 2011; Meselhe et al., 2004]. Alternatively, LSPIV implementations have been per-
formed in proximity of water falls or bridge piers, thus exploiting surface foam and ripples as tracers [Creutin
et al,, 2003; LeCoz et al., 2010]. In our study, even manually seeded floaters on the Tiber River were not suffi-
cient to improve velocity estimations, and we expect such challenges to be exacerbated in case of larger
FOVs, where massive seeding apparatuses would be necessary. We thus suggest that LSPIV measurements
should be preceded by feasibility studies on the identification of proper highly visible tracers to accurately
seed the flow. In future studies, we will investigate the combined use of buoyant fluorescent particles [Tauro
et al,, 2013a, 2012¢, 2013b], UV or LED illumination, camera filters, and polarizers to remarkably enhance
LSPIV measurements.

5. Conclusions

In this paper, we investigated the feasibility of using a novel LSPIV sensing apparatus in challenging natural
settings that present varying flow regimes, illumination conditions, and tracer seeding densities. Our in-
house developed system allows for remote image calibration, thus considerably simplifying experimental
analyses and image processing. By utilizing such a system, we sought to obtain reasonably accurate flow
estimations and aimed at identifying the optimal operational settings of the apparatus to perform measure-
ments in natural environments.

The introduced fish eye camera allowed for observations of surface flow velocity maps of large scale water
bodies, and the laser system enabled remote calibration in areas inaccessible to operators and bulky equip-
ment. By providing two reference points on the water surface, laser calibration also reduced eventual inac-
curacies associated with ground reference points that do not lie on the same plane of the region of interest.
Further, the computationally inexpensive image analysis procedures allowed for rapid estimation of surface
flows over large areas. While slight sources of inaccuracies can be attributed to the lens correction and FOV
matching procedures, the relative contribution of such uncertainties is compensated by the remarkable dis-
tance of the acquisition system from the water surface and through care in handling the telescopic mast.
Our results suggest that LSPIV accuracy could benefit from independent analysis on the relationship
between time variations of the velocity field and flow conditions, including presence of tracers and flow
patterns.

Our research paves the way to completely remote LSPIV implementations, where the presence of human
operators for the acquisition of ground control points is prevented. Ongoing work is being devoted to the
validation of the apparatus against standard LSPIV in controlled environments, where stream banks are eas-
ily accessible for GPS and total station surveying, and in case of smaller scale settings, where alternative
techniques such as intrusive probes can be deployed in the current. In addition, the design and develop-
ment of an unmanned aerial platform for LSPIV measurements is currently being addressed, where an
orthogonal camera compensates for image geometric undistortion and a laser system allows for remote
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calibration [Pagano, 2014]. This work thus provides a preliminary feasibility analysis of the potential of using
self-sufficient aerial sensing platforms for large scale and continuous surface flow velocity measurements in
inaccessible areas.
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