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ABSTRACT
An analysis from a test Large Scale Particle Image Velocimetry (LSPIV)
streamgage deployment, co-located at a U.S. Geological Survey (USGS) stagedischarge streamgaging station in a small, flashy urban stream (11.6 km2 contributing
area) in Urbana, Illinois, USA (Boneyard Creek at Urbana, IL, 03337000) is presented
here. Acoustic Doppler velocity meter (ADVM) measurements of flow velocity
profiles were collected concurrently with surface velocity video samples, measured
water depths, and rated discharges. Results indicate that the relation between surface
velocity and mean channel velocity varies with flow depth and the submergence of
existing hydraulic controls. Using these results, continuous discharge for flood flows
derived from surface velocity videos is computed and compared to the discharge
derived from the stage-discharge rating curve. These findings are informing the
development of preliminary guidance for the USGS on the use and deployment of
continuous LSPIV streamgaging.
INTRODUCTION
The USGS maintains over 8,000 streamgages throughout the country. USGS
streamflow measurements are used to determine water availability, prepare for and
react to water-related emergencies, and deliver timely hydrologic data and analyses for
decision support nationwide. Often, the USGS must provide estimates of streamflow
in flashy regimes, like small urban streams or high-slope mountain streams, where
direct measurements of flood discharge can be extremely difficult, dangerous, or
impossible. In many cases, discharge in flashy regimes is determined through postevent, indirect methods—for example, Slope-Area, Conveyance, Peak-flow, and
others—which take time to produce (creating issues for decision support), are costly
and typically less accurate than direct measurements. In contrast, continuous LSPIV
techniques provide an opportunity to determine discharge at timescales appropriate to
capture rapidly changing flood dynamics, through direct measurement of surface
velocities (Jodeau et al. 2008; Creutin et al. 2003; Fujita et al. 1998). The USGS is

currently testing two deployments of continuous LSPIV streamgaging stations in urban
areas with flashy regimes to measure streamflow during flood events. This paper
presents results from LSPIV processing and ADVM velocities captured on November
28, 2016 at Boneyard Creek, Urbana (USGS Gage 03337000).
EXPERIMENTAL DESIGN
Two Internet Protocol (IP) cameras are installed on the underside of a
pedestrian bridge crossing the 6 m wide rectangular channel. The first camera aimed
downstream is used for LSPIV flow measurements, while a second camera aimed at a
Parshall flume embedded in a concrete weir is used for site inspection and
reconnaissance (Fig. 1). The cameras are powered with AC 48-volt using a Power over
Ethernet (PoE) switch mounted under the bridge. A Raspberry Pi3 computer is installed
to control the cameras. A tablet computer is installed to serve as a backup datalogger
platform for the cameras. The camera system is collocated with a standard USGS stagedischarge gage (03337000) consisting of a base gage height pressure transducer
upstream of the Parshall flume, and two pressure transducers in the headwater and
tailwater sections of the flume respectively. Discharge is computed at the site from a
rating curve at 5-minute intervals. The Data Collection Platform (DCP) consists of a
datalogger that records measurements from the pressure transducers, and enables
triggering of the Raspberry Pi3 computer to record 30 seconds of 25 frame per second
(fps) video every 5 minutes when the gage height is at or above the elevation of the
concrete weir.
A SonTek IQ Plus ADVM is installed at the channel midline within
measurement cross section (Fig. 1) to measure the profiles of velocity over depth at 1minute intervals during the study period. It is assumed that the velocity profile at the
channel midline is directly related to the mean channel velocity for the measurement
cross-section. The ADVM measures streamwise and vertical velocity components at
multiple depth cells over the vertical, as well as water level for the column of water
directly above the sensor. The number depth cells sampled in the vertical is determined
automatically by the ADVM and is a function of the flow speed and depth. For the
November 28 event, the number of depth cells varied from 2 to 13; only profiles with
more than 3 depth cells were utilized for this study.
Streamwise velocity profiles measured by the ADVM at 1-minute intervals
were used to create 5 minute median profiles fit with a power law of the form:
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where 𝑢𝑢𝑖𝑖,𝑗𝑗 is the velocity at distance 𝑧𝑧𝑖𝑖,𝑗𝑗 from the channel bottom; 𝑢𝑢∗𝑖𝑖 is the shear
velocity; 𝑎𝑎𝑖𝑖 is a coefficient; 𝑧𝑧0𝑖𝑖 is a value based on roughness; 𝑚𝑚 is an exponent; 𝑖𝑖 is
the index for the profile; and 𝑗𝑗 is the index for the depth cell in a profile 𝑖𝑖 (Mueller
2013).

Figure 1. Schematic diagram of the Boneyard Creek LSPIV gage (A); Ground
photo of the gage showing locations of the cameras (red square), ADVM (red
oval), LSPIV cross-section (white line), and concrete weir with Parshall flume.
Flow is from left to right.
The mean velocity for the channel midline for each 5 minute interval corresponding to
a LSPIV video and rating computed discharge was then related to the surface velocity
by the parameter 𝛼𝛼 using the exponent 𝑚𝑚, as:
1
𝛼𝛼 =
𝑚𝑚 + 1
Note that for a standard logarithmic flow profile approximated by 𝑚𝑚 = 1/6, the 𝛼𝛼
parameter is 0.86 (see Rantz, 1982a, pp 262). A relationship between the 𝛼𝛼 parameter
and ADVM flow depth was determined using linear regression.
In LSPIV analysis, rectification of the images is required to convert statistically
predicted displacement distances from pixels per time into ground velocities. This
rectification step is typically performed prior to PIV analysis, but can also be completed
after PIV analysis, as was done in this study. To facilitate the rectification process, a
3D terrain model of the LSPIV camera field of view (FOV) was established using

Structure from Motion (SfM) survey techniques (Fonstad et al. 2013). Using this
model, the position of 30 Ground Reference Points (GRP) were identified in the camera
FOV and SfM terrain model (Fig. 2). These points were used to estimate the full pinhole
camera model matrix required to find the position of the water surface in any image
frame captured by the LSPIV camera:
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where 𝑢𝑢,
� 𝑣𝑣�, 𝑤𝑤
� are the image pixel locations of each GRP in homogeneous coordinates,
𝐶𝐶 is the camera matrix, and 𝑋𝑋, 𝑌𝑌, 𝑍𝑍 are the corresponding real-world Cartesian
coordinates of each GRP.

Figure 2. Perspective render of SfM terrain model showing GRPs (A); View of
SfM terrain model from the LSPIV camera with GRPs (B); Image frame from
LSPIV camera with GRPs, and white vertical line used for determining water
level (C).
Unrectified videos for each 5 minute interval captured by the Raspberry Pi3
computer were processed using a customized version of the freely available PIVLab
software (Thielicke and Stamhuis 2014) to determine particle displacement distances
prior to rectification. The position of the plane of the water surface was determined for
each LSPIV video by first averaging the pixel values for each video frame together to
render a single image representing the LSPIV measurement and water surface location.
Then the intersection of the mean water surface with a known vertical line (Fig. 2C)
was graphically selected. The PIV results were then rectified using a customized
version of the Rectification of Image Velocity Results (RIVeR) Toolbox (Patalano and
García 2016) and the 3D pinhole camera model to i) project the PIV results onto the
plane of the water surface, ii) convert pixel displacement to real world distances, iii)
extract surface flow velocities along the measurement cross-section (Fig. 1B), and iv)

compute the mean surficial velocity for each LSPIV measurement. The mean channel
velocity (𝑈𝑈𝑐𝑐ℎ𝑎𝑎𝑎𝑎 ) was then computed from the mean surficial velocity (𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ) and 𝛼𝛼 as:
𝑈𝑈𝑐𝑐ℎ𝑎𝑎𝑎𝑎 = 𝛼𝛼𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
for each LSPIV measurement. The graphically-derived water levels where then used to
compute the channel wetted area (𝐴𝐴) at the measurement cross-section, and LSPIV
discharge (𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 ) was computed as:
𝑄𝑄𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 𝑈𝑈𝑐𝑐ℎ𝑎𝑎𝑎𝑎 𝐴𝐴
No formal computation of LSPIV discharge uncertainty was performed for this
study, instead an uncertainty of 15% was selected based on other estimates in the
literature (Le Coz et al. 2016; Jodeau et al. 2008; Dobsonet al. 2014) and reasonable
estimates of know environmental factors at the Boneyard Creek location.
RESULTS
The relationship between the ADVM sampled depth and 𝛼𝛼 was determined
using linear regression (Fig. 3). For ADVM depths less than 0.15 m the relationship
between 𝛼𝛼 and depth was poor, and thus excluded from the regression analysis. For
ADVM depths equal to or greater than 0.15 m, the relationship is good (𝑅𝑅2 = 0.9045,
99% confidence interval). Using the equation of the ordinary least squares regression,
an 𝛼𝛼 value can be estimated for any flow depth measured by the ADVM equal or greater
than 0.15 m by:
𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 0.464𝐻𝐻 + 0.6678
where 𝛼𝛼𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the predicted 𝛼𝛼 parameter, and H is the measured ADVM flow depth.

Figure 3. Plotted relationship between the 𝜶𝜶 parameter and time (A). Linear
regression fit for 𝜶𝜶 parameter and ADVM depth (B). Red X’s show observations
excluded from regression analysis.

Good agreement exists between the graphically selected flow depth obtained
from each averaged image of the LSPIV video measurement and the ADVM measured
depths, with all but 2 observations being contained within the 99% confidence intervals
(Fig. 4).

Figure 4. Comparison between ADVM measured depth and graphically selected
depth derived from LSPIV video.
Discharge computed from the LSPIV measurements are plotted against the
conventional discharge computed from an existing rating in Fig. 5. Error bars bound
the LSPIV discharge by ±15%. The track of graphically selected depth and measured
ADVM depths are also plotted, and show good agreement over the flow hydrograph
(Fig. 5).

Figure 5. Plot of LSPIV discharge, rated (Gage) discharge, and flow depths from
the ADVM and camera for the November 28, 2016 event. The blue error bars
bound the LSPIV discharge by ±15%

From 11:20 to 13:15 during the rising limb of the hydrograph, LSPIV discharge
is greater than the rated discharge, whereas from 13:15 through the event peak and
falling limb LSPIV discharge is less than the rated discharge (Fig. 5).
DISCUSSION
Preliminary analysis shows that the LSPIV method over predicted discharge on
the rising limb and under predicted discharge through the peak and falling limb (Fig.
5), despite very good agreement in the computation of flow depth and rectification of
the PIV results into Cartesian coordinates. Some of this discrepancy can be attributed
to the fact that the conventional rated discharge is determined from 5 minute average
water level data. It is likely that the LSPIV discharge, which is computed from a nearly
instantaneous measurement (duration of 30 seconds) every 5 minutes is more
accurately capturing the shape of the rising limb of the hydrograph. However, this
hypothesis does not explain the systematically low bias of LSPIV discharge relative to
the rated discharge for the peak and falling limb of the hydrograph.

Figure 6. Image sequence and subsets at time of 0 milliseconds and 200
milliseconds showing relatively small displacement of slowly moving surface
wave.
Parhsall flumes, like the one embedded in the concrete weir at the channel
midline upstream (Fig. 1B) work on the basis of creating supercritical flow in the throat
of the flume (Rantz 1982b), which produces a jump at some distance downstream for
conditions where the flume is not submerged. During submergence, a hydraulic jump
may or may not be present, but a nearly stable surface wave can often be observed.
During this event presented in this paper, the Parshall flume became partially

submerged, and a flow disturbance in the form of a slowly moving surface wave is
observable in the LSPIV video at rated flow discharges higher that 1.5 m3s-1 (Fig. 6).
It is likely that the celerity of this slowly moving surface wave is reducing the overall
velocity magnitudes of the PIV analysis at the measurement cross section. The effect
of this phenomenon would be to reduce the total LSPIV discharge magnitude for flow
stages where the slowly moving surface wave is present.
Further analysis is needed to determine if this slowly moving surface wave is
causing the systematic low bias LSPIV discharge relative to the rated discharge values.
It is possible that a correction could be developed for the speed and position of the
surface waves to recover the correct LSPIV discharge values. Moreover, the camera
position as well as the selection of the measurement cross-section can be changed to
alleviate some of these effects.
CONCLUSION
In this paper, preliminary results from a test Large Scale Particle Image
Velocimetry (LSPIV) streamgage deployment, co-located at a U.S. Geological Survey
(USGS) stage-discharge streamgaging station in a small, flashy urban stream have been
presented. Results indicate that the relation between surface velocity and mean channel
velocity varies with flow depth and the submergence of existing hydraulic controls.
Moreover, graphical determination of flow stage using the LSPIV camera was in good
agreement with independent measurements taken by an ADVM. Continuous discharge
for a flood event on November 28, 2016 were computed and compared to the discharge
derived from a traditional stage-discharge rating curve. Findings indicate that the
LSPIV discharge was over predicted for flows in the rising limb, and under predicted
for the peak and falling limb due to differences between the stage averaging affects in
the traditional rated discharge, and presence of slowly moving surface waves in the
LSPIV videos at higher stages. These findings are informing the development of
preliminary guidance for the USGS on the use and deployment of continuous LSPIV
streamgaging.
Any use of trade, firm, or product names is for descriptive purposes only and
does not imply endorsement by the U.S. Government.
REFERENCES
Creutin, J. D., M. Muste, A. A. Bradley, S. C. Kim, and A. Kruger. (2003). “River
Gauging Using PIV Techniques: A Proof of Concept Experiment on the Iowa
River.” Journal of Hydrology 277 (3–4), 182–94. doi:10.1016/S00221694(03)00081-7.
Dobson, D. W., K. T. Holland, and J. Calantoni. (2014). “Fast, Large-Scale, Particle
Image Velocimetry-Based Estimations of River Surface Velocity.” Computers

and Geosciences 70, 35–43. doi:10.1016/j.cageo.2014.05.007.
Fonstad, M. A., J. T. Dietrich, B. C. Courville, J. L. Jensen, and P. E. Carbonneau.
(2013). “Topographic Structure from Motion: A New Development in
Photogrammetric Measurement.” Earth Surface Processes and Landforms 38
(4), 421–30. doi:10.1002/esp.3366.
Fujita, I., M. Muste, and A. Kruger. (1998). “Large-Scale Particle Image Velocimetry
for Flow Analysis in Hydraulic Engineering Applications.” Journal of Hydraulic
Research 36 (May 2015), 397–414. doi:10.1080/00221689809498626.
Jodeau, M., A. Hauet, A. Paquier, J. Le Coz, and G. Dramais. (2008). “Application
and Evaluation of LS-PIV Technique for the Monitoring of River Surface
Velocities in High Flow Conditions.” Flow Measurement and Instrumentation
19 (2), 117–27. doi:10.1016/j.flowmeasinst.2007.11.004.
Le Coz, J., A. Patalano, D. Collins, N. F. Guillén, C. M. García, G. M. Smart, J. Bind,
A. Chiaverini, G. Le Boursiqueau, R. Dramais, and I. Braud. (2016). “CrowdSourced Data for Flood Hydrology: Feedback from Recent Citizen Science
Projects in Argentina, France and New Zealand.” Journal of Hydrology 541(B),
766–777. doi:10.1016/j.jhydrol.2016.07.036.
Mueller, D. S. (2013). “Extrap: Software to Assist the Selection of Extrapolation
Methods for Moving-Boat ADCP Streamflow Measurements.” Computers and
Geosciences 54, 211–18. doi:10.1016/j.cageo.2013.02.001.
Patalano, A., and C. M. García. (2016). “RIVeR—Towards Affordable, Practical and
User-Friendly Toolbox for Large Scale PIV and PTV Techniques.” In River
Flow 2016, edited by George Constantinescu, Marcelo H. García, and Dan
Hanes, 202–203. St. Louis, MO, USA: Taylor & Francis.
Rantz, S E. 1982a. “Measurement and Computation of Streamflow: Volume 1.
Measurement of Stage and Discharge, Geological Survey Water-Supply Paper
2175.” Washington, DC: US Government Printing Office.
———. 1982b. “Measurement and Computation of Streamflow: Volume 2,
Computation of Discharge.”
Thielicke, W., and E. J. Stamhuis. 2014. “PIVlab - Towards User-Friendly,
Affordable and Accurate Digital Particle Image Velocimetry in MATLAB.”
Journal of Open Research Software 2 (1), e30. doi:10.5334/jors.bl.

