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SUMMARY 

In the need to perform (i) a field analysis of sediment transport and (ii) risk assessment for a small torrent in Northern Italy, 
two sections where discharge measurement would be feasible by indirect methods were individuated. This manuscript 
presents one of these sections where a 6-m bridge crosses the stream. Topographic reconstruction was achieved by a 
total station and an Unmanned Aerial Vehicle (UAV, commonly named as drone) equipped with a metric camera. The flow 
velocity was measured by a propeller and, on the same days, movies were taken from above the bridge in order to obtain 
the surface velocity field by Large-Scale Particle Image Velocimetry (LSPIV). The objective of the work was to calibrate a 
correspondence between the surface velocity measured by LSPIV and the discharge. The chosen site is appropriate for 
such an intent as a check-dam with a fall of several meters is present downstream of the bridge, ensuring relative stability 
of the bed elevation at the bridge section. The calibrated relationship enabled quick and safe measurements of the surface 
velocity (and, in turn, of the flow rate) to be taken also in the occasion of recent moderate-flow events. 
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1. INTRODUCTION 

Alpine a pre-Alpine territories are disseminated with small water courses where the typically small areas of the basins, 
combined with the consequent short times of concentration, relatively high slopes, and intense sediment supply from the 
upstream valleys make these place vulnerable to intense rainfall and flow events. This stimulates the concern of local 
Municipalities and would call for long-term monitoring as well as analysis and modeling of likely calamitous scenarios. On 
the other hand, the small dimension of these rivers and their huge number make a distributed surveying program simply 
unfeasible. 

The present manuscript considers the Caldone river flowing through Lecco as a prototypal case-study. Lecco is a 50,000 
people town located at the outlet of the Como lake in Northern Italy. The Caldone river is of interest for the local 
Municipality as it crosses the town center and can thus induce flood risk where valuable items are exposed. The area of 
the catchments is 28 km2 and the length of the main stream is 11 km. The lower 5 km are depicted in Fig. 1. In the 
upstream portion (Fig. 2a) it presents the typical features of a mountain stream, whereas in the lower course (Fig. 2b) it 
flows within a series of culverts beneath the town before ending into the lake. The river is characterized by intense 
sediment transport during high-flow events and was provided with two sediment retention basins (Fig. 3) to reduce the 
loads of solid material arriving at the in-town reach. This also makes the river an interesting case-study for field 
investigation of sediment transport, as two locations exist where deposited volumes can be measured. On the other hand, 
unfortunately, river sections where the flow rate is measured are not present. 

The present manuscript is part of a research project oriented to (i) monitoring the sediment transport in the Caldone river 
by tracking sediment cobbles equipped with radio sensors, (ii) measuring the sediment volumes in the retention basins 
and (iii) creating synthetic hydro-morphologic scenarios to assess flood hazard induced by the river. Analysis and 
interpretation of field data and generation of scenarios require the flow rate as a major parameter of the system. 
Therefore, the specific objective of the manuscript is to present the strategy adopted to indirectly measure the flow rate at 
an ungauged section in the upper course of the river, by combining different techniques into a package for quick and safe 
measurements. 

2. DESCRIPTION OF THE TO-BE-GAUGED RIVER SECTION 

Two sections where indirect measurement of the flow rate would be possible were identified and are marked by circles in 
Fig. 1. This manuscript is focused onto the upstream one, where an arch bridge is present as showed in Fig. 4(a). The 
width of the bridge is around 6 m, and the top elevation of the parapet wall is about 5 m above the river bed elevation. A 
check-dam is located 15 m downstream of the bridge (Fig. 4b), corresponding with a transition from a relatively quiet flow 
to a gorge. The fall of the check-dam is as high as several meters, thus excluding any backwater effect. Based on this, a 
relative stability of the section geometry and of the flow profile can be expected. The section was considered suitable for 
discharge measurement also because the presence of the bridge walls tends to straighten the flow. 
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Figure 1. The lower 5 km of the Caldone river. The picture also indicates the locations where the pictures of Fig. 2 (green triangles) and 
Fig. 3 (white squares) were taken and the bridge sections where indirect measurement of the flow rate is targeted (black circles, only the 
upstream section being considered in the manuscript). 

(a)     (b) 
Figure 2. (a) The Caldone in its upper course and (b) the outlet of a first culvert in the town center. Locations where the pictures were 
taken (June 10th, 2016) are indicated in Fig. 1. 

(a)     (b) 
Figure 3. (a) The upper and (b) lower sediment retention basins. Locations where the pictures were taken (June 10th, 2016) are indicated 
in Fig. 1. 
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(a)     (b) 
Figure 4. (a) The bridge section under consideration (upper black circle in Fig. 1) and (b) the check-dam downstream of the bridge. The 
white circle identifies the place where the camera was attached. 

3. MEASURING TECHNIQUES: UAV, TOTAL STATION, PROPELLER AND LSPIV 

UAVs have been recently used for spatial surveys oriented to different applications (e.g., Gini et al., 2014). The drone 
model used was a DJI Phantom 2 Vision 2, ideal to be used in zones with limited human presence as the site described 
here. A metric camera captured images with a resolution of 14 Mpixel corresponding to an area of 40 m × 60 m. Some 
targets were laid on the ground, to be used for image calibration. The drone was used for a general reconstruction of the 
site topography. The limitation of this technique was related with its inability to identify the bed under water. 

The total station was a Topcon Gpt 3105 n instrument that furnished the under-water bed elevation. Planimetric position 
was determined using GPS and all the surveyed points were referred to this reference position. A Digital Terrain Model 
(5 m × 5 m) was used to attribute an elevation to the reference point and, as a consequence, to all the others. Also the 
elevations measured by the UAV were referred to this location by preliminarily surveying the targets. 

A 12-cm propeller (SIAP ME 4001) was used to measure the flow velocity at a number of points within the cross section of 
the flow. The instrument was dipped into water by attaching it to a stick that was held from above the bridge. Acquisition 
time was 30 s and point-wise measurements at 10 locations within the cross section were repeated four times to check 
stability of the measured values. 

The free surface was filmed from above the bridge using an action-camera (GoPro Hero 4 Black) that was attached to the 
parapet wall of the river in the position depicted in Fig. 4(a). In order to have some tracer material in the pictures, magnolia 
leaves were spread over the surface. However, reflections of the free surface also worked well for detection of movement. 
Movies with duration of 2–3 minutes were captured for application of Large-Scale Particle Image Velocimetry (e.g., Fujita 
et al., 1998). The image-processing analysis was performed using the software tools already developed by Radice et al. 
(2006) for a different laboratory application. 

4. RESULTS 

4.1 Site reconstruction by the UAV 

Figure 5 presents a three-dimensional reconstruction of the site, obtained from the UAV flight of June 14th, 2016. The 
previously mentioned check-dam is visible downstream of the bridge. The data from the UAV were used in conjunction 
with those of the total station to obtain the cross section of the river under the bridge and the cross section of the check-
dam that will be used in following hydraulic computations (see sub-section 4.5). 

 
Figure 5. Three-dimensional site reconstruction by the UAV flight of June 14th, 2016. 
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4.2 Cross section 

The cross section of the river at the downstream edge of the bridge was surveyed on June 14th and July 20th, 2016. In the 
former case it was obtained from the UAV and total station data, while in the latter case it was obtained by measuring with 
a meter the vertical distance between the parapet wall and the river bed after dipping a stick into water until it touched the 
bed. The precision of the second measurement was obviously lower than that of the first one, but it was considered fully 
acceptable for the purpose of assessing the section stability. The profiles surveyed on the two dates are depicted in Fig. 6 
and tentatively indicate (for the short period between the two measurements) the stability of the river bed at the considered 
section. 

 
Figure 6. Surveyed profiles of the river cross section at the downstream edge of the bridge. 

4.3 Cross-sectional flow velocity distribution 

The propeller was used to measure the flow velocity at a number of points within the cross section, again on June 14th and 
July 20th, 2016. The measured flow velocities were used to compute the flow rate as the integral of the velocity distribution. 
Figure 7 depicts the measuring locations. The flow discharge computed from the survey of June 14th was 0.585 m3/s and 
the one from the survey of July 20th was 0.167 m3/s. As seen, the measuring grid on June 14th was coarser than that for 
July 20th. A sensitivity analysis was therefore performed with reference to the data of July 20th, demonstrating how the 
computed value of water discharges could depend on the used measuring grid. The results of the analysis are depicted in 
Fig. 8, from which it is seen that the computed flow rate was not significantly affected by the number of measuring 
locations within a single vertical, whilst it could depend on the number of vertical lines in the measuring grid. However, 
maximum and minimum values of the computed flow rate were 0.178 m3/s and 0.167 m3/s, respectively. The deviation of 
values was limited to 15 %, that was considered a reasonable uncertainty. This finding will also represent a guideline for 
future measurements, that shall thus target a suitable number of verticals but will use a point spacing larger than the one 
used for the survey of July 20th. 

 

 
Figure 7. Locations where the flow velocity was measured with the propeller on June 14th and July 20th, 2016. 
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Figure 8. Sub-sampling the data of July 20th, 2016 by coarsening the grid for computation of the flow rate. Discharge values are, from top 
to bottom, 0.178 m3/s, 0.167 m3/s and 0.178 m3/s. Symbols are as in Fig. 7. 

4.4 Surface velocity 

The surface velocity pattern was measured, as said, applying Large-Scale Particle Image Velocimetry to the pictures 
obtained from the movies taken on site. Movies were taken on June 14th and July 20th, (on which the flow velocity was also 
measured with the propeller) and on several other days within the period from July 22nd to October 14th, 2016. Comparing 
the width of the cross section under investigation with the dimension of other rivers where the use of this measuring 
technique was documented (e.g., Creutin et al., 2003; Jodeau et al., 2008; Le Coz et al., 2010), the application 
documented here was actually intermediate with typical laboratory scales and large scales used in field conditions. 

The PIV algorithm by Radice et al. (2006) does not work with the original pictures, but images corresponding to the 
difference between subsequent frames are preliminarily created to highlight motions. PIV is then applied to couples of 
image differences, therefore the measurement of an ‘instantaneous’ velocity pattern requires three frames of an original 
movie. The parameters that the user can set to measure the surface velocity are (i) a measuring grid including several 
rectangular cells, (ii) maximum expected velocity values in the stream-wise and transverse directions and (iii) the 
separation time between images. For the last point, it is further specified that the image sampling was continuous with a 
frequency of 30 fps, but the frequency could be reduced by using larger separation times to make the tracer 
displacements more evident in case of very low velocities. 

Some sample velocity fields are depicted in Fig. 9. Depending on the time of the day at which the movies were taken, 
stationary shadows could be present in the images, disturbing the velocimetry process. For example, for the measurement 
of July 31st, the shadow was almost still and, consequently, a lot of vanishing velocity values were measured when the 
tracer concentration was low and the shadow was actually more visible than the tracer leaves. In these situations, an 
offset of the cells of the PIV measuring grid could be used, under the assumption that the stream-wise variability of the 
surface velocity was small. This procedure enabled the presence of shadows to be efficiently bypassed. 
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The measured surface velocity fields (Fig. 9) present transverse velocities that are much lower than the stream-wise 
velocities, demonstrating the one-dimensional flow that was also determined by a straightening action of the bridge walls. 
In addition, the transverse variability of the stream-wise velocity was smooth, indicating that the durations based on which 
the average velocity pattern was computed were long enough for stable average values to be obtained. 

(a)  

(b)  

(c)  

(d)  

Figure 9. Surface velocity fields measured by Large-Scale Particle Image Velocimetry on (a) July 20th, (b) July 31st, (c) August 5th and (d) 
October 14th. 

4.5 Calibration and use of a transfer function between flow discharge and surface velocity 

Since the objective of the study is to use the surface velocity fields to compute the value of the flow discharge, a transfer 
function was needed for the purpose. Experimental values of such a function were available only for the surveys of June 
14th and July 20th. The surface velocity was accounted for using both its maximum value and its width-averaged value. 
both values expectedly increased with the flow discharge (Fig. 10), but two points were not enough to calibrate the needed 
function. 

A hydraulic computation was used to support the analysis. The cross section at the bridge was used in conjunction with 
the cross section of the check-dam. A steady flow profile was computed for a range of discharges, imposing the critical 
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flow at the check-dam, that was a suitable downstream boundary condition given the features of the flow in this short 
computational reach. Finally, the section-average flow velocity that was computed at the bridge section was put in relation 
with the flow rate. Also the result of the hydraulic computation is depicted in Fig. 10. The computed section-averaged 
velocity was lower than the measured surface velocities, in agreement with an expected velocity distribution. The 
quantitative relationship between the discharge and the section-average velocity was well represented by a power-law 
Vbulk = 0.321 × Q0.649, with Vbulk as the section-average velocity and Q as the flow rate. 

The slope of the power law and the slope of the experimental relationship between average and maximum surface 
velocities were quite similar. It was therefore assumed that exponents for two other power laws would be the same as that 
for the first one. Multiplicative constants were instead calibrated in order to represent the relationship between Q and 
average surface velocity (Vsurf,av) and between Q and maximum surface velocity (Vsurf,max). Obtained constants were 0.690 
and 0.885, respectively. 

Taking advantage of the calibrated transfer functions, discharge values could be computed for the days in which movies 
were taken, in turn providing values for Vsurf,av and Vsurf,max. It is obviously acknowledged that this computation of discharge 
requires a strong extrapolation in light of the few calibration points and of the range of flow rates they correspond to. 
However, the procedure proposed here is conceptually analogous to the assumptions of a constant float coefficient or of a 
predetermined shape of the velocity profile that are implemented in other works using LS-PIV to measure the flow 
discharge (see, for review, Muste et al., 2008). 

A quantification of the uncertainty embedded in the measurement can be obtained comparing the discharge values 
computed on the basis of Vsurf,av and those computed on the basis of Vsurf,max. As appreciable from Fig. 10 and 
demonstrated in Fig. 11, such an uncertainty was around 15 %, that is an acceptable value compared to those 
documented in earlier uses of LS-PIV. 

 

Figure 10. Relationship between the flow discharge and velocities: from hydraulic computation of a short reach (hollow diamonds with 
solid line as the interpolating power law), from measurements (gray circles and black triangles), and computed discharge values based on 
transfer functions (plus and cross symbols). 

  

Figure 11. Comparison between discharge values obtained from Vsurf,av and from Vsurf,max; error lines correspond to ±15 %. 

5. RECENT MODERATE-FLOW EVENTS, USE OF THE DATA AND FOLLOW-UP WORK 

Based on the above results, a succession of moderate-flow events taking place during the period from July 22nd to 
October 14th, 2016 could be monitored. The temporal distribution of these events is depicted in Fig. 12. 
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Figure 12. Flows measured during summer and autumn 2016, with January 1st as day 1. 

Further work is envisaged at two levels, the first related with improvement of the measurement reliability and the second 
with the study of the river. 

The transfer function calibrated in this work was obtained based on only two measuring points and supporting a trend by 
hydraulic computations. Additional joint measurements of discharge by the propeller and velocity by LS-PIV shall be 
performed to strengthen the calibration and extend its range of flow rates as much as possible. 

Discharge measurements will permit to characterize a flow duration curve for the investigated section, that is necessary to 
analyze the long-term behavior of the river. Discharge data will be then used in conjunction with data for sediment tracking 
and sediment deposition in the retention basins, for a characterization of the sediment transport regime of the Caldone 
river. The experimental work shall finally enable suitable hydro-morphologic flood scenario to be simulated for risk 
assessment, in analogy with studies performed for other sites (e.g., Neuhold et al., 2009; Radice et al., 2012, 2013; 
Pender et al., 2016). 

6. CONCLUSIONS 

Some different surveying techniques were jointly applied at a river section in order to make it a gauged one. A traditional 
total station and a UAV were used for the topographic survey, while a propeller and an action-camera were used to 
measure, respectively, the flow rate and the surface velocity field by image analysis. A tentative transfer function from 
surface velocity to flow discharge was calibrated and used to measure the flow rate during some moderate-flow events in 
2016. Several repetitions of the measurements are envisaged in the future for different flow conditions. 
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