") Check for updates

9 British
NHF C/) Hydrological m
N Society PUBLISHING

Hydrology Research

© 2023 The Authors Hydrology Research Vol 54 No 6, 782 doi: 10.2166/nh.2023.011

Fluorescent quinine-based tracking techniques for measurement of open-channel
surface flow velocities under low luminosity conditions using a UAS

Soheil Zehsaz (©ab.*, Jodo L. M. P. de Lima‘=ab, jorge M. G. P. Isidoro (Zac, M. Isabel P. de Lima{=ab
and Ricardo Martins (d

@ MARE-Marine and Environmental Sciences Centre/ARNET-Aquatic Research Network, Pole MARE -UCoimbra, Polo Il University of Coimbra, Rua Silvio Lima,
3030-790 Coimbra, Portugal

b pepartment of Civil Engineering, Faculty of Sciences and Technology, University of Coimbra, Rua Luis Reis Santos, P6lo Il - Universidade de Coimbra, 3030-788
Coimbra, Portugal

¢ Department of Civil Engineering, Institute of Engineering, University of Algarve, 8005-139 Faro, Portugal

4 RISCO-Research Centre for Risks and Sustainability in Construction, Department of Civil Engineering, University of Aveiro, 3810-193 Aveiro, Portugal
*Corresponding author. E-mail: s.zehsaz@dec.uc.pt

SZ, 0000-0003-3287-7707; JLMPL, 0000-0002-0135-2249; JMGPI, 0000-0002-6901-5652; MIPd, 0000-0002-5134-4175; RM, 0000-0002-2871-668X

ABSTRACT

This study presents techniques based on the use of fluorescent quinine as a visual tracer for surface flows, to assess surface flow velocities in
channels and streams under low luminosity conditions. Fieldwork was conducted in three open channels, with different hydraulic character-
istics. A quinine solution, in both liquid and solid (ice cube) forms, was applied on the water flow surface and an Unmanned Aerial System
(UAS) was used to record the movement of the fluorescent quinine. The results were compared to the velocities estimated using the thermal
tracer technique and flowmeter-based velocity maps. The findings show that the quinine solution, in both liquid and solid forms, can be used
to estimate open-channel surface flow velocities under low luminosity conditions. While the solid form of the quinine tracer was applied in a
smaller volume than the liquid tracer, its fluorescence effect persisted longer. By comparison, the liquid tracer had the advantage of continual
availability and was devoid of the constraint of melting.
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HIGHLIGHTS

® Using a UAS for surface flow velocity measurements can improve data recording in hard-to-reach survey sites.

® The new quinine-based tracer allows us to observe the spatiotemporal water movement in open channels and to estimate surface flow
velocities under low luminosity conditions.

® Quinine tracer has high visibility under UVA light in low luminosity conditions.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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GRAPHICAL ABSTRACT
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INTRODUCTION

Accurate measurement of surface water flow velocities and discharges is essential for both engineering purposes and environ-
mental monitoring. Precise estimations of flow velocities are particularly important for understanding and modelling runoff.

Tracers are commonly used in hydrological studies to estimate surface flow velocities. Various types of tracers are used,
including non-fluorescent tracers such as dye (e.g., de Lima & Abrantes 2014; Abrantes et al. 2018), fluorescent dye tracers
(e.g., Leibundgut et al. 2009; Zhang et al. 2010), buoyant particles (e.g., Tauro et al. 2012; Mujtaba & de Lima 2018), salt
tracers and electrolytes (e.g., Lei ef al. 2010; Schuetz et al. 2012; Abrantes et al. 2018), and thermal tracers (e.g., Schuetz
et al. 2012; de Lima & Abrantes 2014; de Lima et al. 2015; Abrantes et al. 2018; Mujtaba & de Lima 2018; Abrantes
et al. 2019).

Fluorescent dye tracers are common in hydrology for identifying connections between groundwater supply points (e.g.,
sinkholes and karst windows), discharge points (e.g., springs and wells), and estimating sheet flow velocities (e.g., Gilley
et al. 1990; Buzady et al. 2006; Leibundgut et al. 2009; Zhang et al. 2010; de Lima et al. 2021; Zehsaz et al. 2022). Several
environmental non-hazardous dyes such as uranine, rhodamine WT, eosin, CI Direct Yellow 96, as well as other optical
brighteners, are widely accessible and used. The environmental impact of fluorescent tracers is considered tolerable since
the quantity of fluorescent material used in hydrological studies is insignificant (e.g., Aley & Fletcher 1976; Buzady et al.
2006; Leibundgut et al. 2009).

In recent decades, remote sensing techniques using Unmanned Aerial Systems (UASs) have emerged as a valid and cost-
effective alternative to in sifu environmental measurements, including river discharge, streamflow velocities (e.g., Tauro ef al.
2015; Fulton et al. 2020; Masafu et al. 2022), and water quality parameters (e.g., Su 2017). Some studies provide an overview
of the contribution of UASs regarding natural and agricultural ecosystems monitoring (e.g., Manfreda ef al. 2018; Tmusic
et al. 2020). UAS, equipped with a gimbal-mounted camera, are now relatively inexpensive and able to record high-resolution
images and videos.

de Lima et al. (2021) recently presented a proof of concept for using quinine solution as a fluorescent tracer for shallow
overland flows over bare soil conditions, while Zehsaz et al. (2022) explored its potential for estimating sheet flow velocities
over mulched, vegetated, and paved surfaces. The results from this technique were found to be positively correlated with the
results of the dye and thermal tracer techniques in both studies. The results indicate that using quinine solution as a fluor-
escent tracer offers several advantages, such as high visibility under ultraviolet A (UVA) light and under low luminosity
conditions, low cost, and neglectable environmental impact. However, the quinine tracer requires UVA artificial illumination
during the experimental procedure, creating an inherent limitation to the fluorescent tracer technique.
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This experimental study builds on the work of de Lima ef al. (2021) and Zehsaz et al. (2022) by further exploring the capa-
bility of quinine-based tracers. Both liquid and solid forms of quinine solution were used as fluorescent tracers to estimate
surface velocities in flowing surface water bodies, such as rivers, irrigation channels, and drainage channels. This study
explores several application methods to test the tracer’s effectiveness in estimating open-channel flow surface velocities
under low luminosity field conditions using a UAS. This study’s primary objectives are: (i) to evaluate the tracer’s ability
to estimate flow surface velocities in low luminosity conditions, (ii) to investigate different tracer application methods, and
(iii) to compare results obtained using two quinine-based tracers: liquid and solid (ice cubes).

MATERIALS AND METHODS

Location of field study sites and experimental setup

A conceptual illustration of the field setups required to conduct fluorescent tracer-based experiments for estimating surface
flow velocities in open channels is shown in Figure 1. Different quinine-based tracers (e.g., liquid and solid) and tracer appli-
cation methods (e.g., point and linear) were compared. The experiments were conducted at three locations: (i) an irrigation
concrete-lined channel (40°13'01.4”N, 8°26'23.2” W), with a surface water width of 7 m; (ii) a drainage earth channel - site 1
(40°13'09.7”N, 8°27'14.4”W), with a surface water width of 3.5 m; and (iii) a drainage earth channel - site 2 (40°13'03.1”N,
8°26/'38.6” W) with a surface water width of 3.9 m. The locations and views of all three study sites are shown in Figures 2 and
3. The selection of the three sites was based on several criteria, including (1) easy access to the measuring site for installing the
experimental setup and applying the tracers; (2) less vegetation cover on the margins of the channels (to avoid hindering a
clear view of the flow from the UAS); (3) a small number of obstacles around the selected location (such as buildings or trees,
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Figure 1 | (a) Pictorial conceptual representation of the types of field setups needed for conducting fluorescent (quinine) tracer field
observations, (b) illustration of the field setups used in this study: UAS was used in the drainage channel and the thermal (infrared) camera
was used in the irrigation channel.
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Figure 3 | Views of the three selected sites in open channels: (a) drainage channel - site 1; (b) drainage channel - site 2; (c) irrigation channel.
Drainage channel sites 1 and 2 are, respectively, downstream and upstream sections of the same drainage ditch.

to reduce the risk of crashing the UAS during the flights); and (4) different open-channel hydraulic conditions (velocity, flow)
in each study site (Table 1).

To expose the fluorescent tracer, two UVA lamps with a Blacklight Blue (BLB) light bulb were used, with one lamp on each
side of the measuring frame, aligned parallel to the flow direction (see Figure 1(b)). These lamps are characterised by a nom-
inal power of 36 W, UVA irradiance at 20 cm, 315-400 nm: 350 mW/cm?; and peak emission wavelength of 0.354 um. The
two lamps, pointing to the water surface, were installed close to the centre of the channels, separated by 1.2 m (each lamp
0.6 m from the centre of the channel), and suspended from high-resistance strings attached to metal bars on channel margins.
A measuring frame (i.e., observation area) with 1.0 m x 1.0 m was located between the lamps. A UAS was used to monitor
(video record) the tracer application in the selected locations of the channels.
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Table 1 | Hydraulic conditions of the three selected sites in open channels

Temperature (°C)

Discharge Water surface Max water
Location Channel structure channel shape (m?s) width (m) depth (m) Water Ambient
Irrigation channel Concrete Trapezoidal  4.25 7.0 2.0 19 14
Drainage channel - site 1 ~ Earth channel (soil) U-shape 0.59 39 0.7 20 19
Drainage channel - site 2 Earth channel (soil) with a rocky bed U-shape 0.52 35 0.5 20 19

Tracers

Quinine is extracted from cinchona tree and is used in medicine for treatment purposes (e.g., Diener et al. 2002; Geto et al. 2012)
and as a bitter flavouring agent in soft drinks such as tonic water (EFSA 2015). The fluorescence property of a diluted solution of
quinine allows the tracking of the tracer on the surface of flowing water. Quinine-based tracers, in liquid and solid (ice cubes)
forms, used monohydrochloride dihydrate 99% (ACROS Organics™). This form of quinine, used in small quantities and low
concentrations, has no ecotoxicological effects on the environment and is not likely to be mobilised in the soil due to its low
water solubility (Thermo Fisher Scientific 2021). Quinine luminosity was optimised by setting the solution pH at 3.7 and the
concentration at 80 mg/L. It was observed, similarly to Moorthy et al. (1998), that even a small difference in the pH makes a
substantial difference in its luminescence. Therefore, to ensure that the properties that maximise the luminescence were kept
as long as possible during the measurements, the quinine solution was frozen. The size of the ice cubes used in all the exper-
iments was 0.04m x 0.035m x 0.0l m (~14 mL) (for simplicity the informal expression ‘ice cubes’ is here used,
notwithstanding that iced regular hexahedrons were not used). The ice cubes showed a similar fluorescence effect to the
liquid form of the solution (Figure 4) and could be used as a thermal tracer (e.g., Abrantes et al. 2019). Results obtained by
the two techniques, based on the fluorescence and thermal attributes of the quinine tracer, were compared.

Tracer application methods

The quinine-based tracers were tested under similar conditions (e.g., same straight channel section; approximately the same
discharge, flow depths and velocities). Several methods for applying the liquid and solid quinine tracers into the flow surface
were tested during the field experiments (Table 2), namely, point and linear applications. The liquid tracer volumes used with
the point and linear application methods were 250 and 450 mL, respectively. The quantity of the liquid tracer solution used
was the minimum that allowed tracking the tracer during the experiments. In the solid tracer release door container method,
the ice cubes were released from approximately 0.20 m above the water surface. In the solid spill container, the ice cubes were
spilt on the water surface at one point. For all cases, the application of the tracers was conducted carefully to minimally dis-
rupt the flow.

Flow measurement

An electromagnetic flowmeter (Valeport Model 801) was used to measure flow velocities in the studied drainage open chan-
nels, in the selected cross-sections (sites 1 and 2) and draw the surface velocity fields. Due to access difficulties, the flowmeter

Figure 4 | Visualisation of the quinine tracer in different forms and glow intensities with different pH values and the same quinine con-
centration (80 mg/L). Left image: quinine liquid solutions of (a) pH=2.3; (b) pH =3.7; (c) pH = 4.7, right image: ice cubes made of quinine
solution with a pH of 3.7. All tracers are under UVA light.
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Table 2 | Tracer forms (liquid and solid) and methods of tracer application (point and linear) into the flowing water surface used during the
field experiments

Tracer application method

Tracer form Point Linear

Liquid spill container series

S —)

Box container

Moving can

Solid \ T AT A i T
L &~ s

) ¥
_gC Solid spill container series

Spill container

Spill container  Rejease door
container

was not used in the irrigation channel. The technical specifications of the flowmeter are as follows: measuring range of —5 to
+5 m/s; accuracy of +0.5%; sensing volume: cylinder of approximately 20 mm diameter x 10 mm height and minimum
measuring water depth of 5 cm.

UAS and video recording systems

The real imaging video and photographs were recorded using a camera with a gimbal installed on a DJI Phantom 4 Pro quad-
copter UAS controlled manually with the DJI GO 4 mobile application. The equipment specifications are presented in
Table 3.

The thermal videos were recorded with the FLIR DUO PRO R infrared camera (resolution: 336 x 256 pixels; accuracy:
+5°C or 5% of readings in the —25 to +135 °C range; spectral range: 7.5-13.5 um). The cameras were installed with the
sensor parallel to the water surface.

To gather the data needed for this study, the UAS was used to record real videos of quinine tracer movement in the drainage
channel and the FLIR DUO R infrared camera was installed on a bridge over the irrigation channel to capture thermal and
real video images simultaneously.

Table 3 | Technical specifications of the Phantom 4 Pro UAS and camera systems

Aircraft Gimbal Camera
Weight (battery and 1,375 ¢ Stabilisation Three-axis Sensor 1-inch CMOS
propellers included) Effective pixels: 20M
Diagonal size 350 mm Controllable range ~ —90° to +30°  Lens FOV 84° 8.8 mm/24 mm
(propellers excluded) (35 mm format equivalent)
/2.8
Max. speed S-mode: 20 m/s Max. controllable 90°/s Image size 3:2 Aspect Ratio:
A-mode: 16 m/s angular speed 5,472 x 3,648 pixels
P-mode: 14 m/s
Max. wind 10 m/s Video recording  C4K: 4,096 x 2,160 pixels
speed resistance mode Max video bitrate: 100 Mbps
Max. flight time Approx. 30 min
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Field experimental procedure

At the selected cross-sections of the drainage channel, the water surface width was measured, as well as the depth of the water
at regular spatial intervals (every 0.40 m) between the banks. The electromagnetic flowmeter was used to measure the flow
velocities at several points in the cross-section; 23 and 25 measurements were taken, respectively, for drainage channel - sites
1 and 2. Cross-section velocity maps were created based on these measurements; for the wall and bed boundary layer of the
channels, the flow velocity was assumed 0 m/s. A physical interpolation method, Thin Plate Spline (TPS) algorithm, was
applied to the data to create the flow velocity maps.

The discharge in the drainage channels was estimated by spatially integrating the measured flow velocities. Tracers were
applied carefully on the water surface, using an extension wooden bar, 0.2 m upstream of the measuring frame to minimise
any interference in the stream. The movement of the tracers along the measuring frame was recorded with the FLIR DUO R
infrared camera for the irrigation channel and with the real video camera installed on the UAS for the drainage channel.
During the field experiments, three replicates of video recordings were conducted for each test (form and method of
tracer application). While recording the fluorescent tracers in the drainage channels, the UAS was flying in P-mode, (e.g.,
maintaining a fixed GPS-controlled position) above the water surface with the camera’s sensor parallel and 2.6 m above
the water surface. The infrared camera was fixed to a tripod on the top of a bridge over the irrigation channel, recording
real and thermal videos, with the camera’s lenses 4 m above, and parallel to, the water surface. The water temperature in
the selected cross-sections and the ambient temperature were measured (Table 1). The infrared camera provided data on
the water temperature, while a cell phone application was used to collect information on the ambient temperature. The exper-
iments were conducted without interference from the wind on the water surface.

Velocity estimation and image processing method

The flow velocities were calculated from the video snapshots, for all quinine-based and thermal tracers. Methods of velocity
estimation for all tracer forms and applications are illustrated in Figure 5.

The surface velocity Vs was estimated by calculating the travel distance of the tracers’ plume leading-edge (leading vertex)
or leading-front (averaged discrete points, in the linear applications) over time Af, within the measuring frame (de Lima ef al.
2021; Zehsaz et al. 2022). When using solid tracers, the travel distance of each ice cube over time Af was calculated separ-
ately, according to the procedure described in de Lima ef al. (2023). The surface velocity Vs was considered as the average of
the velocities estimated for a group of ice cubes, in both the point and linear application methods.

Methodology overview

Figure 6 shows a schematic flowchart that illustrates the methodological steps applied in this work for (i) estimating open
channels’ surface flow velocities using tracers and (ii) estimating cross-section velocity profiles and discharge, using a hydrau-
lic flow velocity meter (i.e., flowmeter). In fieldwork, to collect images of the water surface observation area, the use of a
camera installed on a UAS might be considered when the conventional deployment of a camera is not viable. The flowchart
describes field work, data processing and outputs.

RESULTS AND DISCUSSION

Figure 7 shows recorded images from drainage channel - site 2, for the different forms and applications of quinine tracer into
the flow (see Table 2). Each pair of images (Figure 7(a)-7(g)) highlights (in red) the displacement, for a time step of At =1 s, of
the: tracer plume for point application of liquid tracer (a); leading-front of the tracer plume for linear application of liquid
tracer (b-d); ice cubes, for point application of ice cubes (e and f), and linear application of ice cubes (g). This set of
images (Figure 7) shows that both solid and liquid forms of quinine tracer can be easily detected under low luminosity con-
ditions with a UVA light.

When tracing the leading-edge diffusion limits the time frame to perform the measurements, as well as introducing difficul-
ties in the measurement. However, the movement of marked points on the tracer’s leading front line was accurately
monitored, as depicted in Figure 7(b)-7(d). Point and linear applications presented distinct difficulties with the former detec-
tion being considerably more straightforward than the latter.

Unlike the liquid form of tracers, the ice cubes kept their shape and fluorescent concentration during the experiments,
facilitating the monitoring and measuring of the travel distance of the cubes over time within the measuring frame
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Figure 5 | lllustration of the fluorescent tracer methods for estimating surface flow velocity with liquid and solid tracers. (a) Velocity
estimation of tracer point application; (b) velocity estimation of tracer linear application. In the figure, L is the travel distance of the solid
tracers or leading-edge or leading-front of the liquid tracers within time At.

(Figure 7(e)-7(g). The differences between the spill and release door container methods are shown in Figure 7(e) and 7(f).
When using the spill container method, the ice cubes moved closer to each other, resulting in a closer estimate of surface
flow velocities at the point where the tracer was applied.

The flow surface velocities (V) obtained by applying a quinine tracer, and the procedure described in ‘Field experimental
procedure’ section for all three experimental sites, are summarised in Table 4, where the mean and standard deviation (S.D.)
for the three experimental replicates are also presented.

The FLIR DUO R infrared camera’s ability to record dual images (thermal and real video images simultaneously) facilitated
the comparison of two tracer techniques under the same conditions (e.g., form of tracer, application method of tracer, and
volume of tracer). Specifically, thermal imaging was exclusively employed in the irrigation channel, and the results for
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Figure 6 | Flowchart of field experimental procedure and data processing steps.

each tracer application method (point and linear) were obtained from the same set of experiments (form and volume of
tracer), using both thermal and fluorescent tracing techniques.

Table 4 presents the results of the velocity estimates for the irrigation channel, obtained using the quinine and ther-
mal tracer techniques. Figure 8 illustrates the comparison of surface velocities (V;) estimated by applying the solid
quinine and thermal tracer techniques. The obtained results showed that both applied tracing techniques (quinine
and thermal) yielded highly consistent estimates, with a variation of less than 4% between them as depicted in
Figure 8.

Figure 9 illustrates the flow depth and velocity distribution maps for the selected cross-sections in drainage channel - sites 1
and 2. The velocity data, measured by the electromagnetic flowmeter, enabled the comparison of the surface velocity esti-
mations using fluorescent quinine with those obtained using the flowmeter.

The surface velocities estimated using the liquid and solid tracer forms were compared against the velocities in the positions
where the tracers were applied that were extracted from the velocity distribution maps obtained from electromagnetic flow-
meter measurements (Figure 10), for the drainage channel - sites 1 and 2. All tracer forms yielded similar results. This figure
suggests that the liquid tracer leads to slightly higher velocity estimates in comparison to the solid tracer-based velocity esti-
mates. This result can be interpreted as if the ice tracer is floating on the water surface and the liquid tracer moves slightly
under the surface. This could be expected from the typical velocity profile in open-channel flow, due to the larger friction
between the ice cube and the surface of the water with the air. Thus, the velocities estimated using ice cubes were lower
than those obtained using the liquid quinine tracer.

On average, the flowmeter measurement velocities resulted between 3.5 and 8.3% higher than the estimations using the
quinine tracer in drainage channel - site 1 and solid form of quinine tracer in drainage channel - site 2, respectively. How-
ever, the flowmeter yielded 2.6% lower velocities than the liquid quinine tracer in the drainage channel - site 2. This
discrepancy is likely caused by experimental and instrumental measurement errors.
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Flow direction

Figure 7 | Visualisation of the displacement of the tracer during a time interval At = 1 s (paired images), for different forms and applications
of quinine solution tracer in drainage channel - site 2: (a) liquid-point, (b) liquid-linear, container series, (c) liquid-linear, box container, (d)

liquid-linear, moving can, (e) solid-point, spill, (f) solid-point, release, and (g) solid-linear, container series. The horizontal and vertical scales in
all images are the same. Please refer to the online version of this paper to see this figure in colour: http://dx.doi.org/10.2166/nh.2023.011.

CONCLUSIONS

In this study, a UAS was used to assess the movement of fluorescent quinine tracers in different forms and application
methods and their ability to estimate open-channel surface flow velocities under low luminosity conditions. The conclusions
driven by the fieldwork in different sites are:

* Quinine solution tracer exposed to UVA light can be used to estimate open-channel surface flow velocities at night or under
low luminosity conditions.
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Table 4 | Surface flow velocities estimated using different forms and applications of quinine tracer for the drainage earth channel - site 1
(downstream section), drainage earth channel - site 2 (upstream section) and irrigation concrete channel, and thermal tracer for
the irrigation concrete channel

Surface velocity, Vs (m/s)

Location Discharge, Q (m%/s) Froude number Form of tracer  Application method Mean (three replicates) S.D.
Drainage earth channel -site 1  0.59 0.17 Solid Point-spill 0.42 0.017
Point-release 0.39 0.020
Linear 0.38 0.007
Mean (three methods)  0.40 -
S.D. 0.012 -
Liquid Point 0.42 0.017
Linear-container series 0.42 0.022
Linear-box container 0.41 0.019
Linear-moving can 0.39 0.007
Mean (four methods)  0.41 -
S.D. 0.012 -
Drainage earth channel - site 2 0.52 0.37 Solid Point-spill 0.71 0.015
Point-release 0.71 0.019
Linear 0.74 0.004
Mean (three methods) 0.72 -
S.D. 0.012 -
Liquid Point 0.75 0.01
Linear-container series 0.78 0.023
Mean (two methods) 0.76 -
S.D. 0.016 -
Irrigation concrete channel 4.25 0.11 Thermal Point-spill 0.5 0.013
Linear 0.48 0.018
Mean (two methods) 0.49 -
S.D. 0.01 -
Quinine-solid  Point-spill 0.52 0.003
Linear 0.48 0.029
Mean (two methods) 0.5 -
S.D. 0.02 -

Mean velocity and standard deviation (S.D.) for three replicates. The discharge was estimated by applying the area-velocity method, based on flowmeter measurements.

N th

point linear
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Figure 8 | Comparison of the tracer-based velocity estimates obtained from applying quinine and thermal tracers into the irrigation channel
flow.

* The fluorescent-based approach for estimating surface flow velocities is a simple and low-cost technique. Essentially, all that
is required are UVA lamps and a regular camera to make the observations. However, the installation of the setup, such as
fixing the lamps or camera, may require considerable effort, depending on the fieldwork and local conditions. The use of a
UAS can facilitate some of the setup installations, especially in cases where accessing the site is difficult. Installing cameras
on a UAS does not require carrying or fixing any heavy supports, such as tripods.
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Figure 9 | Maps of flow water depths (left) and cross-section velocity profiles (right) for drainage channel - site 1, cross-section A-A (top) and
site 2, cross-section B-B (bottom), estimated using a flowmeter.
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Figure 10 | Comparison between velocities measured using the quinine tracer (Vs quinine) and extracted from the velocity maps derived
from the flowmeter point measurements (Vs flowmeter), for the drainage channel sites 1 and 2.

* The advantage of using the solid (ice cubes) form of the quinine tracer over the liquid form was that, although the volume of
the solid tracer used in the experiment was smaller than the liquid tracer, the tracer in solid form was easier to track due to
diffusion of the liquid tracer in the channel flow. The liquid tracer plume is untraceable in a few seconds after applying the
tracer into the flow, whereas the ice cubes take time to melt, thus maintaining the same concentration of tracer during the
measuring time (the time lapse between the instants when the leading edge of the tracer enters and exits the measuring
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frame). However, in some conditions (e.g., high ambient temperatures), it might not be easy to have access to or maintain
the ice cubes solid in field conditions.

* When using the liquid tracer, the leading edge of the tracer plume is difficult to distinguish after a short while of the tracer
application. On the other hand, the linear application of the liquid tracer led to some difficulties when analysing the images
for estimating the surface velocities because it is challenging to track the marked points on the leading front line of the
tracer plume separately, within the measuring frame and time.

Based on the findings of the study and experimental conditions, the authors recommend using the solid form of the quinine
solution tracer as it is easier to track and keep a constant concentration of the tracer throughout the measuring time. For
measuring flow surface velocities at a specific point, the point application method is recommended, while the linear appli-
cation method is suggested for obtaining surface velocities across the channel or to estimate the average velocity within
the channel width.
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