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Abstract: When direct flow velocity measurements are not feasible, the use of tracers can be a valuable
tool. In the present study, both laboratory and field experiments were conducted to evaluate the
applicability of quinine as a fluorescent tracer for estimating mean sheet flow velocities in different
ambient light and surface morphology conditions. Quinine excels in low-light conditions when
exposed to UVA light. This tracer was compared with dye and thermal tracers, all in liquid form.
In these tracing techniques the tracers were injected into the flow, after which surface velocity was
estimated by tracking the leading edge of the tracer plumes and applying a correction factor to
calculate the mean velocity (in a water column). The visibility of the tracers was evaluated by
measuring the relative luminance and contrast ratio of the quinine and dye tracer plumes. Results
show that the quinine tracer can be used to estimate sheet flow velocities over a wide variety of soil
and urban surfaces; it has better visibility in comparison to the dye tracer but, in some conditions,
lower visibility than the thermal tracer. Although quinine is invisible under bright ambient light
conditions, this tracer technique requires low-cost experimental setup and is useful in low-light
conditions (e.g., night; twilight; shielded environments).

Keywords: quinine; fluorescence tracers; shallow flows; laboratory experiments; field experiments

1. Introduction

Although deep and large waterbodies, such as rivers, can be monitored with flow
measuring stations and systems (e.g., flow level gauges), some technical and logistic
challenges (e.g., limited access, steep slopes, very shallow water depths, heavy suspended
sediment loads) create difficulties in conducting direct flow velocity measurements [1–5].
The difficulties also extend to estimating shallow overland flow velocities, in particular for
sheet flow on surfaces with the presence of mulch or vegetation. However, the accurate
measurement of such flow velocities, either in urban or rural basins, is an important issue
in most hydraulic and hydrologic studies. It can help, e.g., to better describe and model
several processes, such as water quality (pollutant transport), water storage, hillslope
erosion and the dynamics of sediment transport.

A common approach for estimating surface flow velocities is to monitor the advection
using flow velocity tracing techniques. The most popular techniques rely on tracers such
as colour dyes (e.g., [6–10]), drifting/floating particles (e.g., [11,12]), salts and electrolytes
(e.g., [10,13,14]) or radioactive isotopes (e.g., [15]). Applications of such techniques, in
the laboratory and the field, have been the focus of many studies (e.g., [6,8,13,16–21]).

Agronomy 2022, 12, 2687. https://doi.org/10.3390/agronomy12112687 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy12112687
https://doi.org/10.3390/agronomy12112687
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-0135-2249
https://orcid.org/0000-0002-5134-4175
https://orcid.org/0000-0002-6901-5652
https://doi.org/10.3390/agronomy12112687
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy12112687?type=check_update&version=2


Agronomy 2022, 12, 2687 2 of 24

Additionally, a few recent studies have explored the use of thermal tracers to estimate
shallow overland flow velocities in laboratory and field conditions, relying on infrared-
thermography-based approaches (e.g., [9,10,12,14,22,23]).

The abovementioned flow velocity estimation methods assess different variables. For
example, in the salt tracing method, the electric conductivity (EC) of the salt solution
passed through EC sensors (installed at known downstream distances of the injection point)
is measured over time; this allows us to estimate the flow mean velocity (e.g., [13]). In
studies using isotopes, the oxygen and hydrogen isotopic compositions (δ18O and δ2H)
in water molecules are used to trace the movements of water in the rivers or catchments
(e.g., [15]). However, for other tracers (e.g., dye and thermal tracers), the methodological
frameworks have many similarities. By injecting dye and thermal tracers into the flow, the
estimation of shallow flow velocities is based on the determination of the travel time of
the leading edge of the tracer’s plume along a defined length, which provides an estimate
of the flow surface velocity [22,24]. The mean velocity (in a water column) can then be
determined by multiplying the surface’s leading edge velocity by a correction factor (α),
which is case-specific and a function of flow discharge, sediment load, surface morphology
and diffusion, amongst other variables (e.g., [12,17,24,25]).

In general, the quality of the detection of the tracers added to the flow is important
for the success of the measurements. To a certain extent, by increasing the quantity of the
injected liquid tracer, one improves its detection rate during the experimental procedure.
However, the use of a large tracer volume may have a significant impact on the flow field
hydrodynamics, therefore introducing errors in the velocity estimates. Moreover, some
tracer constituents may negatively impact the quality of the water and the environment.
Thus, there has been a continued search for tracers exhibiting the least impact on both the
flow hydraulics and the environment. Consequently, thermal tracer techniques that use
hot/cold water as the flow velocity tracer are rather advantageous over other approaches as
it does not impact the environment. However, the high cost of the thermographic cameras
that are needed for detecting the thermal tracer could restrict its applicability.

Fluorescent dye tracers are also common in hydrology (e.g., [24,26–29]). Several
nontoxic and noncarcinogenic dyes, e.g., uranine, rhodamine WT, eosin, CI Direct Yellow
96, as well as other optical brighteners can be easily accessible. These tracers are common
tools to identify connections between groundwater supply points (e.g., sinkholes and karst
windows) and discharge points (e.g., springs and wells) [27,28]. In these studies, passive
collectors, such as activated carbon packages or unbleached cotton, are used to detect the
fluorescent tracer by positioning them at monitoring points. Some of these fluorescent
tracers, such as rhodamine WT, perform well under sunlight, while others need to be
detected with the help of collectors and fluorometers [30]. Since in hydrological studies
the quantity of fluorescent tracers used is insignificant, its environmental impact due to
contamination is tolerable (e.g., [27,28,31]).

Recently, de Lima et al. [29] presented a proof of concept for using quinine as a
fluorescent tracer for surface flows over bare soil. This study used a quinine solution that
was injected into the flow and reported that, in comparison with the colour dye and thermal
tracer techniques: (i) the main advantages of using the fluorescent tracer technique are
the high visibility of the injected tracer under ultraviolet A (UVA) light for low-luminosity
conditions, less environmental damage and low-cost; (ii) the main disadvantage is that the
fluorescent tracer is not visible under sunny or luminous conditions.

In the present paper, the use of quinine as a fluorescent tracer was extended to the
estimation of the velocity of sheet flows over different mulched and vegetated soils and
paved urban surfaces, for different ambient light (day, twilight, night) conditions, based on
both laboratory and field experiments. Our results were compared with dye and thermal
tracer estimates. The objectives of this study include: (i) evaluating the applicability
of quinine as a fluorescent tracer (under UVA light) when estimating mean sheet flow
velocities (in a water column) in different ambient light and surface morphology conditions;
(ii) evaluating the visibility of the quinine tracer against dye and thermal tracers, for similar
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flow, surface and light conditions; (iii) assessing in which conditions, regarding surface
morphology and light, can the use of the quinine fluorescent tracer be advantageous.

2. Materials and Methods

This study is a follow-up of the exploratory small-scale laboratory experiments that
were carried out on a soil flume by de Lima et al. [29] for testing quinine as a flow ve-
locity fluorescent tracer. The present laboratory and field experimental conditions and
methodology are described in the next sections.

2.1. Laboratory Measurement Setup

A schematic representation of the laboratory experimental setup used for estimating
sheet flow velocities based on different liquid tracers is shown in Figure 1.
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Figure 1. Schematic representation (not to scale) of the laboratory soil flume setup for measuring
sheet flow velocities using fluorescent quinine, dye, and thermal tracers. The measuring frame is
0.30 m × 0.55 m. Sample views of the tested bare and mulched soil surfaces are also shown.

The variables and materials used for this set of experiments were:

(a) A rectangular soil flume (3.0 m long and 0.3 m wide) adjusted to a constant slope of
5% (≈2.86◦). The flume was prepared with a soil layer of 62 mm depth, with a bulk
density of 1100 kg/m3.

(b) An upstream water supply system that included a constant head tank and a feeder
box, which applied a known constant upstream flow of approximately 0.14 L/s over
the flume’s soil surface. The measuring frame was defined at 1.0 m distance from the
upstream flume section (incoming flow section).

(c) Different surfaces: (i) bare soil; (ii) soil covered with rice straw mulch levels of 0.5,
1.0 and 2.0 ton/ha. These straw mulch levels were used in experiments conducted in
other studies (e.g., [32,33]).

(d) Different flow velocity tracers (Section 2.3).
(e) A tubular ultraviolet lamp UVA (BLB light bulb), used for the detection of the fluores-

cent quinine tracer, with properties: nominal power of 36 W; UVA irradiance @ 20 cm;
315–400 nm; 350 mW/cm2.

(f) Optical and infrared sensors (Section 2.4).

The soil used in the flume experiments had a sandy loam texture, with sand, silt and
clay contents of, respectively, 79%, 10% and 11%, and a brownish colour. This type of soil
was used in previous studies, e.g., [9,29,34]. It was collected (40◦10′46.9′ ′ N, 8◦24′54.4′ ′ W)
from the right bank of river Mondego, on the outskirts of the city of Coimbra, Portugal.

Analysis of the images of the scanned area (i.e., the area recorded by the cameras,
or measuring frame; see Figure 1) using the Image Colour Extract PHP online image
processing tool [35] showed that the percentage of the area covered by the different mulch
levels was: mulch 0.5 ton/ha, 11%; mulch 1 ton/ha, 25%; and mulch 2 ton/ha, 48%. For
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simplicity, each image was converted to a black and white scale and, subsequently, the
percentage of area covered by each colour (black/white) was calculated.

2.2. Field Measurement Setup

The field experiments were carried out in an urban paved parking lot and in a Pine
and Eucalyptus forest site, both in the vicinity of the Department of Civil Engineering
of the Faculty of Sciences and Technology of the University of Coimbra (40◦11′08.8′ ′ N,
8◦24′51.1′ ′ W). A schematic view of the experimental field setup is shown in Figure 2.
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Figure 2. Schematic representation (not to scale) of the field experimental setup for fluorescent
(quinine), dye and thermal tracer measurements: (a) rural surface (vegetated soil surface), (b) urban
surface (paved surface). The measuring frame is 0.3 m × 0.6 m.

In the field, different surfaces were tested (Figure 3): (i) paved surface (concrete tiles
with 0.15 m × 0.1 m); (ii) soil surface covered with (1) vegetation with an average height of
0.15 m, (2) vegetation with an average height of 0.1 m, and (3) vegetation with an average
height of 0.05 m. The paved surface and the vegetated surface had a slope of 20% (≈11.3◦)
and 25% (≈14◦), respectively.

To guarantee that all field experiments on vegetated surfaces would be conducted for
the same conditions of soil, slope and type of vegetation, a test area was selected and a
scissor was used to cut the vegetation to the defined average height (Figure 4). This process
does not disturb the soil surface. Within the measuring frame, the percentage coverage of
the soil surface by the vegetation was calculated by the same method applied for estimating
the mulch coverage (Section 2.1). The soil in the area where the field experiments were
conducted has a loamy sand texture [36].
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Figure 3. Surfaces tested in the field: vegetated soil surface with (a) vegetation with an average height
of 0.15 m, (b) vegetation with an average height of 0.1 m, (c) vegetation with an average height of
0.05 m and (d) paved surface.
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Figure 4. Illustration of the different heights of the vegetation covering the soil in the field experi-
ments: average height of 0.15 m (top), 0.10 m (middle) and 0.05 m (bottom). A scissor was used to
cut the vegetation to the desired height.

In this field setup, a surface water supply system was installed 0.5 m upslope of the
measuring frame (Figure 2). The system was connected to a tap, allowing the application
of a known constant flow over the measuring frame: ≈0.21 L/s for the paved surfaces
and ≈0.4 L/s for the vegetated surfaces. Two parallel wooden bars, deployed along the
flow direction and distanced 0.3 m from each other, were used to guide the water flow
through the measuring frame. To detect the quinine tracer, the same type of ultraviolet
lamp used in the laboratory (Section 2.1) was used outdoors. Additionally, during daylight,
a removable tent (consisting of a simple structure supporting a black plastic) was used to
cover the measuring system and shade the measuring frame; this was necessary to create
darker light conditions, which allowed us to easily detect the quinine tracer during the day.
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2.3. Tracers

In the experiments, three tracers were used for estimating the velocity of sheet flows.
All tracers were applied in liquid form: fluorescent tracer, colour dye tracer, and thermal
tracer. For all the experiments and tracers, the tracer volume added/injected into the flow
was 10 mL. The procedures used to apply the tracers in the laboratory and field experiments
and to estimate the flow velocities are described in Sections 2.5 and 2.6, respectively.

2.3.1. Fluorescent Quinine

A quinine solution was used as a fluorescent tracer. Quinine is known as a bitter plant
alkaloid, which is extracted from the cinchona tree and has been, and continues to be, used
in medicine for treatment purposes (e.g., [37,38]) and in soft drinks. Recent regulations
on the use of quinine as a food additive in beverages allow a maximum concentration of
83 mg/L in the US [39] and of 100 mg/L in the European Union [40].

Preliminary tests were carried out to ascertain the concentration of quinine in water
to be used as a tracer. It is well known that tonic water glows under UVA light with
a vivid blue colour due to the fluorescence of quinine, so the tests were started using a
concentration of quinine in distilled water of 100 mg/L, which is close to the concentration
found in tonic water. However, the solution fluorescence is strongly dependent on pH, with
even a small difference in the pH making a difference in its glow. Thus, as the pH of the
solution affects the fluorescence [41], hydrochloric acid (HCl) was used to prepare different
solutions (i.e., solutions of different pH and quinine concentrations) and determine which
would exhibit the strongest glow. This was found for quinine solutions with a pH of 3.7
and a quinine concentration of 80 mg/L, thus, this was the combination used. For the
experiments described in this paper, quinine in the form of monohydrochloride dihydrate
99% (ACROS Organics™) was used. This form of quinine has no ecotoxicological effects on
the environment, and is not likely to be mobile in soil due to its low water solubility [42].

2.3.2. Colour Dye

For the colour dye tracer solution, a red food colouring (ingredients: carmoisine dye
(E122), ponceau dye 4R (E124), yellow dye (E104) and acetic acid (E260)) was used once it
had been diluted with tap water to a concentration of 20 mL/L.

2.3.3. Thermal

For the thermal tracer experiments, water was heated in a kettle to a temperature of
approximately 80 ◦C. Prior to the addition of the tracer to the flow, the temperature of the
water flowing overland was on average around 21.0 ◦C.

2.4. Video Recording Systems

Real and thermal video snapshots of the measuring frame were used to estimate
the leading edge velocities of the tracer plumes. The visible wavelength videos were
obtained using a 12.80 × 9.60 mm2 ISOCELL 2L2 (S5K2L2) CMOS sensor cropped to
4290 × 2800 pixels for the photographs, and 1920 × 1080 pixels for the video frames. The
thermal videos were recorded using a FLIR DUO PRO R infrared camera (resolution:
336 × 256 pixels; accuracy: +/−5 ◦C or 5% of readings in the –25 ◦C to +135 ◦C range;
spectral range: 7.5–13.5 µm). For all of the experiments, the cameras were deployed in
fixed positions; however, the positions of the optical camera and the infrared camera were
different, in order to capture the same measuring frame. Both cameras were attached to a
metal support structure and fixed, respectively, at 0.65 m and 1.5 m (in the laboratory) and
0.65 m and 2.0 m (in the field) above the soil surface (Figures 1 and 2) with the sensors of
the cameras parallel to the soil surface.

The infrared video camera produces a 2D visual image by detecting the invisible (to the
human eye) infrared energy emitted from the water and wet soil surface. Considering that
the imaging scale of the infrared camera is based on the temperature emissivity coefficients
of the materials, and that the water and wet soil emissivity coefficients are very similar
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(maximum of 15%), for the working spectral range of the infrared camera, it can be assumed
that the associated errors are negligible [9,29].

During the indoor and outdoor experiments, at twilight and night, a lamp (40 W
incandescent light bulb) allowed us to visualise the dye tracer, whereas to visualise the
fluorescent tracer, it was essential that we used an ultraviolet (UVA) lamp (Section 2.1)
installed beside the flume and the field experiment setup. For experiments conducted
during the day, the installation was covered with black plastic to create darker light
conditions and improve the visibility of the quinine tracer when exposed to UVA light.

2.5. Experimental Procedure

In the laboratory and field experiments, the three flow velocity tracer techniques
(Section 2.3) were tested for the same soil/surface, slope gradient, and discharge conditions,
for all types of surface identified in Sections 2.1 and 2.2 (i.e., bare, mulched and vegetated
soil surfaces and paved surface). Over each surface, during the measurements, the flow
was driven by the upslope surface flow feeder system. The discharge was measured using
the volumetric method at the downstream outlet of the flume in the laboratory and at the
upstream inlet in the field experiments. The topsoil was dry at the beginning of the tests
but, prior to the measurements, the flow was left to run over the surface for a few minutes
(about 15 min) to wet/saturate the surface; this ensured the establishment of a steady-state
flow. In this condition, since the time of each tracer application test lasted a very short
time (10–12 s, which is related to the movement of each tracer plume within the measuring
frame), the error of having lateral or vertical infiltration interrupting the steady-state flow
was expectedly very low.

In the laboratory experiments, in order to avoid soil surface erosion, a small amount
of hydraulic cement (Portland cement) was spread over the surface and left to dry before
starting the experiments. In the field experiments, the presence of dense rooting of the
vegetation and small stone obstacles prevented soil erosion.

Optical and infrared video cameras (Section 2.4) were used to assess the movement
of the tracers added to the flow. The tracers were applied at a specific point of the surface
flow with the help of a syringe (Figures 1 and 2). To minimise the interference of the
injected tracer’s volume (10 mL) in the surface flow velocity measurements, the tracers
were applied approximately 0.2 m upslope of the measuring frame. Measurements of the
movement of the tracer plumes across the measuring frame were recorded (three replicates)
in separate videos (i.e., optical and infrared videos) for each tracer type and experimental
setting (flume or field surface). The conducting of three replicates per experiment applies
to both the laboratory and field experiments and the different tracers and surface classes.

The field experiments were conducted on separate days for each surface (Table 1),
during (a) day, (b) twilight and (c) night conditions. The twilight measurements started
about 5 min after sunset and finished before 30 min after sunset. The day and night
measurements were completed, respectively, 1 h before and 1 h after sunset (Table 1).

Table 1. Field experimental conditions: type of surface, discharge, slope gradient, and
meteorological information.

Surface Day Vegetation
Height (m) Discharge (L/s) Slope Gradient (%) Air Temperature (◦C) Flow Water

Temperature (◦C)
Sunset Time

(hh:mm)

Vegetated soil
1 0.15 0.40 25 23 20 20:51
2 0.10 0.39 25 23 21 20:52
3 0.05 0.40 25 22 21 20:53

Paved 1 - 0.21 20 25 20 20:51

2.6. Velocity Estimation Method

The leading edge velocity of the tracer plume was assessed based on the analysis of
the video snapshots of the measuring frame, as illustrated in Figure 5. The two snapshots
corresponding to the instants when the leading edge of tracer plume was arriving (t0)
and leaving (t1) the measuring frame, respectively, were identified, as well as the time
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lapse between them. These snapshots are superimposed in Figure 5. Thus, by tracking the
leading edge of the tracer, the surface velocity (Vtr) of the flow was estimated based on its
travel distance (L) and travel time (t1 − t0).
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Figure 5. Sketch of the one-step method of estimating the tracer leading edge velocity Vtr of surface
flow over the distance L. This sketch superimposes the two snapshot images that correspond to the
tracer’s plume leading edge entering and leaving the measuring frame and identifies the time lapse
between them (t1 − t0).

In overland sheet flows the velocity is not uniform. The flow moves faster on the
surface of the water column, and consequently, the tracer will arrive at the end point of
the measuring frame faster [8]. Thus, the surface velocity is always higher than the mean
velocity of the flow.

The mean flow velocity can be calculated from the volumetric method by measuring
the flow depth and discharge, as in Equation (1) [17]. However, it can be challenging to
measure very small water depths in sheet flows [43].

U =
Q
hb

(1)

where U is the mean flow velocity (m/s), Q is the discharge (m3/s), h is the water (flow)
depth (m), and b is the flow width (m). The flow width was considered equal to the flume
width in the laboratory experiments (Section 2.1) and to the measuring frame width in the
field experiments (Section 2.2).

Assuming that the flow surface velocity is known, which can be approximated by
the leading edge velocity of the tracer plume (Vtr), the mean flow velocity in a water
column can also be estimated by applying a correction factor (α) to the surface velocity
(e.g., [9,12,17,24,25,44–48]):

U = αVtr (2)

There have been numerous studies estimating α or mean overland flow velocities on
various soil surfaces conditions using the dye tracing method. However, no significant
research has been conducted to explore this issue on mulched, vegetated or paved urban
surfaces. In the present study, three different tracers have been used to evaluate flow
velocities on these types of surfaces; however, since all tracers have almost the same density,
the effect of the tracer density on the estimation of the correction factor was ignored.
Moreover, it is expected that the type of surface (mulched, vegetated or urban paved
surfaces) could also affect the estimation of α, but a detailed study of such impact goes
beyond the scope of this study. The main objective of this study was to evaluate the
applicability of quinine as a fluorescent flow velocity tracer for different experimental
conditions, in comparison with the traditional dye tracer method and the more recent
thermal tracer method, and not to conduct a detailed study on estimating the correction
factor α. For this reason, no attempts were made to estimate the correction factor values for
each particular case based on experimental data; instead, α was estimated based on results
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reported in recent studies under approximately similar conditions. Considering the range
of discharge, slope and Reynolds number calculated in this study, Equation (3), which was
suggested by Zang et al. [24] for sediment-free surfaces, was used to estimate α.

α = −0.003− 0.133 log S + 0.168 log Re (3)

where S is the slope gradient (m/m) and Re is the Reynolds number.
The Reynolds number was calculated as:

Re =
qρ

µ
(4)

where q is the unit discharge of the flow (m2/s), ρ is the density of the fluid (kg/m3) and µ
is the dynamic viscosity of the fluid (Pa.s).

2.7. Image Processing Method

The MATLAB image processing toolbox was used to analyse the video frames. For
comparing the quality of the visualisation of the fluorescent and dye tracers, the relative
luminance (Y) of the tracers and contrast ratios (C) were determined. For any colour
space image, Y is known as the relative luminance of a certain point (or pixel). The relative
luminance is described by normalised values that range from 0 for the darkest (black) colour
to 1 for the brightest (white) colour, and can be calculated by the following equation [49–52].

Y = 0.212R1 + 0.715G1 + 0.0722B1 (5)

where R1, G1 and B1 (RGB1) refer to the linear values of the standard RGB colour space
(sRGB), which can be computed by [50]:

sRGB = {R, G, B}8bit/225 (6)

Then, the following is applied:

RGB1 = sRGB/12.92, if sRGB ≤ 0.03928 (7)

RGB1 = ((sRGB + 0.055)/1.055)2.4, if sRGB > 0.03928 (8)

The quinine tracer can only be visualised in dark light conditions (Section 2.3), thus
the relative luminance Y of the quinine tracer plume is higher than the surrounding colours,
in the measuring frame. These dark conditions lead to a better visualisation of the tracer
plume, whereas for the dye tracer the opposite is verified. Since the dye tracer is darker
than the soil surface and mulch, lower values of Y in bright conditions have better visual
results. Therefore, to have comparable results between the two tracers, the contrast ratio
for both tracers was calculated. Contrast defines the difference in luminance between two
colours. The Web Content Accessibility Guidelines (WCAG) recommends Equation (9) for
calculating the contrast ratio C between foreground and background colours [50].

C = (Y1 + 0.05)/(Y2 + 0.05) (9)

where Y1 and Y2 are the relative luminance of the foreground and background colours
(Y1 > Y2). Contrast ratios can range from 1 to 21.

Figure 6 illustrates the definition of the total area of the measuring frame (AT), the
tracer’s plume area at each time step (Atr), the background colour (for the estimation of
average relative luminance Y2 of the background colour) within the measuring frame, and
the cross-section A–A that was used to study the Y of the tracer (quinine and dye) along a
transect transversal to the flow direction. In general, the cross-section A–A is associated
with the pixel that exhibits the highest tracer Y at each time step; the contrast ratio of
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the tracer (quinine and dye) is also determined for the same cross-section. This study
considered a time step ∆t = 1 s for selecting images that show the movement of the tracers.
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Figure 6. Conceptual illustration of the of total measuring frame area (AT), tracer plume area at time
t (Atr), selected cross-section A–A for studying the relative luminance Y along a transversal transect,
and identification of the reference background colour to calculate the contrast ratio C for the tracer.
This methodology was applied for the analysis of the quinine and dye tracers, at each time step.

For the thermal videos, the FLIR Tools® thermography software was used to import,
edit and analyse thermal images [53].

3. Results and Discussion
3.1. Laboratory Experiments

Examples of snapshot images obtained during the laboratory experiments for the bare
soil and mulched soil surfaces (for different mulch cover levels) are shown in Figure 7,
illustrating the differences between the quality of the visualisation of the fluorescent
(quinine), dye and thermal tracers. For runoff over the bare soil and mulched soil surface,
with mulch cover of 0.5 and 1 ton/ha, all tracers were observed clearly while they were
moving downslope, after being injected into the flow; these soil mulching rates were found
to cover a percentage area of the soil surface, respectively, 11% and 25%, for the conditions
of the experiments. However, for the soil surface with a mulch cover of 2 ton/ha (area
coverage of 48%), only the thermal tracer was visible. Thus, the thermal tracer was the only
tracer that allowed us to acquire estimates of the flow velocities, despite the high coverage
of the soil by mulch. Comparisons of the application of dye and quinine tracers to study the
flow over mulched soil surfaces (0.5 and 1 ton/ha mulch) showed that the quinine tracer
had slightly better visual results for the tested conditions.

Examples of chronological sequences of images (time lapse of 1 s) of the measuring
frame showing the movement of the different tracers are presented in Figure 8. All mulch
soil cover levels tested are represented in Figure 8. The thermal tracer leading edge
movement is better shaped in all mulch cover levels when compared to the other tracers.
For the soil surface mulch cover level of 2 ton/ha, the dye and the quinine tracers did not
show reliable results (due to poor visibility of the tracers caused by the presence of the
mulch) for estimating flow velocities over the soil surface. However, the quinine tracer
plume leading edge movement is better defined and better shaped compared to the dye
tracer plume, and the tracer does not leave any mark or residue in the measuring frame.
In the images captured for the quinine tracer, despite the dark environment (Section 2),
the mulch can be clearly seen, which is due to the fluorescent light reflection over the
wet mulch.
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Figure 7. Snapshot imaging of the dye tracer (left), the fluorescent quinine tracer under ultraviolet
light (centre) and the thermal tracer (right), for the bare soil (first row) and soil covered with mulch
of 0.5 ton/ha (second row), 1 ton/ha (third row) and 2 ton/ha (forth row). The flow direction in
all images is from left to right. Each image covers a longitudinal distance of 0.55 m. Data are from
laboratory experiments.

3.2. Field Experiments

The differences between the fluorescent (quinine), dye and thermal tracer video snap-
shots and the results obtained for the vegetated soil and paved surfaces (field experiments)
are illustrated in Figures 9 and 10, respectively. The quality of visualisation of the tracers
over different surfaces and lighting conditions is illustrated in these images.

For the vegetated surfaces with high (i.e., taller) vegetation cover (height of 0.15 and
0.10 m), neither of the tracers were clearly visible. The reason is because the dye and quinine
tracers hide under dense vegetation canopies and shades and could not be captured by the
cameras. Additionally, the thermal tracer (hot water) is not traceable under tall vegetation
covers because the infrared camera detects instead the temperature of the grass/vegetation
covering on the surface and flow water. However, over the soil covered by vegetation
of 0.05 m of height and over paved surfaces all tracers were visible. By comparing the
tracers in different light conditions, it can be stated that: (i) during the day, the quinine can
only be seen if the ambient light is dimmed (e.g., if a removable tent is used to conduct
the observations) and UVA light is available; (ii) the dye is well observed during the day
whereas during the twilight and night time it is necessary to use artificial lighting systems;
(iii) the thermal tracer has no lighting restrictions and can be used during day or night.

3.3. Comparison of Flow Velocity Estimates

The values of the estimated Reynolds number (Re) and correction factor (α) used
to obtain mean velocities from the tracer plume leading edge velocities are presented in
Table 2 for flow over a soil surface with vegetation of 0.05 m height. As explained, no
results could be extracted from the images of the flow over soil surfaces with vegetation of
0.10 m and 0.15 m height (Figure 9).
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Figure 8. Chronological sequence of snapshots from laboratory tests, with a time lapse of 1 s, showing
the movement of overland flow velocity tracers: dye tracer (top), quinine tracer (middle) and thermal
tracer (bottom). The flow direction in all images is from left to right. Each image covers a longitudinal
distance of 0.55 m.
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Figure 9. Comparison between imaging of the dye tracer (top), the quinine tracer exposed to
ultraviolet light (centre) and the thermal tracer (bottom) added to sheet flow over soil with vegetation
covers of different heights. The flow direction in all images is from left to right. Each image covers a
longitudinal distance of 0.6 m.
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Figure 10. Comparison between imaging of the dye tracer (top), the quinine tracer exposed to
ultraviolet light (centre), and the thermal tracer (bottom) added to sheet flow over an urban paved
surface. The flow direction in all images is from left to right. Each image spans a longitudinal distance
of 0.6 m.

Table 2. Calculated correction factors (α) applied to leading edge tracer velocities for estimating mean
flow velocities for the different surfaces studied in the laboratory and field experiments.

Surface Q (L/s) S (%) Re α

Bare soil and mulched surface 0.14 5 474 0.62
Vegetated surface

(vegetation height of 0.05 m) 0.40 25 1395 0.60

Urban paved surface 0.21 20 702 0.57

The mean flow velocities (U) obtained by applying Equations (2)–(4) (see Section 2.6)
to the data obtained from the laboratory and field experiments are presented in Table 3
for three experimental replicates; the mean and standard deviation (S.D.) for the three
replicates are also shown. These results, which were obtained for the three tracer techniques,
are plotted in Figure 11.
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Table 3. Surface flow velocity estimates based on the application of dye, fluorescent and thermal tracers to sheet flow over bare soil, soil with mulch cover and
vegetation cover, and urban paved surfaces. Mean values and standard deviations (S.D.) are for three replicates (laboratory and field experiments).

Bare Soil and Mulch Cover Surface with 0.05 m Vegetation Cover Urban Surface

Surface Test number
Mean Velocity U (m/s)

Observation time Test
number

Mean Velocity U (m/s)
Observation

time
Test number

Mean Velocity U (m/s)

Dye Quinine Thermal Dye Quinine
(with tent) Thermal Dye Quinine

(with tent) Thermal

Bare soil

1 0.205 0.179 0.230

Day (1 h before
the sunset)

1 0.103 0.128 0.104
Day (1 h

before the
sunset)

1 0.257 0.257 0.197
2 0.193 0.183 0.234 2 0.108 0.132 0.101 2 0.255 0.262 0.205
3 0.216 0.181 - 3 0.108 0.131 0.120 3 0.257 0.228 -

Mean 0.205 0.181 0.232 Mean 0.106 0.131 0.109 Mean 0.256 0.249 0.201
S.D. 0.010 0.002 0.002 S.D. 0.002 0.002 0.008 S.D. 0.001 0.015 0.004

Dye (with light) Quinine Thermal Dye (with light) Quinine Thermal

0.5 ton/ha
mulch

1 0.117 0.133 0.175
Twilight (during
the 30 min after

the sunset)

1 0.116 0.120 0.097 Twilight
(during the
30 min after
the sunset)

1 0.209 0.254 0.222
2 0.121 0.143 0.140 2 0.117 0.118 0.102 2 0.227 0.257 0.236
3 0.108 0.081 0.128 3 0.119 0.118 0.110 3 0.224 0.265 -

Mean 0.115 0.119 0.148 Mean 0.117 0.118 0.103 Mean 0.220 0.259 0.229
S.D. 0.006 0.027 0.020 S.D. 0.001 0.001 0.005 S.D. 0.008 0.005 0.007

Dye (with light) Quinine Thermal Dye (with light) Quinine Thermal

1 ton/ha
mulch

1 0.079 0.110 0.098

Night (1 h after
the sunset)

1 0.124 0.119 0.101
Night (1 h
after the
sunset)

1 0.233 0.204 0.188
2 0.114 0.125 0.103 2 0.120 0.119 0.105 2 0.247 0.229 0.188
3 0.105 0.115 0.076 3 0.125 0.123 0.100 3 0.246 0.234 0.217

Mean 0.099 0.116 0.092 Mean 0.123 0.120 0.102 Mean 0.242 0.222 0.198
S.D. 0.015 0.006 0.012 S.D. 0.002 0.002 0.002 S.D. 0.006 0.013 0.013

2 ton/ha
mulch

1 - - 0.071
2 - - 0.070
3 - - 0.071

Mean - - 0.071
S.D. - - 0.001
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because, for the sheet flow depths observed, the hydraulic roughness increases with in-
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Figure 11. Comparison of mean flow velocities estimated from the leading edge velocity of three
tracer plumes (dy, dye; qu, quinine; th, thermal) for sheet flows over bare soil and soil with mulch
covers of 0.5, 1 and 2 ton/ha (top), soil surface with vegetation cover of 0.05 m height (centre) and
urban paved surface (bottom). The notation “n.d.” indicates no data.

For all surfaces (bare, mulched and vegetated soil, and paved surface), and for com-
parable light conditions, flow discharge and volume of tracer used, Figure 11 shows that
the mean velocities (U), estimated by all tracer techniques (dye, quinine and thermal), are
similar. Nevertheless, our results suggest that, overall, by increasing the amount of mulch
(from bare soil up to 2 ton/ha of mulch), the overland flow velocities decreased. This
is because, for the sheet flow depths observed, the hydraulic roughness increases with
increasing mulch density, which leads to lower velocities. For the mulch cover of 2 ton/ha,
the dye and quinine tracers were not visible; therefore, data (n.d.) are not available for
this case.
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For the field (vegetated and paved surfaces) experiments carried out during the day,
since daylight is not favourable for visually detecting the quinine tracer in the flow, a
removable tent was used to shade the quinine tracer experiment setup and potentiate the
glow of quinine when exposed to UVA light. On the other hand, during low and dark
light conditions (twilight and night) it was impossible to visualise the dye tracer unless an
artificial light was used.

3.4. Comparison of the Tracer Visibility

To further explore the outcomes from the different tracer experiments, the areal
coverage of each tracer’s plume within the measuring frame (horizontal projection; see
Figures 5 and 6) was plotted over time, for time steps ∆t = 1 s (Figure 12). In Figure 12, the
results for each surface type/condition are plotted separately, to facilitate the comparison
of results between the different tracers.
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Figure 12. Areal coverage of each tracer’s plume (dye, quinine and thermal) within the measuring
frame, over time (∆t = 1 s), for sheet flows over the different surfaces studied in the laboratory
experiments (top) and field experiments (centre and bottom).

Figure 12 allows us to appraise the permanence of the injected tracer plume in the
measuring frame and subsequently evaluate how much of the tracer is observed over
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time in that area (until the leading edge leaves the measuring frame). The tracer plumes
can be well detected following the moment when the tracer is applied, i.e., while it has
the maximum concentration in the overland flow (i.e., before tracer diffusion in the flow).
During the time that the flow moves downstream through the measuring frame (due to
diffusion and subsequent decrease in tracer concentration), it can be difficult to continue
observing sharply the leading edge of the tracer plume, even before it leaves the measuring
frame (which covers a travel length of 0.55 m and 0.60 m, respectively, in the laboratory and
field experiments). In Figure 12, t0 is the time when the tracer is entering the measuring
frame. During the time lapse from t0 to t4 (∆t = 1 s; thus, a time lapse of 4 s), for bare
soil and mulched surfaces, the dye and quinine tracers have relatively similar results in
terms of areal coverage. However, this figure shows that the area covered by the thermal
tracer expands more due to thermal convection and diffusion. Owing to the remaining
temperature difference between the thermal tracer plume and the flow, the tracer can still
be well observed and tracked in the measuring frame. Nevertheless, because of the high
diffusion of the thermal tracer, a greater volume of injected tracer can make it difficult to
track the leading edge of the tracer. For the bare soil surface, after t2, the leading edges
of all tracers had already left the measuring frame, which is due to the higher velocities
over the bare soil surface (Figure 11). For vegetated and urban paved surfaces, the thermal
tracer had the highest and the dye tracer had the lowest dispersion over the flow. This
phenomenon might be due to the small differences in densities for all tracers; specifically,
for the thermal tracer, heat convection can be another reason for higher tracer diffusion in
the flow.

For the mulch surface cover of 0.5 ton/ha, Figure 13 shows plots of the relative
luminance for the quinine and dye tracer and the temperature variation for the thermal
tracer, at each time step ∆t = 1 s, along the width of the measuring frame. As shown in
Figure 6 and using Equations (5)–(8), at each time step ∆t, the maximum relative luminance
was detected, and the relative luminance (Y) along the defined cross-section was able to
be plotted.

The “symmetrical” results of the relative luminance between the quinine and dye
tracer, in Figure 13, are because of the colour differences in these two tracers. The relative
luminance has a normalised value from 0 for the darkest (black) to 1 for the brightest
(white) colour. The quinine tracer has a higher luminance at the beginning (closer to 1)
due to the fluorescence characteristics of this tracer and it decreases over time (closer to 0),
whereas for the dye it is almost the opposite. The dye tracer has a darker colour and, over
time, as the dye tracer becomes dilute, its colour becomes lighter, resulting in an increase
in the relative luminance value. Additionally, there is a difference in the luminance of the
tracers and their background in the measuring frame. The quinine has a higher luminance
than the background (almost black because of the shaded environment), and the dye has
a lower luminance than its background (soil or mulch). Therefore, the contrast ratio can
better explain the visualisation. The highest is the luminance difference between the tracer
and the background colour, the greater the contrast ratio difference, which leads to a better
visualisation. According to Figure 6 and Equation (9), the contrast ratio (C) was plotted for
the same time steps (Figure 14). Since the contrast ratio of the tracers can be shown in the
same graph, it enables an easier comparison between the visibility of the tracers.

Figures 13 and 14 illustrate that both the Y and C, for the quinine and dye tracer, and
the temperature, for the thermal tracer, dropped during the movement of the tracers over
the surface, which is explained by diffusion and mass transport. The relative luminance
values for the quinine tracer are smaller in comparison to the values estimated for the dye
tracer because the quinine tracer has a blue colour whereas the dye tracer is red. According
to Equation (5), the blue colour has less effect on relative luminance than the red colour
component. For the quinine tracer, the relative luminance and contrast ratio decreased,
respectively, by 22% and 11.87%, during the time lapse between t1 and t4, whereas, for the
dye, these values are 78% and 58%. The decrease in the relative luminance and decrease
in contrast ratio from t1 to t4 led to the lower visibility of the quinine and dye tracers.
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This larger difference in the visibility of the dye tracer in comparison with the quinine
tracer highlights the quinine tracer’s capability of maintaining its visibility under UVA
light, and therefore, to maintain its tracing features. Note that, for both tracers, favourable
light conditions were provided during the experiments: the dye cannot be observed in
dark conditions unless using an artificial light source, and the fluorescent tracer cannot be
observed in bright light conditions unless using a tent or providing a dark environment.
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of the thermal tracer (bottom) at each time step ∆t = 1 s along the width and length of the measuring
frame, for the mulched soil surface of 0.5 ton/ha.

Furthermore, the thermal tracer temperature dropped from 43 ◦C to 26 ◦C, which is
close to the temperature of the surface (21 ◦C); thus, it is difficult to track the exact point of
the leading edge of the hot tracer plume. Partly, this drop in temperature is explained by
the very small amount (10 mL) of thermal tracer that was applied, in order to minimise
flow disturbance. Hence, for the same time interval from t1 to t4, the fluorescent tracer
seems to remain more visible than the dye and thermal tracer. In addition, the thermal
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tracer leaves a thermal mark spread over the surface that takes some time to fade due to
the heating of the soil surface as the thermal tracer passes over it.

It is expected that the decay in relative luminance (or decay in contrast) is directly
related to the tracer concentration (quinine and dye) in the flow, which results from the
dispersion patterns caused by the sheet flow hydrodynamics. Additionally, Figures 12–14
reveal that the fluorescent tracer plume expanded slightly more than the dye tracer. Nev-
ertheless, due to the smaller decrease in Y and C for the quinine tracer in comparison
to the dye tracer, the fluorescent quinine tracer has better visibility over time within the
measuring frame.

3.5. Fluorescent Quinine Tracer: Main Advantages and Limitations

Results from the experiments conducted in this study reveal the limitations and
advantages of using quinine as a shallow/sheet flow velocity tracer. Figure 15 highlights
the field conditions that are favourable for using the fluorescent quinine tracer, which is
then more suitable than other tracers, and the conditions that prevent its use.
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4. Conclusions

In this study, experiments were conducted to test and compare the capability of
different tracers (fluorescent, dye and thermal) for measuring sheet flow velocities in the
laboratory and the field, under various conditions (light and micromorphology).

The major conclusions from this study are:

• Despite the quinine tracer’s fluorescence characteristics when exposed to UVA light,
in daylight conditions the quinine tracer cannot be visually noticed unless a tent (i.e.,
a shading system, to dim the sunlight) is used. In dark conditions (twilight, night,
etc.) the dye is not visible unless using an artificial light source. The thermal tracer
can be used in all ambient light conditions due to the capability of infrared cameras
for detecting heat; therefore, the performance of the thermal tracer technique is not
affected by ambient light limitations.

• As observed in the conducted laboratory and field experiments, the quinine tracer is
better visualised than the dye tracer, which is confirmed by the relative luminance and
contrast ratio revealed by these two tracers.

• By considering the specifications of the fluorescent tracer (quinine concentration and
pH of the solution, volume of tracer used), the restrictions of using the fluorescent
quinine as a tracer are: (i) impossible to use in bright light conditions; (ii) not suitable
to use in presence of dense or tall vegetation cover or dense mulch, i.e., when the
vegetation/mulch offers a percentage surface coverage that exceeds about 25–30%.

• The main advantages of using fluorescent quinine as a tracer are: (i) simple experi-
mental setup requirement (e.g., UVA lamp, a normal optical camera, and water with
quinine, which are all inexpensive and easily accessible materials); (ii) the high visibil-
ity of the injected tracer under low-luminosity conditions (e.g., field measurements in
dark conditions, at night, twilight, shielded environments or close conduits); (iii) it is
nontoxic to the environment, due to the very low concentration needed to produce
high fluorescence (around 80 mg/L, which is also used, e.g., for human consumption
in tonic water).

Future work should include, e.g., a detailed study of the applicability and performance
of the quinine tracer in flows with different sediment loads for various flow conditions, and
the study of modifications in this technique that could improve the accuracy and quality of
measurements undertaken with quinine tracers.
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