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Abstract. In this paper, a proof of concept experimentis con- 1  Introduction
ducted to assess the feasibility of tracing overland flow on

an experimental hillslope plot via a novel fluorescent par-yjjsiope overland flow controls multiple phenomena in
ticle tracer. Experiments are performed by using beads ofyatyral watersheds, including surface runoff contributing
diameters ranging from 75 to 1180 um. Particles are senseg, the basin hydrologic respons&adherrer et al. 2007
through an experimgntal apparatus comprising a Iight SOUrcsomi et al, 2008a McGuire and McDonnell201Q Uchida
and a V|d_e_0_ach|_S|t|0n unit. Runoﬁ on the expe_rlmental and Asano 2010, rill development and erosion mechan-
plot is artificially simulated by using a custom-built rain- g influencing soil roughnes8érger et al.201Q Ghahra-
fall system. Particle transits are detected through superviseghani et al, 2011 Mugler et al, 2011, and pollutant
methodologies requiring the presence of operators and unsiitfysion and nutrient loss affecting agriculture and soil
pervised procedures based on image analysis techniques. A\’ﬁanagemenﬂ'@cehurst et al.2007).
erage flow velocity estimations are executed based on travel Major challenges in the implementation of flow measure-
time measurements of the particles as they are dragged by,ent systems in hillslopes are due to the ephemeral nature
the overland flow on the h|.IIsIope..VeIOC|t|es are comparedyf microchannels along with shallow water depths and high
to flow measurements obtained using rhodamine dye. Experyrhidity, the presence of small scale vegetation, and often
imental findings demonstrate the potential of the methodol-poor geographical accessibilitid(dson 2004 Rosso et a).
ogy for understanding overland flow dynamics in complex 2007 Overland flow is experimentally monitored by exca-
natural settings. In addition, insights on the optimization of vating small trenches in hillsDunjo et al, 2004 Hopp and
particle size are presented based on the visibility of the beadﬁ/chonneIl 2009 Sadeghi et al2012 Jost et al.2012 and
and their accuracy in flow tracing. collecting samples of water for laboratory or sediment analy-
sis Budai and Clemenf011; Vacca et al.200Q Rulli et al,,
20086 Hussein et a).2007. On the other hand, runoff dis-
charge and flow rate measurements require more invasive
procedures, wherein v-notch weirs and gauging flumes are
installed in excavated trenches at the borders of experimental
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plots Domingo et al. 2001, Gomi et al, 2008ab; Doody insolubility of the particles minimizes tracer adhesion to nat-
et al, 201Q Mayor et al, 201]). Real time flow rate and wa- ural substrates and, therefore, is expected to reduce the requi-
ter stage estimates can be computed by deploying sensosite quantity of tracing material as compared to liquid dyes.
in such flumes, whereas overland flow rate can be automatiFurther, the enhanced visibility of the fluorescent particles
cally recorded by using tipping bucketkfinson et al1996 allows for non-intrusively detecting the tracer through imag-
Fiener and Auerswald2005 Léonard et a).2006 Laloy ing techniques without deploying bulky probes and samplers
and Bielders2008 Ghahramani et gl2011). Erosion and in the water. These features along with the use of basic and
runoff experimental studies are also conducted through physresilient equipment provide grounding for applying the pro-
ical sampling of overland flow water in tapped containers af-posed methodology in an ample spectrum of scenarios, such
ter precipitation eventdMathys et al. 2005 Armand et al, as ephemeral micro-channels, high-sediment load flows, and
2009 Patin et al. 2012. Such procedures are highly inva- heavy floods.

sive for the environment and are hardly implemented on large The feasibility of using buoyant fluorescent particles in
scale plots. In addition, they are not adequate for real-timestatic and dynamic water conditions in both daylight and
estimations in micro-channel flowsdtard et al.2008. dark is demonstrated imauro et al.(201Q 2012h for lab-

In overland flow settings, tracing techniques are valid al-oratory settings. The transition of the methodology to nat-
ternatives to stream flow measurement systems, such as waral environments is addressed through a proof of concept
ter gauging, electromagnetic, and acoustic sensees¢t al, experiment performed in the Rio Cordon stream in the Ital-
2002 Puleo et al.2012. In particular, experiments on nat- ian Alps (Tauro et al,20123. This study mainly assesses the
ural or semi-natural hillslopes are often based on tracers, inperformance of the particles in stream flow settings, where
cluding chemicals, naturally occurring water isotopes, dyeshigh velocity regimes, presence of foam, and light reflec-
and salts Dunkerley 2001, Lange et al. 2003 Planchon tions pose serious challenges to bead detection. Particles are
et al, 2005 McGuire et al, 2007 Berman et al. 2009 therein used to conduct flow measurements at a stream cross-
McMillan et al,, 20129. Tracer dispersion issues and lossessection and travel time experiments in stream reaches of up
are minimized by conducting experiments on small scaleto 30 m. Bead diameters of a few millimeters are selected to
plots (Tatard et al. 2008 Li, 2009 Mugler et al, 2011). compensate for high flow rates.

Nonetheless, the tracer detection requires the deployment of In this paper, the proposed methodology is used for a
probes or the collection of water samples, which can be hamproof of concept overland flow study on a semi-natural
pered by the exiguous depths of natural rillatard et al. hillslope plot under high turbidity loads and soil and rain
2008 Gomi et al, 2008H. drops interaction. Such complex settings require the use of

Interestingly, novel sensing instruments are recently be-much smaller beads as compared to the stream flow analy-
ing proposed for overland flow rate estimates. Specifically,sis. Therefore, ad-hoc experiments are performed to assess
in Dunkerley(2003 spot measurements of surface flow rates the visibility and detectability of the particle tracers in these
are computed through an optical device exploiting reflec-severe environmental conditions and their feasibility in esti-
tivity of floating objects. InQu et al.(2007), a sensor for mating overland flow velocities. Experiments are conducted
sediment-laden flow rate is developed to estimate sedimery using particles of varying diameters ranging from 75 to
concentration in runoff. Such promising devices provide lo- 1180 um. The particle detection system, placed across a nat-
cal information on overland flows, yet their implementation ural rill at the outlet of the studied experimental plot, hosts a
is restricted to small scale and supervised experimental plotight source for exciting the beads’ fluorescence and a water-
due to their limited resilience. Ihegout et al(2012), large proof digital camera for video acquisition. Videos of beads’
scale particle image velocimetry (LSPIV) is coupled with transit are processed through both supervised and unsuper-
laser scanning to estimate overland flow velocity and expervised techniques to estimate average surface velocities of wa-
imental results are compared against both hot film anemomter flowing in the rill.
etry and salt tracing. This comparison suggests that LSPIV The rest of the paper is organized as follows. In S2ct.
is a less invasive approach, which can also be easily autothe following elements are technically elucidated: the parti-
mated Muste et al. 2008. Nonetheless, techniques based cle tracer and the in house-built experimental detection sys-
onimage analysis are affected by ambient illumination, prestem; the experimental site including the plot preparation; the

ence of patterns on the water surfadduéte et al. 201%, image-based analysis procedures used for data processing;
Jodeau et al.2008, and image distortionsLéCoz et al. and the rainfall simulator. Moreover, in Sect. 2, a detailed
2010, which pose severe challenges in their implementationdescription of the experimental procedures is presented. In
in uplands environments. Sects.3 and4, results and comments on experimental find-

In this paper, a novel tracing methodology based on thengs are reported. Conclusions and remarks are presented in
deployment and observation of enhanced fluorescence partBect.5.
cles for surface flow measurements is proposed. Such an ap-
proach aims at mitigating practical limitations of traditional
techniques for monitoring overland flows. Specifically, the
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1 cm

Fig. 1. Left, view of a 08 mm sample of off-the-shelf fluorescent
particles under daylight, and right, under 365 nm UV light.

Fig. 2. Experimental apparatus including the light source and the
video acquisition units. The metric ruler is used for calibrating ac-
quired videos.

2 Materials and methods

2.1 Fluorescent particle tracer apparatus

The buoyant fluorescent particles wused in this
study are purchased from Cospheric LLChttp:
[lwww.cospheric-microspheres.chm The spheres are
white under daylight and emit yellow-green light (561 nm
wavelength) if excited by a UV light source (365 nm wave-
length), see Figl. The particles are made of polyethylene
and their fluorophore is embedded in the polymer matrix

which allows for a long luminescence lifetime and enhanced

and uniform visibility. The spheres are slightly buoyant and
their nominal dry density is.98 g cnm 3. Table1 indicates
the classes of particles used in this proof of concept experi

ment ordered in terms of their diameter. This wide spectrum
of diameters is used to establish guidelines for particle

selection in tracing shallow waters in natural conditions.

Particles’ transits are recorded as the beads float on the ri
water surface underneath the experimental detection appar
tus. The apparatus hosts both light source and video acqui
tion units, see Fig2.

A telescopic system of vertical aluminum bars is con-
nected to the lamp case and allows for regulating image il
lumination by adjusting the distance of the light source from
the water surface. The case contains an array of 14 UV 8

2975

Fig. 3. View of the experimental site depicting the particle detection
apparatus and the rainfall simulator.

manually operated and set at 1920080 pixels resolution

for video recording at the acquisition frequency of 30 Hz. A
compensating counterbalance is used to adjust the distance
of the camera from the surface of interest. A metric ruler
installed on aluminum rods allows for calibration of the ac-
quired videos. The distance of the video acquisition unit from
the surface and light source can be adjusted according to il-
lumination and dimensions of the field of view. In dim illu-
mination conditions, a 568 nm optical filter is placed on the
bullet camera to emphasize particle brightness.

2.2 Experimental site

Experiments are performed in a terrain parcel in the Azienda
Agraria at the University of Tuscia, Viterbo, Italy, where a
semi-natural hillslope is prepared out of 48 wf soil, see
Fig. 3. The plot is 17 m high, 65 m long, and 3 m wide and

it is covered by grass only for 10 %. The granulometry of the
soil is provided in Table.

In the center of the plot a mild concavity is preliminarily
raked to create a preferential path to rainfall and then irri-
gated for a few hours. After irrigation, a 4 m long central
rill is formed in the plot and the experimental detection ap-
paratus is located at its terminal part, see BigThe slope
ﬁ)f the hill is approximately equal to $7and shows a slight
concavity after a few rainfall experiments. A rainfall simu-

sTétor is placed on the top corner of the plot, see Bigto

provide a uniform rain distribution on the entire hill. The

particle deployment section is marked with wood strikes at
approximately 4 m upstream from the detection setup. Four
additional wood strikes are installed one meter apart along

V\}he rill from the upstream section.

lamps in parallel and series connections. A low cost water

proof Bullet HD 1080p camera is located on a tripod head

connected to a vertical aluminum bar. The Bullet camera is
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Table 1. Classes of particle diameters used for the experiments.

Class 1 2 3 4 5 6 7 8 9
Diameter (um) 75-90 106-125 150-180 250-300 355-425 500-600 710-850 850-1000 1000-1180

Table 2. Granulometry of the experimental plot. The soil used for
the plot can be classified as sand according to the International Sc
ciety of Soil Science (ISSS).

Soil type Clay Silt Sand
Portion (%) 11.55 21.76 66.69

HH22-M 3/8 nozzle

2.3 Particle detection procedure )
HH7-M 3/4in nozzle

Travel time experiments are conducted by synchronizing par:

ticle deployment and video acquisition. Particle travel time Manometer

is identified as the time the beads take to flow from the de- /

ployment section on the plot to the detection apparatus alon

the 4 m long rill. The arrival of the particles at the detection

setup refers to when the particles _enter_ the flel.d. of view OfFig. 4. View of the rainfall simulator. Water jets are sprayed from
the camera. The transit of the particles is identified throughy, -'11155 M1 3/8in and one HH7-M 3/4 in nozzles.

image-based analysis tools by converting captured videos

into RGB frames and then analyzing the sole green chan-

nel where particle emissions are more evident. In particularpresence of external and uncontrolled light sources, water
gray-scale frames are processed by using a modified versiogurface reflections, and extraneous objects and sediments.

of the following indexg defined byTauro et al(2010: Specifically, a moving average of the time trace of the index
o is computed for each experimental video by using subsets of
ig(c" ) ni ten consecutive images. For convenience, such filtered time
g= Tj: {i €{0,1,...,255 : n; > O}, (1)  trace is referred to a§. Then, peaks in the signal are au-
iezn’ tomatically detected by fittings with a gaussian function.

This fit is first implemented using windows of 50 values of
with n; = nf —nf’. Here,nfJ andnf’ refer to the pixel count the filtered time history. In the fitting procedure, the length
for the background and particle images, respectively. Theof the fitted window is iteratively increased up to 150 values
term¢; represents the pixel intensity classes from 0 to 255to capture eventual occurrences of elongated particle trains.
where the powes is introduced to assign a higher statistical Fitting is executed by constantly skipping 15 values of the fil-
weight to the exiguous number of bright pixels in the entire tered time trace. The nonlinear least square method is used to
image corresponding to the particles. In particular, the expoperform the fitting. Goodness of the procedure is ascertained
nentq is set to 10 throughout the whole set of experiments toby imposing that the coefficient of determination is equal or
emphasize brighter pixels against the background. The relgreater than a threshold value equal 85
atively high value of the exponent is motivated by the par- The sequence of frames identifying the transit of the par-
ticularly adverse illumination and environmental conditions. ticles are found by imposing further constraints on the fitted
It is found by performing a preliminary analysis on a single window which presents the highest coefficient of determina-
video where the value of the exponent is varied until even-tion. In particular, the mean value of the fitting gaussian func-
tual peaks in the index are clearly identified. It is noted thattion is required to lay in the intervd: — 0.15,m + 0.15],
background images are obtained from the original ones bywherem is the mean time in the window of interest ahd
applying a bottom-hat transformatiomjdralick et al, 1987 corresponds to the length of the window. In addition, con-
Gonzalez et a]2004). Peaks in the indeg correspond to se-  straints are imposed on the minimum and maximum val-
guences of frames where brightness is maximized and theraies ofG in the analyzed window. Specifically, the presence
fore where the particles are more likely to Beagro et al. of a peak in the intensity is assessed by imposing=<0
2010. (maxG —minG)/maxG < 1 in the fitted interval. Experi-

An automatic procedure for the identification of the beadsmental videos satisfying such constraints lead to the identi-
is introduced to partially filter signal noise due to the fication of particle transits. As the brightest frame sequences
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Fig. 5.Beads of smaller diameters trapped at the outside bend of th
rill, see red dashed ellipse.

are determined, the frame order number corresponding to th
first value ofG in the fitted window is divided by the camera
acquisition frequency and used to calculate the beads travel

time. Fig. 6. Sequence of snapshots depicting the transit of a cloud of par-
ticles flowing in the rill below the detection apparatus. The diameter
2.4 Rainfall simulator of the beads lays in the range 75-90 um.

The plot rainfall system consists of a pressurized nozzle

rainfall simulator Esteves et al200Q Pérez-Latorre et al.  50mm i to produce a water head of a few centimeters in
2010. The simulator is designed and developed at the Pothe rill. The particle detection apparatus is placed at the flat
litecnico di Milano based on the prototype Byley and Han-  base of the hillslope, that is, at the terminal section of the rill
cock(1997). The basic structure of the simulator comprises awith the bullet camera and the lamp unit at approximately
telescopic aluminum tripod connected to a steel plate. Thre@0 cm from the rill bed. To prevent excessive distortion in the
hoses are riveted to the plate and water is sprayed throughédeos, the camera is angled af#tom the horizontal. The

system of three nozzles as displayed in Big. simulator nozzles are placed at an height of approximately
Specifically, a HH7-M 34 in nozzle is mounted on the 2.3 m from the soil on the top of the hillslope. _
central hose, whereas two smaller HH22-lyB3n nozzles For each experiment, a sample of 4-5 g of particles of a

are placed onto the lateral hoses. Three cut-off valves allowselected diameter class is deployed at the rill onset at ap-
for selectively activating the nozzles and controlling rainfall proximately 4 m from the detection apparatus. The instant
intensity. Water is supplied to the hoses through a plastic reof deployment and the beginning of the video are synchro-
inforced tube connected to the steel plate through a sleevgized with a precision of approximatelyl0s. Such precision
coupling. Rainfall intensity is regulated by using a pressureis achieved by using a chronometer synchronized with the
gauge. Water is jetted from an height of approximateRa camera. For each class of particle diameters, ten repetitions
from the ground and can homogeneously cover an area of afre performed. The rainfall simulator is active for the entire
proximately 5x 5 m?. Rainfall intensities can be varied from duration of the experiments. Once videos are taken, frames
a minimum of 40 mm h' by using the two smaller nozzlesto are processed to estimate surface flow velocity by dividing
140 mm h'1 by operating the three nozzles simultaneously. the total length of the rill by the particle travel time.
Before and after each experiment, the width and depth of

2.5 Experiment description the rill at the strikes’ sections and underneath the detection

apparatus are measured to account for erosion and sediment
Travel time experiments are conducted by activating thetransport phenomena and to monitor rill bed evolution. In ad-
rainfall simulator at the constant intensity of approximately dition, experiments are performed over one month and during
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Fig. 7. Beads of larger diameters diffuse in the channel due to the
presence of sediments and subrills, see red dashed ellipses.

sunny days in absence of strong wind to limit possible biase:
in the uniformity of the simulated rainfall. To prevent de-

structive rill bed erosion and sediment wash-off, the plot isF, 8.5 nce of snapshots depicting the transit of singl i
covered with a waterproof cloth during rainy days. '9. ©. Sequence of Shapshots depicting the transit of single part-
cles flowing in the rill below the detection apparatus. Diameters of

the beads are in the range 1000-1180 um. Only the green channel is
3 Results reported for clarity.

3.1 Supervised analysis
recognizable against the background even though water tur-

Ten videos for each class of bead diameters are converted toidity and suspended sediment load are remarkable.

frames and manually analyzed to observe the transit of the Conversely, particles ranging from 710 to 1180 um tend to
particles. This supervised visual analysis demonstrates thdisperse as they are deployed in the rill, see Figwhere
enhanced detectability of the fluorescent particles in complexparticles of larger diameters disperse due to the presence of
conditions. Specifically, particles from all classes are genersediments and subrills. The samples travel in the form of iso-
ally visible in the area captured by the camera despite pootated particles that are still visible at the detection section due
image quality. to their relatively large size.

Three different behaviors can be observed by visually an- In particular, Fig.8 displays the transit of isolated parti-
alyzing recorded videos according to the specific dimensiongles of 1000-1180 um in diameter. In this case, the particle
of the particle tracer. For particles of diameters ranging fromtrain is highly elongated and its entire passage is difficult to
75 to 180 um, deployed samples appear as a white powder adentify. Specifically, the transit of the sample is detected as a
they flow along the rill, see Figh, where beads are trapped sequence of independent particles in the camera field of view.
at the rill outside bend into small vortical structures. Particles Particles of intermediate sizes, that is, beads ranging from
are then released downstream from the bend that are visibl250 to 600 um, are affected by a combination of the two
in the detection section depending on the size of the beadormerly described behaviors. In particular, dispersal of the
cloud. sample tends to occur from the very deployment into the rill

Figure6 displays the transit of a cloud of 75-90 um beads as for the 710-1180 um. On the other hand, such particles are
as captured by the camera. The powder crosses the region abt distinctly visible when reaching the detection apparatus
interest, that extends for approximately 8 cm, in 18 frames.due to their rather small dimensions. These factors critically
Note that snapshots in Fig.are not orthorectified. Therein, affect the detection of the particles by visual inspection.
the particle cloud compactly travels throughout the entire Travel times computed through visual inspection are ob-
length of the region of interest making the beads easily detained by identifying the frame where beads first appear
tectable by the operator. In addition, fluorescence is clearlyin the camera’s region. Since the camera acquisition and
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) ) M T s

0 500 1000 1500 2000 0 500 1000 1500 2000 0 500 1000 1500 2000
Frame order number Frame order number Frame order number

a) b) C)

Fig. 9. IndexG as obtained from Eq1f for (a) beads of 75-90 pnfp) 1000—-1180 pm; anft) 500—600 um. Moving averaged indeX, is
presented in red.

particle deployment are synchronized, the time taken by theTable 3. Velocities obtained through the image analysis procedure,
particle to reach the detection apparatus is easily found byM Velocity, and visual analysis, VA Velocity. VA velocities are re-
dividing the frame order number by the camera acquisitionported for the larger classes of diameters since experiments with
frequency. Velocity is then obtained by dividing the travel smaller particles do not allow for accurate travel time estimations.
time by the approximate length of the rill, that is, 4 m.

Two additional travel time experiments with rhodamine Diameter  IM Ve'gcity VA Ve"iCity
WT dye are conducted to compare the presented method- Hm ms ms-
ology with more commonly used approaches. Experiments 75-90 0.08 n.a.
with rhodamine are conducted by releasing @l of dye at 0.11 n.a.
the deployment section and by synchronizing the release with 150-180 0.11 n.a.
the acquisition of the digital camera. The time the dye takes 0.18 n.a.
to flow along the 4 m long rill is found by converting exper- 0.11 n.a.
imental videos into frames and then manually analyzing the 147 n.a.
images. The first frame at which the presence of the dye is 0.46 n.a.
observed is then divided by the acquisition frequency of the 13%8:??20 %'gz 3'23
digital camera to recover the travel time. 0.2'8 0_3',1

Estimations of the travel time through visual inspection are 0.26 0.34

generally possible for videos depicting transits of the 1000—
1180 um particles. In this case, the analysis gives an average
velocity of 033 ms ! over the ten experimental repetitions
with a standard deviation of02m s *. This value isingood  getects the transit of bright clusters of particles even if it
agreement with velocity obtained by using the rhodaminejely fails to identify the arrival of the first beads of small
dye, that is, 84 ms* with standard deviation.01ms ™. giameters. Itis also observed peak intensity values indkig.
Experiments with smaller particles do not lead to accurate eszg |ower than peak values in Figa. Higher index values in

timations of travel time due to the poor visibility of the first Fig. 9b are more likely to pertain to isolated particles flowing

beads arrival. through the region of interest as anticipated from the super-
vised analysis. Finally, particles of intermediate sizes are not
3.2 Unsupervised analysis detected by the index.

The unsupervised image analysis described in Sz8t.
The above discussion on patrticle visibility is supported byis implemented on each of the ten experimental repetitions
the calculation of the indeg and its filtered versiotG on recorded for the studied diameters to automatically obtain
experimental videos. Specifically, Fi§.displays the index particle travel time. Only the green channel of the images
G for three representative experiments for particles of diam-is analyzed and frames are preliminarily cropped to restrict
eters equal to 75-90um, 1000-1180 um, and 500-600 unparticle search to the portion of the image depicting the rill
respectively. The peak at frame 1366 in Fg. pertains to  bed.
the passage of the cloud of particles depicted in &igwo Experimental videos fulfilling the constraints imposed
peaks and higher values of the index are observed from framéhrough the fitting procedure are reported in Tahl&pecifi-
694 to frame 791 in Figdb, relative to the snapshots shown cally, two videos are fitted for the 75—90 pum, five for the 150—
in Fig. 8. On the other hand, in Fidc, no peak is clearly 180um, one for the 710-850 um, and three for the 1000—
evident. Such findings confirm that the index successfully1180 um diameters. Travel time is estimated from the frame
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order number corresponding to the first value®fin the step-and-pool microchannel where velocity alternates from
fitted window and velocities relative to each fitting are pre- placid zones to faster reaches. In such settings, samples float-
sented in Tabl@. ing in the rill tend to remain trapped in pool sections. Isolated
Results in Table8 show that unfeasible velocities are ob- beads are then gradually released from the pools. This phe-
tained for the smaller particles and therefore confirm that thenomenon tends to affect mostly the visibility of particles of
index is not able to detect first arrivals for beads of diameterssmaller diameters which are harder to see in small quantities.
of 150-180 um and smaller. Nonetheless, the fitting proce- Despite such adverse environmental conditions, results
dure can be used to sense the transit of particle clouds ofupport the feasibility of using fluorescent particles for en-
small dimensions. Notably, four experiments out of the five vironmental applications. In particular, the strengths of the
reported in Table3 for 150-180 um diameters pertain to the methodology can be summarized as follows: (i) particles as
actual transit of the beads, whereas the velocity value equal temall as 75um are detected through both supervised and
1.47ms ! is biased by reflections on the water surface. Onunsupervised procedures; (i) reliable velocity estimates are
the other hand, larger particles, such as the 1000-1180 probtained for the largest sizes, that is, 1000-1180 um; and
beads, are easier to detect and estimated velocities are corfiii) particle transits are successfully captured by an ad-hoc
parable to values obtained from visual analysis and experiintroduced index computed on the videos for most of larger
ments with rhodamine. This finding is also confirmed from diameters and for the 150—180 um beads.
analysis of Fig9. Indeed, the group of 75-90 um beads in Interestingly, velocity estimates for the 1000-1180 um
Fig. 9a is likely not the first cluster of particles to arrive at particles are in good agreement with measurements taken
the detection apparatus since the peak only occurs 37 s aftevith rhodamine dye and are comparable to visual inspection
sample deployment, thus yielding an equivalent yet unfeasianalysis. Such promising results suggest that the beads al-
ble, flow velocity of 0.11 ms!. Conversely, Figdb captures  low for experimenting with longer flow paths as compared
the whole transit of the particles as higher values of the indexo tests performed with rhodamine WT. In particular, adsorp-
are measured for approximately 3—-4 s. It is further observedion losses Finkner and Gilley 1986 and the presence of
that larger fitted windows correspond to larger diameters duanore advanced deployment and detection systems constitute
to the fact that particle samples of larger dimensions tend taserious limitations Tatard et al.2008) to large scale imple-
diffuse in the rill and, therefore, bead trains take longer timesmentation of dyes. Further, particle transits are successfully
to cross the region captured by the camera. captured by the index for the 1000-1180 pm and 150-180 pm
As evidenced by the supervised and unsupervised analybeads, thus suggesting that this diameter can be successfully
sis, the 1000-1180 um beads can be identified as the optimaised for tracing flows in small rills, provided the visibility of
particles to be adopted for the experimental settings of thighe particles is improved. Therefore, improving on the exper-
study. In particular, velocities obtained from the automaticimental apparatus and exploring alternative fluorophores to
procedure are only 15% lower than estimates from visualfurther enhance the visibility of the beads may significantly
analysis and results from both methodologies are close to thielp the bead detection through the fitting procedure.
velocity estimated with the rhodamine dye. Promising results On the other hand, the preliminary proof-of-concept ex-
are also found for four out of ten experiments with the 150—periment has allowed to identify limitations of the proposed
180 um beads, see Tal8e Specifically, the index is able to instrumentation that will be objective of future studies. In
capture the passage of groups of particles of such small diparticular, results are affected by the limited visibility of the
ameters for half of the experiments. beads which is, in turn, influenced by the illumination condi-
tions and by the meagre quantity of deployed material, that
is, only 4-5g. With regards to image quality, the synthesis
4 Discussion of highly fluorescent beads may be particularly beneficial. In
addition, investigation of more biocompatible and biodegrad-
Experimental findings demonstrate remarkable challenges imble materials may allow for increasing the amount of tracer.
detecting the particles. Specifically, bead groups tend to dis-
member once deployed in the rill due to an array of con-
curring factors. Most importantly, the complex structure and5 Conclusions
morphology of the rill bed and the presence of severe sedi-
ment loads are relevant causes of particle dispersal. After ain this paper, a novel fluorescent particle tracer has been
initial phase when runoff mainly occurs in the form of sheet- used to perform a proof of concept experiment to estimate
flow on the soil surface, the onset of rilling develops through overland flow velocity on a hillslope plot. Experiments have
a supercritical flow velocity regiméétard et al.2008. This been performed to evaluate the accuracy and efficiency of
condition produces the formation of small hydraulic jumps the tracing methodology under the following adverse condi-
and pools where sediments are massively transported frortions: (i) high turbidity loads; (ii) interaction of the particles
higher-gradient regions, that is, the top of the hillslope plot, with soil sediments; and (iii) interaction of rain drops with
to downstream tracts. The rill evolves towards a small scalehe flow.
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Particles have been identified while flowing in the rill un- Budai, P. and Clement, A.: Refinement of national-scale heavy
derneath a detection apparatus comprising light source and metal load estimations in road runoff based on field measure-
video acquisition units. Experimental results have demon- ments, Transport. Res. D-Tr. E., 16, 244-250, 2011.
strated the feasibility of using the particles for environmentalPomingo, F., Villagar@a, L., Boer, M. M., Alados-Arboledas, L.,
applications and have led to the identification of optimal di- and Puigdeibregas, J.: Evaluating the long-term water balance

. . of arid zone stream bed vegetation using evapotranspiration mod-
?hrzztggi,rigzgﬁzﬁysI%)?)c()aopli)tlSO um, for flow measurements in elling and hillslope runoff measurements, J. Hydrol., 243, 17-30,

. . . . 2001.
Future ameliorations to the illustrated methodology will Doody, D. G., Higgins, A., Matthews, D., Foy, R. H., Pilatova,

encompass the design of enhanced biodegradable particle k “pyffy, 0., and Watson, C. J.: Overland flow initiation from
tracers and of the hardware components of the detection ap- a drumlin grassland hillslope, Soil Use Manage., 26, 286298,
paratus. Specifically, the following research directions will  2010.

be pursued: (i) new biocompatible, biodegradable, and lowDunjo, G., Pardini, G., and Gispert, M.: The role of land use-land
cost fluorescent particles will be fabricated and laboratory cover on runoff generation and sediment yield at a microplot
and field tests will be performed to assess their performance. scale, in a small Mediterranean catchment, J. Arid Environ., 57,
Such particles will be deployed in larger amounts in the en-  99-116,2004. _

vironment, thus facilitating their detection through the unsu-DU”ke”e)/_: L. D.: Estimating the mean speed of laminar overland
pervised procedure; (i) different fluorophores will be exper- flow using dye injection-uncertainty on rough surfaces, Earth
! . o Surf. Proc. Land., 26, 363-374, 2001.

imented with to guarantee fluorescence excitation for broaqD

f | hs. Thi i . il allow f unkerley, L. D.: An optical tachometer for short-path measure-
range of wavelengths. This amelioration will allow for en- ment of flow speeds in shallow overland flows: improved alter-

hancing bead visibility, using more portable lamps, and re-  pative to dye timing, Earth Surf. Proc. Land., 28, 777—786, 2003.
ducing total costs; (iii) miniature cameras will be tested to Esteves, M., Planchon, O., Lapetite, J. M., Silvera, N., and Cadet,
mitigate the illumination problem. Specifically, cameras will  p.: The “Emire” large rainfall simulator: design and field testing,
be located below the lamp unit in the particle detection ap- Earth Surf. Proc. Land., 25, 681-690, 2000.

paratus, thus reducing the negative effects of light reflecFiener, P. and Auerswald, K.: Measurement and modeling of con-
tions; (iv) extensive field campaigns will be planned to quan-  centrated runoff in grassed waterways, J. Hydrol., 301, 198-215,
tify the uncertainty of the observations, provide a more ex- _ 2005.

tensive validation of presented results, and fully automate thénkner. S. C. and Gilley, J. E.: Sediment and dye concentration
detection procedure. effects on fluorescence, Appl. Eng. Agric., 2, 104-107, 1986.

Ghahramani, A., Ishikawa, Y., Gomi, T., Shiraki, K., and Miyata,
S.: Effect of ground cover on splash and sheetwash erosion over

. ) a steep forested hillslope: A plot-scale study, CATENA, 85, 34—
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