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Abstract

:

This study presents a tracer technique based on the fluorescent properties of quinine to help on the visualization of shallow flows and allow a quantitative measurement of overland flow velocities. Laboratory experiments were conducted to compare the traditional dye tracer and thermal tracer techniques with this novel fluorescent (quinine) tracer by injecting a quinine solution and the other tracers into shallow flowing surface water. The leading-edge tracer velocities, estimated using videos of the experiments with the quinine tracer were compared with the velocities obtained by using thermograms and real imaging videos of the dye tracers. The results show that the quinine tracer can be used to estimate both overland and rill flow velocities, since measurements are similar to those resulting from using other commonly used tracers. The main advantage of using the quinine tracer is the higher visibility of the injected tracer under ultraviolet A (UVA) light for low luminosity conditions. In addition, smaller amounts of quinine tracer are needed than for dye tracers, which lead to smaller disturbances in the flow. It requires a simple experimental setup and is non-toxic to the environment.
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1. Introduction


Surface water flow velocities and discharges are essential to understand the hydraulic dynamics of shallow flows, namely in irrigated land and urban environments (e.g., [1]). Moreover, the accurate estimation of flow velocities is important to understand natural phenomena such as runoff, overland flow, rill development, erosion and infiltration and for modelling surface runoff, and sediment and solute transport (e.g., [1,2]). In recent years there have been many studies conducted in the field and in the laboratory, which have contributed to a better understanding of surface flow processes (e.g., wave front movements, tracers’ leading-edge movements, surface velocity fields). One of the important approaches for measuring and modelling surface flow processes in the field is to monitor water movements by flow tracing techniques (e.g., [3,4,5,6]).



Artificial tracers are substances that are introduced into the hydrologic system to obtain information on the processes under study. The success of tracing techniques is highly dependent on the selection of the proper tracer as its application is limited both in time and space (e.g., [3,4,7]). This requires a good understanding of the behaviour of the tracer in different environmental conditions. Typical fields of application are: detection of hydrological connectivity, flow paths, determination of flow velocities, hydrodynamic dispersion, runoff separation, resident time, simulation of contaminant transport and discharge measurement applying the dilution methods (e.g., [3]).



For the specific study of surface runoff, most commonly used approaches use colour (dye) tracers (e.g., [5,8]), fluorescence dyes (e.g., [3,6,9]), drifting particles (e.g., [10,11]), salt tracers and electrolytes (e.g., [8,12,13]), or radioactive isotopes (e.g., [14]), which have been used as traditional tracking tools by scientists over the years.



Additionally, a number of recent studies have been conducted on thermal tracer techniques such as the infrared thermographic approach for shallow overland flow estimation in laboratory and field experiments (e.g., [5,6,8,13,15,16]). This technique was used to measure surface flow velocity by tracking the leading-edge of a heated tracer solution instead of using an optical camera or the naked eye, which is usually associated with dye tracing techniques.



Fluorescent dye tracing methods are also widely used and are probably the most important artificial tracers [3,4,10,11]). They are used, for example, to identify connections between groundwater supply points (e.g., sinkholes, karst windows, etc.), discharge points (e.g., springs and wells), and to estimate the solute-transport characteristics (e.g., travel time of the leading edge of the dye, peak dye concentration, persistence of the dye plume at the discharge point, trajectory tracking, etc.) (e.g., [3,17]). According to these authors, fluorescent tracers have less limitations than non-fluorescent detectors, in particular, their low toxicity levels compared with other tracer substances. Several non-toxic and non-carcinogenic dyes, such as uranine, rhodamines, eosine, pyranine, and naphthionate are available (e.g., [3,18]).



In this experimental study, quinine was used as a novel fluorescent tracer for estimating leading-edge velocities aiming to obtain overland flow and rill flow velocities. The main goals of this study were: (i) to test this new fluorescent tracer’s capability, which, in combination with ultraviolet A (UVA) light, supports measuring the velocity of shallow flows, (ii) to compare the results with traditional dye tracing and infrared thermographic techniques for various discharges and bare soil surface morphological conditions, and (iii) to test in which conditions the use of this novel tracer is an advantage.




2. Materials and Methods


2.1. Laboratory Setups


This study follows others that used soil flumes to study surface hydrological processes (e.g., [19,20,21,22,23,24]). Three slightly different simple laboratory setups were used for the qualitative and quantitative comparison of the fluorescent (quinine) tracer, the thermal tracer, and the dye tracer techniques, for estimating overland flow leading-edge velocities (Figure 1). The experiments were carried out in a 3.0 m long by 0.3 m wide rectangular soil flume, adjusted to a 1% slope, with a surface water supply system installed upstream of the flume. The water supply system comprised a constant head tank and a feeder box, thus allowing the application of a known constant flow over the flume soil surface. A tubular shape ultraviolet lamp UVA (BLB light bulb) was used (Nominal power: 36 W; UVA Irradiance @ 20 cm, 315–400 nm: 350 mW/cm2; Peak emission wavelength: 354 nm).



The constant head tank was filled with tap water from the laboratory supply system (Conductivity: 75.9–150 µS/cm at 20 °C; pH: 6.5–7.3; Turbidity: < 1.1 NTU; O2: 1.0–3.7 mg/L; Total hardness: 21.4–33.3 mg CaCO3/L; [25]), which was also used to prepare the tracers.




2.2. Soil and Surface Morphology


The 0.1 m deep soil layer used in the flume is a sandy loam, which was collected from fluvial deposits from the right bank of the river Mondego, near the vicinity of Coimbra, Portugal (already used in previous studies, e.g., [5,26]). The main physical characteristics of the soil used in the soil flume experiments are: Sand content: 79%; Silt content: 10%; Clay content: 11%; Bulk density: 1100 kg/m3; Soil depth: 62 mm; Colour: brownish.



The soil was saturated, and a small amount of hydraulic cement (Portland cement) was applied superficially, whenever needed, to guarantee the preservation of the soil surface microrelief throughout the experiments, i.e., without suffering any type of erosion. Then, the soil surface was left to dry (more than 1 week) until it gained a consistency that assured the preservation of the soil surface characteristics.



Following this procedure, three surface morphologies were tested (Figure 2). The eroded plane surface was created by run-on applied by a feeder box installed at the upstream end of the soil flume.




2.3. Tracers


The following tracers were used: (1) dye tracer; (2) quinine fluorescent tracer; and (3) thermal tracer. The three techniques were tested with the same conditions (same soil surface morphology, discharge, flow depths and velocities). The flow was kept in steady state.



2.3.1. Dye Tracer


For the dye tracer solution, a red food colouring (Ingredients: carmoisine dye (E122), ponceau dye 4R (E124), yellow dye (E104) and acetic acid (E260)) was used by diluting it in tap water with a concentration of 20 mL/L.




2.3.2. Quinine Fluorescent Tracer


Quinine is known as a bitter alkaloid that is extracted from the bark of the cinchona tree and has been used in medical treatments (e.g., [27,28]). Quinine can also be applied as a bitter flavouring agent in soft drinks such as tonic water. Tonic water includes approximately 80 mg/L of quinine [29,30].



In this set of experiments, the following quinine was used: monohydrochloride dihydrate 99% (ACROS Organics™). Quinine monohydrochloride dihydrate 99% has no ecotoxicological effects in the environment and is not likely mobile in soil due to its low water solubility [31]. Following preliminary tests, a concentration of 80 mg/L was used since its fluorescence was adequate for the proposed use.




2.3.3. Thermal Tracer


For the thermal tracer experiments, water was heated in a kettle to a temperature of approximately 80 °C. In the experiments, the average overland flow temperature was in the range of 18.0–20.0 °C.





2.4. Video Recording Systems


Both infrared video and real image video were used. Thermal videos of the scanned area (Figure 1) were recorded with the FLIR DUO PRO R infrared video camera (Resolution (number of pixels): 336 × 256; Accuracy: +/- 5 °C or 5% of readings in the −25 °C to +135 °C range; Spectral range: 7.5–13.5 μm). Real image videos were recorded with a regular cell-phone Samsung S8 optical camera (Resolution (number of pixels): 4290 × 2800 photographs; 1920 × 1080 video frames). For all the experiments, the cameras were in a fixed position; however, the infrared camera had a different position than the optical camera, in order to catch the same flume’s area. Therefore, the optical and infrared cameras were attached to a metal support structure, respectively, 0.65 m and 1.5 m above the soil surface; the cameras were installed with the sensor parallel to the soil surface.



The infrared video camera detects the invisible infrared energy emitted by the wetted soil surface and water, presenting it as a 2D visual image. The imaging scale of the infrared camera is based on the temperature emissivity coefficients of the materials. Since the water and wetted soil emissivity coefficients are very similar (maximum of 15%), for the working spectral range of the infrared camera (7.5–13.5 μm) the associated errors can be ignored.



To improve the visualization of the dye tracer in the real image videos, the flume was positioned to minimize the reflections of light off the surface of the water flow. In order to visualize the fluorescent tracer, an ultraviolet (UVA) lamp was installed beside the flume and the background was covered with black plastic to avoid light reflection and obtain high quality imagery.




2.5. Laboratory Procedure and Image Processing


Since the objective of this study was to compare the quinine (fluorescent) with the dye and thermal tracer techniques, no attempt was made to estimate the mean flow velocity for the cross-sectional area (across the flume). Many studies have focused on determining the velocity of dye tracers by tracking the leading-edge of the tracer (e.g., [9]), which is related to the surface velocity of flow.



The leading-edge velocity was measured from the video frames and used as the variable for comparison between tracers, as illustrated in Figure 3. Therefore, no correction factors were applied, as suggested by many authors when mean flow velocities are to be estimated (e.g., [5,9,32,33]). Since the flume had a constant width, it was straightforward to estimate the distances travelled by the leading-edge in a certain time-span within two frames (Figure 3). In addition, no correction was done to the field of view since all tracers were subjected to the same perspective.



Three sets of experiments were performed: (i) on a flat plane surface under overland flow that covered approximately uniformly the entire soil surface (sheet flow); (ii) over an eroded surface, created by water erosion, with overland flow meandering through the natural relief of the eroded soil with varying flow depths according to the micro-relief; (iii) inside an artificial rill with the whole flow contained within the rill (Figure 2).



Flow velocity was measured for different flow discharge rates and volumes of tracer, at the downstream end of the flume (Figure 1). Discharge applied to the upstream end of the soil flume surface through run-on from the feeder tank was controlled manually from the water supply system using a valve until steady state flow was achieved.



Once discharge became stable, the velocity measurements were undertaken at the measuring section (video scanned area) with the optical and infrared video cameras. The movement of the tracer along the scanned area was recorded in separate videos, for each tracer type and settings. Three replicates were conducted for each flow discharge rate and volume of tracer injected (5, 7.5 and 10 mL). The scanned area was established 1.0 m downslope of the feeder tank, with a length of 0.5 m over the flume width.



The tracers (quinine, dye and thermal) were applied with the help of a syringe at approximately 0.2 m upslope of the scanned area, to minimize the interference of the injection volume in the velocity measurements in the scanned section. The syringe had a maximum capacity of 10 mL to allow testing with different volumes.



Frames were visualized and analysed one by one with MATLAB image processing toolbox. In the case of quinine, the aim was to identify the brightness intensity of the fluorescent tracer. All videos and images were converted to grayscale; therefore, the brightness intensity range for the fluorescent tracer varied from 0 to 255. For the thermal videos, FLIR Tools® (software to import, edit, and analyse thermal images) was used.





3. Results and Discussion


To illustrate what is captured in the different videos, Figure 4 shows frames of the scanned areas recorded by the cameras. These illustrate the differences between the fluorescent (quinine), dye, and thermal tracer videos. In addition, the differences between the flat and eroded surfaces, and the artificial rill become clear, since the concentrated rill flow has well-defined boundaries.



An example of the chronological sequence of images of the scanned area for the different tracers can be seen in Figure 5. The aim of this figure is solely to illustrate the difference of the movement, over time, of the three tracers used in this study. The thermal tracer leading-edge movement is initially better shaped, particularly when a threshold temperature is used (e.g., [5]); however, it leaves a thermal mark that takes some time to fade away since the soil surface warms up as the heated tracer passes over it. This happens because of the very small flow depth (few millimetres). It should be noted that from time t = 4 s onwards the leading-edge is not visible any more. The quinine tracer leading-edge movement is better defined and better shaped, and does not leave any mark or residue in the measuring section (video scanned area), as suspended quinine moves with the flow.



Table 1, Table 2 and Table 3 summarize the data for all studied cases. Leading-edge velocities are presented (average and standard deviation for three replicates). Mean velocity and standard deviation (S.D.) of tracers’ leading-edge for the three applied tracer volumes are also shown.



The combined analyses of Figure 6 and results presented in Table 1, Table 2 and Table 3 show that the injected tracer leading-edge velocities, estimated by all techniques, are similar for all flow discharges and volumes of tracer used. Larger volumes of tracer lead to slightly higher flow velocities; this is clearly more relevant for small discharges, where the influence of the volume of injected tracer is more noticeable.



The three techniques studied yielded very similar results, as can be seen in Figure 7; the comparison between the velocities measured using the dye and fluorescent tracers showed a good correlation, with a coefficient of determination for a linear regression (R2) of 0.99, for all the tested surfaces. In addition, the comparison between the velocities measured using the thermal tracer and the other tracers shows that the thermal tracer overestimates the velocities when compared to the other two techniques. Nonetheless, the R2 is approximately 0.99 for all cases. The regression equations and R2 related to Figure 7 are presented in Table 4.



The brightness intensity of the fluorescent tracer at each time step, with Δt = 1 s, was plotted (Figure 8) along the length of the flume (scanned area) and compared with the temperature variation of the thermal tracer for the same time step. During this time lapse, the maximum fluorescent intensity decreases, due to diffusion and mass transport, from a value of 65 to 42, which is still highly visible. On the other hand, the temperature drops from 27 °C to 22 °C, which is close to the temperature of the soil and water, making it difficult to track the exact point of the hot tracer leading-edge. Hence it can be concluded that for the same time step, the fluorescent tracer seems to remain more visible than the thermal tracer. In addition, the thermal tracer leaves a thermal mark spread over the surface that takes some time to fade out, due to the heating of the soil surface as the thermal tracer passes over it.



For the quinine solution tracer, Figure 9 shows in detail the tracer movement over the scanned area. The brightness intensity contour plots (Figure 9a) allow one to visualize the movement of the tracer over the soil surface and to extract data that enables one to evaluate how brightness intensity evolves along time (Figure 9b). The well-defined contour plots show that quinine solution is capable of maintaining its visibility under UVA lights, and so, maintain its tracing features. The decay in brightness is directly related to the concentration of quinine in the flow, which results from the dispersion patterns caused by the shallow-flow hydrodynamics.




4. Conclusions


The results show that quinine tracer under ultraviolet light can be used to estimate overland flow velocities, for both sheet flows and rill flows. Leading-edge velocity estimates are nearly identical to those recorded for dye tracers, a technique widely used to estimate shallow flow velocities, and similar to measurements carried out using the thermal tracers, a more recent technique. This demonstrates the viability of using quinine as a tracer for surface hydrology studies.



The main advantages of using fluorescent quinine as a tracer are: (i) Higher visibility of the injected tracer compared with dye tracing; (ii) It requires a simple experimental setup (e.g., UVA lamp which is inexpensive and easy to get, a camera and water with quinine); (iii) Smaller amounts of quinine tracer are needed than for dye tracers, which leads to smaller disturbances in the flow; (iv) High visibility of the injected tracer with low luminosity conditions (e.g., field measurements in dark conditions, at night, twilight, shielded environments such as under heavy vegetation or close conduits); (v) The technique is less expensive than thermal tracers because it does not need a thermographic camera; (vi) It is non-toxic to the environment, due to the very low concentration needed to produce high fluorescence (around 80 mg/L, a concentration that is used in tonic water for human consumption, for example). The fluorescent tracer should not be used under sunny conditions, however, since the advantage of the fluorescence disappears; other types of tracers are therefore recommended.



More work is needed to evaluate the capabilities of the quinine tracer technique when applied in different urban and rural surface conditions (e.g., cobblestone pavements, road pavements, arable land, mulch covers). Field protocols must be also designed and prepared, particularly bearing in mind that the fluorescence of quinine tracer depends on the quinine solution concentration and water characteristics. The applicability of this novel tracer to estimate flow velocities in streams and rivers is yet to be established.
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Figure 1. Schematic representation of the laboratory setup for: (a) Quinine tracer; (b) Thermal tracer; and (c) Dye tracer measurements. 
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Figure 2. Photographs of the scanned surface area (see Figure 1) with the flat plane surface (top), the eroded plane surface (middle) and the artificial rill (bottom). The longitudinal dimension of each photograph is 0.5 m. 
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Figure 3. Method of estimating mean leading-edge tracer surface velocity (here illustrated for the quinine tracer tracking). The blue intermittent lines at the bottom of the scanning area are reflections captured by the camera and should be disregarded. 
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Figure 4. Comparison between imaging of the quinine tracer under ultraviolet light (left), the thermal tracer snapshots (centre), and the dye tracer (right), for the flat plane (top), eroded (middle), and artificial rill (bottom) surfaces. Scales are indicated on the images. 
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Figure 5. Chronological sequence of snapshots for overland flow tests, with a time lapse of 1 s, for: quinine tracer (top), thermal tracer (middle), and dye tracer (bottom) measurements. Snapshots of the scanned surface area are from the flat plane surface (see Figure 2). The blue intermittent marks (top) on the sides of the scanning area are reflections captured by the camera, and should be disregarded. 
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Figure 6. Comparison of injected tracer leading-edge velocities U measured for the three tracers (total of 81 tests for each tracer), for the plane surface, eroded surface and rill flows. Mean and standard deviation are presented for each flow discharge Q (detailed data in Table 1, Table 2 and Table 3). 
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Figure 7. Comparison between velocities measured by the quinine (Uqu), dye (Udy) and thermal (Uth) tracer techniques, for the flat plane, eroded surface and artificial straight rill. Line 1:1 and linear regression lines are also plotted. Note that the axes are not at the origin (0,0). 
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Figure 8. Brightness of the fluorescent quinine tracer (top) and temperature of the thermal tracer (bottom) over time (t, t + Δt, t + 2Δt, t + 3Δt), along the flume’s length (scanned area). Comparison between the two graphs shows that the decay of temperature in the thermogram is stronger than the reduction of brightness intensity in the quinine tracer. These examples are from tracer movements over the plane surface (Q = 113.63 mL/s, Vtr = 7.5 mL). 
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Figure 9. Quinine tracer movement over the scanned area for one run over the plane surface (Q = 113.63 mL/s, Vtr = 10 mL): (a) Brightness intensity contour plots and (b) Brightness intensity along the flume’s length x (scanned area), in time (t, t + Δt, t + 2Δt, t + 3Δt). 
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Table 1. Plane surface flow test results for thermal, dye and quinine fluorescent tracer leading-edge velocities, for different discharges and tracer volumes. The data are for three replicates of each combination. Notation “-“ means no data.






Table 1. Plane surface flow test results for thermal, dye and quinine fluorescent tracer leading-edge velocities, for different discharges and tracer volumes. The data are for three replicates of each combination. Notation “-“ means no data.





	
Discharge, Q (mL/s)

	
Volume of Tracer, Vtr (mL)

	
Leading-Edge Flow Velocity, U (m/s)




	
Thermal Tracer

	
Dye Tracer

	
Quinine Tracer




	
Mean

	
S.D.

	
Mean

	
S.D.

	
Mean

	
S.D.






	
51.54

	
5

	
0.203

	
0.012

	
0.175

	
0.005

	
0.186

	
0.004




	
7.5

	
0.205

	
0.015

	
0.171

	
0.005

	
0.192

	
0.007




	
10

	
0.207

	
0.009

	
0.179

	
0.008

	
0.179

	
0.011




	
Mean

	
0.205

	

	
0.175

	

	
0.185

	




	
S.D.

	
0.001

	

	
0.003

	

	
0.005

	




	
89.28

	
5

	
-

	
-

	
0.183

	
0.009

	
0.180

	
0.011




	
7.5

	
0.238

	
0.012

	
0.217

	
0.009

	
0.218

	
0.012




	
10

	
0.247

	
0.009

	
0.210

	
0.008

	
0.208

	
0.011




	
Mean

	
0.242

	

	
0.203

	

	
0.202

	




	
S.D.

	
0.004

	

	
0.014

	

	
0.016

	




	
113.63

	
5

	
0.223

	
0.014

	
0.190

	
0.014

	
0.207

	
0.007




	
7.5

	
0.243

	
0.016

	
0.240

	
0.005

	
0.241

	
0.004




	
10

	
0.251

	
0.017

	
0.253

	
0.006

	
0.248

	
0.003




	
Mean

	
0.239

	

	
0.227

	

	
0.232

	




	
S.D.

	
0.011

	

	
0.027

	

	
0.017
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Table 2. Eroded surface flow test results for thermal, dye and quinine fluorescent tracer leading-edge velocities, for different discharges and tracer volumes. The data are for three replicates of each combination. Notation “-“ means no data.






Table 2. Eroded surface flow test results for thermal, dye and quinine fluorescent tracer leading-edge velocities, for different discharges and tracer volumes. The data are for three replicates of each combination. Notation “-“ means no data.





	
Discharge, Q (mL/s)

	
Volume of Tracer, Vtr (mL)

	
Leading-Edge Flow Velocity, U (m/s)




	
Thermal Tracer

	
Dye Tracer

	
Quinine Tracer




	
Mean

	
S.D.

	
Mean

	
S.D.

	
Mean

	
S.D.






	
40.8

	
5

	
0.162

	
0.014

	
0.162

	
0.005

	
0.163

	
0.004




	
7.5

	
0.167

	
0.005

	
0.179

	
0.008

	
0.181

	
0.004




	
10

	
0.185

	
0.006

	
0.181

	
0.010

	
0.179

	
0.019




	
Mean

	
0.171

	

	
0.174

	

	
0.174

	




	
S.D.

	
0.009

	

	
0.008

	

	
0.008

	




	
73.5

	
5

	
-

	
-

	
0.179

	
0.009

	
0.211

	
0.019




	
7.5

	
0.187

	
0.014

	
0.185

	
0.008

	
0.210

	
0.011




	
10

	
0.182

	
0.017

	
0.182

	
0.013

	
0.197

	
0.012




	
Mean

	
0.185

	

	
0.182

	

	
0.206

	




	
S.D.

	
0.002

	

	
0.002

	

	
0.006

	




	
116

	
5

	
0.233

	
0.009

	
0.235

	
0.012

	
0.207

	
0.017




	
7.5

	
0.243

	
0.018

	
0.233

	
0.009

	
0.223

	
0.014




	
10

	
0.249

	
0.015

	
0.219

	
0.016

	
0.232

	
0.015




	
Mean

	
0.241

	

	
0.229

	

	
0.221

	




	
S.D.

	
0.006

	

	
0.007

	

	
0.010
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Table 3. Rill flow test results for thermal, dye and quinine fluorescent tracer leading-edge velocities, for different discharges and tracer volumes. The data are for three replicates of each combination.






Table 3. Rill flow test results for thermal, dye and quinine fluorescent tracer leading-edge velocities, for different discharges and tracer volumes. The data are for three replicates of each combination.





	
Discharge, Q (mL/s)

	
Volume of Tracer, Vtr (mL)

	
Leading-Edge Flow Velocity, U (m/s)




	
Thermal Tracer

	
Dye Tracer

	
Quinine Tracer




	
Mean

	
S.D.

	
Mean

	
S.D.

	
Mean

	
S.D.






	
7.38

	
5

	
0.1253

	
0.0107

	
0.1264

	
0.0139

	
0.1298

	
0.0223




	
7.5

	
0.1528

	
0.0173

	
0.1308

	
0.0089

	
0.1291

	
0.0194




	
10

	
0.1321

	
0.022

	
0.1599

	
0.0078

	
0.1388

	
0.0141




	
Mean

	
0.1367

	

	
0.1391

	

	
0.1326

	




	
S.D.

	
0.0117

	

	
0.0148

	

	
0.0044

	




	
18.73

	
5

	
0.1847

	
0.0185

	
0.1503

	
0.0072

	
0.1539

	
0.0069




	
7.5

	
0.1846

	
0.0155

	
0.1510

	
0.0006

	
0.1539

	
0.0082




	
10

	
0.1858

	
0.0098

	
0.1632

	
0.0009

	
0.1718

	
0.0089




	
Mean

	
0.1850

	

	
0.1549

	

	
0.1599

	




	
S.D.

	
0.0005

	

	
0.0059

	

	
0.0084

	




	
27.69

	
5

	
0.1975

	
0.0128

	
0.1854

	
0.0092

	
0.1864

	
0.0168




	
7.5

	
0.1972

	
0.0096

	
0.1867

	
0.0112

	
0.1877

	
0.0129




	
10

	
0.1960

	
0.0122

	
0.1890

	
0.0043

	
0.1854

	
0.0132




	
Mean

	
0.1969

	

	
0.1870

	

	
0.1865

	




	
S.D.

	
0.0006

	

	
0.0015

	

	
0.0009
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Table 4. The regression equations and coefficient of determination (R2) of graphs in Figure 7.
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Graph (x vs. y)

	
Surface

	
Regression Equations

	
R2






	
Uqu vs. Uth

	
Flat

	
y = 1.0844 x

	
0.9965




	
Eroded

	
y = 1.0162 x

	
0.9958




	
Rill

	
y = 1.0825 x

	
0.9955




	
Uqu vs. Udy

	
Flat

	
y = 0.9799 x

	
0.9984




	
Eroded

	
y = 1.0085 x

	
0.9925




	
Rill

	
y = 1.0022 x

	
0.9980




	
Uth vs. Udy

	
Flat

	
y = 0.8983 x

	
0.9953




	
Eroded

	
y = 0.9786 x

	
0.9950




	
Rill

	
y = 0.9201 x

	
0.9903
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