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Abstract 8 

Experiments conducted at very small scales are increasingly being used to study the 9 

morphodynamics of sediment beds under the action of flowing water. For such microscale 10 

experiments, we propose a measurement approach aimed at jointly mapping the evolving bed 11 

topography and distribution of water depth. The proposed measurement system includes a 12 

single color camera, a red stripe laser and green fluorescent dye. The stripe laser is scanned 13 

back and forth over the experimental surface, while the fluorescent dye is mixed with the 14 

flowing water, allowing both the bed topography and water depth to be reconstructed from 15 

color images. We present the steps needed for image calibration and processing, including 16 

simple models of light refraction and attenuation. The methods are verified using a surface of 17 

known geometry, then demonstrated for a challenging groundwater channelization experiment. 18 

For this application, co-registered maps of bed topography and water depth are obtained at 19 

millimetric resolution for an experimental domain of 650 mm by 650 mm, at a rate of 1 pair 20 

of maps per minute (experimental time). The methods are found to yield accurate results, and 21 

vividly depict the evolution of a self-formed channel network. 22 
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1 Introduction 1 

Laboratory experiments probing the morphodynamics of sediment beds under the action of 2 

flowing water have a rich history (see e.g. Jaggar 1908; Schumm et al. 1987). In hydraulic 3 

engineering, such experiments are typically conducted at moderately reduced scales such that 4 

model and prototype share the same Froude number and model flows remain turbulent. In 5 

recent years, geomorphologists have realized that experiments conducted at even smaller 6 

scales with laminar instead of turbulent flows can also yield valuable quantitative information. 7 

By opposition to Froude scale experiments, such experiments have been called microscale 8 

experiments by Davies et al. (2003) and Malverti et al. (2008). They are typically conducted 9 

in sandboxes having horizontal dimensions of the order of one meter, with bed elevation 10 

variations and flow depths of the order of a few millimeters. Microscale experiments have 11 

recently been used to study the response of drainage basins to tectonic uplift (Lague et al. 12 

2003), seepage-induced channelization (Ni and Capart 2006), and stream-vegetation 13 

interactions (Tal and Paola 2007), to cite but a few among a wide range of applications. Many 14 

more are described in recent reviews by Paola et al. (2009) and Lajeunesse et al. (2010). 15 

 16 

For experiments conducted at such small scales, special measurement techniques are needed. 17 

Typically, what is desired is not point measurements at specific locations and times, but 18 

whole-field monitoring of the evolving bed and flow. One highly accurate approach to the 19 

measurement of bed topography is to move point probes along the experimental surface (e.g. 20 

a single beam time-of-flight laser profiler mounted on a controlled carriage). Moving such 21 

probes is a slow process, however, hence experiments must typically be interrupted for each 22 

scan (see e.g. Lague et al. 2003). Imaging methods based on camera monitoring of the 23 

experiment provide a faster alternative, allowing uninterrupted monitoring of evolving 24 

surfaces. Such methods have been used to map both topography and flow depth. For 25 

topography measurements, the depth ambiguity of camera measurements must be resolved, 26 



 3

which can be done either by using stereoscopic vision (e.g. Chandler et al. 2001), or by 1 

scanning a stripe laser over the experimental surface. This second technique has been applied 2 

to sediment surfaces by Rice et al. (1988), Darboux and Huang (2003), Huang et al. (2007a), 3 

and Spinewine et al. (2009), to cite but a few (for a broader review not restricted to sediment 4 

surfaces, see Blais, 2004).  5 

 6 

To map flow depths, on the other hand, depth-from-luminosity measurements have been 7 

successfully acquired over both fixed and evolving topography. Aureli et al. (2008) and Wei 8 

(2008) mapped the evolving depth of a water flow over a flat, transparent floor, illuminated 9 

from below, by adding blue dye to the water and monitoring from above the distribution of 10 

light attenuation. Tal and Paola (2007) used red dye to estimate the distribution of water depth 11 

in a self-formed vegetated channel. In both cases, the approach involved mixing water with 12 

dye and calibrating the depth dependence of the luminosity recorded by camera images. In 13 

related applications, fluorescent dye was earlier used by Weiler and Flühler (2004) and Huang 14 

et al. (2007b) to monitor ground water flow patterns. To the best of our knowledge, no 15 

microscale experiments have yet been reported in which both bed topography and flow depth 16 

have been mapped by imaging methods over a complete two-dimensional domain.  17 

 18 

In this paper, we present an imaging approach capable of jointly mapping bed topography and 19 

flow depth in small-scale experiments. The proposed measurement system features three 20 

components: 1) a red stripe laser continuously scanned back and forth over the evolving 21 

experimental surface, used to map the bed topography; 2) green fluorescent dye mixed with 22 

the flowing water and illuminated by ultraviolet light, used to map the flow depth; 3) a single 23 

color camera, continuously monitoring the illuminated surface, allowing recovery of separate 24 

red and green signals. To interpret the corresponding footage, we propose simple image 25 

processing algorithms and calibration techniques. We then check the resulting measurements 26 
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using verification experiments, before demonstrating the methods for a challenging 1 

groundwater channelization experiment.  2 

 3 

2 Measurement principle 4 

 5 

2.1 Imaging configuration 6 

We consider the experimental configuration illustrated in Fig. 1. The microscale 7 

morphodynamic model is composed of a shallow sandbox, inclined at 14 degrees, and 8 

alimented with water. The water is supplied by a constant head tank, collected at the 9 

downstream outlet, then recirculated upstream. Under the geomorphic action of channelized 10 

water flow, the sand bed topography evolves in time, redirecting in turn the water flow paths. 11 

Our objective is to jointly monitor the evolving bed topography ),,( tyxz  and distribution of 12 

water depth ),,( tyxh . To measure the topography, a stripe laser is scanned over the surface 13 

under the view of an oblique camera. The camera records the shape of the stripe projected by 14 

the laser onto the bed surface. It also simultaneously monitors the progress of the scanning 15 

laser plane, with the aid of markers placed along the sides of the sandbox. To measure the 16 

water depth distribution, we use a depth-from-luminosity technique. Prior to the experiment, 17 

fluorescent dye is added to the water to be circulated in the system, with homogeneous 18 

concentration obtained by thorough mixing. As the experiment unfolds, the flow surface is 19 

illuminated using two black neon lights emitting in the ultraviolet range. The dyed water 20 

reemits light in the visible range, with a luminosity that depends on the local water depth. The 21 

evolving distribution of luminosity is monitored by the same camera used to image the laser 22 

stripe. Because the laser stripe is colored red, and the dyed water colored green, it is possible 23 

to register both signals using a single color camera. To obtain good contrast, we further use 24 

black sand as sandbox material.  25 

 26 
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The methods require two types of calibrated relationships. The first is a geometrical relation 1 

governing the transformation between spatial coordinates in the laboratory frame of reference 2 

and pixel coordinates in the image plane. The second is a luminosity relation linking 3 

brightness intensity recorded by the camera to the depth of dyed water along the experimental 4 

surface. To calibrate the geometrical relation, a parallelepiped target with identifiable markers 5 

is placed in the viewing volume and imaged by the camera prior to each experiment. To 6 

calibrate the luminosity relation, a prism of dyed water enclosed between transparent plates is 7 

placed at different locations along the model surface, again to be imaged by the camera prior 8 

to each experiment. For measurements to be successful, it is critical that no change in scene 9 

illumination or camera orientation occur throughout the experiment. This is achieved by 10 

performing experiments in a dark room, and by remotely operating the camera mounted on a 11 

rigid support. To check that no change occurred, a second set of calibration images is acquired 12 

after each experiment. As morphodynamic experiments typically unfold over long times (30 13 

minutes to a few hours), continuous camera recording leads to a vast amount of image data. 14 

This is accommodated by directly storing the digital images from the camera on a high 15 

capacity external hard disk. To convert the resulting footage into a sequence of bed 16 

topography and water depth maps, automated imaging algorithms are used. Processing is 17 

performed offline, once the experiment is completed, using the methods described in the 18 

following sections.  19 

 20 

2.2 Laser stripe measurement of bed topography 21 

Each digital image acquired by the color camera is represented by arrays R, G and B storing 22 

the brightness values of the red, green and blue color components. In each array, the position 23 

of a pixel is indexed by two-dimensional image coordinates =),( rc (column, row). 24 

Following Spinewine et al. (2003) and Tsorng et al. (2006), the three-dimensional viewing 25 

geometry is represented by the projection centre and image screen illustrated in Fig. 2. 26 
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Neglecting lens distortion, the correspondence between a point of laboratory coordinates 1 

),,( zyx=x  and the position ),( rc  of its alias in the image plane is then expressed as 2 
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where λ  parameterizes the depth of the point away from the projection centre. The 9 4 

coefficients of matrix A and three coefficients of vector b suffice to characterize the relation. 5 

They are calibrated by least squares using more than 6 points of known laboratory and image 6 

coordinates, acquired from a snapshot of the geometrical calibration target. The image 7 

coordinates ),( rc  of a point of known laboratory position x can then be obtained by 8 

calculating the column vector on the right-hand-side of eq. (1), then dividing its first and 9 

second components by the third. Conversely, a laboratory point observed on the image plane 10 

at coordinates ),( rc  is known to lie on a ray of parametric equation 11 
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where bAp 1−−=  is the laboratory position of the projection centre of the camera, and 13 

1−= AS  is the screen matrix governing the position and orientation of the image plane 14 

relative to the projection centre. Both p and S are easy to calculate once A and b have been 15 

calibrated. From eq. (2), it is clear that identifying a feature point at image coordinates ),( rc  16 

using a calibrated camera is not sufficient to uniquely determine its laboratory position x. To 17 

resolve the depth ambiguity, one must find a way to constrain the free parameter λ . This can 18 

be done using a stereo principle, adjoining a second camera (see e.g. Chandler et al. 2001; 19 

Tsorng et al. 2006). Here we use instead the laser stripe approach (see introduction for 20 

references to earlier work), consisting of identifying feature points at the intersection between 21 

the experimental surface and a laser-illuminated plane. Assuming that the laser plane 22 
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illuminated by the stripe laser has unit normal n and signed distance to origin d (see Fig. 2), 1 

the unknown parameter λ  can be found from the constraint  2 

 d=+= •• )()( qpnxn λλ , (3) 3 
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By applying this principle to multiple points of a laser-illuminated stripe, a transect can be 5 

obtained from each digital image. The full topography can then be recovered by combining 6 

transects from a sequence of images obtained as the stripe laser is scanned over the 7 

experimental surface. The required image processing steps are described further below. As 8 

outlined above, the method requires the stripe laser to be rigidly translated over the bed 9 

surface, in such a way that its normal n does not change orientation and that its evolving 10 

signed distance to the origin d(k) can be easily retrieved for each frame k of a sequence of 11 

images. We achieve this by mounting the laser on a motor-driven traverse moving at constant 12 

speed. The scan speed V is chosen so that the distance xΔ  between two successive laser 13 

lines matches the desired digital terrain model resolution. We thus set xfV Δ≈ , where f is 14 

the image acquisition frequency of the camera and =Δx 1 mm is the resolution sought in the 15 

present experiments. The precise progress of the laser stripe along the experimental surface is 16 

monitored using a series of equally spaced way points marked on the sides of the sandbox. To 17 

best resolve the laser line shape, the camera must be oriented approximately normal to the 18 

laser plane. However some obliquity is required to monitor the advance of the laser scan 19 

along the sand box. As a compromise between these two imperatives, values between 15 and 20 

30 degrees for the angle between the camera axis and laser plane normal have been found to 21 

yield good results. 22 

 23 

2.3 Correction for laser light refraction 24 

Because of light refraction across the air-water interface, the bed topography reconstructed by 25 
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the above method will be distorted relative to the true topography when water flows along the 1 

surface. Provided that the water surface is known, however, a correction for refraction can be 2 

made (Spinewine et al. 2004). For this purpose (see Fig. 3a), assume that the flow is locally 3 

uniform (free surface approximately parallel to the bed surface), with normal vector 4 

)cos,0,(sin θθ −=n . The light ray issuing from the stripe laser is assumed oriented vertically 5 

downward with direction vector )1,0,0( −=− k . Upon crossing the air-water interface, the 6 

light ray bends towards the normal direction n, reducing the corresponding angle from value 7 

θ  to value θ ′ . The light ray then produces a bright spot when hitting the bed surface. As 8 

seen from the camera viewpoint, the bright spot is observed in the direction of ray vector 9 

))cos(,0),(sin( φθφθ +−+=q . When crossing the free surface, however, this viewing ray 10 

also bends towards the normal direction n, their relative angle being reduced from value φ  11 

to value φ′ . By Snell’s Law, 12 
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where airn  and watern  are the refractive indexes of air and water, respectively. Applying 14 

trigonometry to the above configuration, the difference in elevation between the apparent 15 

location of the bright spot and the true elevation of the bed at the corresponding (x, y) position 16 

is obtained as 17 
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It is seen that the refraction error is bounded within the range θcos/0 hz <Δ< , such that the 19 

distorted bathymetry always appears shallower than the true bathymetry ( 0≥Δz ). Because 20 

the magnitude of the error is no greater than θcos/h , distortion can be neglected if the water 21 

is sufficiently shallow with respect to the topography variations of interest. This is the 22 

assumption that was adopted in Ni and Capart (2006). For better precision or when the water 23 

is not so shallow, however, a corrected bed elevation map ),( yxz′  can be obtained from the 24 

distorted bed elevation map ),( yxz  using the simple formula 25 
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In the above analysis, it was implicitly assumed that the free surface normal, laser ray, and 2 

viewing ray are all contained in a common plane normal to the y-direction. This is satisfied to 3 

a good approximation for the experiments described below, hence we do not explore more 4 

complicated corrections accounting for out-of-plane components of these vectors. Of course, 5 

the topography correction proposed above can only be made if the depth ),( yxh  is available, 6 

for instance using the depth from luminosity principle described in the next section.  7 

 8 

2.4 Depth from fluorescent dye method 9 

To obtain maps of the water depth, we exploit the optical properties of water mixed with 10 

fluorescent dye. The illumination source sends photons in the ultraviolet wavelength range, 11 

which are absorbed by the fluorescent dye and re-emitted as photons of longer wavelength, in 12 

the visible range. Along their paths, both ultraviolet and visible light intensities partially 13 

decay due to absorption, making the luminosity depend on the water depth. Assuming 14 

uniform flow depth h, we consider the simplified light transmission and conversion model 15 

illustrated in Fig. 3b. Measuring the coordinate η  normal to the free surface and downward 16 

into the liquid medium, ultraviolet light of intensity 0I  enters the dyed water layer at 0=η . 17 

Due to absorption, the intensity of ultraviolet light decreases with coordinate η  according to 18 

the relation 19 

 I
d
dI α
η

−=  (8) 20 

where α  is a linear absorption coefficient for ultraviolet light. On its way down, some of the 21 

ultraviolet light is converted by the fluorescent dye into upwards propagating visible light, 22 

which is itself partially absorbed on its way back up to the free surface. This can be expressed 23 

by the relation 24 
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where β  is a linear absorption coefficient for visible light, and γ  is a coefficient governing 2 

the conversion of ultraviolet light to visible light by fluorescent dye of a given concentration. 3 

We assume that no light is reflected by the bed, located at depth h=η . Solving the two 4 

differential equations, the intensities of ultraviolet and visible light propagating respectively 5 

downward and upward are obtained as 6 

 ηαη −= eIhI 0),( , (10) 7 
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with both expressions valid in the range h≤≤η0 . In particular, we are interested in the 9 

depth-dependence of the intensity of visible light reaching the free surface 0=η  10 
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The absorption and conversion parameters α, β, and γ are expected to increase with dye 12 

concentration. For a given dye concentration and external illumination 0I , the luminosity 13 

observed at the free surface increases monotonously with the water depth h. If h)( βα +  14 

becomes too large, however, the surface luminosity saturates at a constant level )/(0 βαγ +I . 15 

Depending on the range of flow depths to be measured, a suitable dye concentration must 16 

therefore be found, high enough for light to be recorded by the camera, and low enough for 17 

the surface luminosity to remain sensitive to the depth variations of interest. In the present 18 

work, the dye concentration must also be sufficiently dilute not to interfere with the red laser 19 

stripe. In practice, parameters α, β, and γ are not known and the suitable dye concentration 20 

must be found by trial and error. Once the illumination 0I  and dye concentration have been 21 

set, the relationship )(0 hJ  can be calibrated using images of known water depths. In typical 22 

laboratory conditions, the illumination 0I  is not uniform over the experimental surface, with 23 

the precise spatial dependence ),(0 yxI  affected by the details of the illumination 24 



 11

configuration. The depth-illumination relationship thus takes the form ),,(0 hyxJ , and must 1 

be calibrated using a target of known water depth distribution placed at different locations of 2 

the experimental surface. The image processing steps needed to exploit this relationship and 3 

construct maps of the water depth ),( yxh  are described further below.  4 

 5 

3 Image acquisition and processing 6 

 7 

3.1 Color separation 8 

To jointly map bed topography and flow depth, we use a single color camera to record the 9 

digital footage. The camera is an AVT-Marlin F145C2 charge-coupled device (CCD) with 10 

resolution 1392 by 1040 pixels. It is mounted on a tripod to view the whole sandbox under an 11 

oblique angle, and operates at frequency f = 15 frames per second. The camera is connected to 12 

a storage system via the IEEE 1394 port. The system is a desktop computer with 13 

large-capacity hard disk (1TB), for long-duration recording. It is important for the quality of 14 

the measurements to allow no compression loss (e.g. due to JPEG or MPEG conversion) to 15 

occur between the camera and storage.  16 

 17 

A typical color image recording the red laser line and fluorescent dye luminosity is shown in 18 

Fig. 4a. The ),,( BGR  color image is coded as an M × N × 3 array of intensity values for the 19 

red, green and blue components. To separate pure red and green signals, however, we need to 20 

carefully process the different color layers. To isolate a pure red laser component, we first 21 

subtract a static background image (image with no laser line or green dye) from the whole 22 

sequence of frames. Because the laser stripe moves as a result of the scanning motion, we can 23 

then further isolate the corresponding signal from other contributions to the red layer by 24 

subtracting a moving average. To process the k-th red image, a mean of the red layer over 11 25 

successive frames is subtracted using 26 
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As illustrated in Fig. 4b, this successfully isolates the red laser stripe from background and 2 

noise contributions.  3 

 4 

The second step consists in extracting a pure green layer from the RGB image, without 5 

allowing the red laser stripe to contaminate green intensity returns. In practice, red and green 6 

light intensities tend to interfere, due to the overlapping sensitivity spectra of the CCD 7 

sensing elements (the phenomenon of color spread, see e.g. Castelman 1996), and to the 8 

internal model used by the camera to convert sensor returns into ),,( BGR  layers. Without 9 

processing, the intensity of the green layer obtained with our camera turns out to be 10 

artificially depressed in zones of bright red intensity associated with the laser stripe. Because 11 

the laser stripe moves along the surface, however, its spurious influence on green returns 12 

tends to be localized in space and time, and can be removed by conditional averaging. The 13 

first step of this approach consists of identifying pixels where the red layer intensity exceeds a 14 

certain threshold (set to 50 in our experiments). In these locations, the green layer returns are 15 

flagged as defective. Next, we obtain a restored green layer image by averaging green 16 

intensity value from frame k–10 to frame k +10, taking care to exclude flagged values from 17 

the average 18 
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where ),( rcFl  is set equal to 0 if the location has been flagged as defective on frame l, and 20 

set to 1 otherwise. As shown in Fig. 4c, this conditional averaging approach is able to 21 

successfully reconstruct a pure green layer, free from artifacts induced by the red laser stripe.  22 

 23 

3.2 Bed topography from stripe laser 24 

Using the sequence of pure red layer images ),( rcRk′
 
obtained as described above, the next 25 
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step is to retrieve the positions of points belonging to the laser stripe. For this purpose, we use 1 

the particle identification approach described in Capart et al. (2002) in the context of particle 2 

tracking. A low-pass binomial filter is first applied to attenuate high frequency variations in 3 

pixel intensity. Points belonging to the laser stripe are then identified as local brightness 4 

maxima of the filtered image. After recording the positions of these laser points, their image 5 

coordinates (c, r) are converted into three-dimensional position coordinates (X, Y, Z) in the 6 

laboratory frame of reference using the formulas presented in Sect. 2.2. Topographic transects 7 

reconstructed in this fashion from successive images of the scanned laser stripe are illustrated 8 

in Fig. 5a. For this example, the scanned surface yields more than 54,000 data points, 9 

corresponding to a measurement density of approximately 13 points per centimeter squared. 10 

These raw data points, however, are irregularly distributed over the experimental surface, and 11 

interpolation is needed to resample the topography over a uniform grid ),( yx . This is done 12 

using Delaunay linear interpolation, which can be written formally 13 

 ),,,,(D2DELAUNAY),( yxZYXyxz = , (15) 14 

where ),( yxz  is the resampled digital terrain elevation model (DTM). In this example, the 15 

obtained DTM covers an area of 650 mm by 650 mm, with grid points distributed uniformly 16 

at  intervals ∆x = ∆y = 1 mm. The resulting DTM is depicted in Fig. 5b as a shaded relief 17 

surface. To highlight locations where elevations are respectively higher and lower than the 18 

surrounding terrain, a relative elevation map ),(~),(),( yxzyxzyx −=ζ  is obtained by 19 

subtracting a regional fitting surface  20 

 22),(~ fyexydxcybxayxz +++++= , (16) 21 

where coefficients a, b, c, d, e, f are determined by least squares fit over the entire domain. 22 

The relative elevation map ),( yxζ  is used in Fig. 5c to color-code the measured topography, 23 

allowing locally depressed hollows and raised lobes to be represented as dark and bright 24 

regions, respectively. On the same figure, this representation is combined with contours of 25 
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constant elevation of the original DTM surface ),( yxz .  1 

 2 

3.3 Flow depth from dye luminosity 3 

Using the pure green layer images ),( rcGk′  obtained as explained above, the next step is to 4 

extract flow depth measurements. To map the flow depth distribution ),( yxh  using the same 5 

grid as the bed elevation measurements, it is convenient to first assign green luminosity 6 

values to the corresponding grid locations ),( yx . Target-to-source mapping is adopted for 7 

this purpose, whereby the digital terrain elevations ),,( zyx  are first projected onto the image 8 

plane ),( rc  using the calibrated camera viewpoint. This is followed by Delaunay 9 

interpolation of green intensity values, transforming images ),( rcG′
 
into green intensity 10 

maps ),( yxg . This is illustrated in Fig. 5d, showing how the green intensity image of Fig. 4c 11 

has been draped over the corresponding topography ),( yxz .  12 

 13 

To determine the spatially varying relationship between the fluorescent dye luminosity 0J  14 

and the flow depth h, we use images of a calibration prism placed at 6 different locations 15 

),( YX , as illustrated by the composite image of Fig. 4d. The calibration prism is filled with 16 

water mixed with fluorescent dye at the same concentration as the flow. The dyed water is 17 

enclosed within acrylic (PMMA) panels, with the internal panel separation varying between 18 

0=H  (front of the prism) and =H 12 mm (back of the prism). Black sand grains of the 19 

same type as those used in the experiment are glued to the bottom internal face of the prism, 20 

and a transparent acrylic plate forms the upper cover of the box. This cover plate allows the 21 

prism to be conveniently placed onto a slope of arbitrary inclination without letting water spill. 22 

Because light must pass through the cover plate on its way to and from the dyed water, 23 

however, attenuation of the luminosity occurs in addition to that produced by attenuation 24 

through water. The light observed by the camera thus becomes 25 
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0 HJeHJ εβα ′+′−=′  (17) 1 

Where α ′  and β ′  are attenuation coefficients for the transparent acrylic material, =ε 2 2 

mm is the panel thickness, and )(0 HJ  is the dye luminosity that would be observed in the 3 

absence of a cover plate (as in the actual experimental flow).  4 

 5 

To calibrate the relationship between light intensity and flow depth, we therefore acquire 6 

measurements of the intensity ),,(0 HYXJ ′  corresponding to different water depths H within 7 

the calibration prism placed at different locations X, Y. For each depth H, the light intensity is 8 

averaged over a band spanning the entire prism width. The resulting calibration curves 9 

)(0 HJ ′  for the 6 target locations ),( YX  are illustrated in Fig. 6a. As expected from the 10 

analysis of Sect. 2.4, the depth-luminosity relation takes the form of an exponential curve, 11 

curving towards an asymptote as the depth H increases. It is confirmed also that the 12 

calibration curves, although sharing the same general shape, vary significantly for different 13 

locations due to differential illumination. Next, the luminosity values )(0 HJ ′  which are 14 

affected by extra attenuation through the cover plate must be converted to uncovered 15 

luminosity values )(0 HJ . For this purpose, we have calibrated the extra attenuation due to 16 

the cover plate, using the data illustrated in Fig. 6b. The data were obtained by placing 17 

covered and uncovered prisms at the 6 calibration locations, and measuring the corresponding 18 

luminosity values )(0 HJ ′  and )(0 HJ . It is found that the cover effect can be corrected by 19 

multiplying values )(0 HJ ′  by a constant factor ≈′+′ εβα )(e 1.26.  20 

 21 

Once the relation ),,(0 HYXJ  has been calibrated, we can convert green luminosity values 22 

),( yxg  into depth maps ),( yxh  using three-dimensional linear interpolation. Formally, this 23 

can be written 24 

 )),(,,,,,,(D3EINTERPOLAT),( 0 yxgyxHJYXyxh =  (18) 25 
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and allows the calibrated dependence between depth, luminosity and location to be applied to 1 

all nodes of the DTM grid. The resulting flow depth map ),( yxh  for our example is 2 

illustrated in Fig. 7a. Once ),( yxh  is known, the raw topography ),( yxz  can be corrected 3 

for refraction effects using the approach of Sect. 2.3, yielding a corrected DTM ),( yxz′ . For 4 

the small flow depths obtained in the present experiments, the correction is small, and it is not 5 

necessary to redrape the green dye luminosity map onto the corrected surface instead or the 6 

original one. The resulting relative elevation map ),(~),(),( yxzyxzyx −′=ζ  is illustrated in 7 

Fig. 7b. In Fig. 7c, transparency is used to represent both the relative elevation and the flow 8 

depth on the same map. The relative elevation is coded in gray-scale, with dark and bright 9 

tones representing regions of locally low and high elevations. The water depth, on the other 10 

hand, is coded using a blue layer of variable transparency, with high and low transparencies 11 

representing regions of low and high water depth, respectively. It is checked that regions of 12 

non-zero water depth coincide with local depressions of the topography where groundwater 13 

flow seeps out before becoming channelized.  14 

 15 

4 Verification experiments 16 

To verify the above methods, we conducted experiments with standing and running water 17 

over a rigid plate of known sinusoidal topography (wavelength =λ 65 mm, amplitude 18 

=A 8.5 mm) and dimensions 540 mm by 390 mm (width by length). The experimental 19 

configuration is the same as that described earlier, except that the sandbox (inclined at 14 20 

degrees) is replaced by the sinusoidal plate (inclined at 1.8 degrees with respect to horizontal). 21 

The wavy plate forms a system of parallel gullies of moderate slope, oriented in the 22 

x-direction. To approximate the actual conditions of the experiments, grains of black sand are 23 

again glued along the plate. Using this configuration, depicted in Fig. 8, three type of 24 

verifications tests were conducted: 1) experiments with no water, to verify the laser stripe 25 

topography measurements; 2) experiments with standing water, to verify the water depth 26 



 17

measurements and refraction correction; 3) running water experiments, to evaluate the 1 

possibility of determining water flow rates from the topography and flow depth maps.  2 

 3 

Laser scan measurements obtained for the sinusoidal plate without water are illustrated on 4 

Fig. 9a. To evaluate the quality of these measurements, two distinct topographies ),(1 yxz  5 

and ),(2 yxz  were acquired by scanning the laser forward and backward over the surface, 6 

respectively. On Fig. 10a, results for the forward and backward scan sampled along a 7 

representative transect (depicted by dashed lines on Fig. 9a) are compared with each other and 8 

with a sinusoidal fit of the prescribed wavelength =λ 65 mm and amplitude =A 8.5 mm.. 9 

The three transect profiles are seen to agree very well with each other, validating the laser 10 

stripe method. To make the evaluation more quantitative, Fig. 11a plots data points ),(1 yxz  11 

and ),(2 yxz  against each other, with points drawn from the entire surface and binned into 12 

1 mm elevation intervals. The bin averages fall closely onto the line of perfect agreement, and 13 

the corresponding standard deviations (depicted by error bars) take values of approx. 0.6 mm. 14 

This demonstrates the ability of the approach to attain sub-millimetric accuracy.  15 

 16 

To test the water depth measurements, standing water experiments were conducted by 17 

damming the downstream end of the gullies, and imaging both the red stripe laser scan and 18 

green dye luminosity using the methods described in the previous section. The depth of the 19 

standing water in the gullies ranged from 0 to 5 mm, and the corresponding depth map 20 

),( yxh  measured using the depth from fluorescent dye approach is illustrated in Fig. 9b. For 21 

such small depths (of the same order as those encountered in the actual sandbox experiments), 22 

it is difficult to obtain comparison measurements using physical gages. To acquire 23 

independent depth data, therefore, we chose to exploit a depth from refraction principle. The 24 

approach is based on comparing the reference topography ),( yxz′ , measured in the absence 25 

of water (see Fig. 9a), with the apparent topography ),( yxz  measured by laser scan in the 26 
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presence of the standing water. The refraction correction relationship (eq. 7) can then be 1 

modified to calculate an alternative water depth map ),( yxh′  from the apparent and 2 

reference topographies: 3 
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For the reference topography ),( yxz′ , a small vertical displacement of the sinusoidal plate 5 

(by 0.7 mm) is corrected for. In Fig. 11b, we compare the measured depths ),( yxh  and 6 

),( yxh′  obtained respectively using the depth from fluorescent dye and depth from refraction 7 

principles. Values are again drawn from the entire domain, and binned in 1 mm intervals for 8 

comparison. The two sets of measurements are found to be in good agreement with each other, 9 

with bin averages falling near the line of perfect agreement and standard deviations (depicted 10 

by the error bars) of approx. 0.8 mm. Although the agreement is not as good as that obtained 11 

earlier for the bed elevation measurements, sub-millimetric accuracy is again achieved. To 12 

check that depth from fluorescent dye measurements do allow topography measurements to 13 

be corrected for refraction effects, we have plotted in Fig. 10b the distorted apparent 14 

topography (measured by laser scan in the presence of water), the corrected topography 15 

(computed by eq. 7 using the measured water depth) and the reference topography measured 16 

in the absence of water. As in Fig. 10a, the data are sampled along a single representative 17 

transect (depicted by dashed lines on Fig. 9b). It is checked that, whereas the laser topography 18 

measurements incur a significant error when refraction is not taken into account, this error can 19 

be corrected provided that the water depth is also measured.  20 

 21 

To test whether the depth from dye measurements are sufficiently accurate to obtain useful 22 

estimates of gully discharge, we further conducted running water experiments illustrated in 23 

Fig. 8. Via a series of tubes, water is fed from a constant head tank to each of the gullies, with 24 

the water flow rate varying from low to high going from the leftmost to rightmost gully (see 25 
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Table 1 for numerical values). Figure 9c shows the corresponding depth from fluorescent dye 1 

measurements of water depth. As could be expected, the flow in each gully is approximately 2 

steady uniform, with water depths increasing with the water flow rate. Based on the measured 3 

flow depth distribution ),( yxh , it is possible to obtain a rough estimate of water flow rate in 4 

each of the gully by assuming that the flow is laminar and unaffected by surface tension. In 5 

light of the low depth to width ratios, we can then estimate the depth-averaged flow velocity 6 

at a given position using the formula  7 

 
ν
θ

3
sin 2hgU =  (20) 8 

where g is the gravitational acceleration, θ  is the channel inclination, and ν  is the 9 

kinematic water viscosity. An estimate Q̂  for the flow rate in a given gully can then be 10 

obtained by integrating along a cross section using the formula 11 

 ∫= dyhhUQ )(ˆ . (21) 12 

Because this calculated flow rate depends on the measured depths h raised to the third power, 13 

it is clear that depth measurement must be quite accurate if one seeks a good estimate of the 14 

water flow rate. In Table 1 and Fig. 11c, we compare the true flow rate collected at the outlet 15 

of each gully with the flow rate estimated from the depth map using the above formulas. For 16 

each gully, the mean and standard deviation of measurements acquired from separate x 17 

transects are shown. Reasonable agreement is observed, but significant deviations are 18 

observed at both the lowest and highest flow rates. To interpret the deviations, it is useful to 19 

examine the corresponding values of the Reynolds and Bond numbers 20 

 Re
νB

Q
= ,   

σ
ρ 2gBBo =  (22) 21 

which respectively gauge viscous and surface tension effects (Malverti et al. 2008). In the 22 

above formulas, σ  is the surface tension and B is the gully width. The latter is estimated 23 

from the flow depth h at the centerline of each gully based on the known sinusoidal 24 
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cross-sectional shape, using the formula: 1 

 )/1(cos 1 AhB −= −

π
λ . (23) 2 

At the highest flow rate (gully 5), the Reynolds number exceeds the value Re = 500 beyond 3 

which the flow is expected to be turbulent (Malverti et al. 2008; Majumder 2009), and the 4 

fluorescent dye estimate of flow rate is too high. Roll waves also form, making the flow 5 

deviate from steady uniform conditions, and possibly accounting for the high standard 6 

deviation between estimates at different transects. At the lowest flow rate (gully 1), the flow is 7 

surely laminar (Re < 200), but the Bond number may be sufficiently low ( =Bo 17) for surface 8 

tension effects to intervene (Malverti et al. 2008). The flow meanders inside the gully, and 9 

patches of static water wet the gully floor. This may explain why the fluorescent dye estimate 10 

is again too high, with a high standard deviation between estimates at different transects. For 11 

the intermediate cases (gullies 2 to 4), the flow rates estimated from different transects are 12 

more consistent with each other and with the flow rate collected at the gully outlets. 13 

Considering the additional difficulties encountered with networks of irregular channels, it 14 

appears premature to use joint measurements of bed elevation and flow depths to estimate 15 

flow rates in the more difficult conditions of the actual sandbox tests described in the next 16 

section.  17 

 18 

5 Channelization experiments 19 

The bed elevation and flow depth measurement methods presented and verified in the 20 

previous sections can now be demonstrated for a challenging experiment. The flow of interest 21 

originates from groundwater seepage out of a porous sand layer, collecting into a self-formed 22 

network of surface channels. Experiments of this type have been presented earlier by Ni and 23 

Capart (2006) and Lobkovsky et al. (2007), with the laser stripe method used in both cases to 24 

measure the evolving topography. Although Ni and Capart (2006) obtained flow occupancy 25 
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maps, neither study acquired measurements of the flow depth distribution. Here we show that 1 

both bed elevation and flow depth can be jointly measured during the surface evolution by 2 

combining laser and dye. A second difference with earlier work lies in the nature of the 3 

ground surface. Whereas the sandboxes used in previous experiments were filled with nearly 4 

uniform sand (Ni and Capart 2006) or glass beads (Lobkovsky et al. 2007), we consider a 5 

sandbox composed of nearly uniform sand with a distribution of large stones half-buried 6 

along the initial ground surface (Fig. 12). This configuration is relevant to the analysis of rill 7 

erosion of steep, poorly sorted ground, and has been considered by Hung et al. (2007) using 8 

narrow flume laboratory and numerical experiments. The objective of our laboratory tests is 9 

to probe experimentally the possible influence of surface stones on seepage and drainage 10 

patterns in a wide sandbox. 11 

 12 

Obtained using our proposed laser and dye method, maps of the evolving bed surface and 13 

flow depth are presented in Fig. 13. To attain a resolution of one laser line per millimeter, 14 

topography maps were acquired by scanning the laser stripe at speed V = 15 mm/s, yielding a 15 

complete scan once every 52 seconds. In total, the experiment lasted 92 minutes, and 106 16 

scans were acquired. The figure shows a subset of 12 scans separated by successive time 17 

intervals of approximately 7 minutes. For each panel, the bed elevation and water depth maps 18 

are superposed together using the transparency representation used earlier in Fig. 7c.  19 

 20 

Due to the time necessary for laser scanning from one end of the sandbox to the other, 21 

different elevation transects for each map are not acquired at exactly the same time. As a 22 

result, they are affected by the small variations in topography which take place during the 23 

scan itself. Likewise, the bed elevation and water depth maps are not perfectly simultaneous, 24 

hence the depth from dye used to make the refraction correction may differ from the true 25 

water depth at the time of laser scan. In the present experiments, erosion, deposition, and 26 
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migration rates are of the order of a few millimeters per minute. Errors due to departures from 1 

simultaneity are therefore judged to be acceptable.  2 

 3 

The obtained maps vividly depict the coupled evolution of the bed topography and drainage 4 

network. As in the experiments of Ni and Capart (2006) and Lobkovsky et al. (2007), 5 

preferential seepage towards ground depressions leads to the growth and upstream migration 6 

of erosional alcoves in the upper part of the sandbox, feeding water and sand to distributary 7 

downstream channels. As water conveyed by these channels re-infiltrates into the sandbox 8 

aquifer, the transported sand deposits to form aggradation fans. The distributary channels 9 

repeatedly avulse and migrate, building up multiple fan lobes which merge into a barrier of 10 

raised elevation. The large stones distributed along the bed surface are seen to exert a 11 

significant influence on the seepage and drainage pattern. Seepage erosion is initiated 12 

preferentially along the perimeter of half-buried stones. The stones also act as local controls 13 

on the drainage network, forcing water to flow around them unless local aggradation is 14 

sufficiently high to completely bury these obstacles.  15 

 16 

Throughout the experiment, the pattern of erosion, drainage, channelization, deposition and 17 

recharge continuously evolves, without attaining a recognizable steady state. The experiment 18 

ends when erosional alcoves migrate up to the upstream sandbox boundary. While the 19 

morphodynamic modeling of such a complex flow is currently beyond the reach of theoretical 20 

and numerical methods, high resolution bed elevation and water depth data like those 21 

obtained in the present work are expected to help understand the physical processes involved.  22 

 23 

6 Conclusions 24 

To help characterize the coupled dynamics of ground topography and surface flow underlying 25 

many geomorphological processes, we proposed in this paper a set of imaging methods 26 
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allowing joint mapping of bed elevation and water depth in small-scale morphodynamics 1 

experiments. The methods proposed are based on the acquisition of color images of the 2 

experimental surface, making the topography visible by scanning a red stripe laser, and 3 

simultaneously making the flow depth visible by mixing water with fluorescent green dye. We 4 

showed how quantitative bed elevation and water depth measurements could then be obtained 5 

by automatically processing the digital footage. This in turn allows the acquisition of high 6 

resolution maps at time frequencies of the order of one map pair per minute, much higher than 7 

could be obtained using point gages.  8 

 9 

Various improvements to the methods can be pursued. First, using a color camera of higher 10 

frame rate or a series of lasers projecting multiple stripes along the ground surface would 11 

allow faster rates of acquisition. Alternatively, acquisition rates could be increased even 12 

further by adopting a fringe projection method (see e.g. Desmangles, 2003). Secondly, it 13 

would be useful to combine maps of elevation and depth with measurements of the water 14 

surface flow field. This could be done by adding tracers to flow, and tracking their motions 15 

using automated algorithms like those described in Capart et al. (2002) and Huang et al. 16 

(2009). This would likely also require using a camera of higher frame rate, as well as finding 17 

suitable tracers (blue colored particles?) that would not interfere with either the red laser 18 

stripe or the green fluorescent dye. Such efforts are suggested for further work.  19 
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Tables 1 

 2 

Table 1. Verification data for dyed water running down sinusoidal gullies 3 

Gully Q [ml/s] h [mm] B [mm] ∫ dyhhU )( [ml/s] Re [–] Bo[–] 

1 0.86 1.2 11.1 1.71 87 17 

2 2.52 1.5 12.5 3.48 230 21 

3 3.99 1.6 12.9 4.66 350 23 

4 5.93 1.7 13.3 6.30 500 24 

5 10.92 2.1 14.9 12.72 820 30 

 4 
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Figure captions 1 

Figure 1. Experimental configuration 2 

Figure 2. Laser stripe imaging geometry 3 

Figure 3. Simplified models of light interaction with locally uniform surface water flow along 4 

a sloping topography: a) light refraction across the air-water interface; b) light attenuation 5 

and conversion to visible light by fluorescent dye.  6 

Figure 4. Color image processing: a) raw image frame; b) pure red stripe image obtained from 7 

the raw image by subtracting a moving average of the red layer luminosities; c) pure green 8 

dye image obtained by conditional averaging of the green layer luminosities; d) composite 9 

image of the green dye calibration prism placed at 6 different locations along the 10 

experimental surface. For panel b), the image was enhanced to make the laser line more 11 

visible.  12 

Figure 5. Three-dimensional topography reconstruction and image registration: a) laser stripe 13 

transects converted to three-dimensional coordinates in the laboratory frame of reference; 14 

b) shaded relief view of the laser-measured topography interpolated onto a regular grid; 15 

c) alternative view of the measured topography, with gray-scale coding of the relative 16 

elevation and elevation contours spaced at intervals of 7 mm; d) green dye image 17 

registered onto the laser-measured topography. 18 

Figure 6. Dye luminosity calibration at 6 different locations along the experimental surface: a) 19 

calibration curves for the relation between depth and luminosity, using a calibration prism 20 

capped by a transparent acrylic panel; b) inter-calibration of the luminosity obtained when 21 

the cover of the calibration prism is removed and when it is present.  22 

Figure 7. Water depth and bed elevation results: a) flow depth distribution measured using the 23 

depth from fluorescent dye principle; b) refraction-corrected relative bed elevation map; c) 24 

superposition of bed elevation and water depth maps. 25 

Figure 8. Experimental configuration for the verification tests. 26 
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Figure 9. Measured maps for the verification tests: a) bed topography measured in the absence 1 

of water; b) water depth distribution for the standing water tests; c) water depth 2 

distribution for the running water tests.  3 

Figure 10. Verification of the bed elevation measurements at a representative transect (dashed 4 

lines in Fig. 9a,b): a) comparison of forward scan (continuous line), backward scan 5 

(dashed line), and reference sinusoidal topography (shaded silhouette) for bed elevation 6 

tests in the absence of water; b) comparison of uncorrected (dashed line), 7 

refraction-corrected (continuous line) and reference topography (shaded silhouette) for 8 

bed elevation tests in the presence of standing water.  9 

Figure 11. Verification results: a) comparison of forward and backward scans of the bed 10 

elevation for the tests without water; b) comparison of depth from dye luminosity and 11 

depth from refraction measurements for the standing water tests; c) comparison of 12 

dye-estimated and outlet flow rates for the running water tests. Circles and error bars 13 

indicate bin averages and standard deviations, respectively.  14 

Figure 12. Close-up of the sandbox surface during the channelization experiment, showing the 15 

half-buried stones, the fluorescent dyed water seeping out of the sand surface, and the red 16 

laser stripe. 17 

Figure 13. Sequence of bed elevation (gray scale coding relative elevation) and water depth 18 

maps (superposed blue transparent layer) for the channelization experiments. Successive 19 

maps are arranged from left to right, top to bottom. Time labels below each panel give the 20 

time at which the laser stripe crossed the centerline of the domain (half-completed scan).  21 



 30

Figures 1 

 2 
Figure 1 3 

 4 
 5 

 6 
 7 

Figure 2 8 



 31

 1 
Figure 3 2 

 3 

 4 
Figure 4 5 

 6 



 32

 1 

Figure 5 2 
 3 

 4 

Figure 6 5 
 6 

 7 
Figure 7 8 



 33

 1 

 2 
Figure 8 3 

 4 

 5 
Figure 9 6 

 7 

 8 
 9 

Figure 10 10 



 34

 1 

 2 
Figure 11 3 

 4 

 5 
Figure 12 6 

 7 



 35

 1 
 2 

Figure 13 3 


