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Abstract 24 

 25 

Proccesses in coastal aquifers involving variable-density fluids are often investigated using 26 

laboratory sand tanks. However, experimental monitoring of the interface between liquids of 27 

different densities is challenging, typically requiring dye tracers and photographic analysis. 28 

These are susceptible to problems of tracer adsorption and image inhomogeneity, and 29 

experiments are often limited to two-dimensional cross-sections. In addition, the water-table 30 

position is an important factor, but its accurate measurement is often difficult. A device has 31 

been developed for sand-tank experiments to obtain high-frequency, high-precision 32 

measurements of both the freshwater–saltwater interface (inferred from density) and the water-33 

table depth, using a float and a laser sensor in a monitoring well. The proposed device was 34 

tested using a two-column experiment, allowing for the estimation of measurement errors, 35 

which were generally less than 1 mm. The measurement device can be modified to allow for 36 

the monitoring of multiple salinity values, and is well suited to sand-box experiments where 37 

salinity dynamics are otherwise difficult to visualize. 38 

  39 



1. Introduction 40 

 41 

Previous experimental studies of mixed-density groundwater flow and transport, commonly 42 

encountered in coastal aquifers, typically use laboratory sand tanks to observe complex 43 

relationships between freshwater and saltwater (e.g., Abarca and Clement 2009; Badaruddin et 44 

al. 2015). Temporal changes in the interface between fluids of different densities are usually 45 

assessed by staining the freshwater and/or saltwater, and analyzing photographs of the 46 

experimental flow tank (e.g., Goswami and Clement 2007; Werner et al. 2009; Konz et al. 2009, 47 

Kuan et al. 2012). However, in some cases, dyes and other visual aids for assessing laboratory-48 

scale fluid movements may be somewhat misleading. For example, Jakovovic et al. (2012) 49 

encountered adsorption of the dye tracer (rhodamine), which caused separation of the tracer and 50 

the solute (calcium chloride) that was used to create density variations within their saltwater 51 

upconing experiments. Additionally, while automated image-analysis of sand tank photographs 52 

is possible (e.g., Robinson et al. 2015, 2016, 2018), these methods can be challenging to apply. 53 

For example, Jakovovic et al. (2011) were unable to apply image analysis techniques to the 54 

photographs of saltwater upconing by Werner et al. (2009) because of high image 55 

inhomogeneity caused by lighting and sand color variations. 56 

 57 

Deciphering laboratory sand tank experiments of mixed-density flow and transport is 58 

particularly challenging when a dispersed mixing zone exists (as compared to a sharp transition 59 

between waters of different salinity), because of the need to correlate tracer color to solute 60 

concentrations. Novel methods to visualize sand tank salinity distributions include the study of 61 

Abarca and Clement (2009), who used reactive chemicals through which the mixing of 62 

freshwater and saltwater in their apparatus produced a colored band to identify the mixing zone 63 

width. Robinson et al. (2018) quantified mixing zone widths using a machine learning technique, 64 

which assisted in assessing concentration fields from photographic images. Crestani et al. (2019) 65 



developed a method to monitor the saltwater wedge evolution by electrical resistivity 66 

tomography (ERT). Nevertheless, identifying the mid-point of mixing zones, which is 67 

commonly sought for comparison to the interface location obtained from analytical solutions 68 

that assume immiscibility, is often problematic (e.g., Werner et al. 2009). 69 

70 

In addition to the challenges of quantifying salinity variations, obtaining precise water table 71 

measurements in laboratory-scale experiments is also often difficult because the changes are 72 

usually small and the location of the water table (i.e., relative water pressure = 0) is indiscernible 73 

by visual inspection (e.g., through glass faces of sand tanks) due partly to capillary rise. Head 74 

measurements in sand tanks are commonly obtained using manometers and/or pressure sensors. 75 

Manometers are often of small diameter to limit the volume of water contained within them 76 

(and thereby to limit their influence on sand tank flow processes), but this creates capillary rise 77 

effects within the manometer that add to the measurement uncertainty of experiments. Pressure 78 

sensors provide an automated means of collecting temporal head variability (e.g., Wu and 79 

Zhuang 2010; Boufadel et al. 2006), although the freshwater-saltwater distribution in mixed-80 

density experiments complicates the conversion of pressure into point values of hydraulic head 81 

(Post et al. 2007). Additionally, simultaneous measurement of both the freshwater-saltwater 82 

interface and the water table within experimental setups can be challenging. 83 

84 

While the water table and the freshwater-saltwater interface are related under steady-state 85 

conditions, disequilibrium between salinity and head occurs during transient variations 86 

(Morgan et al. 2015). Additionally, greater freshwater-saltwater mixing is often observed in 87 

transient experiments relative to steady-state problems (e.g., Badaruddin et al. 2015). Therefore, 88 

measurements of both the interface and the water table are needed to understand the 89 

hydrodynamics of transient experiments. This is particularly important in sand tank 90 

experiments involving tides, because periodic water table changes and the resulting interface 91 



movements are likely to be complex and involve phase lags (e.g., Ataie-Ashtiani et al. 1999; 92 

Shoushtari et al. 2016). The experimental measurement of freshwater-saltwater behavior in 93 

laboratory studies would be improved if a reliable approach to obtain water table and the density 94 

stratification in sand-tank aquifers was available. This would allow for a more accurate 95 

comparison of laboratory conditions with numerical modeling results, amongst other benefits. 96 

 97 

Most sand tank experiments of coastal aquifer problems have been limited to vertical cross-98 

section representations, for which observations have generally been made through transparent 99 

sand tank walls. Few three-dimensional sand tank experiments of saltwater intrusion have been 100 

reported (e.g., Shi et al. 2011), even though under field conditions, pumping causes radial flow, 101 

which is not captured by shore-normal transects of two-dimensional sand tank experiments. 102 

However, three-dimensional sand tanks have been used for aquifer tracer experiments. For 103 

example, Kollat et al. (2008) used piezometers containing time domain reflectometry (TDR) 104 

sensors to measure in-situ tracer (ammonium chloride) concentrations, in addition to 105 

thermocouples and transducers for temperature and pressure measurements in an aquifer 106 

transport experiment.  The current study uses monitoring wells to measure positions of the 107 

water table and the freshwater-saltwater interface. 108 

 109 

Kim et al. (2016) invented a monitoring system for the freshwater-saltwater interface in a field 110 

monitoring well, composed of two wired pressure sensors and a submersible wireless float 111 

which they termed the “interface egg”. The density of the egg is such that it floats at a depth of 112 

known water density in the freshwater-saltwater transition zone within the well, and the inbuilt 113 

pressure sensor allows for the monitoring of changes in the vertical position of the float. Their 114 

system has several disadvantages, including: (1) the need to remove the egg from the well to 115 

retrieve pressure data, and (2) challenges in converting pressure data to depths due to the need 116 

to make assumptions regarding the salinity distribution of the transition zone. Furthermore, due 117 



to the size of available pressure transducers, the system cannot be used in the piezometers of 118 

small-scale laboratory sand tanks. 119 

 120 

The objective of this study is to develop a new device, composed of a laser sensor and a float, 121 

to monitor depths to the water table and to the freshwater-saltwater interface in laboratory-scale 122 

experimental system. The new device is intended to collect accurate depth data at high 123 

frequencies and without the need for visual inspection through transparent walls, thereby 124 

allowing for application to three-dimensional experiments. 125 

 126 

2. Materials and Methods 127 

 128 

2.1 Apparatus conceptualization and design 129 

 130 

2.1.1 Float-laser device 131 

 132 

The proposed device consists of a float contained within a monitoring well, and a laser sensor. 133 

The float-laser device concept is illustrated in Fig. 1, and a photo of the float-laser device 134 

components is provided in Fig. 2. 135 



 136 

Fig. 1. Concept of the float-laser device for measurement of: (a) water table depths, and (b) 137 

freshwater-saltwater interface depths. Geometric variables are defined in the text. 138 

 139 



 140 

Fig. 2. Photograph of the float-laser device components. 141 

 142 

Two versions of the float-laser device were designed; one to measure depths to the water table 143 

(Fig. 1a) and another to measure the depth to a given water density, thereby inferring the depth 144 

to the freshwater-saltwater interface (Fig. 1b). In both versions, a laser sensor is installed at the 145 

top of the monitoring well that measures the distance to the top surface of the float contained 146 

within the well. The float is meant to track changes in the depth to the water table or to the 147 



freshwater-saltwater interface in mixed-density sand tank experiments, as occurs in saltwater 148 

intrusion experiments when temporal variations in boundary conditions lead to interface 149 

movements. According to classic relationships between the freshwater head and the depth to 150 

saltwater (e.g., Post 2018), freshwater-saltwater interface fluctuations may be more dynamic 151 

than head changes. 152 

 153 

2.1.2 Float design 154 

 155 

The float is constructed with a desired density so that it is located at the interface of two fluids, 156 

namely; air and water for water table measurements (Float 1 in Fig. 1a), and freshwater and 157 

saltwater for interface measurements (Float 2 in Fig. 1b). The float comprises a spherical weight 158 

(A) and a cylinder (B) (Fig. 1). The diameters of Parts A and B are dA and dB, respectively. The 159 

cylinder has a height HB, and floats such that the cylinder is immersed to a depth where the 160 

fluid equals the float density; ideally at the interface between two fluids (of differing density). 161 

The top surface of the cylinder reflects the laser emitted from the sensor, thereby tracking the 162 

depth between the laser and the float (D). To maintain its position within an interface between 163 

two fluids, the bulk density of the float must be between the densities of the two fluids. The 164 

bulk density of the float (F) is: 165 

 𝜌F =
Mass

Volume
=

A𝑉A+B𝑉B

𝑉A+𝑉B
 (1) 166 

where V and  are volume and density, and subscripts A and B refer to the sphere and cylinder, 167 

respectively. To ensure that the float remains upright, the density of Part A is higher than that 168 

of Part B. In the calculation of VB, the monitoring well limits dB to slightly smaller than the 169 

monitoring well diameter. The design variable for the float in this application (as described in 170 

later sections), for a desired F, is HB, based on prespecified component densities (A and B) 171 

and dA.The float designed with the desired density can track changes in the water table or the 172 



freshwater-saltwater interface, which are chracterised by the displacement of the float (D) as 173 

measured by the laser sensor located at the top of the monitoring wells. In addition, the interface 174 

or water table depth can be determined by taking the depth from the laser to the top of the float 175 

and adding to that the depth from the top of the float to the interface (i.e., the height of the float 176 

in freshwater; HB1). In order to determine HB1, the static equilibrium of the float is considered, 177 

whereby the float’s weight is matched by the buoyancy forces acting on the float that arise from 178 

displacement of the two fluids, which for the freshwater-saltwater interface float is: 179 

 
A
𝑉A𝑔 + 

B
𝑉B𝑔 = 

s
𝑉A𝑔 + 

s
𝑉B𝑔

𝐻B2

𝐻B
+ 

f
𝑉B𝑔

𝐻B1

𝐻B
 (2) 180 

where f and s are densities of freshwater and saltwater, respectively, and g is gravitational 181 

acceleration. Substituting πdA3/6 for the spherical volume of VA and πdB2H/4 for cylindrical 182 

volumes (where H is one of HB1 or HB2), and using HB1 + HB2 = HB, Eqn (2) can be written as:  183 

 
𝐻B2

𝐻B
=

(f−B)

(s−f)
(

2

3𝐻B

𝑑A
3

𝑑B
2

(A−s)

(f−B)
− 1) (3) 184 

Eqn (3) can be used in designing the float. For example, HB can be determined for a desired 185 

value of HB2, and considering the relevant water and float component densities, etc. 186 

Additionally, HB1 can be determined from the designed value of HB and a desired value of HB2, 187 

using the above relations. Note that the parameters in the above equations can be influenced by 188 

temperature, and hence a constant temperature must be maintained during experiments.The 189 

above equations were based on the assumption that there is no transition zone. The effect of 190 

transition zones on the float performance is beyond the scope of the current article, and is the 191 

subject of ongoing investigation. 192 

 193 

2.1.3 Laser sensor 194 

 195 

The laser sensor installed at the top of the monitoring well measures the distance to the top 196 

surface of the float (Fig. 1), including at high frequencies if required. There are several factors 197 



of importance in the choice of laser sensors for this apparatus. Firstly, vertical movements in 198 

the water table are likely much smaller than those of the interface. The so-called Ghyben-199 

Herzberg principle (Ghyben 1888; Herzberg 1901) indicates that for freshwater (f = 1.000 200 

g/cm3) and saltwater (s = 1.025 g/cm3), the ratio of interface-to-water table movements is 40, 201 

albeit this assumes steady-state conditions and neglects dispersion effects. In addition, 202 

laboratory sand tanks are generally small, and the hydraulic conductivities used in sand tank 203 

experiments are typically quite large to reduce the time required for the movement of solutes 204 

(e.g., Werner et al. 2009; Badaruddin et al. 2015). Thus, head variations are usually rather small; 205 

in the order of millimeters to a few centimeters. A high-resolution laser sensor is therefore 206 

needed to resolve the water table depth. The resolution of the laser sensor for measuring the 207 

depth to the freshwater-saltwater interface can be lower as the amplitude of interface variations 208 

is likely to be larger than water table fluctuations. 209 

 210 

The laser sensor used for freshwater-saltwater interface measurements in this study was selected 211 

with a resolution three times lower than that of the laser sensor for water table measurements. 212 

For water table measurements, the following laser sensor (Laser sensor 1 in Fig. 2) was used: 213 

Model Q4XTULAF100-Q8 (Banner Engineering Corp.), which has a maximum measurement 214 

range of 100 mm. For interface measurements, the laser sensor (Laser sensor 2 in Fig. 2) used 215 

was: Model Q4XTULAF300-Q8 (Banner Engineering Corp.), which has a maximum 216 

measurement range of 300 mm. The sensing parts of laser sensors are of circular shape with 18 217 

mm diameter. Laser sensors were connected to an analog-digital converter (ADC) (Model: 218 

NI9219, 24bit, National Instruments Corp.). The accuracy of measurements is governed by the 219 

specifications of the sensor (which is influenced by measured distance and environmental 220 

conditions) and the ADC combination. 221 

 222 



The lasers described above operate on the principle of laser triangulation, whereby the light 223 

emitted from the laser exits perpendicular to the laser casing, and the reflected light is received 224 

by a detector situated adjacent to the emitter. The location of the detected signal, for a given 225 

angle of incidence, changes according to the distance to the target, allowing the sensor to 226 

determine the distance by simple trigonometry. Triangulation-based laser devices are ideal for 227 

measuring distances in the order of centimeters with high accuracy (Ghosh 2012). 228 

 229 

Measurement of the distances to the water table and the freshwater-saltwater interface involves 230 

laser signals passing through air and water, respectively (Fig. 1). To evaluate the effect of 231 

submerged conditions on distance measurements, experiments as described in the electronic 232 

supplementary material (ESM) were conducted by measuring the same distances in air and in 233 

water. Twelve different distances were tested. The ratio of distances measured in air and water 234 

was found to be a constant, namely submerged distances were equal to 0.71 times distances 235 

measured in air (coefficient of determination = 0.9987). 236 

 237 

2.1.4 Monitoring well 238 

 239 

For sand tank experiments, monitoring wells of a small diameter are desired to minimize the 240 

disturbance to the flow. However, the diameter of the well must be large enough for the float 241 

to move freely without getting stuck and to house the laser sensor. The monitoring well design 242 

is otherwise dependent on whether the well is used for freshwater-saltwater interface or water 243 

table measurements. Water-table monitoring wells have the screen at the well bottom, and 244 

therefore, the hydraulic head that the well represents depends on the density of water in the well 245 

(Post et al. 2007). To minimize water-table-measurement uncertainty associated with water 246 

density effects (within the well), the screened base of the monitoring well should be installed 247 

to a depth where the water salinity is not expected to markedly change, e.g., in the freshwater 248 



zone in studies of saltwater intrusion (Fig. 1a). Another requirement for water-table monitoring 249 

wells is that the top of the monitoring well should be open to the atmosphere using an air hole 250 

as in Fig. 1a. 251 

 252 

The top of the freshwater-saltwater-interface monitoring well should be beneath the water table, 253 

causing the laser to be entirely submerged and thereby excluding the need to account for the 254 

transmission of the laser signal through two fluids (air and water). Also, the monitoring well 255 

requires a fully screened casing to allow the free flow of freshwater and saltwater through the 256 

well sides (Fig. 1b). This raises the unavoidable issue of induced flow within the well, which 257 

has been evaluated for field-scale conditions by Shalev et al. (2009) and Levanon et al. (2013), 258 

who found that the in-well fluctuations are up to an order-of-magnitude higher than that in the 259 

aquifer. The factors affecting this magnification of the interface movements within the well are 260 

the anisotropy of the aquifer and the borehole diameter. However, simple-to-apply theory to 261 

predict this effect remains elusive, and therefore, these sorts of errors in the in-well interface 262 

measurements are unfortunately unavoidable, in the same way that these errors arise in field 263 

settings. 264 

 265 

Fig. 2 shows Laser sensor 1 before being coupled to the water-table monitoring well and Laser 266 

sensor 2 after coupling to the interface monitoring well. The water-table monitoring well was 267 

140 mm in length, while the interface monitoring well was 340 mm in length. Monitoring wells 268 

were made with a steel pipe of 18.0 mm internal diameter to accommodate laser sensors, and 269 

the external diameter of the pipe was 19.2 mm. Many sand tanks reported in literature (e.g., 270 

Goswami and Clement 2007; Werner et al. 2009; Kuan et al. 2012) are quasi two-dimensional 271 

with narrow internal widths in the range of 20 mm to 53 mm. In such cases, it is challenging to 272 

use a monitoring well of the above external diameter as it will affect the groundwater flow in 273 

the sand tank. Nonetheless, the device could be useful for larger experimental tanks (e.g., 3D 274 



tanks), within which the diameter of the monitoring well is small relative to the experimental 275 

tank dimensions. 276 

 277 

2.2 Testing of float-laser device 278 

 279 

2.2.1 Two-column test set up 280 

 281 

A two-column test (Fig. 3) was performed to verify that the float-laser devices can represent 282 

accurately the changes of the water table and the freshwater-saltwater interface in stratified 283 

freshwater and saltwater columns. The two columns were transparent acrylic with dimensions 284 

of 410 mm (height) and 150 mm (inner diameter). Column 1 is set up with a layer of freshwater 285 

which was carefully added, above a layer of saltwater, avoiding mechanical mixing. Column 2 286 

was filled with saltwater only. The saltwater bodies in the two columns were hydraulically 287 

connected by a tube filled with saltwater (siphon hose in Fig. 3), so that the heads of the two 288 

columns were always in equilibrium. Three monitoring wells were installed within the two 289 

columns: one each for water tables of columns 1 and 2, and one for the freshwater-saltwater 290 

interface in column 1 (Fig. 3). The two-column test was started by adding freshwater to the 291 

upper freshwater layer of column 1, using a supply hose from the freshwater supply tank, taking 292 

care to avoid mechanical mixng (Fig. 3). The changes in the location of the three interfaces 293 

(Δhh1, Δhh2, and Δhi) were measured as displacements D1, D2 and D3 using the float-laser 294 

devices, all data were recorded every 2 seconds. The test was captured by taking a time-lapse 295 

photo series with two digital cameras; one for capturing the two columns and another one 296 

exclusively for the interface in column 1. The measurements obtained from the ruler attached 297 

to the columns were inferred from the photos recorded at an interval of 30 minutes. The float-298 

laser device can be verified when the measured data satisfy the static force balance (in this case, 299 

the hydrostatic condition). Flow rates and heights of liquid columns were not needed for the 300 



two-column test. Moreover, since the static force balance is maintained even if mixing occurs 301 

at the freshwater-saltwater interface, the theoretical displacement of the freshwater-saltwater 302 

interface is valid even where some mixing occurs, which is otherwise difficult to measure 303 

accurately due to challenges in matching colours to salinities and the potential for wall effects 304 

(Somerton and Wood 1988; Crestani et al. 2019). 305 

 306 



Fig. 3. The two-column test to evaluate the proposed float-laser device: (a) photograph; (b) 307 

schematic diagram. Geometric variables are defined in the text. 308 

 309 

Saltwater in the test had a density of 1.100 ± 0.0005 g/cm3. Visual inspection of the zone of 310 

saltwater was facilitated by dissolving 0.10 ± 0.005 g of Rhodamine B in each liter of saltwater 311 

(Fig. 3a). The freshwater density was 0.999 ± 0.0005 g/cm3. All densities were measured using 312 

a hydrometer. 313 

 314 

The freshwater-saltwater interface float (Float 2 in Fig. 2) was designed to have a bulk density 315 

of 1.05 g/cm3 so that it is positioned at the middle of the freshwater-saltwater interface. The 316 

steel sphere (A = 7.87 g/cm3) selected for Part A had a mass (MA) of 0.140 ± 0.001 g, and its 317 

diameter and volume were dA = 0.324 ± 0.002 cm and VA = 0.0178 ± 0.0003 cm3, respectively. 318 

Part B was made of solid ethylene vinyl acetate, having a density (B) of 0.985 g/cm3 and 319 

diameter of 1.101 ± 0.002 cm. Based on Eqn (1), the required height of Part B (HB) to achieve 320 

the bulk density of 1.05 g/cm3 was 1.950 cm. After hand fabrication, HB was measured to be 321 

2.041 ± 0.002 cm, giving it VB = 1.94 ± 0.01 cm3 and MB = 1.911 ± 0.001 g. Consequently, the 322 

bulk density of Float 2 was 1.046 ± 0.003 g/cm3. 323 

 324 

The water table float (Float 1 in Fig. 2) was designed to remain at the interface of air and water. 325 

The bulk density of Float 1 was made smaller than the freshwater density so that it would float 326 

at the interface of air and saltwater as well as air and freshwater. A steel sphere (Part A) selected 327 

to stabilize Float 1 had dA = 0.194 ± 0.002 cm, VA = 0.0038 ± 0.0001 cm3, and MA = 0.030 ± 328 

0.001 g. Part B of the float was made by high-density polyethylene having a density of 0.940 329 

g/cm3 and a diameter of 1.540 ± 0.002 cm. Float 1 was hand fabricated with Part B height of 330 



1.270 ± 0.002 cm, giving it VB = 2.36 ± 0.01 cm3, MB = 2.201 ± 0.001 g and bulk density 0.94 331 

± 0.06 g/cm3. 332 

 333 

2.2.2 Dynamic testing 334 

 335 

At the start of the two-column test, freshwater was added to the upper freshwater layer of 336 

column 1, using a supply hose from the freshwater supply tank with precautions to avoid 337 

mechanical mixing (Fig. 3). Freshwater was supplied for a period of 120 minutes. The addition 338 

of freshwater to column 1 altered the hydraulic head and this imbalance in hydraulic heads 339 

caused saltwater at the bottom of column 1 to flow through the siphon hose into column 2. The 340 

new equilibrium was attained almost immediately because the addition of freshwater was 341 

gradual. The freshwater supply rate was about 217 ml/hr, and it caused the freshwater-saltwater 342 

interface to move at a rate of about 5.6 mm/hr. Nevertheless, the freshwater supply period was 343 

followed by a 30-minutes period of stabilization to ensure that steady-state was achieved. This 344 

cycle of freshwater addition and stabilization was repeated four times. The thickness of the 345 

dispersion zone was measured roughly as 15 mm using the ruler attached to the column 1, and 346 

no significant variation in the thickness was observed through visual examination between the 347 

beginning and end of the stabilization period. 348 

 349 

Calculations pertinent to the test adopt the simplifying assumption of a sharp interface between 350 

two fluids of differing density. Under this assumption, the freshwater-saltwater interface 351 

displacements of column 1 (Δhi) and water table displacements of in column 2 (Δhh2) must be 352 

equal in magnitude but opposite in direction (Fig. 3), as there were no additions of saltwater: 353 

 ∆ℎi = ∆ℎh2 (4) 354 

Additionally, equivalent freshwater (or saltwater) heads of the saltwater zones of the two 355 

columns must be equal (given their connection through the siphon). Thus, equating the 356 



pressures at the base of each column, and neglecting mixing between freshwater and saltwater, 357 

the following is obtained prior to the addition of freshwater: 358 

 𝜌fℎf + 𝜌sℎs1 = 𝜌sℎs2 (5) 359 

Adding freshwater caused all three interfaces to change, leading to a new equilibrium, defined 360 

by: 361 

 𝜌f(ℎf + ∆ℎh1 + ∆ℎi) + 𝜌s(ℎs1 − ∆ℎi) = 𝜌s(ℎs2 + ∆ℎh2) (6) 362 

Combining Eqns (4), (5) and (6) and rearranging results in the following relationship: 363 

 ∆ℎi =
𝜌f

2𝜌s−𝜌f
∆ℎh1 (7) 364 

Changes in the locations of the two water tables (Δhh2, Δhh1), measured using the float-laser 365 

device, was validated by comparing with the readings from the ruler attached to the columns. 366 

However, due to the presence of the dispersion zone, the freshwater-saltwater interface was not 367 

easily measured, and so the float-based measured data could not be compared with interface 368 

readings using the ruler. Hence, the freshwater-saltwater interface Δhi measured data of the 369 

float-laser device was verified with the help of the validated water table data (Δhh2, Δhh1), using 370 

the following conditions: (1) Δhh2 has to be equal to Δhi since there was no change in the amount 371 

of saltwater (Eqn (4)), and (2) Δhh1 should be related to Δhi as in Eqn (7) based on equilibrium 372 

conditions. 373 

 374 

3. Results and Discussion 375 

 376 

Table 1 provides the float-laser device monitoring data for interface (Δhi), and water tables 377 

(Δhh2, Δhh1) along with hand-measured readings of water table heights (Δhh1 and Δhh2) at the 378 

end of the stabilization period in each cycle. The theoretical value of Δhi calculated based on 379 

Eqn (7) is also provided. The two measured data of Δhh2 (for the water table) and Δhi (for the 380 

freshwater-saltwater interface) should be identical and equal to the theoretical value (Δhi from 381 



Eqn (7)), at least in principle. 382 

 383 

Table 1. Water table and interface measurements and theoretical values at the end of 384 

stabilization periods 385 

Time 

(hr) 

Δhh1 (mm) Δhh2 (mm) Δhi (mm) Δhi (mm) 

Float-laser 

device 
Ruler 

Float-laser 

device 
Ruler 

Float-laser 

device 
From Eqn (7) 

0.0 0.000 0 0.000 0 0.000 0.000 

2.5 13.131 13 11.076 11 11.193 10.942 

5.0 27.132 28 22.666 22 22.606 22.610 

7.5 40.629 41 33.819 33 33.357 33.858 

10.0 53.727 54 44.895 44 44.721 44.772 

 386 

Table 1 results show that measurements from the float-laser device, manual measurements and 387 

theoretical values using Eqn (7) are generally well matched. The maximum error between 388 

comparable values (i.e., float-laser device versus ruler, Δhh2 versus Δhi, and float-laser device 389 

versus Eqn (7)) was 0.9 mm or 3% error, which arose from comparing the float-laser device to 390 

ruler measurements. The maximum deviation between Δhh2 versus Δhi (from the float-laser 391 

device) was 0.5 mm or 1% error, and the maximum error in the float-laser device Δhi and Eqn 392 

(7) was 0.5 mm or 2% error.  393 

 394 

Fig. 4 shows the temporal results for the entire duration of the test. The vertical axis indicates 395 

displacements of water tables and the freshwater-saltwater interface. Periods of stabilization 396 

are apparent as horizontal trends. During rising periods of freshwater input, measured data of 397 

freshwater-saltwater interface displacements (Δhi; red line) show some minor departures from 398 

theoretical values (i.e., dashed line), whereas measurements of the displacement of the water 399 

table (Δhh2) shows reduced deviation from the theoretical trend. Thus, during the period of 400 

freshwater supply, the freshwater-saltwater interface float appears to be more unstable than the 401 

water table float. Nevertheless, both measured variables (Δhi and Δhh2) are closely matched to 402 



the theoretical value (Δhi from Eqn (7)), as evidenced by correlation coefficients of 0.99973 403 

and 0.99996, respectively.  404 

 405 

Fig. 4. Experimental results: water table displacements (Δhh1 and Δhh2) and freshwater-406 

saltwater-interface displacement (Δhi), and the estimate of Δhi from Eqn (7). 407 

 408 

 409 

Absolute errors in Δhi and Δhh2 from the float-based measurements, calculated by comparing 410 

to Δhi from Eqn (7), are plotted in Fig. 5. Though the absolute errors in both Δhi and Δhh2 are 411 

temporally irregular, absolute errors are generally larger for interface measurements (Δhi) than 412 

water table measurements (Δhh2). The average and maximum absolute error of water table 413 

measurements were 0.058 mm and 0.493 mm, respectively, while freshwater-saltwater 414 

interface measurements have an average absolute error of 0.171 mm and a maximum absolute 415 

error of 1.184 mm. The irregular deviation of absolute errors may be attributable to several 416 

error sources, including instability in the movement of the floats. Given that the finite-width 417 

transition zone between freshwater and saltwater (compared to the sharp transition between air 418 

and water), larger deviations in Δhi are not unexpected. By comparison, for the accuracy of 419 



visual inspection of an interface of dyed fluids in sand tanks, Goswami and Clement (2007) 420 

observed that for narrow dispersion zones of about 10 mm in steady-state experiments, the 421 

uncertainty in the location of the freshwater-saltwater interface was in the range ± 5.0 mm. 422 

Thus, though there are deviations between the theoretical and measured data of the freshwater-423 

saltwater interface displacements, the float-laser device is able to provide a significant 424 

improvement in the accuracy compared to visual inspection methods. 425 

 426 

Fig. 5. Absolute errors: water table displacement (Δhh2) and freshwater-saltwater-interface 427 

displacement (Δhi). 428 

 429 

 430 

The float-laser device could perhaps be extended to measure both the water table and the 431 

freshwater-saltwater interface in a single monitoring well. Two floats, one for the water table 432 

and the other for the interface, would be needed. A laser sensor for the water table could be 433 

mounted at the top, and a laser sensor for the interface at the bottom of a monitoring well. If the 434 

diameter of the water table float was made much smaller than the well casing and that of the 435 

interface float, it may be possible to use one laser sensor installed at the top to detect 436 



(intermittently) the distances to two floats, whereby small horizontal movements of the water 437 

table float would allow the laser to bypass it to reach the interface float, although this would 438 

occur at unpredictable times. Alternatively, two floats manufactured with different bulk 439 

densities would allow changes to the thickness of the transition zone to be monitored. The above 440 

extensions need further study, but if possible, two measurements from single monitoring well 441 

would provide valuable additional information. 442 

 443 

4. Conclusions 444 

 445 

In laboratory experiments involving fluids of different density, such as sand tank experiments 446 

of saltwater intrusion, existing methods for measuring the freshwater-saltwater interface and 447 

the water table have many limitations. In this study, a novel device is proposed to measure the 448 

freshwater-saltwater interface and the water table in laboratory-scale experimental systems. The 449 

design includes a monitoring well equipped with a laser sensor and a float to measure the 450 

distance at which fluids of a predetermined density occur. The proposed device is verified using 451 

a simple two-column test, which showed that measurement errors are generally less than 0.5 452 

mm for water table measurements and 1.0 mm for the freshwater-saltwater interface. The higher 453 

accuracy of water table measurements was attributed to the more dispersed mixing zone of the 454 

freshwater-saltwater interface relative to the sharp water-air boundary of the water table. The 455 

device was developed and verified assuming a sharp interface between freshwater and saltwater, 456 

and further work is needed to assess its usage under dispersive interface conditions. 457 

 458 

As the device is installed in a monitoring well and does not rely on visual interpretation; the 459 

monitoring of water table and freshwater-saltwater interface away from transparent side walls 460 

is possible. Hence, the device can be applied to transient, 3D experiments involving pumping 461 



or injection wells where areal distribution is important. Sand tank experiments for these types 462 

of problems are scarce because of difficulties in monitoring without the benefit of cross-463 

sectional views that are afforded by the transparent walls of 2D experiments. The device also 464 

overcomes some of the challenges in water table measurement within sand tank experiments 465 

that arise due to capillary effects that obscure visual inspection of the water table position. 466 

Given that photography through transparent sand tank walls allows for evaluation of salinity 467 

distributions, while the current device offers point measurements of higher accuracy, it is 468 

proposed as a complementary approach to traditional strategies for characterizing sand tank 469 

salinity and head behavior given the pros and cons of the proposed device and traditional 470 

approaches. Future research to study in-well flow that arises from long-screen wells, which are 471 

necessary for this device, is warranted, given the lack of guidance on this effect, both in field 472 

situations and in sand tank wells. Additionally, the current device would benefit from reducing 473 

component sizes (i.e., diameters) to impart less disturbance in two-dimensional sand tank 474 

experiments. 475 
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Experiments on laser measurements in air and in water 

 

Application of the laser to the measurement of distances in air and water was tested as shown 

in Fig. S1. A laser sensor was placed in a glass beaker, and the target object was placed at the 

bottom of the beaker. The distance to the object in air was measured (Mair in Fig. S1a). Then 

the glass beaker was filled with water without disturbing the laser sensor and the object, and 

the same distance was measured again to provide a submerged measurement (Mwater in Fig. S1b). 

Twelve distances within the measurement range (from 25 mm to 300 mm) of the sensor were 

tested using this approach. Fig. S2 shows the result that the ratio of the distances measurement 

under water (Mwater) to those in air (Mair) is approximately 0.71 with a coefficient of 

determination 0.999. This study used the sensor model Q4XTULAF300-Q8 (Banner 

Engineering Corp.) and the ratio can change depending on the specifications of the sensor used. 

 

Fig. S1. Experimental set up for distance measurements in air and water. 

 



 

Fig. S2. Relation between in-air and in-water measurements (black line is 1:1). 

 




