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Signal Processing of Water Level Fluctuations in a Laboratory Experiment: Sloping Sandy Beach in a Wave Canal (Hydralab Project Barcelona)

In coastal processes, the strong water movements due to short periodic waves (such as sea swell) can induce irregular water level fluctuations H(t) in the swash zone, and also, within the sandy beach. In this paper, we analyze measured water level fluctuations in a wave canal with a sloping sand beach, using 7 capacitive sensors (H i (t) is the water level at sensor N°"i"). Fourier spectrum and multi-resolution wavelet analyses were used to study these water level fluctuations. Several dominant periods for the entry water level H 1 (t) were identified with Fourier analysis. The corresponding amplitudes and the corresponding phases were obtained by wavelet analysis. Then a simplified (bimodal) Fourier approximation was determined for the irregular water level fluctuations H 1 (t), which can be used as the entry condition for numerical simulations.

INTRODUCTION

Beach groundwater is a complex and dynamic system interacting with tides, waves and swash. Groundwater fluctuations driven by oceanic oscillations enhance water exchange between the ocean and coastal aquifer. Interaction between swash dynamics and groundwater may also be important with regard to onshore sediment transport and beach profile evolution. There is currently limited understanding of how the beach groundwater system responds to oceanic forcing at various frequencies.

A "wave-beach" experiment was conducted in a large water wave canal equipped with a wave generator (CIEM flume in Barcelona). The experiment was part of a European project, HYDRALAB-SANDS, undertaken in a collaboration between the HYDRALAB laboratory in Barcelona (Spain) and the OTE group in our laboratory (IMFT, Toulouse, France). The experiment was designed to measure the erosion of the swash zone in a sandy beach, with periodic water level oscillations.

In this work, we focus on a related problem, namely, the effect of surface water waves and swash zone phenomena on subsurface oscillations in the sandy porous medium, and the possible interactions between surface and subsurface oscillations. In this experiment, water level fluctuations H(t) in the sloping sandy beach were measured by 7 capacitive sensors (sensor No.1 yields H 1 (t), ..., and sensor No.7 yields H 7 (t)).

In the sequel of this paper, Fourier spectrum and multi-resolution wavelet methods are used to analyze these measured water level fluctuations Hi(t) in the sloping sandy beach, using geophysical signal analysis tools previously developed in our group [START_REF] Fatmi | Méthodologie d'analyse des signaux et caractérisation hydrogéologique : application aux chroniques de données obtenues aux laboratoires souterrains du Mont Terri[END_REF].

EXPERIMENT: DESCRIPTION

The canal is 100m long, 3m wide and 5m high. At the back end of the canal, a mechanical wave generator was designed with adjustable period and amplitude. For this experiment, the period is about 4 seconds, and the maximum amplitude is about 0.9 m. The weighted average diameter d 50 of sand grains is 0.25mm. The beach slope is 1/15.

As shown in FIG. 1. and FIG. 2. , 6 capacitive sensors were installed at intervals of about 1.5 m in the beach in order to measure groundwater level fluctuations. In particular, one sensor (No.1) was placed near the still water / beach boundary to measure the water level fluctuations corresponding to the entry condition of the model. 

EXPERIMENT: MEASURED WATER LEVELS H(t)

The water level measurements at the capacitive sensors began from the static initial water level (step (1) in Fig. 3), then lasted about 30 minutes corresponding to water level fluctuations forced by the wave generator (step (2) in Fig. 3), and finally ended during the draining phase (step (3) in Fig. 3). The measured water levels H(t) shown in Fig. 3 correspond to just one "test" (the "first test", conducted the 18th of March 2008).

The measurement results show clearly two effects: the spatial decaying of the amplitudes away from the shore, and the filtering out of the shortest periods. Furthermore, the signals away from the shore (H 5 (t), H 6 (t) ,H 7 (t)) exhibit a very different behavior from those closer to the shore (see Fig. 3).

The net super-elevation of the mean groundwater in these sensors may be caused by the sloping beach favoring vertical infiltration/drainage, and swash zone run-up, as observed in coastal processes [START_REF] Turner | Tides, waves and the super-elevation of groundwater at the coast[END_REF].
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SIGNAL PROCESSING & ANALYZIS OF WATER LEVEL FLUCTUATIONS Analysis of Sensor No.1 (H 1 (t), entry boundary condition)

Water level fluctuations at sensor No.1 (H 1 (t)) reflect surface water levels and can be considered as the entry boundary condition with respect to all the other 'subsurface' sensors. The regular periodic wave with period T = 4 seconds produced at the wave generator, seems much less regular when it arrives at Sensor No.1, in the swash zone (see FIG. 4 and FIG. 5). To simplify such complex signals, we want to find the dominant periods of H 1 (t). Accordingly, we choose the following bimodal Fourier approximation for water level signal H 1 (t):
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FIG. 6. Reduced frequency spectrum of the water level fluctuations H 1 (t).

From FIG. 6, we can see clearly that period T 1 = 23.33 s prevails among the H 1 (t) signals. There are also three other periods which play important roles. So far, we consider that period T 1 = 23.33 s is the result of the size of the wave canal (we have analyzed independently the signals measured after the stop of the wave generator, and we have obtained the same results). On the other hand, period T 4 = 4.83 s is obviously close to the wave generator period (T 0 = 4 s).

We then used orthogonal multi-resolution wavelet analysis to verify the results of Fourier analysis and to obtain the corresponding amplitudes and phases for the dominant periodic waves. In FIG. 7, we can see that the sum of the dyadic wavelet component C7 (whose time scale is

s t T C 6 . 25 2 1 7 7 = Δ × = +
) and the dyadic wavelet component C5 (whose time scale is

s t T C 4 . 6 2 1 5 5 = Δ × = +
), agree well with the original signal. After that, we obtain the amplitudes (defined as the 90% confidence band) of the wavelet components C7 and C5: where tn * is the first 0-crossing of the signal (this method will be revised with a statistical identification of the phase in future). We obtain here: 

FIG. 8. Wavelet analysis of signal H1(t): the dyadic components C7 & C5

We have now obtained all the coefficients for the analytical bimodal Fourier model of equation ( 1), as shown in Table 1. From FIG. 7, we can see that this 'analytical model' is a good approximation of the original signal, and is confirmed by wavelet analysis. The water in the tube of the capacitive sensor 7, furthest from the swash zone, is thought to be a direct measurement of 'groundwater'. From FIG. 9, it can be seen that signal H 7 (t) is totally different from H 1 (t): signal H 7 (t) clearly exhibits a slowly increasing stage (water filling) and a descending stage (water draining). The Fourier method is not directly suited for this type of strongly non periodic and non ergodic signal. Instead, we use first a moving average filter to remove the nonlinear trend, and then, we use Fourier to analyze the residuel of the original signal. The reduced Fourier spectra versus reduced frequencies of the detrended H 7 (t) are shown in FIG. 10. It can be seen that all the small period waves have disappeared; the remaining dominant period is T1 = 171 s, which is seven times longer than that of the H 1 (t) signal (T1 = 24 s).

In addition, we think that the two stages of curve of the H 7 (t) have exponential trends with different coefficients. We are currently studying this point in relation with groundwater flow models, and will discuss it in the near future. 

CONCLUSIONS AND FUTURE WORK

This wave canal experiment was conducted in the frame of a European project, HYDRALAB-SANDS, in collaboration with the HYDRALAB-SANDS laboratory (Barcelona, Spain) and the OTE group at the IMFT laboratory (Toulouse, France). The experiment was especially designed to measure the erosion of the swash zone in a sandy beach, with periodic oscillations of water levels, using a wave generator. In this work, as members of the porous media group (GEMP), we have focused on a related problem: the effects of surface water waves and of swash zone processes on subsurface water in the sand beach, and the possible interactions between surface and subsurface oscillations.

We have instrumented the artificial beach of the canal with subsurface sensors (micropiezometers) to measure groundwater level fluctuations, and we have used signal processing techniques towards this goal. The results obtained so far, with spectral frequency methods and multi-resolution wavelet analyses, appear quite promising. In particular, two important periods, and their corresponding amplitudes and phases at the entry boundary were identified. A bimodal Fourier approximation of the signal was proposed. This yields a simplified version of the observed irregular water level fluctuations H 1 (t), which can be used as the entry condition for numerical simulations.

In addition, numerical simulations are currently being implemented in order to complement the experimental water level signal analyses and to compare them with various water flow models (a preliminary version of modeling results was presented in [START_REF] Wang | Oscillatory Flows through Porous Media: Free Surface Hydraulics, Wave Propagation, and Capillarity[END_REF]. The numerical models being used for these comparisons include: 

FIG. 1 .

 1 FIG. 1. Schematic of the layout of the capacitive sensors in the swash zone (vertical axial section). Sensor N°1 is closest to the free water. FIG. 2. Photo of the sand beach with capacitive sensors / micro-piezometers at the HYDRALAB-SANDS wave canal (CIEM flume) in Barcelona. Incoming water waves are visible in the rear.

FIG. 3 .

 3 FIG. 3. Water levels H i (t) versus time at the 7 sensors (Test 1: 18 March 2008).

  Concerning the phases, we can directly measure them from FIG.8. A simple method was used at first, namely:

  FIG. 7. Wavelet analysis of signal H1(t): comparison of original signal, bimodalFourier signal, and 2-component wavelet.

  FIG. 9. Original signals H 7 (t) and its moving average

  (1) A 2D plane flow model based on the vertically averaged Dupuit-Boussinesq equation for unconfined groundwater flow (with fluctuating boundary conditions); (2) A 3D variably saturated flow model based on a generalized Richards' equation.

Table 1 . Coefficients of the 'analytical' bimodal approximation

 1 

	Coefficients	(m)	(s)	(m)	(rad)
	Values	2.5112	24	0.0672	0.238
	Coefficients		(s)	(m)	(rad)
	Values		4.83	0.0524	0.982
	Methods	Average of the original signals Fourier Wavelet	Wavelet
	Analysis of Sensor No.7 (groundwater)			
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