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This paper presents an analysis of the field data collected at the French Atlantic coast during the ECORS project on near-shore flow / sediment processes of macro-tidal sandy beaches. An Acoustic Doppler Velocity Profilers has been deployed in the macro tidal region in order to profile the cross-shore and vertical flow velocity components over a distance of 33cm above the bed. For a moderate wave climate, 5cm high ripples were seen to migrate across the acoustic beam in the shoaling zone. We observe that the flow field in the near bed region is strongly affected by the ripples. As previously described in the literature, two flow separation regions exist for each ripple at each wave cycle: a first one on the landward face of the ripple just after the wave crest and a second one on the seaward face during the wave trough. The vertical orbital velocity shows an inversion of sign during each separation and subsequent reattachment phase. Moreover, the orbital stress is calculated as the product of the measured crossshore and vertical orbital velocities. The characteristic pattern of the orbital stress field differs strongly for both faces of the ripple. Finally, the transverse vorticity field also reveals different behaviors at each face of the ripple. The analysis of the whole set of data reveals the consistency of this orbital stress and vorticity organization, with more intense values encountered near the ripple crest.

INTRODUCTION

Ripple-covered beds are common features across the sandy near-shore regions. They appear in the flow regions where the local Froude number is around its critical value of one. For calm to moderate wave climate conditions this region usually corresponds to the shoaling zone on the seaward face of the wave breaking bar and to the internal surf zone after the energetic wave breaking region. In the swash zone however, ripples are wiped out because of the strong bed friction effects leading to the wash load regime. In the region where ripple formation occurs, a mutual interaction between the ripples and the oscillatory flow takes place. The oscillatory flow makes the ripples migrate landward (VANDERWERF et al., 2007) at a speed being one to two order of magnitudes lower than the applied wave velocities because the ripple shapes are only slightly modified at each wave cycle. In turn, the ripple strongly modifies the near-bed hydrodynamics when flow separation occurs at one or both faces of the ripple crests. In this case, turbulent energy is drastically increased in the near-bed region and the associated ripple vortex entrainment enhances sediment resuspension and cross-shore transport. If the influence of bed ripples on the near-bed hydrodynamics has been studied thoroughly in controlled laboratory conditions, its observation and characterization in the nearshore region still remains poorly documented. This is primarily due to the lack of field deployable flow instrumentation with sufficient spatiotemporal resolution to capture the co-located flow dynamics and bed shape over an extended vertical region above the bed.

Therefore most of the flow data available in the literature concern experimental studies in laboratory conditions with high resolution PIV or laser techniques. Two main types of facilities are used: wave flumes (EARNSHAW and GREATED 1998, FREDSOE et al. 1999, OURMIERES and CHAPLIN 2004, NICHOLS and FOSTER 2007) and oscillatory flow tunnels (VANDERWERF et al. 2007, AHMED and SATO 2001, ADMIRAAL et al. 2006). Moreover, the ripples on the bottom of the flumes are either man-made (with a fixed concrete pre-defined geometry) or self-made (letting the sediment bed organizing itself). All these studies observe the formation of two vortex at the seaward and landward faces of the ripple crest during the passage of the wave crest and wave trough, respectively. These vortex are generated by the flow separation process in the two alterning wake zones where the ripple shape presents strong bed slopes. Prior to both flow reversal phases at each wave cycle, the ripple vortex is then lifted up due to negative velocity gradients giving rise to the so-called "ripple vortex entrainment" process into the water column. (NICHOLS and FOSTER 2007). Then, if the ripple wavelength is comparable to the wave excursion, the coherent vortex can travel towards the neighboring ripples where it can interact with the vortex created locally (EARNSHAW andGREATED 1998, ADMIRAAL et al. 2006). At each oscillatory cycle, the most energetic vortex seems to be the one over the lee face (landward side) of the ripples as the wave crest passes through with stronger onshore velocities (VANDERWERF et al. 2007).

However, the experimental conditions in which previously described measurements are performed strongly differ from the field conditions. The monochromatic wave field compared to wave field irregularity in nature, the simplified 2D shape of the ripples, the simplified 1D cross-shore propagating wave conditions in the absence of longshore current due to wavefront incidence and/ or rip currents tend to oversimplify the near-bed hydrodynamics. Whether the ripple vortex entrainment still occurs in the much more complex field conditions and what are the impacts on the flow and sediment transport has to be put into evidence before it can be modeled in numerical models. Consequently, during the last decade researchers have started to investigate the on-field near-bed hydrodynamics over rippled beds. SMYTH et al. (2002) used a Coherent Doppler Profiler to measure the cross-shore and vertical velocity fields in the lower 80 cm near the bed, under a water depth of 3-4 m. Using different velocity decomposition methods, the authors computed the orbital and turbulent velocities and showed that the ripple characteristics strongly affect these velocity fields. CHANG and HANES (2004) used an ADV to measure the flow characteristics about 20 cm above a rippled bed with 4m water depth and 1m wave height. The authors observed a vortex generation on the stoss face (seaward side) of the ripple during the wave troughs with offshore velocities, but they did not observe a vortex on its lee face. The authors give two possible reasons for this result: i) the averaged offshore return current in the vicinity of the bed tends to decrease the maximal landward velocities (during wave crests) and ii) the ripple geometric asymmetry which would tend to create larger flow separation on the stoss face.

The velocity fields and vortex shedding processes seem to differ between experimental and on-field measurements due to the additional complexity of the flow in real beaches. The objective of the present study is then to detail the hydrodynamics of on-field measured near-bed flow characteristics.

EXPERIMENTAL SET-UP AND DATA ANALYSIS

The measurements presented below were collected during the ECORS field campaign (SENECHAL et al. 2008) in March-April 2008 on the Truc-Vert sandy beach at the southern French Atlantic coast. Among other instruments, an Acoustic Doppler Velocity Profiler (ADVP, see HURTHER andLEMMIN (2001, 2008) for a detailed description of its principles, limitations and performances) was deployed in the macro-tidal region of the beach in order to profile the cross-shore and vertical flow velocity components in the near-bed region during high tides. The data analysed in the present paper correspond to a 20 minute sequence (between 3.00 and 3.20 am UT) collected at high tide in the morning of April 5 th . In this region of the beach, the flow and beach profile is mainly 2D with negligible influence of the largescale 3D rip channel located at more than 80m from the measuring point. During this measurement sequence, the water depth was h=1.7m with waves of significant wave height equal to Hs=0.5m, and a mean wave period Ts= 10s. The ratio Hs/h (being lower than 0.5) shows that the data were collected in the shoaling zone where rippled beds are often observed.

The ADVP (Figure 1) emitted vertical wave trains of frequency f 0 =1MHz at a sampling frequency set to 15.6Hz. At each time step, the cross-shore (u) and vertical (w) instantaneous velocity components were measured simultaneously and at the same locations over a vertical profile of about 33cm over the bed with a typical distance between each measurement volume equal to 3mm.

to wave velocities exceeding the maximal ADVP velocity range, a simple dealiasing algorithm was necessary for velocity reconstruction. Moreover, the detection of the bed echoe allowed to determine the evolution of bed elevation at high frequency with an accuracy of about 3mm. In the end, both the bed elevation and 2D velocity profiles are available at high frequency over bursts of 20 minutes each (only one is discussed herein). Furthermore, a pressure probe has been used to measure the water depth evolution due to waves and tidal excursion (see Figure 1).

At each elevation, both instantaneous zero mean velocity signals u and w were filtered using a low pass filter of 1Hz in order to decompose the measured instantaneous velocities as follows:

' uu u u    (1)
with u the time-averaged, u  the orbital and u' the turbulent cross-shore velocity components. The uncertainty in orbital velocity related to the residual turbulent velocity component is of minor importance here since the ripple vortex process is a quasicyclic organized flow process at the intra-wave scale. In the following figures, the cross-shore and vertical orbital velocity 

RESULTS

Bed elevation

Figure 2 presents the evolution of bed elevation during the 20 minute time-period. Two oscillation time scales are observed: i) a small time scale of typical period equal to the wave period revealing the impact of each wave on the bed dynamics and ii) a long time scale of typical period T=10.5min revealing the Figure 2. Evolution of bed elevation It can be seen in Figure 2 that as the ripples migrate landward, the data measured during time periods t=[3;3.1] and [3.18;3.27] (respectively t=[3.1;3.18]) correspond to measurements over the stoss faces (respectively the lee face of the ripples). The flow analysis at these time periods then allows the flow analysis over both faces of the ripples.

Orbital velocity field and orbital stress

Previous experimental and field studies showed that the velocity field above a rippled bed is strongly influenced by the local topography over a depth up to 5 times the ripple height. Figure 3 presents the water surface elevation, the cross-shore, the vertical velocity fields and the orbital stress field over a given wave cycle when the ADVP is above the lee face (left hanside) and stoss face (right handside) of a ripple. It appears that the cross-shore orbital velocity profiles are well correlated with the water depth fluctuation  with stronger vertical gradient in the near-bed region. For positive  values (water depth larger than its mean value), the flow is oriented landward and for negative  values, the flow is oriented seaward. Concerning the vertical velocity profiles, two distinct behaviors are observed. In the upper part of the profiles (z>0.3m), w  is positive when the water depth increases (from wave trough to wave crest) and is negative when the water depth decreases following the linear wave theory. On the other hand, in the lowest 30cm of the flow (equivalent to 5-6 ripple heights), the sign of the vertical velocity is strongly affected by the presence of the ripple: * Over the lee face of the ripple (Figure 3, left), the vertical velocity is negative prior to the wave crest with a maximum negative velocity measured very close to the bed and it is positive prior to and during the wave trough with maximum positive velocity measured at the bed. This near-bed behavior is strongly linked with vortex shedding over the ripple: i) Just after the wave crest, the landward flow separates from the bed over the ripple lee face with positive vertical velocities at the bed. ii) During the wave trough, the seaward flow climbs up along the lee face with still positive vertical velocities. iii) Finally, after the trough-crest flow reversal and at the wave crest, the landward flow descends along the ripples lee face with negative vertical velocities until it separates again after the following wave crest.

* Over the stoss face of the ripple (Figure 3, right), the vertical velocity is positive during the wave trough and is negative during the wave crest (with maximum adverse velocities observed very close to the bed). Again this near-bed behavior is strongly linked with vortex shedding over the ripple: i) Prior to and during the wave trough, the seaward flow separates from the bed over the ripple stoss face with positive vertical velocities. Then prior to and during the wave crest the flow reattaches the bed with negative vertical velocities.

The inversion of sign of the vertical orbital velocity components along the vertical profiles was already observed by SMYTH et al. (2002, Figure 2b) over rippled beds, although it was not discussed by the author and was not related to vortex shedding.

The direction of cross-shore velocity and upper vertical velocity fields are in fair agreement with the linear wave theory while the direction of the near-bed vertical velocities is determined by the ripple vortex shedding. As a consequence, the orbital stress sign also becomes strongly influenced by the ripple impact on near-bed hydrodynamics:

* Figure 3 (left) shows that over the lee side of the ripple, two upper positive and two near-bed negative orbital stress regions are observed during the wave period: i) at the top of the measured profile (z~0.3m), uw >0 prior to the wave crest (as u  >0 and w  >0) and prior to the wave trough (as u  <0 and w  <0), while ii) in the near-bed region, uw <0 prior to the wave crest (as u  >0 and w  <0) and prior to the wave trough (as u  <0 and w  >0).

* Over the ripple stoss face, one upper large positive orbital region and two near-bed negative orbital stress regions are observed during a wave period: i) at the top of the measured profile, uw >0 prior to and during the wave trough (as u  <0 and w  <0), while ii) in the near-bed region, uw <0 during the wave trough (as u  <0 and w  >0) and during the wave crest (as u  >0 and w  <0).

In the end, two flow separations are observed, one over each ripple face occurring at the oscillatory half cycle as described in most experimental works. However, it is interesting to note that the separation above the stoss-face is more intense and reaches higher elevations than the one over the lee face (see Figure 3). This result differs from most experimental study conclusions but is consistent with Chang and Hanes (2004) observations described above. As for the orbital stress, the vorticity field is strongly affected by the vortex shedding procceses over rippled beds. The local tranverse (longshore) vorticity component  can be written as:

Transverse (longshore) vorticity field
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where x and z are the cross-shore and vertical directions respectively and h=1.7m.

Figure 4 shows the vorticity field measured over the lee and stoss faces of a ripple during the same wave periods as in Figure 3.

It appears that in both cases,  1 >> 2 .  1 is linked to the crossshore velocity field and its behaviour is then similar for both faces of the ripples:  1 >0 below the wave crests as the cross-shore velocity goes from zero at the bed to a strong positive value outside the boundary layer and  1 <0 below the wave troughs as the cross-shore velocity goes from zero at the bed to a strong negative value above. The strong positive and negative  1 values at t=3.1228h in Figure 4 are only related to measurements uncertainties near z=0.12m in Figure 3. Opositely, given that w  field differs (see Figure 3) between the lee and stoss faces of the ripple,  2 field also differs. Over the ripple lee face,  2 (near the bed) is alternatively positive prior to the wave crest, negative at the wave crest, positive prior to crest-trough flow reversal and again negative during this flow reversal. Over the ripple stoss face,  2 (near the bed) is alternatively positive after the trough-crest flow reversal and negative prior to and after crest-trough flow reversal. These signs are of course in direct link with the evolution of w  sign in the near-bed region described above.

Orbital stress and vorticity over longer periods

The objective of this last section is to check whether the specific hydrodynamic observations observed above both faces of the ripples in Figures 3 and4 are consistent over any type of wave and any position along the ripple faces. Figures 5 and6 show the orbital stress and vorticity fields over longer periods (typically 3 wave periods) when the measurement device is located near the ripple crest (Figure 5) and near the ripple trough (Figure 6).

Figure 5 shows that the orbital stress and vorticity specific behaviour are consistent over the 3 wave periods even with a strongly irregular wave climate. The positive and negative orbital stress and vorticity regions appear in the same locations with regards to the wave periods. For instance, over the ripple stoss face, both negative orbital stress regions encountered near the bed (during wave crest and wave trough) and the long positive stress observed in the upper measured profile (during the wave trough) are observed at each wave period.

Figure 6 reveals that this very active vortex shedding hydrodynamics near the crest of the ripples, is also encountered in the near-ripple trough region. Nevertheless, the magnitude of the orbital stress and vorticity terms are strongly reduced, which confirms that the main vortex shedding region occurs at the crest of the ripples and dissipates when traveling toward the ripple troughs.

CONCLUSION

The aim of the present paper was to analyse the existence in field conditions of the ripple vortex shedding process over a migrating rippled bed in the shoaling zone of a macro-tidal beach. An Acoustic Doppler Velocity Profilers was deployed in the macro tidal region of a sandy beach at the French Atlantic coast in order to profile the near-bed cross-shore and vertical flow velocity fields. Two flow separations events have been observed as seen in laboratory experiments: one on the landward (lee) face of the ripple just after the wave crest and the second one on the seaward (stoss) face during the wave trough. Consequently, the characteristic patterns of the orbital stress and vorticity fields differ strongly for both faces of the ripple. The analysis of the whole set of data reveals the consistency of these flow patterns for irregular waves, with more intense values encountered near the crest of the ripples than near their troughs. 
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