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Abstract. The coasts of Mecklenburg-West Pomerania are a sand-dominated area with a high potential for morphological changes due to sea and swell. Selected results of a monitoring of the development of psammitic micro-bedforms in the nearshore area of Rostock-Warnemünde are presented. It is shown that these bedforms are in most cases dynamically stabile, even if critical velocities of oscillating currents above the sea floor are clearly attained. Furthermore the spacing of ripple-marks do not coincide with the contemporary orbital diameters. Nearshore steady currents can be excluded for being responsible for sediment transport.
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1. INTRODUCTION
Oscillatory ripple marks are a common bedform phenomenon which can be found all along sandy wet coasts with no dominant submarine vegetation.

They are formed by oscillating currents running above the sea floor, exceeding critical erosion thresholds um and which are most frequently caused by swell or sea.

Ripple marks represent the bodies trough what sediment transport takes place, unless current velocities attain a critical value of ucr resulting in sheetflow conditions which cause the entire  uppermost sea floor sediment cover to be set in motion.

Research on ripple marks, their formation and evolution has been carried out for more than hundred years. Among the first experimental setups was the one by Ayrton (1910), carried out with a back and forth-moving water tank. A different approach was chosen by e.g. Bagnold (1946) who had a sand-charged tray swing in a still fluid body. Ever since then, numerous differing techniques have been used, such as oscillating water tunnels (e.g. Lofquist 1978) or flumes (e.g. Tietze 1978).

Apart from these laboratory-based approaches, field measurements are another way to gather data on the evolution of ripple marks. Those have mainly been carried out since the 1950ies (comp. e.g. Inman 1957, Dingler & Inman 1976 or Doucette 2002) mostly by divers equipped with rulers, special rakes or cameras.
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Fig. 1: Fine sand ripple marks near Nienhagen, Germany. Ripple spacing is approx. 10 cm

Both approaches show a number of disadvantages: Laboratory experiments benefit from the fact that they can be carried out reproducibly with moderate efforts. However, they suffer the problem that often idealized grain sizes and hydrodynamic circumstances are assumed. Furthermore, possible stabilizing effects by biofilms (comp. Ziervogel 2001) are generally neglected. For field measurements, difficulties exist in the fact that they can only be carried out occasionally and especially not during events when bedform evolution and sediment transport is particularly active.
2. STUDY AREA
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The southwestern Baltic Sea is a very favorable area for research on the influence of water gravity waves on the bedform morphology. Sand, deriving from pleistocene glacial deposits (Niedermayer & Schumacher, in Katzung 2004) is abundant at most of the coastal areas of the Mecklenburg Bay. Furthermore, larger tidal fluctuations of the water level are missing in this area (Leppäranta & Myrberg 2009, Lass & Magard in Rheinheimer 1996). Nearshore steady currents are generally not capable of resulting in the erosion of sands. Consequently, sea and swell are the main impulsions for sediment erosion and transport in the southwestern Baltic Sea. According to Schwarzer (in Rheinheimer 1996), here effective wave bases generally stretch to depths of 25 m, limiting  the areas of common sediment transport by waves to shallower regions.




Fig. 2: Situation of the study site

The study site is situated approximately 400 m off the shore of Rostock-Warnemünde (Mecklenburg-West Pomerania, Germany).  The mean sea level at this location amounts to approx. 4 m, while it varies from approx. 3 m to approx. 5 m. The precise location is situated on the distal edge of a submarine sand bar lying above a base of glacial marl. The sand cover at this spot is extensive and no hunger ripples can be observed. Seagrass or other submarine plants occur only sparsely. The sediment at this spot is made up of very well sorted fine quartz sand with a median grain size of d50 = 0.095 mm, showing only minor additions of dark heavy minerals and hardly any organic matter.
3. METHODS

3.1 SEA-STATE CONDITIONS
Gauges of surface wave parameters are recorded by means of a measurement chain of four AWAC (Acoustic Wave And Current profiler) devices, detecting water level changes by acoustic surface tracking and a pressure sensor. Furthermore these instruments can detect steady current velocities with the ADCP (Acoustic Doppler Current Profiler) procedure. They are installed in various water depths from 4.5 to 1.5 m. (Sommermeier et al. 2011).This chain was implemented as a part of the RADOST project (comp. Fröhle 2012, Schlamkow et al. 2012) and is operated by the Staatliches Amt für Landwirtschaft und Umwelt Mittleres Mecklenburg and the University of Rostock.
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Fig. 3: AWAC instrument  Fig. 4: Array of AWAC devices. IMK2 indicates study site (Photo: Mareike Peterson) (Base of Map: Google Earth)
3.2. BEDFORMS

An automated underwater stereo-camera system (AUSS) was mounted on a steel frame and installed at the study site in a depth of 4 m. It is built up of two customary digital cameras, a customized circuit and an electrical power supply, all fixed in waterproof body housing. The instrument was designed and built under excitation by a low-cost approach for an underwater stereo-camera (Korduan & Lämmel, 2006). With this device the sea floor is photographed in a temporal cycle of approx. 30 min. The images in total cover an area of approx. 1 m² and due to the intersection of image section cover a stereo area of ca. 0.6 m².  The deployment time was from April 2011 until September 2012. Underwater photogrammetry is a method commonly used for biological or archeological issues (Shortis et al. 2009).

From these images the beginning of bedform reshaping can be recognized and the distance between the single ripple marks as well as their orientation can be measured. Furthermore, since stereo-images are delivered, under very high visibility conditions, occasional DEM generation and 3D-measurements can be performed, applying remote-sensing software. Thereby, ripple indices for a variety of ripple marks can be deduced.
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Figs. 5 & 6: The AUSS mounted on its framework at its deployment site
(Photo: Gerd Niedzwiedz)
4. HYDRODYNAMIC CONDITIONS AT THE STUDY SITE
AND POTENTIAL EFFECTS ON SEDIMENT MOBILIZATION
In order to deduce the governing parameters for initiation of sediment mobilization, which is the maximum orbital velocity above the sea floor u0 and the orbital diameter d0, the significant wave height Hm0 as well as the second spectral moment's period T02 were pulled up. These parameters are credited as being most valuable for estimating general and long term assessment of sediment behavior. In contrast to that, the hydrodynamic parameters maximum wave height Hmax and mean period Tm are drawn to indicate the occurrence of short term and occasional sediment transport, since their values are always larger than those of Hm0 and T02. Figs. 7 & 8 show the sea state conditions from July 2011 to October 2012 at the study site and the assumed effects on sediment behavior according to the formula worked out by Komar & Miller (1974):

(ρ u02) / (ρs-ρ) = 0.21 (d0/D)1/2


where ρ and ρs are water and sand densities and D stands for grain size in meters.

It can be observed that sediment at the described grain size is only transported if Hm0 exceeds 0.3 m and T02 exceeds 2 s. For short term sediment mobilization the boundary values of Hmax > 0.3 m and Tm > 2.3 s can be assumed. 

Intercalations between the different stadiums of sediment behavior are the result of water level variations and thereby by differences of wave length. Sheetflow conditions which mean the whole sea floor surface to be in motion can be expected for Hm0 > 1.2 m and T02 > 3.3 s, while this is also valid for values of Hmax > 1.3 and Tm > 3 s.  

For the consideration of Hm0 and T02 no sediment movement was to be expected for 81 % of the observed time span, while sediment erosion and transport should be assumed for only 18.8 % of the regarded period. Sheetflow conditions are probable to be exceptional events with only 0.04 % of calculated occurrence. For the contemplation of Hmax and Tm, however, it shows that the occurrence of sediment in rest reduces to 63.5 % while the frequency of the status of sand in motion increases to 33.5 %. Sheetflow conditions are likely to happen more often with a share of 3 %.
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Figs. 7 & 8: Wave-heights and -periods at the study site from April 2011 to October 2012
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Figs. 9 & 10: Orbital velocities and diameters at the study site from April 2011 to October 2012

Using the formulas given by Clifton and Dingler (1984):

d0 = H/sinh(kh)

and
u0 = (πH) / (T sinh(kh))

where H is the wave height in meters, k is the angular wave number and h is the water depth in meters, the contemporary values for the maximum orbital velocities and diameter above the sea floor can be deduced (comp. Figs. 9 & 10). The relationship between u0 and d0 can be roughly expressed as d0(Hm0;Tm) ≈ u0(Hm0;T02)*0.97 and d0(Hmax;T02) ≈ u0(Hmax;Tm)*0.84. While for Hm0 and T02 maximum velocities of u0 = 1 m/s and maximum orbital diameters of d0 = 1.2 m could be calculated, these values rise for the consideration of Hmax and Tm to u0 = 2.1 m/s and d0 = 2.9 m.

5. BEDFORM EVOLUTION FOR A SELECTED TIME SPAN
All bedforms which have been observed since April 2011 were shaped as trochiodal ripple marks with sharp crested bodies, which is typical for a fine-sand environment. They show frequent bifurcations, while also new ripple marks growing from troughs do occur. Generally they show a distinct symmetry and distances λ below 0.15 m from crest to crest and heights η below 0.05 m. The spacing of the ripple marks varies only moderately, mostly amounting to ca. 0.1 m. However, these spacings vary little, the morphology of the sea floor shows frequent variations with ripple mark displacement or re-orientation. 
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Fig. 11. Orbital diameters d0, orbital velocities u0, threshold velocities for sediment mobilization um during the selected time span
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Fig. 12. Observed ripple spacings λ and expected spacings λest according to Miller & Komar (1980)

From October 13th to November 3rd 2011 the observed bedforms hardly differed from those mentioned in the general description. The ripple spacing λ varied only considerably little during this period. Fully developed ripple marks generally had ripple spacings λ=0.08 m to λ=0.11 m. Shorter spacings are the result of a directional change of incident waves such as on October 17th, simple sediment re-mobilization as on October 18th or 19th or even of abrasion by large shreds of algae as on October 20th. For the last case a plain surface was created with rolling-grain ripple marks forming at first, which furthermore developed to vortex ripple marks until the following day. Due to suspension, during the high energy event from October 12th hardly any image data could be used. However with medium energy events image data were only little disturbed, so that at least λ could be measured, even if the contrast for a 3D reconstruction was not sufficient.

Miller & Komar (1980) provided an approach in order to determine the connection between d0 and λ for orbital ripple marks which is: 

λ= d0*0.65 

Fig. 12 shows a comparison between the measured λ and estimated λest. It is clear to see, that these two do not match very well. λ for observed ripple marks seem to be very stable against occasional disturbances. However modifications in the bedforms themselves could be observed. Since the spacing of the ripple marks show only a narrow band width and do not correspond with the estimation of λest, the observed bedforms have to be seen as suborbital. Another notice is, that short term exceedance of critical velocities for sediment mobilization, does not necessarily result in bedform reshaping, but only in sediment transport. This means, that the observed ripple marks are dynamically stable objects. If, however, the incidence of incoming waves changes, bedforms quickly modify, even with low exceedance of um.

6. STEADY CURRENTS

During the selected timespan velocities of steady currents were constantly lower than the erosion threshold velocity. Thereby, it is sure that the observed bedforms are purely wave-driven and not built up by constant currents. This is underlined by the fact that the current velocity measurement took place in a height of ca. 0.6 m above the sea floor and thereby the velocities directly above the bottom are presumably even lower.

7. SUMMARY

It could be shown that the study site is a place prone for frequent sediment transport and bedform reshaping, which is apparently mostly related to gravity surface waves but to tides or nearshore steady currents. Micro-bedforms in the form of ripple marks, however, do not necessarily start to refigure, as soon as the terms for sediment mobilization are given. Moreover a clear and long term exceedance of critical velocities, a change of wave incidence or forcing terms like the abrasion by large algae shreds are necessary for bedform reformation.
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