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[11 This paper aims to investigate the distribution and stability of large-scale bed forms in
response to storm and fair-weather conditions in a shallow marine environment.
Multibeam and side-scan sonar data off the Dutch coast (median grain size 0.25—

0.35 mm) were collected to monitor sand waves (A = 100—800 m) and superimposed
megaripples (A = 1-40 m) through multiple storm and fair-weather events. Box cores
were used to observe the vertical bed structure and grain size. In the Dutch coastal
area, two-dimensional (2-D) megaripples (A = 1-15 m) are the dominant bed forms in
current-dominated (>0.4 m/s) tidal flow regimes with oscillatory flows <0.15 m/s. Effects
of trapping of fine material under these conditions by tube building Lanice conchilega
colonies on bed form development are suspected but need further study. At slightly
higher energy conditions, 3-D megaripples (A = 5—15 m) begin to form on the shoreface.
After seasonal storms, at oscillatory flows >0.4 m/s, undulating bed topography of
mound-like 3-D bed forms (A = 20—40 m) is observed. Immediately after storms, these
bed forms are covered by smaller 3-D megaripples, which are related to sets of low-angle
converging laminae in box cores, interpreted as hummocky cross stratification (HCS).
The sand waves form compound bed forms of sets of 2-D and 3-D megaripples.

The morphology of the sand waves is a function of the general wind-wave climate of the
marine environmental setting, with flat-topped 3-D sand waves occurring in shallow
wave-dominated settings and 2-D sand waves occurring in the tide-dominated
environment farther offshore.

Citation: Passchier, S., and M. G. Kleinhans (2005), Observations of sand waves, megaripples, and hummocks in the Dutch coastal
area and their relation to currents and combined flow conditions, J. Geophys. Res., 110, F04S15, doi:10.1029/2004JF000215.

1. Introduction

[2] This paper discusses the stability of large-scale bed
forms through periods of fair-weather conditions and mul-
tiple seasonal storm events. The purpose of this study is
twofold. First, sustainable development of densely populated
coastal areas requires knowledge of the morphodynamics of
the seabed in e.g., navigation, the construction of pipelines
and cables on the seafloor, or ecological marine habitat
studies. Second, relating bed forms to flow conditions pro-
vides geologists with a modern reference to interpret ancient
deposits.

[3] Process studies in flow ducts and in the field
concentrate on small-scale bed forms (<5 m) due to the
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size limitations of the measuring setup [e.g., Arnott and
Southard, 1990; Li and Amos, 1999a, 1999b]. However,
larger compound bed forms (>15 m wavelength), consist-
ing internally of smaller bed forms have been observed in
outcrop studies [e.g., Mitgaard, 1996]. The presence of
ripples, megaripples and sand waves as superimposed bed
forms in shallow shelf seas was observed previously [e.g.,
Terwindt, 1971; Field et al., 1981], but their mutual
relations remain poorly understood. At present data from
modern environments on the formation and dynamics of
bed forms of >5 m wavelength in response to changing
hydrodynamic conditions is largely lacking. Therefore a
periodic monitoring study was carried out as a compli-
mentary approach to process studies to provide data on the
behavior of bed forms at larger temporal and spatial scales.

[4] Megaripples of variable 2-D and 3-D morphologies
are characteristic of modern nearshore environments,
including the shoreface, and the surf zone [e.g., Field et
al., 1981; Swift et al., 1983; Van de Meene et al., 1996;
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Gallagher, 2003]. Megaripples are defined here as a class of
subaquatic dunes [A4shley et al., 1990] with wavelengths 1—
40 m and amplitudes up to 1.5 m. In the North Sea, they are
found on portions of flat seabed or occur superimposed on
larger dunes of generally 100—800 m wavelength with
amplitudes up to 17 m, here referred to as sand waves
[Terwindt, 1971; Passchier, 2004]. Bed forms occur as two-
dimensional (2-D) and three-dimensional forms (3-D). The
geometry of 2-D bed forms is adequately described by one
transect parallel to flow, whereas 3-D bed forms require
multiple transects. A common type of 3-D megaripples
found in nearshore deposits is characterized as low-angle
bedding with converging laminae, interpreted as reflecting
the length and migration of hummocks, up to several
meters long and a few decimeters high [e.g., Greenwood
and Sherman, 1986; Van de Meene et al., 1996; Hill et al.,
2003].

1.1. Megaripples and Hummocks

[s] At shallow water depths and during storm events
wave action is an important factor in bed form development.
Increasing wind and waves cause complex combined flow
conditions under accelerating and decelerating oscillatory
and unidirectional current velocities. Process studies show
that during storm events, bed configurations generally
change from small bed forms to large bed forms, and to
plane bed and back, leaving a complex seabed morphology
of superimposed bed forms [e.g., Swift et al., 1983; Arnott
and Southard, 1990; Myrow and Southard, 1991; Van de
Meene et al., 1996; Li and Amos, 1999a]. Greenwood and
Sherman [1986] observed the development of hummocks in
a storm-dominated surf zone and attribute them to a
dominant wave induced flow regime. Southard et al.
[1990] found that hummocks scale to some extent with
orbital diameter under purely oscillatory flow, and Li and
Amos [1999b] conclude that large wave ripples observed
immediately after the peak of a storm with sheet flow
conditions are actually hummocks. In contrast, Gallagher
[2003] proposes that megaripples in the surf zone are steady
flow dunes with complex geometries due to modifications
by combined flow processes, including oscillatory flows.
Hill et al. [2003] attribute hummocky cross stratification on
the shoreface of a wave-dominated delta to the development
of large weakly asymmetrical 3-D ripples under combined
flows with weak unidirectional current velocities during the
waning phases of storms. Others favor involvement of
stronger unidirectional geostrophic or tidal currents super-
imposed on oscillatory currents in the formation of hum-
mocky cross stratification [e.g., Swift et al., 1983; Mitgaard,
1996; Van de Meene et al., 1996].

[6] The relative influence of current and wave regimes on
the formation of hummocks and megaripples remains a
major issue and the question is whether hummocks and
megaripples are a continuum of related bed forms, or that
they have narrowly defined stability fields of specific flow
conditions.

1.2. Sand Waves and Megaripples

[7] Field et al. [1981] observed a hierarchy of bed forms
on an epicontinental shelf with three sizes of superimposed
bed forms: sand waves with megaripples lying at a small
oblique angle on their stoss slopes, with in turn linguoid or
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straight-crested ripples on the stoss slopes of the megarip-
ples. Sand waves with superimposed megaripples are com-
mon observations in acoustic surveys of continental shelves,
including the North Sea [Terwindt, 1971]; ripples are
usually too small to be observed on multibeam and side-
scan sonar records. In the North Sea, two types of mega-
ripples are observed: straight 2-D megaripples are the
common types, and rarely sand wave crests with 3-D
megaripples are encountered [Passchier, 2004]. Field data
collected in similar environmental settings shows that the
morphology of sand wave crests changes in response to
tidal and wave conditions [Langhorne, 1982; Field et al.,
1981]. In contrast, megaripples are more dynamic features
[Field et al., 1981]. Migration of megaripples of dm/day
is common in tidal and subtidal environments [Wever,
2004].

[8] Morphodynamic modeling studies using linear stabil-
ity analysis have been used successfully to predict the
distribution of sand waves as a response to tidal flow in
the Southern Bight of the North Sea [Hulscher and Van den
Brink, 2001]. The models show that sand waves can be
regarded as flow transverse bed forms with crest orienta-
tions deviating up to 10° clockwise from the direction
perpendicular to the principle current [Hulscher, 1996],
which is similar to angles of 10—15° measured in the
southern North Sea [Hennings et al., 2000]. Further analy-
ses with application of a superimposed steady current
propose that tidal currents are the main control in sand
wave generation, whereas a steady current causes sand wave
migration of 5—10 m/yr [Németh et al., 2002]. A similar
modeling study that included the generation of megaripples
indicated that the growth rates for the megaripples were
several orders of magnitude higher than those for the sand
waves [[dier and Astruc, 2004]. In the model the mechanisms
of megaripple generation depended on water depth, surface
waves, and the presence of preexisting ripples, megaripples
or sand waves. The model did not yield an obvious relation
between sand wave and megaripple generation.

[9] Here we are studying the behavior of sand waves,
megaripples and hummocks in response to fair-weather
periods and storm events in the Dutch coastal area through
the analyses of sonar imagery, wind, wave and current
records, and bedding features in box cores. During 2001,
bed form types and distribution were monitored in three
research areas in the Dutch coastal zone within the frame-
work of the Delft Cluster project “Ecomorphodynamics of
the Seafloor.” In 2002 and 2003 one of the areas on the
shoreface was revisited within the framework of the Euro-
pean SANDPIT project.

2. Studied Area

[10] Offshore, the Dutch continental shelf is covered with
superimposed tidal sand ridges, sand waves and megarip-
ples. The shoreface is morphologically diverse and along
the central part it is characterized by a ridge-and-swale
topography. The orientations of crest lines of the ridges are
offset clockwise with respect to the coast-parallel tidal
current (Figure 1). The attachment point of these shore-
face-connected ridges lies on the lower shoreface at water
depths between 14 and 15 m [Van Alphen and Damoiseaux,
1989]. The tidal amplitude in the area is 1.5 m to 2 m.
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Figure 1. (left) Location of study areas in the Netherlands coastal zone and (right) detailed bathymetry

of the study areas on the lower shoreface. Dots (Figure 1, right) are sample locations. Morphology
(Figure 1, left) is after Van Alphen and Damoiseaux [1989]. Area 3 is situated in water depths of 25—

30 m.

Current velocities at 1 m above the bed are typically 0.2—
0.5 m/s during fair-weather conditions [Van de Meene and
van Rijn, 2000]. Characteristic observed storm conditions
produce significant wave heights of 3—4 m and currents of
0.6 m/s [Van de Meene, 1994]. Two research areas (1 km x
2.5 km) are situated within the shoreface-connected ridge
complex and comprise lower shoreface to inner shelf
transitions, and one research area (1 km x 5 km) is situated
offshore on the shelf. Area 1 is part of a shoreface-
connected ridge and swale, approx. 10 km West of
Zandvoort with water depths 15—18 m. Area 2 is a sloping
surface landward of some shore-oblique ridges, approx.
5 km west of Noordwijk with water depths 14—18 m. This
research area has a concave profile with a steep upper part
(1:400) and a swale. Seaward of the swale are two very low

shore-oblique ridges, which fall outside the survey area.
Area 3 is located 55 km west of Bergen aan Zee in water
depths of 25—-30 m. It is characterized by 1—-3 m high sand
waves with a wavelength of ~200 m (Figure 2). The mean
annual wave height measured at Meetpost Noordwijk
(MPN, water depth 18 m), near area 2, was 1.0 m in 2001
with wave heights larger than 3.5 m < 1% of the time during
seasonal storms. Significant wave heights for peak storm
conditions were 0.5—1 m higher at station IJmuiden Muni-
tiestortplaats (YM6, water depth 21 m), near areas 1 and 3,
but similar under low-energy conditions. The dominant
wind direction is from the SW, but the largest waves are
generated by NW storms, which have low frequency.

[11] Within the framework of the EU project SANDPIT
two research sites were studied near area 2: the first site

100 m §

Figure 2. Shaded relief image of a part of area 3 with (a) sand waves and superimposed megaripples
and (b) a detail from the center of Figure 2a. Water depths are 25 m at sand wave crests and 30 m in sand

wave troughs.
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Figure 3. Average daily wind speed and significant wave height and surge height as 3-hour averages
measured at Meetpost Noordwijk (h = 18 m) for the period 7 January until 31 October 2001 (source is
Golfklimaat, http://www.golfklimaat.nl). In Figure 3 (top), wind direction is indicated by southwest (SW)

and northwest (NW).

(NW2) is 2 km offshore on the shoreface and the second
(NW8.5) 8.5 km offshore (water depths 12 and 18 m,
respectively). The SANDPIT sites were part of a cross-
shore transect extending between 2 and 20 km off the coast.

3. Methods

[12] Data acquisition occurred during fair-weather con-
ditions. In 2001 no major storms were observed and the
monitoring can be considered as a fair-weather survey with
seasonal storms of moderate intensity (Figure 3). Swath
bathymetry was recorded using a Kongsberg Simrad EM
3000 D system, installed aboard the M.S. Arca of the
State Department of Public Works. This hull-mounted
system operates at a central frequency of 300 kHz and
uses 254 beams. The multibeam data were obtained using
20 m track line spacing creating a minimal overlap. The
SANDPIT sites were mapped with multibeam and sonar-
imaging techniques in October 2002 (sonar only) after a
large storm (Hg, < 6 m) and in February 2003 (sonar and
multibeam) during fair weather conditions. Tide and
velocity correction was accomplished using data collected
on board and data from the Eveline Buoy (area 3), the
MOI12 buoy near area 1, and the tide stations at Meetpost

Noordwijk (MPN), and IJmuiden Munitiestortplaats
(YM6). Relief maps were produced with oblique illumi-
nation and detailed bathymetric profiles were generated
along transects across the research areas.

[13] Bed form characteristics and dimensions were deter-
mined from the relief maps and the profiles by manual
measurements. Ranges of amplitudes were determined from
the profiles by determining the difference between two
lines, one through the troughs and one through the crests
of the bed forms. The standard error in the bathymetry
related to the conversion of the acoustic signal to water
depth and the application of a tidal model is in the order of
0.15 m, which is important when comparing data from
different surveys. However, local changes in the bed mor-
phology measured during one survey (with the same stan-
dard error), and thus bed form amplitudes, are precise on a
centimeter-scale resolution. The positioning error is up to a
few meters and the horizontal resolution of the multibeam
data is 1 x 1 m, which is sufficient to observe bed forms of
megaripple scale (meter-scale wavelength), but insufficient
to resolve ripples (centimeter-scale wavelengths). Ranges of
average wavelengths of 2-D bed forms were determined by
repetitive counts of ~10 bed forms along the known length
of a transect at right angles to the crest orientations of the
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Figure 4. Sedimentology observed in 10 cm diameter split cores taken from box cores on the shoreface-
connected ridge (area 1). (a) Thickness of structureless top layer. (b) Sediment structure. Homogeneous is
uniform lithological/sedimentological properties; stratified is more units with different lithological/
sedimentological properties;, deformed is one or more units with deformed bedding or deformed
lithological contacts. (c) Sedimentological features recorded on the cut face of the cores. (d) Graphic logs
for three samples from the same station on the crest of the shoreface-connected ridge. (¢) Graphic logs for
three samples from the same station shoreward of the shoreface-connected ridge.

bed forms. For 3-D bed forms repetitive counts were made
along several transects with different orientations.

[14] In 2001, bottom samples were obtained using a
cylinder-shaped box corer with a diameter of 32 cm. The
March and June corings can be considered a fair-weather
situation, whereas the September campaign occurred after a
seasonal storm (Figure 3). Penetration varied between 0.2
and 0.3 m. Lithology, structure and sedimentological fea-
tures of the seabed were monitored in 10 cm diameter core
samples covering 12 sampling stations in area 1, 9 stations
in area 2, and 11-16 stations in area 3. Grain size dis-
tributions (<2 mm) of the top lithological units were

analyzed using untreated samples in a Malvern Mastersizer
2000 laser particle sizer. Median grain size (Dsy) and
uniformity coefficient (Dgo/D1o [U.S. Army Corps of
Engineers, 1953]) were calculated. These measures are
particularly useful when determining differences in size
and sorting of coarse-grained sediments. Reineck box cores
were collected from the SANDPIT sites in November 2002
(poststorm) and in September 2003 (fair-weather situation).
Lacquer profiles of the (vertical) stratification of the top
0.2 m of the bed were made from a near-vertical section
(scraped clean) of undisturbed box core sediment by pouring
lacquer over the section, air-drying, carefully painting
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Figure 5. Sedimentology observed in 10 cm diameter split cores taken from box cores in the sand wave
area (area 3). (a) Thickness of structureless top layer. (b) Sediment structure. Homogeneous is uniform
lithological/sedimentological properties; stratified is more units with different lithological/sedimentolo-
gical properties; deformed is one or more units with deformed bedding or deformed lithological contacts.
(c) Sedimentological features recorded on the cut face of the cores. (d) Graphic logs for three samples
from the same station on the crest of a sand wave. (e) Graphic logs for three samples from the same

station in the trough of a sand wave.

cheese cloth on the lacquer, air-dry again and then gently
pulling off the lacquered section.

4. Results
4.1. Seabed Sediments

[15] Both in area 1, across the shoreface-connected ridge,
and in sand wave area 3 sediments consist of uniform,
cross-bedded, and graded sands with shell fragments. No
distinct differences in sediment composition were observed
between the campaigns in 2001, but a spatial pattern related
to ridge and sand wave morphology is apparent (Figures 4
and 5). Occasionally lags of coarser sand and shell frag-

ments are encountered at the bed form crests. A spatial
differentiation was also encountered in the grain size data
(Figure 6).

[16] Seabed sediments in area 2 near Noordwijk are more
variable in lithology and comprise uniform sands, shelly
sands, and laminated sand and clay (Figure 7). Several cores
collected in June and September 2001 had uniform, oxi-
dized tops with polychaete tubes (Lanice conchilega)
extending from the surface. The median grain size of
sediments in the structureless “active” layer is lower in
March than in June and September, when sediments are also
more poorly sorted (Figure 8). Many cores collected after
fair-weather and minor storm conditions in March and June
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Figure 6. Bivariate plots of sorting (Dg¢/D1¢) and median grain size (Dso) in pm. (left) Data for area 1
with the shoreface-connected ridge. (right) Data for area 3 with the sand waves.

displayed rhythmic centimeter-sized fine sand and clay
laminations or flasers. Mud drapes were also encountered
in box cores on the SANDPIT transect in September 2003
after fair-weather conditions (Figure 9). Poststorm in
November 2002, however, 0.1-0.3 m thick sand beds
with wave ripples and low-angle bedding were observed.

4.2. Bed Form Morphology

[17] The bed forms in area 3, offshore, appear uniform
through the three surveys and consist of 2-D sand waves
with superimposed 2-D megaripples (Figure 2). On the
shoreface (area 1 and 2), bed forms show more variability
within research areas and between surveys. Similar to the
seabed sediments observed in the cores, in area 1 a spatial

differentiation of bed form types is apparent, whereas bed
forms appear more uniform in area 2 (Table 1). The bed
forms in the three research areas can be classified as six
different types with characteristic amplitude, wavelength
and crest line orientations (Table 2). None of the observa-
tions yielded a plane bed in terms of seabed morphology.
This is not surprising since plane bed is active during the
peak of a storm and superimposed bed forms develop
during the waning phase of a storm [Myrow and Southard,
1991; Li and Amos, 1999a].
4.2.1. Two-Dimensional and Three-Dimensional Sand
Waves

[18] Asymmetric 3-D sand waves (A = 700—800 m;
height 1.0—1.5 m) on the crest of the shoreface-connected
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Figure 7. Sedimentology observed in 10 cm diameter split cores taken from box cores in area 2 on the
shoreface. (a) Thickness of structureless top layer. (b) Sediment structure. Homogeneous is uniform
lithological/sedimentological properties; stratified is more units with different lithological/sedimentolo-
gical properties; deformed is one or more units with deformed bedding or deformed lithological contacts.
(c) Sedimentological features recorded on the cut face of the cores. (d and e) Graphic logs for samples

from two stations.

ridge in area 1 were present in all surveys. The morphology
of the bed forms is visible in the bathymetric map of area 1
in Figure 1. Van de Meene [1994] also encountered these
bed forms on single-beam echosounder tracks elsewhere on
the same shoreface-connected ridge, and recorded wave-
lengths of 600—750 m and heights of 0.8—2 m. The 2-D
sand waves were observed in side-scan sonar records in the
seaward swale of area 1 and in the multibeam data of the
offshore sand wave area (area 3). The sand waves with
amplitude <1 m in area 1 are probably the marginal
extension of the sand wave area present on the shelf
[Terwindt, 1971; Van Alphen and Damoiseaux, 1989].

[19] Although the 3-D sand waves show minor, but
significant northward migration of the lee slope [Van Dijk

and Kleinhans, 2004], the morphology of the 2-D and 3-D
sand waves is stable in the course of the measuring period
and changes in morphology and position of transverse cross
sections are generally within the limits of the standard error
in the positioning (several meters) and bathymetry (0.15 m).
The megaripples occur superimposed on these relatively
stable bed forms.
4.2.2. Two-Dimensional Megaripples

[20] In area 3 (Figure 2), the sand wave area, 2-D
megaripples with wavelength 10—15 m and amplitudes
<0.5 m were present superimposed on the sand waves
during all surveys with not much variation in average
wavelength or morphology. Crests of the megaripples are
oriented transverse to the tidal flow with small deviations in
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Figure 8. Bivariate plots of sorting (Dgy/D;() and median
grain size (Dsg) in pm for all three research areas. See
Figure 1 for locations of research areas.
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orientation across the sand wave as was earlier observed
elsewhere in the North Sea by Hennings et al. [2000]. On
the shoreface, in shallower water depths asymmetrical 2-D
megaripples (\ = 1-8 m) are most prominent after long-
term fair-weather conditions with average significant wave
heights of 0.8 m and not exceeding 2.5 m (Figure 10). Large
2-D megaripples (A = 20—40 m) in an isolated depression in
the seaward swale of area 1 cooccur with the smaller 2-D
megaripples. Orientations of the 2-D megaripples are 100—
132°N, which is perpendicular to the maximum tidal flow
direction. The 2-D megaripples are generally best developed
in the seaward end of the research areas and fade in
landward direction. Observations of side-scan sonar and
multibeam images collected 1-2 weeks after a storm, which
obliterated the megaripples, reveal that this type of 2-D
megaripples had reappeared on the ridge crest within one
spring-neap cycle. Sets of a different type of 2-D mega-
ripples with crest line orientations of 10—82°N, oblique to
the direction of the coastline and the maximum tidal flow,
were observed shortly after NW storms.
4.2.3. Three-Dimensional Megaripples

[21] Irregular 3-D megaripples (A = 10—14 m) were
present in the swale of area 2 during all surveys in 2001.
During the survey of 15—-16 October 2001, after a SW
storm of moderate intensity, the entire area 2 was covered
with a complex weakly asymmetrical 3-D megaripple type
(A =11-13 m; Figure 11), that slightly increased in size in
offshore direction. 3-D megaripples with shorter wave-
lengths (5—8 m) were present in the seaward swale of area
1 in two of the three surveys under lower-energy conditions.

[22] Mound-like 3-D megaripples of 20—40 m wave-
length, and 0.15-0.25 m amplitude, are quite common on
the shoreface (area 1 and area 2). However many times the
bed forms are covered with smaller 2-D and 3-D mega-
ripples (A < 15 m). The mound-like 3-D megaripples are
best preserved in the swale of area 2 and are frequently
observed nearest to shore. In one occasion it was possible to
relate this bed form type directly to specific wave conditions
(Figure 12). At 9—10 July 2001, prior to a seasonal storm,
the ridge crest and seaward area of the shoreface-connected
ridge were surveyed by multibeam echosounder, but mea-
surements were terminated because of the arrival of a storm
with winds from the southwest (Hg, > 3 m; Figure 3). The
survey of the landward flank of the ridge was continued after
the storm on 16—17 July. After the storm, the landward flank
of the ridge was covered by mound-like 3-D bed forms,
which were not present prior to the storm (Figure 12).

5. Discussion
5.1. Stability Fields for Bed Forms

[23] Sediment transport observations on the Dutch shore-
face during spring tidal, fair-weather conditions by Van de
Meene and van Rijn [2000] have shown that sediment
transport rates (predominantly bed load) are very low and
occur episodically during a period about 2 hours around
maximum tidal flow. Measured near-bed (0.45 m) current
velocities during fair-weather sediment transport were
>0.4 m/s. During seasonal storm events the current veloc-
ities on the Dutch coast are controlled by the wind speed
and wind direction. During SW storms a 10—20% increase
of the flood current was observed [Van de Meene, 1994].
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Figure 9. Lacquer profiles from box cores taken (left) on November 2002 (poststorm) at a water depth
of 17 m and (right) on September 2003 (fair-weather conditions) at 12 m water depth. Figure 9 (left)
represents a classical storm bed sequence deposited during the waning phase of a storm with decreasing
energy from bottom to top. The HCS occurs in the upper part of the storm bed. Note pen on the left for

scale (both pictures have the same scale).

SW is the dominant wind direction in the Southern Bight of
the North Sea. However NW storms, although with lower
frequency, cause higher storm surge levels (Figure 3).
Coastal setup generally results in shore-parallel surface
currents and in offshore directed bottom flows in response
to the Coriolis force.

[24] A common classification for bed forms in unidirec-
tional currents in order of increasing bed shear stress is
lower plane bed, current ripples, dunes, and upper plane
bed. The exact limits in terms of shear stress depend
slightly on grain size [Southard and Boguchwal, 1990],
but the differences in grain size between bed form obser-

vations are small (range Dsq = 0.25-0.35 mm). The data
of the shoreface sites (areas 1 and 2) are plotted in bed
form stability diagrams (Figure 13). Figure 13a relates the
observed bed form types to current velocities. Unidirec-
tional currents were estimated from the measurements of
Van de Meene [1994]. The parameters relating to the
images collected immediately after storm are calculated
for the peak wave height of that storm. As a typical peak
tidal current 0.5 m/s was selected for fair-weather con-
ditions, for SW storm conditions a measure of 0.6 m/s was
estimated and for NW storm with significant coastal setup
(>0.4 m; >48 hours) a value of 0.7 m/s was estimated. An

Table 1. Distribution of Bed Form Types, Wavelengths (), and Crest Line Orientations Observed During the Monitoring Campaigns of
2001 in Areas 1 and 2 on the Dutch Lower Shoreface to Inner Shelf Transition (Water Depth 14—18 m) and in Area 3 on the Shelf (Water

Depth 25-30 m)*

Area Mar/Apr Jun/Jul Sep/Oct
Bed Form Crest Line Crest Line  Bed Form Crest Line
Number Section Type A, m Orientation  Bed Form Type A, m Orientation Type A, m Orientation
1 landward swale mound-like 20-30 n/a mound-like 20-30 n/a mound-1. 20-30 n/a
3-D mr 3-D mr 3-D mr
1 landward swale  2-D mr 5-6 100°N
1 ridge crest 3-D sw 700800 102°N 3-D sw 700800 109°N 3-D sw 700800 105°N
1 ridge crest 2-D mr 7-8 105°N 2-D mr 4-6 122°N 2-D mr 4-6 82°N
1 seaward swale 2-D mr 6-7 102°N 3-D mr 7-8 n/a 3-D mr 5-7 n/a
1 seaward swale 2-D sw 100-200 - 2-D sw 100-200 - 2-D sw 100-200 -
1 seaward swale ~ 2-D mr 20-30 91°N 2-D mr 30-40 107°N
2 lower shoreface mound-like  20-30 n/a beam trawl 3-D mr 10-12 n/a
3-D mr tracks
2 inner shelf mound-like  30-40 n/a mound-like 30-40 n/a
3-D mr 3-D mr
2 inner shelf 2-D mr 4-8 132°N
2 inner shelf 3-D mr 12—-14 n/a 3-D mr 12—-14 n/a 3-D mr 11-13 n/a
3 shelf 2-D sw 200 95°N 2-D sw 200 95°N 2-D sw 200 95°N
3 shelf 2-D mr 10—15 120°N 2-D mr 10-15 120°N 2-D mr 10—15 120°N

“Here mr is megaripples, and sw is sand waves.
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Table 2. Classification of Bed Form Types on the Dutch Lower
Shoreface and Shelf Observed During the Monitoring Campaigns
of 2001, 2002, and 2003

Crest Line
Bed Form Type Wavelength Height Orientation
2-D megaripples 1-40 m cm/dm 91-132°N
2-D megaripples 5-15m dm 10-81°N
3-D megaripples 5-15m dm -
Mound-like 3-D 20-40 m dm -

megaripples

2-D sand waves 100-200 m <1-3m 90-95°N
3-D sand waves 700-800 m 1-1.5m 102—109°N

increase of 0.1 m/s was added for spring flood conditions.
These estimates should be regarded as the maximum
current velocities; the actual unidirectional velocities for
the equilibrium bed forms may be lower. Orbital velocities
were calculated from linear theory using significant wave
heights Hgj, and periods T, from station IJmuiden Muni-
tiestortplaats (water depth 21 m) for bed forms in area 1
and from station Meetpost Noordwijk (water depth 18 m)
for area 2. The accuracy of the wave parameters is a
relative standard deviation of 5% for Hg, and 2.5% for T,,.
The maximum significant wave heights and wave periods
within one spring-neap cycle prior to data collection were
used. For bed forms developing in the waning phases of
storms the actual oscillatory flows may be lower. Obser-
vations and flow conditions are listed in Table 3.

[25] The dimensionless (Shields) shear stress parameter
is also computed and plotted in Figure 13b, ignoring their
different directions:

b= T/[(psed - pwater)gDSO} (1)
with
_ 10 2
T = Pyater|Ucur/18' log(12h/2.5Ds) | (2)

for currents and

)0.]94

™ = Pt Ui €9 [5.213(2.5D50/ Ag) ' 5.977) - (3)

for waves, with T = shear stress, g = 9.81 m s~2, h = local
water depth, D5y = local median sediment diameter, and
U, = significant orbital velocity, and Ug,, = significant
current velocity, A, i = significant orbital semidiameter,
and pyater = 1025 kg/m® and pgeq = 2650 kg/m”.

5.2. Current Megaripples

[26] Two types of 2-D megaripples were observed after
different meteorological conditions which are distinguished
based on crest line orientations (Figure 13). In the velocity
diagram the 2-D megaripples with crest orientations 91—
132°N during fair-weather conditions plot at oscillatory
currents <0.15 m/s. The crest line orientations and wave-
length/water depth ratios (0.3—0.5) of these 2-D megarip-
ples correspond to those of megaripples observed below
wave base on the shelf, where the tidal flow regime is
dominant (area 3). On the basis of their crest line orientation
perpendicular to the direction of the maximum tidal flow
we consider these megaripples as tidal current dunes
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Figure 10. Multibeam image processed with oblique
illumination of 2-D megaripples (wavelength 5—7 m) on
the shoreface-connected ridge (area 1) in a fair-weather
period (data collected March 2001). Vertical striping is an
artifact of data acquisition and reflects the orientation of the
multibeam tracks.

(Figure 13). Similar to Van de Meene et al. [1996] we
observed an increase in low-angle and horizontal bedding
in the shoreward direction coinciding with fading of 2-D
megaripples, indicating a shoreward increase of the overall
influence of wave-induced oscillatory flows. We therefore
conclude that the boundary for the stability of the 2-D
current megaripples is at oscillatory flows of 0.15 m/s. The
2-D megaripples at 10—82°N crest line orientations ob-
served after NW storm conditions are not transverse to the
maximum tidal flow direction. These megaripples are
associated with significant coastal setup and probably
formed in response to an offshore bottom current in the
later phase of the storms.

[27] In a morphodynamic model of Idier and Astruc
[2004], with physical parameters comparable to the ones
used in this study, dominant factors in the generation of
megaripples from the coast in offshore direction were grain

Figure 11. Three-dimensional megaripples in multibeam
image with oblique illumination of the seaward swale of
area 2 after a seasonal storm of moderate intensity (data
collected October 2001).
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Figure 12. Multibeam swath bathymetry of part of area 1 with artificial oblique illumination, based on
data collected 9—10 and 16—17 July, before and after a SW storm of moderate intensity (see Figure 2).
The images display parts of the same area at different scales. Dots are box core sample locations. Note
beam trawl tracks on the left side of both images prior to the storm. On the right of the images, mound-
like 3-D megaripples have developed with superimposed 3-D megaripples of a shorter wavelength after

the storm.

roughness (15 m), surface waves (17 m), ripples (24 m), and
ripples, megaripples, or sand waves combined with wave
action (>30 m). In our study, data resolution was not
sufficient to demonstrate the presence or absence of ripples,
although they have been observed on other continental
shelves [Field et al., 1981]. The presence of megaripples
in the absence of sand waves (area 2) in shallow nearshore
settings is in agreement with the results of the modeling
study [/dier and Astruc, 2004], that predicts megaripples of
20 m wavelengths in this setting. However, the long mega-

1,20
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= 2D mr (0-82° N) .
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ripples of >20 m wavelength that we observed are 3-D
mound-like megaripples that develop during seasonal storm
wave conditions, whereas the fair-weather megaripples in
area 2 have shorter wavelengths (4—8 m).

5.3. Hummocks and 3-D Megaripples

[28] In this study small 3-D megaripples (A = 5—15 m)
are the most dominant bed forms on the shoreface (Table 2).
After storms of moderate to high energy the 3-D mega-
ripples are superimposed on large mound-like bed forms

10,00
20 mr (91-132° N) B
= 2D mr (0-82° N)
a3D mr
1,00 © Mound-like 30 mr a®
SHEET FLOW
° o
£ A
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.
.
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Figure 13. Bed form types in medium sand observed in 2001 in areas 1 and 2 presented in bed form
stability diagrams on the basis of (a) current velocities and (b) dimensionless Shields shear stress
parameters. Orbital velocities were calculated using linear wave theory and data from the MPN and YM6
measuring stations (source is Golfklimaat, http://www.golfklimaat.nl, data listed in Table 3.).
Unidirectional velocities are maximum velocities estimated on the basis of measurements of Van de
Meene [1994]. Solid lines in Figure 13a represent the bed phases defined based on flow-duct experiments
in fine sand [4rnott and Southard, 1990]. Solid lines in Figure 13b are the thresholds for motion (0., =
Oorb T Ocur = 0.03) and sheet flow (05¢= 0,4, + Ocur = 0.64). The latter is calculated on the basis of work by
Li and Amos [1999b]: 0 = 0.172D~%37® = 0.64 for 0.3 mm sand. NM, no motion; mr, megaripple.
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Table 3. Data Used to Create Figure 13"

Megaripple Wavelength, h, Dso, Hge Tpo Ucs  Uogros
Type m m  pm m s m/s m/s
Mound-like 3-D 20-30 16 338 32 59 06 0.48
Mound-like 3-D 20-30 16 337 3.1 59 0.7 0.46
2-D 20-30 18 306 1.6 4.1 0.5 0.03
2-D 30-40 18 298 1.6 44 05 0.05
2-D 5-6 16 358 1.6 4.1 0.5 0.05
2-D 7-8 14 337 1.6 4.1 0.5 0.08
2-D 4-6 14 323 1.6 44 05 0.12
2-D 4-6 14 325 2.1 55 0.7 0.33
2-D 6-7 18 306 1.6 4.1 0.5 0.03
2-D 4-8 18 303 1.3 45 05 0.05
3-D 7-8 18 298 1.6 44 05 0.05
3-D 5-7 18 287 2.1 55 0.7 0.21
3-D 10-12 15 268 26 52 07 0.31
3-D 12-14 18 303 1.3 45 05 0.05
3-D 12—-14 18 282 1.3 44 06 0.04
3-D 11-13 18 268 26 52 0.7 0.21

“Megaripple types, megaripple wavelengths, and water depths were
derived from the multibeam data, grain sizes were measured on samples
from box cores, and significant wave height (Hg,) and wave period (T,)
were derived from measuring stations Meetpost Noordwijk (h = 18 m)
and IJmuiden Munitiestortplaats (h = 21 m) (available from http://
www.golfklimaat.nl). U, is estimated on the basis of measurements of
Van de Meene [1994], and U,y is calculated using linear wave theory.
Wave parameters were based on surface wave measurements.

(XN =20-30 m), when low-angle bedding with converging
laminae is observed in box cores. Notable is that the 3-D
megaripples of wavelength 5—15 m are also observed in
low-energy conditions, when the critical oscillatory flow
velocities for the formation of the mound-like 3-D bed
forms are not reached. Most scientists accept the interpre-
tation that 3-D ripples occur under larger flows than 2-D
forms for a given depth and grain size [Southard and
Boguchwal, 1990; Ashley et al., 1990]. However, opinions
vary as to the contribution of oscillatory flows in the
formation of different types of 3-D megaripples. Figure 13
shows that small 3-D megaripples develop at slightly
larger flows than 2-D megaripples but that the stability
fields overlap. These bed forms with similar wavelengths
of 1-15 m form a continuum with an upper stability
boundary of oscillatory flows of 0.15 m/s for the 2-D
megaripples. In contrast, the low-angle mound-like 3-D
bed forms with spacing 20—30 m and amplitude of 0.15—
0.25 m have only been observed to occur at oscillatory
flows >0.4 m/s (Figure 13a).

[29] The bed structure of Figure 9, generated after a
seasonal storm, has a fourfold bed subdivision that can be
interpreted as erosion and deposition under waning oscilla-
tory flows [Myrow and Southard, 1991] as a lower erosional
phase (1) generating a shell lag, (2) deposition of a massive
bed through sheet flow and sediment settling in waning
oscillatory flow conditions, (3) low-angle bedding with
converging laminae, interpreted as hummocky cross
stratification, generated in combined flow conditions, and
(4) small 2-D ripples generated in the end phase of the
storm. The multibeam data show that the undulating bed
topography develops when oscillatory velocities exceed
0.4 m/s, whereas the superimposed 3-D megaripples
develop at lower flow velocities, such as in the waning
phase of a storm. Therefore the massive bed (2) probably
corresponds to the undulating topography, whereas the
HCS (3) corresponds to the small 3-D megaripples. The
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thickness of low-angle beds is 0.1-0.3 m, and the
hypothesis that one set of HCS can be created in one event
[Greenwood and Sherman, 1986; Van de Meene et al., 1996;
Amos et al., 1996] is corroborated with the present box cores.
However, some box cores only yielded an erosional surface
with a shell lag, suggesting that hummocks are not evenly
distributed. Moreover, on the Dutch coast, the net settling of
sediment in waning storms is an order of magnitude smaller
than the 0.1 m thickness of the storm bed, based on typical
concentrations during storms [Grasmeijer et al., 2005].
Therefore, given the fact that both types of 3-D megaripples
develop near sheet flow conditions, the bed forms are prob-
ably partially attained by local redistribution of sediment.

[30] In flow duct experiments, bed form spacing increases
dramatically with increasing oscillatory currents [Arnott and
Southard, 1990]. In purely oscillatory flow of 0.4—0.8 m/s,
the 3-D ripples were characterized as symmetrical undulat-
ing bed topography, associated with plane bed conditions.
In our study, the large mound-like 3-D bed forms (A = 20—
30 m) are observed when the flow velocities reach the
oscillatory sheet flow boundary (Figure 13). Although the
laboratory setting cannot be compared quantitatively to
the field situation due to scale differences, these field
observations also suggest that increasing length scales are
associated with increasing wave energy at the bed. In
addition, a smoothing of large bed forms near the threshold
to sheet flow is similar to laboratory observations.

5.4. Megaripples and Sand Waves

[31] The meter-scale change in sand wave morphology
and crest position relative to a meter-scale measurement
uncertainty, indicate that small seasonal storms do not have
a measurable effect on these large bed forms at short
timescales. This is in agreement with modeled sand wave
migration rates of 5—-10 m/yr [Németh et al., 2002] and
previous field studies, where abrupt modifications of sand
wave morphology, including flattening of sand wave crests,
and changes in crest position are mainly attributed to more
intense wind and wave conditions [Terwindt, 1971; Field et
al., 1981; Langhorne, 1982; Houthuys et al., 1994].

[32] Terwindt [1971] previously pointed out the crest-
trough variability in grain size for sand waves in the North
Sea, but a clear connection with hydrodynamic conditions
could not be indicated. Here a fining of 2-D sand wave
troughs offshore was observed after seasonal storms in June
and September relative to the fair-weather situation in
March (Figure 6), whereas sand wave crests showed little
change in grain size properties. Hennings et al. [2000]
found maximum current velocities and wave energy density
at 2-D sand wave crests on the North Sea shelf and minima
in the troughs. Although a role for seasonal changes in
macrobenthos distribution and bioturbation cannot be ruled
out, the fining of the troughs could also be a result of
deposition of fines after storms, whereas stronger currents
and wave action winnow fines at sand wave crests.

[33] On the shoreface (area 1) mound-like 3-D megarip-
ples and smaller 3-D megaripples occur superimposed on
the flat-topped 3-D sand waves after seasonal storms, but
2-D megaripples dominate after a fair-weather period.
Offshore (area 3) only 2-D megaripples are observed as
superimposed bed forms during all surveys. Offshore, 2-D
megaripples increase in wavelength toward the 2-D sand
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wave crests, but this is not obvious on the 3-D sand
waves in the shoreface setting. Orientations of 2-D
megaripple crests deviate 20-30° clockwise from sand
wave crest orientations in the offshore area (area 3), and
3-15° clockwise in the shoreface area (area 1). This
could be related to differences in the stoss slope angle of
the sand waves [Hennings et al., 2000], which is lower
for the 3-D sand waves.

[34] In all surveys, the 2-D sand waves offshore that are
generated by tidal current flow [Hulscher, 1996] have
superimposed 2-D megaripples, interpreted as tidal current
dunes (see previous section). The 2-D sand waves therefore
likely form compound bed forms of 2-D tidal current
megaripples. This is in agreement with observations of the
internal architecture of 2-D sand waves in the North Sea
(TNO, unpublished data, 2002). In contrast, the complex
3-D geometry of the sand waves on the shoreface and the
superimposed 3-D megaripples during storm events sug-
gest that these sand waves are compound bed forms of
combined flow megaripples, such as hummocks. This is in
agreement with observations of outcrop studies by, for
example, Mitgaard [1996], where several beds of hum-
mocky cross stratification are observed within larger-scale
units of >15 m wavelength.

5.5. Macrobenthic Controls on Bed Form Development

[35] Hydrodynamics are the primary control on bed form
development, but local differences in morphological, sedi-
mentological and benthic boundary layer characteristics
may also influence size, geometry, and preservation of
bed forms. In contrast to area 1 and area 3, in area 2 mud
laminae and flasers make up a large proportion of the upper
decimeters of the seabed and the active sand layer at the top
is relatively thin, generally <0.1 m, especially during fair-
weather conditions (Figure 5). In June and September
2001 bed forms in area 2 and the swale of area 1 are
absent or poorly developed (Table 1), while the surficial
sediments during this period are finer and more poorly
sorted (Figure 4). Although these observations may have a
number of causes, it is interesting to note that tube worm
communities of Lanice conchilega are prominent in area 2
in June and September 2001. Lanice conchilega worms
build tubes of sand grains that extend several cm above
the seafloor. These worm tubes and similar biogenic
structures extending upward from the seabed are known
to influence the properties of the benthic boundary layer
and to enhance sedimentation through trapping of fine-
grained particles [Carey, 1987; De Falco et al., 2000].
Therefore further studies on bed form development in this
area should include the influence of Lanice conchilega on
sediment composition and on the properties of the benthic
boundary layer under a range of flow conditions.

6. Conclusions

[36] The influence of seasonal storm events and fair-
weather periods on the stability of large-scale compound
bed forms is investigated here. In medium sands (median
grain size 0.25-0.35 mm) on the Dutch lower shoreface
megaripples of distinct morphology develop in response to
specific hydrodynamic conditions. Multibeam and side-scan
sonar surveys show that 2-D megaripples (A = 1-15 m) are
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the dominant bed forms on the lower shoreface and the shelf
in current-dominated (>0.4 m/s) tidal flow regimes with
oscillatory flows <0.15 m/s. Under these conditions, tube-
building Lanice conchilega communities may locally be
responsible for an increase in mud deposition, which
influences megaripple development. In slightly higher en-
ergy conditions, with stronger currents and wave stirring,
small 3-D megaripples (A = 5—15 m) begin to develop. The
2-D and 3-D megaripples have similar wavelengths (1—
15 m) and form a continuum in increasing current strengths
with oscillatory flows of 0.15 m/s as the upper boundary
for the stability of 2-D megaripples. During storms, at
oscillatory flows >0.4 m/s an undulating bed topography
consisting of mound-like 3-D bed forms (20—40 m) devel-
ops that is covered by smaller 3-D megaripples (<15 m)
after the storm. The bed structure in box cores demonstrates
that the undulating topography corresponds to the forma-
tion of a massive bed through erosion and sediment
redistribution in sheet flow conditions. The superimposed
small 3-D megaripples are related to low-angle bedding,
interpreted as hummocky cross stratification, representing
bed form migration and aggradation in combined flow
conditions during the waning phases of these storms.

[37] Multiple seasonal storm events of low intensity do
not have a measurable effect on sand wave morphology or
position. Offshore, on the inner shelf, 2-D megaripples are
dominant on 2-D sand waves with little change in mega-
ripple dimension and distribution in response to small
seasonal storms. The 2-D sand waves form compound bed
forms of 2-D tidal current megaripples. On the shoreface
3-D sand waves are covered by 3-D megaripples during
seasonal storms. The flat-topped 3-D sand waves form
compound bed forms of both 2-D megaripples, and 3-D
megaripples or hummocks that are active under storm-
influenced combined flow conditions.

Notation
Agpsig  significant orbital semidiameter (m).
D5y median grain diameter (mm).

Dgo/D1g uniformity coefficient.
g acceleration due to gravity (9.81 m s~ ?).
h local water depth (m).
Hg, significant wave height (m).
T, significant wave period (s).
Uy significant current velocity (m/s).
U,  significant orbital velocity (m/s).
X wavelength (m) of bed form.
T shear stress.
Pwater  density of water (1025 kg/m”).
psea  density of sediment (2650 kg/m?).
0., critical dimensionless Shields shear-stress para-
meter for motion.
dimensionless Shields shear-stress parameter for
orbital flow.
dimensionless Shields shear-stress parameter for
currents.
Os¢ critical dimensionless Shields shear-stress param-
eter for sheet flow.
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