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ABSTRACT: Themorphology ancdynamics of marine bedfornarespatially variable. This variéility is of
interest to both scientists and users of those whase dynamic bedforms occur. Physical morphodynam
models simulate the formation and behaviour of saasles. However, to date, empirical time series of
bathymetric data that are accurate enough to measigration rates, in order to test these modetssearce.
This paper presents the variability of sand wanehé& North Sea, by analysing bathymetric data botilan
view and cross section, using a cross-correlatimhtauncated 1D and 2D Fourier analyses. Resuttw shat
sand waves may not migrate perpendicular to thet omentation, but in an oblique direction. Resigitmi-
gration rates among sites vary from approximatety &' to 20 m &, with the most dynamic sand waves at
coastal sites and more stable sand waves offsBarealler scale local variations in migration rated direc-
tions are apparent along sand wave crests. Vargiio the migration in time are observed, thoughlass
than variations in space. Linking the dynamic pastars to local conditions will provide insight imet expla-
nation of the variability in the morphology and dymics of sand waves.

tween 0.5 and 13 m. Migration rates, as observed so
far, range between 0 and 20 m laetween offshore
1 INTRODUCTION and coastal sites respectively (Van Dijk & Klein-
hans, 2005). This variability in dynamics was ex-
plained with the relative contribution of curremtda
Sandy sea beds are commonly characterised by dyave action (Van Dijk & Kleinhans, 2005). Higher
namic bedforms of different spatial scales, of Wwhic migration rates are reported for sand waves il tida
sand waves are defined as rhythmic bedforms witinlets, e.g. 90 m&(Buijsman, 2007).
wavelengths between 100-1000 m, wave heights be- Understanding the variability in morphology and
tween 0.5 and 18 m and crest orientations approxdynamics is important not only to scientists, daba
mately perpendicular to the principal tidal flow- di for users and policymakers of the North Sea, for ex
rection (e.g. Ashley, 1990). Sand waves areample for selecting suitable locations for wind
generated by residual vertical circulation cells,farms, risk assessments for cables and pipeliaés, s
whereby sediment at the bed is transported towardsavigation, the marine aggregate industry, and for
the crests (Hulscher, 1996; Komarova & Hulscherthe design of hydrographic monitoring surveys. Most
2000), which is the process of sand wave growthprocess-based research and literature on sand wave
The migration, another dynamic characteristic ofdynamics, to date, is morphodynamic modelling,
sand waves, is caused by a tidally induced residuathich is very successful indeed in explaining the
flow (Németh, 2003; Németh et al., 2002; 2007) andole of hydrodynamic and sedimentological factors.
higher tidal constituents (Besio et al., 2003; 2004However, for the purpose of understanding the vari-
2006). ability in sand wave formation, evolution, and mi-
Recent studies of sand waves in the southergration, we also need observations of differendsan
North Sea show that both morphology and migrationwaves under various local conditions, not only to
rates are variable among sites (Knaapen, 2005; Varalidate the model results, but also to test whethe
Dijk & Kleinhans, 2005; Van Dijk et al., in review) model assumptions are justified. Still, recent ac-
Their morphology may vary from elliptical (3D) counts of sand wave migration in the southern North
sand waves on top of shoreface-connected ridges &ea, using time series of multi-beam echo sound-
straight (2D) or sinuous sand waves offshore, fronings, which are sufficiently accurate for dynanme i
asymmetric to symmetric sand waves, with averageestigations, are limited to 1D analyses of small a
wavelengths between 150 and 760 m and heights beas or a small number of areas as examples to
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present their analytical methods (Dorst et al.,&00 larger. Older manual maps of the Hydrographic Ser-
Knaapen, 2005; Van Dijk & Kleinhans, 2005; Vanvice may be used for the same purpose to extend the
Dijk et al., in review), whereas only a good spgatiaperiod of observation; although the horizontal posi
representation of bedforms can provide the undetioning accuracy of these maps is hundreds of me-
standing of processes of bedform evolution and dyres, these are still valuable, as they may extbad
namics. Older accounts are more extensive in ternmtane series with up to 30 years.
of number of observed sand waves or covered area For the morphodynamic investigation of sand
and in number of sites (Flemming, 1988; Lanckneusvaves, the digital echo soundings are firstly imber
& De Moor, 1991; Terwindt, 1971; Tobias, 1989), lated into grids, or surfaces (digital terrain misjie
but merely focus on the morphology since the dethree types of interpolation (average, median and
termination of dynamic parameters was impossibl&riging) may be tested for the best performance,
due to the inaccuracy of the single-beam echo soungvhich in most cases is Kriging. Secondly, calculat-
ing data and manual analyses (e.g. Németh, 20081g height difference maps of the interpolated grid
Terwindt, 1971). Although most investigations ofin GIS will give a good estimate and overview o th
sand wave dynamics to date are one-dimensional,expected dynamics, both for pattern changes in plan
few recent studies include a plan view analysig. (e. view and migration rate and direction estimates. A
Buijsman, 2007; Duffy & Hughes-Clarke, 2005; cross correlation is applied, comparing the geomor-
Lindenbergh et al., 2007; and in a way Knaapenphological pattern of 2 grids in time and providig
2005). However, most of those studies lack the plaregional displacement as a vector. The regional cor
view analysis of shape or pattern change and lackralation is justified because the pattern of sand
critical test about migration direction, but instess- waves is relatively stable so that patterns caocdoe
sume a migration direction normal to the crests, aselated well. With a 2D Fourier spectral analydis o
assumed in models. In this paper, our results wilthe surface, the average orientation and the dorhina
show that the direction of maximum migration is not(regional average) wavelength of bedforms are de-
always perpendicular to the sand wave crests, artdrmined. Profiles normal to the crests and indhe
thus that this assumption is invalid. rection of displacement, as derived by the cross co
In this paper, we aim to present a quantitativeelation analysis, are compiled by resampling the
morphodynamic analysis of sand waves from digitainterpolated surfaces. From these profiles, thstcre
empirical data both in cross section (1D) and anpl trough and inflection points are determined in an
view (2D), and to present the variability of sandautomated way, using a Fourier approximation that
wave migration in the southern North Sea. Thids truncated at certain wavelengths, in order frase
dataset will be the first comprehensive dataset ofate the sand wave signal from the megaripple and
empirical variability in 2D migration rates in the large-scale morphology signals (for details of the
North Sea, which will allow for the testing of calis method, see Van Dijk et al., in review). With the
relationships between sand wave characteristics arkthown locations of those points, the morphology
local and regional conditions, such as the hydrodyfwavelength, wave height and asymmetry) can be
namic regime (tidal current and wave), bathymetryguantified and the dynamics (growth, change in
sedimentology and external factors from empiricabsymmetry, horizontal and vertical migration) can b
data. Plan view modelling of sand wave pattern evoealculated. Finally, and similarly to the 1D Fouyia
lution still has to be incorporated in physical mor truncated 2D Fourier series of the surfaces on hwhic
phodynamic models. principal directional curvature calculations are ap
plied, allows for the determination of crest and
trough line locations, which can be used to detect
2 METHODS plan view migration variations along sand wave
crests (see Van Dijk et al., in review).
Multi-beam echo soundings (MBES) were acquired An error estimation for each step in the method of
using a Kongsberg Simrad EM3000 and 3002 (vertianalysis, provides a handle on the accuracy and va-
cal accuracy 0.15 m) at 300 kHz and a dGPS systefgjity of the outcomes. Herein, the accuracy oéint
for horizontal positioning (horizontal accuracy 2— n|ated grids is expressed in terms of reprodiitibil
m). .ls'glglet;betﬁm SCQO sounrgj_mgss (S.BES} \{\r/]ereRma(Fq the data points, rather than the difference betw
avafiab’e by e Hydrographic Service of In€ Royay, o interpolated grid and point measurements. De-

Dutch Navy, in order to extend time series. Dat o . )
density of the MBES is on average 3 observationierm'nat'on of the crest and trough points with the

per nf whereas the SBES were sailed with a mini--ourier approximation is exact.

mal distance between tracks of 50 m and observation Data time series vary from 2 to 11 surveys over
distance along the line ~5 — 30 m. Decreased acc@€riods the longest of which is 1968 to 2007 with
racy due to lower density and less accurate positio /e intervals of at least 1 year to shorter tireges

ing systems is acceptable, because time series &5 surveys over 1.5 years with intervals of a few

prolonged with 10 years and thus displacements argonths.
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3 RESULTS: SAND WAVE MIGRATION Time series with shorter intervals suggest a sea-
sonal variation in migration rates. Lee slopesawits
waves at a site 50 km offshore of Egmond aan Zee,
Netherlands, migrate back and forth, with a net mi-
The combination of a cross correlation analysisand gration rate of 2 m&a
1D Fourier analysis of profiles reveals that miignat
rates in the cross correlation direction are indee
higher than migration rates normal to the crestdir
tion, for example for the sand waves just offshorelhe longer-term net migration rates at differetgssi
Texel, Netherlands (Table 1). in the North Sea vary from approximately 0 m a
(stable) at offshore sites to 20 i at coastal sites.
Table 1. The migration of crest points calculatedhe direc-  Also, migration rates seem to vary among locations
tions normal to the crests and in the directiomlisblacement  that have different underlying large-scale morphol-
#gg‘éﬁd@t’htgﬁacnrgss correlation, for sand wavéshef coast of ogy, for example, sand waves on top of tidal ridges
I _ or in the adjacent swales. Crest orientation amed pr
Migration _ Regional Averaged Averagerate g mably migration rates, vary on slopes of tidal

3.1 Migration direction

3.3 Regional variability in space

m M m a .
Normal 189 17.6 ridges.
Xcorr 212 214 19.9

, .. .3.4 Local variability in space
These results show that the maximum migration is

significantly larger than the migration normal tet The 2D Fourier analysis of sand wave evolution
crests, which differs 2.3 m or 13% in this exampleShows that migration rates vary along the crests or
This suggests that the assumption that sand wav&®ughs of sand waves. Sand waves change in shape

migrate normal to their crests orientation is notOr example, crests may become straighter. The
valid. highest dynamics appear to occur near the bifurca-

tion points of sand waves (e.g. Fig. 2).

3.2 Variability intime

550
The analysis of longer-term time series, including St

manual maps, SBES and MBES data, resulted i © crest 1997
profiles of bedforms that revealed varying migratio oo P : b
rates between sites but fairly constant net ratggs p * crest 2003
site in time. Figure 1 gives an example of severa e
surveys offshore Rotterdam, Netherlands. These pr« w0
files show that the accuracy of bathymetric meas 1323833
urements is higher of the modern data, but that th  70¢ trough 2003
older data from manual charts still is useful irsth

series, since it supports the regional differente i , , . v , :
sand wave height and prolongs the period for thi i et e =i 5
migration rate estimate with 26 years.

£ paof
e

,,,,,, 1968 (shallowest]

Profile bank parallel (SWto NE) ; m MSL]

( [ . . . . .
1994 (ehallowest [m VSL] Figure 2. Plan view migration qnaIyS|s o.f 1-s.an.drevvqffshore
T 2000 (shallowest) [m MSL] Rotterdam, Netherlands, showing a variability irediion and
2002 (shallowes) [m MSL] distance of displacement in a bifurcation zone.

2007 MBES (real z) [-m MSL]
1 ! : P ;

-22

-18

4 DISCUSSION

waterdepth [-m MSL]

i o o o s amo 120 Initial visual comparison to the tidal ellipsestime

distance along profile [m] southern North Sea (Van der Giessen et al., 1990; f
a comparison alike see Knaapen, 2005) shows that
Figure 1. Profiles of surveys from 1968 to 2007 #orsite ""!rger Cu.rrent. velocities near the coast Co.rreSpond
offshore Rotterdam, Netherlands. ‘Shallowest ie fegend ~Nigher migration rates of sand waves. This alse cor
refers to data processed by the Royal Navy to &abp the responds to the findings of Van Dijk & Kleinhans
shallowest point in cells of 5 * 20 m, and ‘realrefers to real  (2005), who find that migration rates are higher in
depths in the MBES data of 2007, which was acqumeéort  coastal sites than offshore. Van Dijk & Kleinhans
of Rotterdam N.V. explain that, when comparing sediment mobility pa-
rameters to merely local tidal current velocitiesl a
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surface wave heights, that not currents, but the oManagement (RWS), by the Hydrographic Service
bital motion propagated to the bed due to surfacef the Royal Dutch Navy, and by the Port of Rotter-

waves may be the dominant factor in the sedimerigm N.v.. This research was funded by Delft Clus-
mobilisation that may explain the spatial variapili o, gng

in sand wave migration. Results also suggest thaf, b tes to the EU-project MESH (Mapping
sand wave orientations and migration rates are al= Seabed Habitats

fected by the larger scale morphology. Hypothese urgpean eabed Ha '

that follow from morphodynamic modelling, that the NtR://www.searchmesh.net
residual current and higher tidal constituents eaus

bedform migration and back-and-forth displacement

respectively (e.g. Besio et al., 2004; Németh et al/ REFERENCES
2002), will be tested with these empirical migratio
rates and local hydrodynamic conditions.

Other factors, such as grain size, will be tested a
c_ausal fac_tors of the variability in sand wave raigr Besio, G., Blondeaux, P. Brocchini, M. & Vittori,. 003.
tion rates in the _NO!‘t_h Sea. . ) . Migrating sand wave®cean Dynamics 53: 232-238.

Seasonal variability of the dimensions and migragesjo, G., Blondeaux, P. Brochinni, M. & Vittori, G004. On
tion of sand waves, that is merely suggestive from the modeling of sand wave migraticlournal of Geophysi-
our data sets, but was also found by Buijsman cal Research 109: doi 10.1029/2002JC001622.
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7 years with intervals of 0.5 hours of MBES and ve- of sand waves and sand banbsurnal of Fluid Mechanics

locity profiles. 557: 1-27.
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5 CONCLUSIONS Y ' P
Dorst, L. L., Roos, P. C. & Hulscher, S. J. M. 90B. Estima-

The blan view analvsis of accurate bathvmetric tion of sand wave dynamics in the Southern North S@th
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measurements is crucial in the investigation oflsan ¢4,
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tecting the pattern change and spatial variabifity Flemming, B. W. 1988. Zur Klassifikation subaquetisr,
migration rates and directions both on a regional stromungstransversaler  Transportkdrper. Bochumer
scale and on a local scale along sand wave crests. Geologische und Geotechnische Arbeiten 29: 44-47.
Sand wave migration rates in the southern North Seigplscher, S. J. M. H. 1996. Tidal-induced largelscagular
range from 0 m 4 offshore to 20 m & near the bed form patterns in a three-dlmensmnal shallowewa
coast, which may be explained by the larger current 2"6"712'4 Journal of Geophysical Research 101 20,727-
velocities and wave action at the bed. . naapen, M. A. F. 2005. Sandwave migration predibesed

These results may lead to the explanation o? on shape informationJournal of Geophysical Research:
qausal factors in the variability of sand wave raigr 110: doi 10.1029/2004JE000195. '
tion and encourage modellers to incorporate plaRomarova, N. L. & Hulscher, S. J. M. H. 2000. Linea
view changes in sand wave morphology into their instability mechanisms for sand wave formatidournal of
morphodynamic models. Fluid Mechanics 413: 219-246.

A future opportunity of these quantitative analyses anckneus, J. & De Moor, G. 1991. Present-day diariuof
is the upgrading of the morphological map existing sand waves on a sandy shelf ba@iceanologica Acta,
to date (Van Alphen & Damoiseaux, 1989) and initi- Proceedings of the International Collogium on the
ating the mapping of sand wave migration in the environment of epicontinental seas: 123-127. _

North Sea, which is of interest to both scientiste ~ Lindenbergh, R. C., Dorst, L. L., Wust, H. & MergirP. 2007,
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