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1 INTRODUCTION 

The introduction of state-of-the-art measurement 
techniques has lead to large amounts of accurate 
bathymetric data. Multi-beam swath systems meas-
ure bands of seabed on high spatial resolutions. 
Knaapen et al. (2005) for example achieve a 0.3m 
resolution on 25 meters depth. When combined met 
high precision Ernstsen (2006), this gives impressive 
detailed and accurate bed levels of the sea bed. So 
far however, these data are not analyzed to their full 
potential. Approaches are missing to extract the es-
sential information from the data. This gap in 
knowledge is very obvious in the analysis of bed 
forms on the sea bed. Often, they are used only to 
visualize the subject, or analyzed by hand to derive 
information that could be gathered with single-beam 
echo sounders. 
Recently, progress has been made. Knaapen et al 
(2005), Knaapen (2005) and Ernstsen (2006a), all 
determine bed form migration for multiple crests, re-
lating it to the height and wavelength of the bed 
forms. The approach proposed by Knaapen (2005) 
allows this analysis to be applied to very large 
amounts of bed form crests. This paper presents an 
improved and extended analysis technique that gives 

an improved height estimate and gives additional in-
formation on the shape and orientation of the bed 
forms. 
The sandy beds of shallow seas are covered by a 
wide range of rhythmic bed forms. These patterns 
range from the very small ripples that can be found 
at the beach near the water line, to the largest tidal 
sand banks that are well known because of their risk 
for ships. In between, a range of wavy patterns exist, 
which all vary in wavelength, height and orientation 
(Table 1). We will apply the proposed data analysis 
technique to mega-ripples, sand waves and sand 
banks. This approach leads to the amounts of infor-
mation on the bed patterns that can be used to de-
termine statistical information on the properties of 
the bed forms in the field. The interpretation of these 
statistics results in some challenging findings. 
Section 1 describes the different steps in the ap-
proach to analyze bed forms. Section 2 presents the 
data to which the analysis approach is being applied. 
The results are given in section 3 and discussed in 
section 4. Finally, section 5 summarises the conclu-
sion from the research.  
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The introduction of multi-beam swath systems gives impressively detailed and accurate information on the sea 
bed bathymetry. So far however, approaches are missing to extract the vat amounts of information on the 
morphology from the data. The data contain vital knowledge on bed forms in the field that have not been ana-
lysed to their full potential. This paper presents an analysis technique, that determines orientation, wavelength, 
height and the asymmetry between crest and trough as well as between lee and stoss side of any rhythmic bed 
form. This approach distillates this shape information for every individual bed form in the measurement do-
main. Examples given on the application of the approach to data sets of tidal sandbanks, sand waves and 
mega-ripples results in statistical information on the characteristics of these bed forms. Three findings show 
the power of the approach, leading to knowledge that is difficult to retrieve in any other way. 1) The height of 
the tidal sandbanks correlates with depth, such that the depth over the highest point of the crests is uniform at 
about 21m. 2) The height of mega-ripples superimposed on sand waves depends on the bed level variation of 
the sand waves. The ratio of the height on the sand wave crest and trough equals the ratio of the sediment 
transport on the crest and trough of the sand waves. 3) The wavelength of sand waves show a rhythmic varia-
tion with a wavelength of 1.5 km. In individual profiles these relationship are disguised by random variations, 
but the large number of data points generated using our approach does disclose this information. 
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2 BED FORM ANALYSIS MULTI-BEAM DATA 

Knaapen (2005) and Knaapen et al (2005) were the 
first publications describing the analysis of large sets 
of multi-beam bathymetric data to determine the 
characteristics of offshore bed forms: sand waves 
and mega-ripples, respectively. For this purpose an 
automated approach is used. This approach leads to 
the amounts of information on the bed forms that are 
necessary to test models on. Here, we extend their 
approach to include a measure for the sand volume 
within the profile, which also is a measure for the 
crest-trough asymmetry, and crest orientation. Addi-
tionally, the height estimate of Knaapen (2005) is 
replace by a more accurate estimate. 

2.1 Orientation angle 

The first step in the analysis of the bed forms is to 
determine their orientation, here defined as the direc-
tion perpendicular to the crest line. The orientation is 
determined based on the gradients in the bathymetry, 
following the approach of Bazen and Gerez (2002). 
They determined orientation of ridges on gray-scale 
fingerprints, but the same principles are valid for bed 
forms in bathymetric data. This approach is based on 
the principle that in regular rhythmic patters the 
steepest gradient is perpendicular to the direction of 
the crests. The orientation angle between the gradi-
ent vector and the x-coordinate is defined as: 
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in which Gij is the product of the gradient in direc-
tion i and the gradient in direction j: 
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and cϕ is a correction to make correct for the fact that 

areas on opposite sites of the crests have opposing 
gradient vectors:  
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If one applies this algorithm to the matrix containing 
the sea bed bathymetry, it produces an array of local 
estimates of the orientation of the smallest bed form. 

Therefore, one has to smooth the bathymetric data 
removing all bed forms smaller than the bed form of 
interest. A window size that is about half the wave-
length of the targeted bed form gives reliable and ro-
bust results. 
Now that the orientation of the bed forms is know, 
one can analyze the other shape characteristics along 
crest-normal profiles. 
 

2.2 Determining the crest and trough positions 

Based on the orientation, the bathymetric data is in-
terpolated to a regular orthogonal grid with the main 
axis in the direction of the bed form orientation. 
Taking the profiles in the direction of the bed form 
orientation, which is normal to the crests, the crest 
and trough positions in bed forms are identified fol-
lowing an improved approach to the one proposed by 
Knaapen (2005). 
In that approach, the bathymetry is smoothed using 
weighted averaging in which the weight reduces 
linearly with distance (Bartlett window). The size of 
this window is depends on the typical wavelength of 
the targeted bed form. It should be less considerably 
less than this wavelength but larger than the typical 
size smaller bed forms. A window size that is about 
half the wavelength of the targeted bed form gives 
reliable and robust results. 
The crests and troughs are than defined as the high-
est and lowest points in the profiles of the smoothed 
profiles. The weighted averaging leads to an under-
estimation of the crest position, especially in case of 
sharp crested sand waves. In the new approach, we 
fit a forth order polynomial through the original 
measurements that are in the neighborhood of the 
extreme points in the smoothed profile. Once the 
crest and trough positions are known, they are ana-
lyzed to retrieve information on the wavelength, 
height and asymmetry. Although the definition of 
these characteristics is straightforward, to calculation 
them from the observed crests and troughs one has to 
make a few assumptions. 
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Figure 1. Definition of the height H, length L and asymmetry of 
the bed forms as function of the crest and trough levels (After 
Knaapen, 2005). The dotted triangle defines the triangular sur-
face created to calculate the relative volume of the bed form. 
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2.2.1 Wavelength 
The distance between the trough positions on both 
sides of the crest (x1, x2) determines the length of the 
bed form: 

)cos( |x-x| 12 α=L  

With α being the angle between the mean crest ori-
entation and the direction of the profiles.  

2.2.2 Height 

The height is defined as the difference between the 
crest levels crestz  and the trough levels (z1,z2). 
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The height of the pattern is here defined as the 
height of the envelope resulting from a linear inter-
polation of the crest en trough levels (see figure 1). 
This results in heights that are equal to the difference 
between a crest level and the mean level of the 
neighboring troughs weighed by the distance be-
tween those troughs and the crest. 
 

2.2.3 Lee-stoss asymmetry  
The lee-stoss asymmetry is defined as the difference 
of the distance between the trough north of the crest 
and the distance between the crest and the trough 
south of the crest divided by the wavelength: 
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Following this definition, a perfect symmetric wave 
has a asymmetry value A=0.5. 
 

2.2.4 Volume  
The relative volume is defined as the area of the bed 
form above the line through both neighboring trough 
positions divided by the volume of a triangle with 
the same length and height: 
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in which z is the local bed level. This measure for 
relative volume gives a value of 0.5 for any sand 
wave without crest-trough asymmetry and has limits 
of 0 and 1 for asymmetric waves with infinite nar-
row crests and troughs respectively. A sand wave 
with a high and narrow crest, will give a relative 
volume between 0 and 0.5. 

 

2.3 Research area and bathymetric data  

The bed form analysis will be performed on a part 
of the Dutch sand banks in the North Sea. Figure 2 
shows the local bathymetry. Three data sets are 
processed to analyze the sandbanks in this area and 
superimposed sand waves and mega-ripples in sub-
sets of this area. 

 

 
Figure 2. Bathymetry of the research area in the Southern Bight 
of the North Sea. The bathymetry clearly shows the Dutch 
Banks, of which the Brown Bank can be recognized in the east. 
Less visible are the sand waves, with crests about orthogonal to 
the tidal sand bank crests. The tidal sandbanks will be analyzed 
for the bathymetry in the whole area, the sand waves (white rec-
tangle) and mega-ripples (black spot within white rectangle) for 
subsets of this area, that have been measured with higher reso-
lution. Northing and easting are in UTM ED50 projection. The 
tidal ellipse is shown in lower right corner. 

 

2.3.1 Sandbanks 
The general bathymetry of the Dutch banks is 

available in an equidistant matrix with a resolution 
of 200m. The bathymetry is a mosaic of data col-
lected through time. This will have introduced some 
errors related to morphodynamic changes. However, 
given the rate of bathymetric change, the positional 
errors are assumed to be in the order of about 10m 
and the vertical error in the order of about 25cm. 
Both are small compared to the sizes of the sand-
banks. 

The tide is fairly unidirectional, with a maximum 
depth averaged flow velocity of 0.81ms-1. The sedi-
ments consist of medium fine sands with a mean di-
ameter of 0.225mm in the north to 0.275mm in the 
south of the area McCave (1971). 

2.3.2 Sand waves 
Within the general bathymetry, an area of 5x1km2 

has been surveyed within a single multi-beam swath 
survey (figure 3). The center of this area is located at 
556274m Easting and 5833391m Northing. The 
longer axis of the area makes a 16 degrees angle to 
the North. This area is on average about 28m deep 
and is covered by sand waves superimposed on the 
slope of a tidal sandbank. Locally the sediments is 
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well sorted D60/D10=1.5 and a median grain size of 
0.275mm with some sorting effects between crest 
and trough Passchier and Kleinhans (2005). The 
depth averaged tidal velocity is about 0.7ms-1 at a 
tidal range of 0.6m. 

  
Figure 3. Sand wave field superimposed on the Dutch banks. 
Position is in orthogonal coordinates relative to the most south-
ern point of the rectangle. 

 
The data with a resolution of about $2.5m$ in 

both directions was interpolated linearly to an equi-
distant grid with the same resolution in both direc-
tions. The orientation of this grid is such that one 
axis is approximately parallel to the sand wave crests 
and the other one orthogonal to them. 

For this survey, the positioning system has an er-
ror with a 2.5m standard deviation Knaapen et al 
(2005). The depth measurements still have a stan-
dard deviation of about 20cm. However, the major 
part of this error is related to the tidal correction of 
the depth. Since the measurement time is relatively 
short this part of the error is about the same through-
out the whole domain and will not influence the 
analysis performed here. The remaining standard de-
viation in the vertical is about 5 to 10cm. This is suf-
ficiently small for the approach to give reliable esti-
mates. 

2.3.3 Mega-ripples 
A subset of the sand wave area, with a surface 

area of 500x75m2 has been surveyed within a single 
multi-beam swath track. The direction of this swath 
has a 26o angle clockwise with the North, which is 
about perpendicular to the crest of the mega-ripples 
(figure 4). The center of this area is located at 
556274m Easting and 5833391 Northing. This area 
is on average about 28m deep and is covered by 
mega-ripples superimposed on sand waves on the 
slope of a tidal sandbank. 

 
Figure 4. Mega-ripple field superimposed on the sand waves. 
Position is in orthogonal coordinates relative to the most south-
ern point of the rectangle. 

The multi-beam echo soundings have a resolution 
of about 0.35m, which we interpolated to a equidis-
tant grid with the same resolution. For this survey, 
taken in 2002, the positioning system has similar er-
rors as the sand wave survey of section 2.3.2. The ef-

fective error in the vertical is 5 to 10cm. The error of 
the positioning error is about 2.5m. However, about 
2m is related to the correction relative to the base 
station which is constant throughout the domain. No 
information was available about the standard devia-
tion of the remaining error. This error is almost 
purely random, which makes it possible to analyze 
bed forms that have amplitude with the same magni-
tude as the measurement noise. 

3 RESULTS 

The approach to analyze bathymetric data on bed 
forms is applied to the three data sets. First, the 
height predictions with the polynomial approach are 
compared to the predictions by the approach of 
Knaapen (2005) (section 3.1). After that we will 
show some examples of bed patterns analysis ap-
plied to sandbanks (section 3.2), sand waves (section 
3.3) and mega-ripples (section 3.4). 

3.1 Height estimates 

The proposed use of a fourth order polynomial to 
estimate the bed level of the crests and troughs re-
moves the noise from smaller bed patterns without 
the underestimation of the height resulting from the 
weighted averaging. Figure 5 shows the differences 
between the raw data and the smoothed data for the 
polynomial estimate and the window averaging es-
timate for the measured sand waves. 

The estimates of the window averaging show a 
larger error that still depends on depth and thus on 
the sand wave height. Consequently, the sand wave 
height is being underestimated. The differences be-
tween the raw data and the polynomial fit are much 
smaller and are independent of depth. The remaining 
difference has the same magnitude as half the height 
of the superimposed smaller bed forms. 

 
Figure 5. The differences between the raw crest levels and the 
values after window smoothing (black) and the polynomial fit 
(gray) for the and waves. 



Marine and River Dune Dynamics   -   1-3 April 2008   -   Leeds, United Kingdom 
 

 
189 

3.2 Sandbanks 

This data set is analyzed in the east-west direc-
tion, since the sandbank crests are almost parallel to 
the north-axis. Figure 6 shows the crest of the sand-
banks in the research area. Additionally, the color of 
the dots denotes the height of the sandbank at that 
point. 

 

 
Figure 6. The crests of the tidal sand banks in the research area 
with the height estimates indicated by the color. Coordinates in 
UTM kilometers. 

 
The sandbank height shows an increase going 

east. This trend is confirmed when looking at the 
maximum crest level as function of the easting posi-
tion. The increase in crest height compensates the 
increase in mean depth completely, resulting in an 
almost constant value of the minimum navigation 
depth (Figure 7) of about 21m. No other characteris-
tic shows any structural variation within the domain. 

The number of crests in the area is limited. A sta-
tistical analysis of the characteristics for this data set 
is not very reliable.  

 
 

 
Figure 7. Sandbank height and minimum water depth as func-
tion of easting. Easting in UTM kilometers.  

3.3 Sand waves 

The sand wave orientation is approximately 30 de-
grees clockwise with respect to the North. The crest 
trough analysis shows that the sand waves are very 
regular, with only a few bifurcations (figure 8).  
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Figure 8. The crests (black) and troughs (gray) of sand waves in 
the research area. The coordinates are given in meters and the 
principal tidal direction is from left to right. 

 
This observation is confirmed and quantified by 

the statistics and the probability density functions 
(figure 9). The pdf's of all characteristics show a 
symmetric bell-shape curve suggesting a Gaussian 
distribution. The wavelength has a mean value of 
201m, with a standards deviation of 44m. The height 
has a mean of 1.6m, with a 0.4m standard deviation.  

The crests and trough lines in figure 8 are pair-
wise close together, which shows asymmetry. The 
histogram of the asymmetry in figure 9 confirms this 
observation, showing a narrow peak at 0.2. On aver-
age the south-western slopes are 50\% longer than 
the North-eastern slopes. 

 
Figure 9. Histograms of the orientation, the height, the wave-
length the asymmetry and the relative volume of the sand 
waves. 

 
There is little asymmetry between the crests and 

troughs, with a relative volume of 0.48; the sand 
waves have an almost perfect saw-tooth shape.  
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Figure 10. The variation of the sand wave length over the meas-
urement area. 

 
From the pdf's one can deduct that the variation in 

the sand waves is very limited. Still there is some 
variation. The second axis in figure 9 shows a peak 
with a wide shoulder for higher wavelengths. Figure 
10 shows the wavelength over the area after linear 
interpolation to a 100x100m2 grid. In this figure one 
can see an alternating pattern of areas in which the 
wavelength is 200m and areas in which both larger 
and smaller wavelengths, related to the bifurcations, 
coexist. Apparently, the deviations from the mean 
wavelength occur grouped in bands with a wave-
length of about 1.5km. 

3.4 Mega-ripples 

The minima-maxima analysis applied to the mega-
ripple data results in the crests and troughs positions 
shown in figure 11. The approach detects no mega-
ripples on the steeper slopes of the underlying sand 
waves. However, close inspection of the topography 
faintly shows some low mega-ripples in this loca-
tion. 

 
Figure 11. The crests and troughs of mega-ripples in the re-
search area. Coordinates in meters. 

 
Figure 12 gives the pdf's of the orientation, length, 
height, asymmetry and relative volume of the mega-
ripples. The mean wavelength is about 8.7m, with a 
standard deviation of 2.1m. The mean height is 
about 30cm, but occasionally mega-ripples are found 
that are much higher. On average the mega-ripples 
are symmetrical, with the majority having only very 
small asymmetry.  

The height of the mega-ripples shows a correla-
tion with the position on the sand waves. Figure 13 
shows the mega-ripple height as function of the un-
disturbed water depth, e.g. the local water depth has 
been corrected for the disturbance by the mega-
ripples. Although the random variations exceed the 
trend, the mega-ripples on the troughs are on average 
10 cm higher than the ones in the troughs. 

 

 
Figure 12. Histograms of the orientation, the height, the wave-
length the asymmetry and the relative volume of the mega-
ripples. 

 

 
Figure 13. The mega-ripple height as function of undisturbed 
water depth (i.e. without mega-ripples) 

4 DISCUSSION 

The proposed data analysis approach captures almost 
all bed waves we have analyzed. It did not detect the 
low amplitude mega-ripples on the steep slope of the 
underlying sand waves. The sand wave slope and the 
mega-ripple height are such, that the up-slope mega-
ripple trough is only marginally lower than the crest. 
As a result one or two mega-ripples are missed on 
the lee-side of each sand wave. This absence of 
some data hardly influences the statistics which are 
based on a far larger number of mega-ripples. The 
biggest effect is a distortion of the characteristics of 
the first mega-ripples next to the steep slope. Their 
length, asymmetry and relative volume are distorted. 
In the pdf (figure 12) this shows up as long tails. 
Note that the tail of the wavelength is outside the 
limits of the axis.  
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In principle, the algorithms presented here to de-
termine height, length and asymmetries works inde-
pendent of the orientation of the profile relative to 
the crest orientation. One only needs to correct the 
wavelength by multiplication of the length along the 
profile with the cosine of the angle between profile 
direction and bed form orientation. However, if the 
angle gets to large and the sinuosity of the crest lines 
is large, the crest detection will start missing the 
crest points, whose orientation is close to the orien-
tation of the profile. Therefore, it is advised to work 
with profiles that are about perpendicular to the 
mean orientation of the bed pattern. 

The proposed analysis gives accurate estimates of 
the characteristics of bed forms with statistical de-
scriptions, which cannot be achieved with current 
approaches. Passchier and Kleinhans 2005 for ex-
ample only give the ranges of the height and length 
of mega-ripples, whereas we present more detailed 
information based on the same bathymetric informa-
tion. The large number of data points makes it possi-
ble to reliably detect relationships that are relatively 
weak compared to the noise. The constant water 
depth over the sand bank crests would be difficult to 
determine from an individual profile, as the maxi-
mum crest heights of different sandbanks don't line 
up along a single line. Similarly, the wavelength 
variation of the sand waves can only be detected in 
the 2D distribution of the wavelengths over space. 
The relationship between mega-ripple height and 
depth does show up from individual profiles. How-
ever, only the repeated result from several profiles 
increases the reliability of the found relationship. 

With exception of the Brown Bank, the sand-
banks in this area are much lower than the better 
known sandbanks in the North Sea, such as the 
Flemish Banks or the Norfolk Banks, reaching no 
more than 25% to 50% of the maximum water depth. 
The location of the research area is fairly close to the 
amphidromic point resulting in lower tidal currents; 
the driving mechanism is less strong. This suggests 
that the Brown Bank, which is much higher, is 
(partly) relic. 

The variation in the depth-to-height ratio of the 
sandbanks, even ignoring Brown bank, contrasts 
with the findings of theoretical work, which assumes 
that the sandbank height is a fairly constant percent-
age of the maximal water depth (Idier and Astruc, 
2002). The marginal variations in tidal strength or 
sediment characteristics 

McCave (1971) cannot explain the variations in 
the height-to-depth ratio. This height variation of the 
sandbanks results in an almost constant water depth 
over the highest point of the crest, about 21m. This 
might be explained by the assumptions of Huthnance 
(1982) and Roos (2004) that the tide is driving the 
generation of the sandbanks whereas the wave forc-
ing is limiting the crest level to a constant level. 

Along the research area, the wave climate is uniform 
leading to uniform water depths above the rests. 

The height of mega-ripples also correlates with 
the local water depth. The mega-ripple heights at the 
sand wave crests are (0.35-0.22)/0.35=24.8% higher 
than in the troughs. A straight forward analysis 
shows that the difference in the potential sediment 
transport between crests and the troughs of the sand 
waves has the same ratio. As the principal tidal cur-
rent is almost perpendicular to the sand wave crests, 
the flow velocities at the crests will be larger than 
the velocities in the troughs. Mass conservation 
gives that the flow velocity is about 
28.5/26.5=1.075% higher over the crests than over 
the troughs (see for example Hulscher, 1996). 

Sandbank related sediment is assumed to be a 
function of the cubed flow velocity. So the magni-
tude of the sediment transport will be 1.0753-
1=24.4% higher on the crests. 

No height variations could be discovered in the 
sand waves, but this might just be because the bed 
level variation over the measurement domain is to 
small. The sand waves do show a variation in wave-
length. It is impossible to explain these rhythmic 
variations based on the measurements only. How-
ever, the 1.5km wavelength of these variation is 
similar to the wavelength of the long bed waves de-
scribed by Knaapen (2001). 

The orientation of the bed forms is linked to the 
direction of the tidal current. Hulscher (1996) ex-
plains why the crests of tidal sandbanks have a small 
counterclockwise rotation with respect to the princi-
pal axis of the tidal ellipse and that the crests of sand 
waves are at small angles to that principal axis. 
Similarly, the crests of mega-ripples are generally 
perpendicular to the direction of the flow. The ob-
servations here agree well with these assumptions 
for the tidal sandbanks $68o$. The angle between the 
principal axis of the modeled tide and the crests of 
the sand waves -34o and mega-ripples -9o is slightly 
higher than expected (17o and 0o respectively). This 
difference is provoked by the disturbances of the tide 
due to the presence of the tidal sandbanks. 

The tide has been calculated on a grid with a 
spacing that is too large to include the tidal sand-
banks. These flat bed calculations are perfect to es-
timate the angle of the sandbanks, but introduce er-
rors if looking at superimposed smaller bed forms. 

5 CONCLUSIONS 

In this paper, a automated variation on a classical 
approach is followed to analyze bed forms from 
multi-beam bathymetric surveys. After the orienta-
tion is determined, the data the crest and troughs are 
detected objectively along profiles that are perpen-
dicular to the sand wave crests. The detection is reli-
able, robust and easily implemented. 
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This approach results in large data sets on the 
both the position and levels of the crests and the 
troughs. These data sets are then easily transformed 
into information on the characteristics of the bed 
waves: wavelength, height and the asymmetry (crest 
vs. trough and lee vs. stoss side). 

The resulting data have been analysed to evaluate 
the characteristics of three bed forms occurring in a 
part of the North Sea where they occur superimposed 
on each other: sandbanks, sand waves and mega-
ripples.  

It is shown, that the height of the sandbanks and 
the mega-ripples correlates with depth. Whereas the 
maximum water depth increases from 25m in the 
East to 40m in the West, the minimum water depth 
over the crests is constant at about 20m. The mega-
ripples on the sand wave crests are larger than the 
ones in the sand wave troughs. For sandwaves such a 
relationship could not be determined. 

The difference is of the same order as the differ-
ence in potential sediment transport between the 
crests and roughs. The wavelength of the observed 
sand waves shows an unexplained rhythmic varia-
tion with a 1.5km wavelength. 
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