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1. INTRODUCTION 

The Continental Shelf Service of the FPS 
Economy, SMEs, self-employed and Energy 
(Belgium) is in charge of the management 
and control of the sand extraction within the 
Belgian part of the North Sea. To this end, 
monitoring areas defined where the extrac-
tion is concentrated are regularly surveyed 
with a multibeam echosounder (MBES - RV 
Belgica EM3002D 300kHz) to evaluate the 
impact of dredging on the seabed bathyme-
try, morphology and habitat on a local scale. 
In each monitoring area, variations in sedi-
ment volumes as a function of time are de-
rived from the bathymetric time series com-
posed of the Digital Bathymetric Models 
(DBM) derived from MBES surveys. 

The dredging activity itself is controlled 
by an Electronic Monitoring System (EMS - 
informally called “black-boxes”) installed 
aboard each dredging vessel. The EMS rec-
ords both the vessel position and pump ac-
tivity at a frequency rate of one record per 
30s, allowing an estimation of the extracted 
volume over any monitoring area for any 

time interval assuming that dredging vessels 
are always using their maximum capacity 
(Roche et al., 2017 and Van den Branden et 
al., 2017). 

The correlation between MBES and EMS 
data has been analyzed with different ap-
proaches and at different spatial resolution 
(Roche et al., 2011 and 2017 and Terseleer 
et al., 2016). At the local spatial scale of the 
monitoring areas the volume variation 
measured by MBES is strongly correlated 
with the volume variation estimated from 
the EMS data, implying that most of the 
bathymetric variation is explained by the 
extraction itself. With respect to this high 
average correlation, the residuals are of the 
same decimetric order of magnitude as the 
uncertainty associated with the RV Belgica
EM3002D bathymetric measurements which 
meet IHO S44 Special Order (IHO, 2008). 
On the other side, the strong concordance 
between the volumes derived from the EMS 
data and the volumes officially declared by 
the dredging companies suggest, on a first 
approach, that a negligible bias can be con-
sidered for the volume estimation derived 
from the EMS data. 
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To clarify the respective importance of 
the extraction and the sediment-dune dy-
namics in the overall volume variation esti-
mated from the bathymetric time-series, it is 
necessary to correct as much as possible the 
systematic errors affecting the MBES bath-
ymetric measurements. Through a case 
study, this contribution proposes an original 
approach to correct these systematic errors 
which are independent from one survey to 
another. 

Section 2 describes the dataset used. Sec-
tion 3 presents a number of preliminary con-
siderations. Section 4 gives an operational 
description of osculatory surfaces applied to 
systematic errors estimation. 

2. DATASET DESCRIPTION 

The Oosthinder bank is localized in the 
north of the Belgian part of the North Sea 
and is part of a group of elongated parallel 
sandbanks known as the Hinderbanken. Our 
study area, the monitoring area HBMC is 
located on the Oosthinder bank, within the 
extraction area 4c from which is extracted 
each spring since 2012, a large volume of 
sand for the beach maintenance.  

Figure 1. (a) Location of HBMC monitoring area and 
RV Belgica EM3002D MBES survey dates; (b) 
DBM#1 

The evolution of the bathymetry based on 
the MBES survey data, is due to: (1) short 
periods of intense extraction, visible by 
large trailing suction hopper dredgers marks 
along and across the sandbank; (2) natural 
sediment transport processes, resulting in 
changes in shape and migration of very large 
dunes (sensu Ashley 1990) superimposed on 
the bank. 

3. 3. PRELIMINARY CONSIDERATIONS 

A complex mechanism of maintenance of 
the tidal sandbanks related to the hydrody-
namic and sediment transport regimes is 
mentioned by many authors (De Moor, 
1984, Berné et al., 1998, Dyer & Huntley, 
1999). The displacement of linear offshore 
banks is extremely variable from one bank 
group to another (see Kenyon and Cooper, 
2005) and some tidal banks show stability 
phases alternating with dynamic phases 
(Van Cauwenberghe, 1971). The bathymet-
ric profiles along perpendicular lines (old 
“DECCA” lines) to the Oosthinder using the 
available surveys from 2004 to 2014 allow 
an estimation of the overall sandbank varia-
tion in vertical and horizontal direction on a 
decadal scale. The bathymetric profiles are 
displayed in Figure 2. Locally, the profiles 
on the north and south flanks of the sand-
bank in areas without large dune pattern and 
where extraction is negligible show varia-
tions of about ten meters in the horizontal 
direction. In the vertical plan, fluctuations of 
about twenty centimeters are observed, the 
latter being in the order of magnitude of the 
uncertainty associated with the MBES bath-
ymetric measurements. But no significant 
trend is present: these variations, both in the 
vertical plane and in the horizontal plane, do 
not follow any drift as a function of time. 
From 2004 to 2014, in the investigated area, 
the Oosthinder bank is stable: oscillating 
randomly around a mean position. 

The volume changes induced by natural 
net influx will then be considered as being 
negligible compared to those induced by 
anthropogenic activities. In this context, 
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estimating the volume variation on HBMC 
only requires the change in overall mean 
depth of the area, or equivalently, the thick-
ness variation computed over the HBMC 
area. 

In HBMC monitoring area, EMS data 
show that the volume of sand extracted be-
tween two successive MBES surveys 
brought to the surface of the area can 
amount to 20 cm. Accordingly, MBES 
soundings depth uncertainty should be at 
least one order of magnitude less to achieve 
the initial objective. Hence a technique to 
eliminate the systematic errors that contrib-
ute to this uncertainty is required. To obtain 
this, robust techniques are proposed to ad-
just the global depths of the DBM, using the 
first survey as a reference. In this manner, at 
the spatial scale of the HBMC area, system-
atic errors affecting MBES data will be a 
posteriori compensated. 

The dune migration and the sand extrac-
tion greatly complicate the registration of 
DBM’s since they reduce the redundant in-
formation between DBM’s. The technique 
we propose aims to restore the missing in-
formation by using an intermediate surface, 
referred as bottom-osculatory surface. Such 
a surface allows to virtually remove the 
dunes superimposed on the sandbank. 

The osculatory surface that surrounds the 
sandbank tangentially at the base – toe of the 
dunes represents a hypothetic boundary be-
tween a dynamic upper part shaped by the 
mobile dunes and a stable internal part. Giv-
en the stability of the Oosthinder Bank in the 
HBMC area, this concept of an osculatory 
surface separating vertically the bank in a 
dynamic part, where the sand is mobile, of a 
stable part takes here all its meaning. 

Figure 2. Bathymetric profiles on S4c Extraction Sector across the Oosthinder bank (crossection: average value 
calculated on a corridor of 25 m on both sides of the central position of the profile). 
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Figure 3.  Actual challenges w.r.t. robust estimation of MBES systematic errors and corresponding strategy 

4. OSCULATORY SURFACES 

Osculatory surfaces are robust trend surfaces 
derived from DBM. The methodology aim-
ing at deriving osculatory surfaces from 
DBM is fully described in Debese et al. 
(2018b). This shape transform operates 
through only two non-optional parameters: 
its scale length λ   and the corresponding 
degree of the local representations.  

Extracting HBMC osculatory surface is a 
challenging task. As displayed in Figure 1, 
HBMC area is a narrow strip of seabed, 
which only partially covers the sandbank. 

This makes it difficult to define the entire 
shape of the bank and avoid edge effects. 
Very large dunes located in HBMC area are 
highly dynamic. The volume of sand in-
volved in the dynamics is estimated to 1.8 
million of meter cube. The very large dunes 
migrate at a speed of 30 m per year in the 
South west of more than 1 m locally from 
April 2012 to September 2018. 

Besides the better understanding of sand 
bedform dynamics this technique provides, 
the osculatory surfaces are useful for the 
detection and quantification of systematic 
errors in bathymetric time series. 
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Figure 4.  (a) DTM of differences (DoD) between DBM#5 and DBM#4 and location of the cross section; (b) 
Bathymetric and osculatory resulting profiles for the survey#4; (c) DBM#4 and DBM#5 cross sections; (d) Cross 
sections in DoD between DBM#5 and DBM#4 and in DoD between their corresponding osculatory surfaces. 

Figure 3 attempts to intuitively highlight 
both the actual data limitations and the 
methodological choices made to work 
around them while aiming at robustly track-
ing the volume variation of the remaining 
sand resource over time. The corresponding 
key operational step addresses the extraction 
of the set of bottom osculatory surfaces built 
from the DBMs (4x4 m) issued from the 12 
MBES surveys currently 
available. As they get rid of the dune struc-
tures, the former are expected to deliver a 
reasonably stable shape with respect to the 
non-anthropogenic processes insofar as their 
common extraction scale is carefully chosen 
(Debese et al., 2018b). This study makes use 
of the bottom osculatory model 
– that is, operating through an extraction 
scale set to 400 m and with local 2D models 
of degree 3 (Figure 4b). The key hypothesis 
made in this work expects that the distribu-
tion of the remaining differences between a 
pair of bottom osculatory surfaces 

, should then mostly result 
from potential systematic errors and/or pos-
sible dredging campaigns. The global sys-
tematic error component is extracted 
through a top osculatory planar global model 

 fitted on the bottom 
osculatory difference map (Figure 4d). This 
robust trend extractor is expected to be im-
mune against outliers patches resulting from 
dredging erosion since these patches are 
always concavities within the difference 
map. A scalar indicator  of the appar-
ent volume change from  to  (or its 
equivalent thickness upon divided by the 
area of the monitoring zone) due to system-
atic errors is then just built as the mean val-
ue of the map . 

Using this generic approach, preliminary 
results were already published in (Debese et 
al., 2018a). However, since the volume cor-
rections were computed from the  first-
order indicators  only, these results 
were still prone to large estimation drifts 
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along time. Indeed, although the bias opera-
tor  is expected to be robust w.r.t. the 
comparison of two successive surveys, its 
linear concatenation 

 over the time se-
quence does not provide the global robust-
ness required to address the whole sequence 
of surveys, as displayed in Figure 5a by the 
dotted curve.  

To this end, this paper proposes to explic-
itly pre-compute the whole set of indicators 

, with , i.e., getting 
independent estimations. An estimation 

 is then got as the weighted average 

of its  possible cumulative evaluations, 
each summation result depending on the 
directed graph path (without loops) currently 
chosen between  and  – the shortest and 
longest corresponding graph lengths be-
tween  and  being  and , respec-
tively. The weight of an estimation is taken 
as the inverse of its corresponding graph 
path length. 

HBMC osculatory surfaces were extract-
ed using a polynomial degree of three by 
setting   to 400 m. As displayed in Figure 4a, 
this pair of parameters fully assimilates the 
ridge of the bank. 

The temporal evolution of the volume 
changes estimated from MBES and EMS 
data are displayed on Figure 5. The black 
curve represents the volume changes esti-
mated from EMS data while the red one 
represents the volume changes deduced 
from the bathymetric models issued from 
MBES surveys. The green curve represents 
the volume changes deduced from MBES 
bathymetric data after removal of the residu-
al bias estimated through this global ap-
proach. 

Figure 5. (a) The temporal evolution of the 
MBES-based volume changes measurements w.r.t. 
their predictions issued from the EMS system data-
base – the time origin is the date of the first survey; 
(b) Linear regression applied to the differences of the 
depth changes between EMS each of the MBES  
datasets (raw and corrected). 

5. CONCLUSIONS 

A method is proposed to correct residual 
bias associated with bathymetric models 
derived from MBES data. The correction 
process makes use of a top osculatory planar 
model fitted on a bottom osculatory differ-
ence map. A robust estimation of these bias-
es is achieved through a global approach. 

This method applied to the HBMC moni-
toring area located on the Oosthinder bank 
where sand is extracted since 2012, signifi-
cantly improves the estimation of the vol-
ume variation w.r.t. time. 

The correlation between the volumes 
measured by MBES and corrected with the 
volumes estimated from EMS data is very 
significant (Pearson's r² = 0.99). In the 
HBMC zone, sand extraction explains 99% 
of the variation of bathymetry during the 
period considered.  

This contribution, which is rather hydro-
graphic in nature, uses advanced morpho-
metric techniques to correct the intrinsic 
errors associated with MBES bathymetric 
data. It is a first step in a long-term project 
whose ultimate objective is to accurately and 
reliably quantify in routine the sand volumes 
involved in the sandbanks dynamics and to 
make a link between the sand volume in-
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volved in the dune dynamics and the hydro-
dynamic regime. This method will be ap-
plied soon to all MBES data acquired as part 
of the monitoring of sand extraction in the 
Belgian part of the North Sea. 
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