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Abstract

The Wadden Sea is a dynamic region undergoing rapid change
due to natural morphodynamic processes. Monitoring these
changes and extracting conceptual models is limited by the
frequency of bathymetric studies (once every ~6 years in the
Netherlands). We therefore present several new techniques for
studying these changes using high cadence (every ~8 days to
2 months) and high resolution (10 - 30m) optical and radar
satellite imagery. The Frisian Inlet is used as a case study
for these techniques. This region has both sub- to intertidal
(channels, sandbars and shoals) and supratidal morphological
features (islets and islands) which have been studied extensively
in the past. The existing conceptual models for these features
comprising inlet channel migration cycles and shoal growth pat-
terns are based mainly on the existing low cadence bathymetry.
They are assessed using the new techniques, resulting in both
a test of existing morphodynamical theories and serving as a
prime example for the application of the novel remote sensing
techniques. These techniques can be applied in other parts of
the Wadden Sea and in tidal flats around the globe. We also
present an outlook to further possible developments of remote
sensing techniques in this field.

1.1 Research Objectives

This work will cover two main aspects: morphody-
namics of the Frisian Inlet and novel remote sensing
techniques. With the latter we aim to improve the
quality of the assessment of the former, making these
topics heavily intertwined. The research objectives
are discussed in Section 1.1. These are quite specific
and are given context in the sections regarding the
region of interest (Section 2) and the data used for
the analysis (Section 3). Section 4 covers the data
processing, while Section 5 discusses the results of
the applied methods. Section 6 ends this report with
conclusions and recommendations.

When looking in detail at a complex morphodynamic
system such as the Frisian Inlet many questions
arise. Below we will list a series of research questions
which we will address in this work and a list of
ones which are outside of the current scope. Both
are subdivided into questions regarding the Frisian
Inlet itself and questions about the possible research
methods including remote sensing.

1.1.1 Objectives of this work
The Frisian Inlet

e Has the cyclic behaviour of the Pinkegat per-
sisted since the detailed description by Oost



(1995)? Wadden Sea. This region of tidal channels and
Is the Engelsmanplaat shoal-merging cycle still barrier islands formed 5500 years ago after the
valid? last Ice Age, the Wechselian, on the coastal plain
Do the nourishments at Ameland impact the ©Of northwest Europe (Oost, 1995). Its formation
sediment bypassing at the Pinkegat? was induced by a combination of sea level rise (
lcmyr 1 in the early Holocene to 0 0:1 cmyr 1!
after 6000 B.P.) and land subsidence (A0 0:15
cmyr 1), with sediments imported from rivers like
Can we use satellite data to aid in detecting the Rhine and the North Sea itself (Oost, 1995). The
morphodynamical change? topography at the end of the Pleistocene dominated
Can we use the satellite data to detect sedi- the subsequent evolution of the region. The Boorne,
ment bypass? Hunze and Ems river valleys, visible in Figure 1(a) as
three indents in the coast running from west to east,
became the Middelzee, Lauwerszee and Ems/Dollard
estuaries or embayments in Medieval times. The
These questions arose during data exploration and jmprint of these estuaries is still visible in the current
processing. They will not be elaborated upon to pjejstocene top layer, as shown in Figure 1(b). The
maintain the focus of this report. Frisian Inlet currently consists of two sub-inlets, the
"Pinkegat" and "Zoutkamperlaag".

Research Methods

1.1.2 Outside of the current scope

The Frisian Inlet

What is the shape of the Holocene clay layer 2.1 Zoutkamperlaag

below the Engelsmanplaat? Before its closure in 1969, the Lauwerszee was the
Why has the Zoutkamperlaag not migrated de ning morphological feature of the Frisian Inlet.
westward or conversely, why is the east side |n the Medieval period the estuary emptied into the
of the Engelsmanplaat so extremely straight | auwers channel east of Schiermonnikoog, but in
(De Haan et al., 1983) and stable in its posi- the 14th century the Zoutkamperlaag, until then a
tion (based on bathymetric surveys since 1927, re|atively minor channel west of Schiermonnikoog,
hydrographic maps since 1810 (De Haan et al., broke through and also started to feed the Lauw-
1983) and historic maps since the middle of erszee (De Haan et al., 1983; Oost, 1995; Mulder,
the 18th century)? 2015). Both channels coexisted as drainage channels
Why are there many more smaller channels of the Lauwerszee up to at least the 18th century
in the backbarrier basin of the Pinkegat com- (Mulder, 2015). This was coupled with a large east-
pared to the Borndiep and Zoutkamperlaag ward shift of Schiermonnnikoog to approximately its
basins? In other words, why is the fractal current position (3:5km erosion at its western end
dimension of the channels larger? and 6 km growth at its eastern end between 1300
and 1850 A.D.). Ameland, bordering the study area
in the west, underwent a smaller eastward migration
(1:5km erosion at the west and3:5 km growth in the
east between 1650 and 1969 A.D.) (Oost, 1995; Sha,
1992, Fig. 4.1 & 4.2). This shift of the Frisian Inlet
before its closure was most likely caused by its un-
favourable position with respect to the Lauwerszee.
The migration of the inlet halted when through land
reclamation in the Lauwerszee the tidal basin of the
Frisian Inlet shrunk (De Haan et al., 1983).

Research Methods

Can we determine bathymetry from satellite
imagery?

Could synthetic aperture radar (SAR) inter-
ferometry be used to determine sedimentation
and erosion on tidal ats on millimeter scales?
On both optical and SAR imagery the channel
banks in the backbarrier basin of the Pinkegat
have a higher re ectance than other areas
in the Wadden Sea. Does this indicate that
more sand is present in the top layer? If so,
why is there more sand in the top layer of
the Pinkegat basin than in for example the
Borndiep or Zoutkamperlaag basins?

2.2 Pinkegat

The second channel system in the Frisian Inlet,
the Pinkegat, rounds the eastern end of Ameland.
As the tidal wave propagates from west to east
along the North Sea coast, the ood enters the
Ameland inlet west of the island earlier than the
Pinkegat, resulting in a tidal divide markedly posi-
tioned east of the center of the island. This results
in a signi cantly smaller tidal basin of the Pinkegat

2

The Frisian Inlet, known in Dutch as the "Friese

Region of Interest

Zeegat" (FZG), is located between the islands of
Ameland and Schiermonnikoog. It is a complex of
tidal channels and shoals which is part of the Dutch

53km? in 1992) compared to channels rounding
the western end of the islands like the Zouterkam-
perlaag ( 126km? in 1992) (Oost and De Haas,



(a) 11000 B.P.

(b) Current

Figure 1: Height of the top Pleistocene layer at 11 000 B.P. and at current in meters above
NAP ( mean sea level). For the current Pleistocene top layer height the regions with Holocene
erosion caused by coastal channels are shown in red. Height map source: Rijksdienst voor het
Cultureel Erfgoed/ nationaalgeoregister.nl . Background map source: J.W. van Aalst,
opentopo.nl . The Boorne, Hunze and Ems estuaries are annotated in Fig. 1(a).

1992; Sha, 1992), resulting in a smaller tidal prism 2.3 The Engelsmanplaat

( 100 10°m?® versus 208 10°m3, respectively
(Sha, 1992)). The ebb-tidal deltas are also compar-
atively smaller: in 1992 22km? and  94km?
respectively. The formation of the Pinkegat was
most likely due to this di erence between the two
basins which were up until the 15th century drained
by a single channel. Around this time the Pinkegat
broke through the low island head of Ameland. This
also resulted in a shoal between the Pinkegat and
Zoutkamperlaag channels, which is now known as
the "Engelsmanplaat" (De Haan et al., 1983).

The Frisian Inlet has a tidal range of 2m, plac-
ing it in the lower end of the meso-tidal range, and a
mean signi cant wave height of  0:7m, making the
inlet a mixed energy, tide dominant region (Wang
and Oost, 2011). Although the dominant wind di-
rection is southwest, the dominant wave direction is
northwest due to the fact that the coast is oriented
east-west.

The shoal Engelsmanplaat (a local alternative name
is "De Kalkman") is located between the two chan-
nels of the Frisian Inlet. It has been in existence
since around 1580 when it was formed together with
the Pinkegat (De Haan et al., 1983). Between 1832
and 1992 the shoal eroded on its western side over a
distance of4:9 km to an east-west width of 2:2 km in
1992 (Oost, 1995), with slower erosion since 1927. In
2019, the east-west width was unchanged a2:2 km
(based on the 2019 depth sounding of the Frisian
Inlet, see Section 3.1.3 for details on this data). Dur-
ing this period the eastern point of Ameland, known
as "De H6n", saw massive changes. The coastline
at the tip of the island moved eastward by 4:3km
between 1910 and 1950, and subsequent:5km
westward until 1980. The largest growth was be-
tween 1930 and 1940 in the order of 300 myr *
(Sha, 1992, Fig. 4.4). The current RD-longitudée

1The "Rijksdriehoekscosrdinaten" are a set of cartesian
coordinates with units of meters widely used in the Nether-
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