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Abstract

The Wadden Sea off the coast of the southern North Sea is the largest coherent area of tidal flats
worldwide. As a highly productive ecosystem it is of global importance, e.g. as nursery for fish and as
a feeding and resting area for 10 — 12 million migratory birds following the East Atlantic Flyway. The
outstanding ecological significance of this region corresponds to a high level of protection by EU
directives and national law and by inscription as UNESCO World Heritage Site, all of which requires
regular monitoring and assessment. Apart from the ecological aspects, the Wadden Sea is also of great
importance for coastal protection. To survey the extensive, often inaccessible tidal area, remote
sensing is essential and while mainly airborne techniques have been carried out for decades, now high-
resolution satellite-borne sensors open up new possibilities relevant for monitoring and long-term
ecological research. Especially satellite synthetic aperture radar (SAR) sensors offer a high availability
of acquisitions as they operate largely independently of daylight and weather. The aim of the studies
presented here was to explore the use of data from the TerraSAR-X satellite to record
geomorphological structures and habitats for Wadden Sea Monitoring. More than 100 TerraSAR-X
acquisitions from 2009 to 2016 were analyzed to distinguish various and variable surface types
continuously influenced by tidal dynamics in the main study area, the tidal flats near the island of
Norderney.

Visual image interpretation supported by extensive in-situ verification proved to be a suitable and
unsophisticated approach which is unspecific enough to identify mussel beds, fields of shell-detritus,
gully structures, mud fields, and intertidal bedforms in the upper flats of the East Frisian Islands. The
method proved to be robust against changes in geometry of acquisition and environmental influences,
which permitted a large database. Several time series of TerraSAR-X data enabled to follow inter-
annual and seasonal dynamics as well as event effects (Adolph et al. 2018). The high-frequency
TerraSAR-X data revealed novel evidence of an intertidal bedform shift in an easterly direction during
the study period. To this aim, an unsupervised ISODATA classification of textural parameters was
developed to vectorize and compare the bedforms positions in a GIS (Adolph et al. 2017a). The same
intertidal bedform area was chosen as test-site for comparison of different remote sensing methods,
namely airborne lidar, satellite-based radar (TerraSAR-X) and electro-optical sensors (RapidEye)
(Adolph et al. 2017b).

High-resolution SAR data offer a relevant component for Wadden Sea Monitoring and Research, as
they provide reliable, regular data with a high repetition rate. In particular, habitats with noticeable
surface roughness, specific structures and textures are well reflected. Geomorphic Structures and their
dynamics can be observed indirectly via detection of residual water trapped within. A comprehensive
concept for Wadden Sea Monitoring however, requires automatized classifications and an integrative,
multi-sensor approach (SAR, LIDAR, multi-spectral data, drones) in which different and complementary
information, coverage and resolutions (spatial and temporal) contribute to an overall picture.

The studies were carried out as part of the joint research project “Scientific monitoring concepts for
the German Bight” (WIMO), jointly funded by the Ministry of Environment, Energy and Climate
Protection (NMU) and the Ministry of Science and Culture (NMWK) of the Federal State of Lower
Saxony. The findings have been published in Geo-Marine Letters 37/2 (2017) and in Remote Sensing
10/7 (2018).



Zusammenfassung

Das trilaterale Wattenmeer entlang der sudlichen Nordseekiiste ist das weltweit groRte
zusammenhingende Wattengebiet. Als hochproduktives Okosystem ist es von globaler Bedeutung,
z.B. als Kinderstube fiir Fische und als Nahrungs- und Rastplatz fiir 10 — 12 Millionen Zugvogel auf dem
Ostatlantischen Zugweg. Dem wird durch einen sehr hohen Schutzstatus Rechnung getragen:
Nationalparke, EU-Richtlinien und die Anerkennung als UNESCO Weltnaturerbe verpflichten u.a. zu
regelmaligem Monitoring und Bewertung des 6kologischen Zustandes. Um das ausgedehnte, oft
schwer zugdngliche Gezeitengebiet zu liberwachen, sind Methoden der Fernerkundung unerlasslich.
Bislang werden dafiir flugzeug-getragene Sensoren verwendet, nun erdéffnen hochauflésende
satellitengestiitzte Sensoren neue Moglichkeiten fiir Wattenmeer-Monitoring und -Forschung.
Insbesondere Radar mit synthetischer Apertur (SAR), das weitgehend unbeeinflusst von Tageslicht und
Wetter operiert, bietet eine hohe Verfligbarkeit von Aufnahmen wahrend der Niedrigwasserzeit.
Ubergeordnetes Ziel der hier vorgestellten Studien war, die Verwendung von Daten des Satelliten
TerraSAR-X  zur  Erfassung  geomorphologischer  Strukturen und Lebensrdaume im
Hauptuntersuchungsgebiet zwischen der Insel Norderney und dem Festland fiir das Wattenmeer-
Monitoring zu untersuchen. Mehr als 100 TerraSAR-X Szenen von 2009 bis 2016 wurden analysiert, um
verschiedene und dufSerst variable Oberflachentypen zu unterscheiden, die kontinuierlich unter dem
Einfluss der Gezeitendynamik stehen.

Visuelle Bildinterpretation kombiniert mit extensiver in-situ Verifikation der Interpretations-
ergebnisse erwies sich als geeigneter und unspezifischer Ansatz zur zeitnahen Detektion von
Muschelbdnken, Schlick- und Schillfeldern, Prielstrukturen und geomorphen Strukturen der
Sedimentoberflache, sogenannten ,bedforms”. Die Methode erwies sich als robust gegeniber
Umwelteinflissen und Anderungen der Aufnahmegeometrie, was die Nutzung einer grofRen
Datenbasis ermoglicht. In mehreren Zeitreihen von TerraSAR-X Aufnahmen wurden inter-annuelle und
saisonale Veranderungen sowie Ereigniseffekte beobachtet (Adolph et al. 2018). Aufgrund der hohen
Aufnahmefrequenz der TerraSAR-X Daten konnte erstmals eine ostwarts gerichtete Verlagerung der
bedforms wahrend des Untersuchungszeitraumes aufgezeigt werden. Zu diesem Zweck wurde eine
unbeaufsichtigte ISODATA-Klassifizierung von Texturparametern entwickelt, um die Positionen der
,bedforms” zu vektorisieren und in einem GIS zu vergleichen (Adolph et al. 2017a). Dasselbe Areal
wurde als Testgebiet gewahlt, in dem die Aufnahmeeigenschaften von flugzeug-getragenem Lidar und
satelliten-gestiitztem SAR (TerraSAR-X) sowie elektro-optischen Sensoren (RapidEye) verglichen
wurden (Adolph et al. 2017b).

Hochauflésende SAR-Daten stellen eine relevante Komponente fiir das Monitoring und die Forschung
im Wattenmeer dar, da sie zuverldssig und regelmaRig Daten mit einer hohen Wiederholungsrate
liefern. Geomorphe Strukturen und ihre Dynamik kénnen indirekt durch die Erkennung von darin
eingeschlossenem Restwasser erfasst werden. Ein umfassendes Konzept fir das Wattenmeer
Monitoring wird jedoch automatisierte Klassifizierungen erfordern sowie einen multi-sensor Ansatz
(SAR, LIDAR, multispektrale Daten, Drohnen), bei dem unterschiedliche und komplementare
Informationen, Abdeckungen und Auflésungen (rdumlich und zeitlich) zu einem Gesamtbild beitragen.

Die Untersuchungen waren Teil des gemeinsamen Forschungsprojekts ,Wissenschaftliche
Uberwachungskonzepte fiir die Deutsche Bucht (WIMO), das vom Nds. Ministerium fiir Umwelt,
Energie und Klimaschutz (NMU) und dem Nds. Ministerium fir Wissenschaft und Kultur (NMWK)
finanziert wurde. Die Ergebnisse wurden in Geo-Marine Letters 37/2 (2017) und in Remote Sensing
10/7 (2018) veroffentlicht.
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1 General Introduction — Background and Motivation

1.1 Protection, Monitoring and Assessment of the Wadden Sea

The outstanding ecological significance attributed to the Dutch, German and Danish Wadden Sea is
met by a particularly high level of protection. As a national park the Wadden Sea has the highest
protection status according to national nature protection legislation in Germany and in Denmark.
Beyond the national laws and borders, the Trilateral Wadden Sea Cooperation (TWSC), an
intergovernmental cooperation of The Netherlands, Germany and Denmark is to protect and conserve
the Wadden Sea as an ecological entity through common policies and management. At EU level, the
Wadden Sea is protected as part of the European Natura 2000 network of protected areas according
to the provisions of the Fauna-Flora-Habitat Directive (Directive 92/43/EEC, FFH) and the Birds
Directive (Directive 79/147/EC, BD) as well as under the EU Water Framework Directive (Directive
2000/60/EC, WFD) and the Marine Strategy Framework Directive (Directive 2008/56/EC, MSFD).
Furthermore, the Wadden Sea is subject to a large number of international conventions, agreements
and treaties such as, e.g., the Ramsar Convention (Convention on Wetlands of International
Importance Especially as Waterfowl Habitat), the Convention on Biological Diversity (CBD) and many
more, which are listed by Marencic (2009) and CWSS (2017). The recognition as a UNESCO World
Heritage area (2009) underlines the peculiarity of the Wadden Sea in a worldwide context.

This legal status at national and EU level, but also the international conventions and the UNESCO
require assessments of the ecological status of the Wadden Sea in regular intervals. For the
understanding of the ecosystem and its future development, extensive monitoring and research are
needed and there has been a long tradition of ecological research in the area (Wolff 2013).
Nevertheless, with the number of environmental directives relating to the Wadden Sea, the demands
of monitoring and reporting obligations have increased during the last decades. For example, every 6
years status reports that are based on data related assessments have to be carried out for the FFH
Directive, the Water Framework Directive and the Marine Strategy Framework Directive, aiming at a
favorable conservation status or good status (WFD) respectively good environmental status (MSFD) of
species, habitats or waterbodies. Monitoring programs providing actual comprehensive data of
different components of the Wadden Sea ecosystem are fundamental for these assessments.

However, not only for reasons of environmental protection, but also for coastal protection, the
recording of morphological changes or salt marsh status in this highly dynamic marine environment is
of great value for the management of the area. It becomes even more essential against the background
of global climate change and rising sea levels which will increasingly place this area under the pressure
of coastal squeezing (Delafontaine & Flemming 2000, Reise 2005).

1.2 Relevance of Remote Sensing for Wadden Sea Monitoring and Research

The Wadden Sea area covers approximately 14,700 km? when defined as the area seaward the main
dike where present, respectively the spring-high-tide-water line or the brackish-water limit in the
rivers. Towards the North Sea, it reaches up to 3 nautical miles from the baseline or the offshore
boundaries of the Conservation Area (CWSS 2017). Of this area, intertidal sand and mud flats and
saltmarshes take 4,700km? and 400 km? respectively. Due to the changing tides, this large and rough
terrain is accessible only in tight time frames around low water time. Muddy sediment and tidal
channels further complicate the direct access. Due to this constellation of regularly required data on
the state of the Wadden Sea, the sheer size of the area and the restricted accessibility, methods of
remote sensing are essential, as they allow periodic surveys and assessments of large areas with
comparatively less effort.

General Introduction — Background and Motivation 1
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Fig. 1-1 The Trilateral Wadden Sea in the German Bight. Satellite image mosaic, 2015. Based
on 20 individual images from the American earth observation satellite Landsat 8, © albedo39
Satellitenbildwerkstatt.

2 Objective — Overarching Goals and Issues

Aerial mapping and interpretation of aerial color and infrared imagery as well as airborne lidar have
proven to provide the high resolution needed to identify tidal surface structures, salt marsh vegetation
types or even numbers of waterbirds or marine mammals. These airborne observation methods have
been used operationally for a long time and they are currently being used. At the same time, however,
satellite-borne sensors have been improved and the use of satellite data for monitoring, protection
and management of coastal areas such as the Wadden Sea has become increasingly realistic. An
overview of previous research on satellite-based remote sensing for the tidal flats of the Wadden Sea
is given e.g. by Miiller et al. (2016). To reach the overall goal of an area-wide and regular survey of the
Wadden Sea, providing the relevant information at minimum expense, the available sensor classes —
including a progressive multitude of space-borne sensors — are to be used efficiently according to their
respective advantages. To this aim, monitoring requirements have to be checked against the sensor’s
features especially regarding areal coverage, spatial resolution, temporal availability, sensitivity and
geometric accuracy. The studies leading to the published manuscripts presented below were carried
out as part of the joint research project “Scientific monitoring concepts for the German Bight” (WIMO).
It was conducted from 2010 to 2015 to develop innovative scientific monitoring concepts for the
German Bight as a model region (for overviews see Winter et al. 2016, Winter 2017, wimo-nordsee.de).
One of the focal points in WIMO was the applicability of established and new methods of remote
sensing for monitoring intertidal areas and subtidal seafloor. Four sub-projects contributed to the
WIMO internal project-group “Habitat Mapping” by investigating and comparing high-resolution
electro-optical and SAR data, airborne laser scanning (Schmidt et al. 2013, Jung et al. 2016, Adolph et
al. 20174, b., Adolph et al, 2018) and sublittoral habitat mapping by side-scan sonar (Holler et al. 2017).
The studies presented here mainly result from investigations on the applicability of SAR data for
intertidal monitoring (WIMO subproject TP 1.4 “Application of high resolution SAR-data (TerraSAR-X)
for monitoring eulittoral surface structures and habitats”). Since it is highly probable that an integrative
monitoring concept is required to fulfil the monitoring needs, one of the publications also reflects the
close cooperation between the subprojects dealing with different sensor classes (Publication Ill, chap.
5.3).

2 Objective — Overarching Goals and Issues
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3 Thematic Introduction

3.1 The Wadden Sea
3.1.1 Physical Setting — Geology, Hydrology, Morphology

Tidal flat areas off shallow coasts can be found worldwide occurring as transitional areas between the
open sea and the shore. They are formed by the tides in marine and brackish areas where the sea floor
rises gradually towards the coast. The world’s largest coherent intertidal flat area is the Wadden Sea
bordering the North Sea coast of The Netherlands, Germany, and Denmark. Over a length of 450 km,
the Wadden Sea stretches from Den Helder in the southwest up to the Skallingen peninsula in the
northeast. The average width is 10 km, but can be up to 40 km in some places (Scheiffarth 2004). Thus,
the Wadden Sea holds about 60% of the whole intertidal area at the north-eastern Atlantic shores
(Reise et al. 2010). In geomorphological and evolutionary terms the Wadden Sea is a very young
ecosystem that has developed after the last ice age (CWSS 2017). The evolution of the Wadden Sea
barrier island system commenced at 7,500-8,000 years BP when the rising post-glacial sea reached the
southern margin of the North Sea basin and entered local river valleys, turning them into estuaries
(Flemming & Davies 1994). The geomorphology of the landscape continuously changed due to
Holocene sea-level rise, the geometry of the Pleistocene surface, the development of sedimentary
environments, sediment transport mechanisms (tides and wind) and, relatively recently, the human
interference in the landscape (Oost et al. 2017). Man-made interventions influence the current
landscape of the Wadden Sea through coastal protection measures, maritime maintenance and uses
such as fishing and tourism (Ehlers 1994). Today's shoreline is the result of the post-glacial sea-level
rise, of storm surges that led to land losses, and of subsequent embankments, coastal defense
structures and sand nourishments. Approximately 10,000 km? of Wadden Sea habitats have been
impoldered since the medieval times (Wolff 1991). Nevertheless, the natural geological and biological
processes are still highly effective at work in the coastal and marine environment of the Wadden Sea,
generating the enormous dynamics that characterize especially the tidal flat system. The interaction
of tidal and wave energy, the transport, erosion and sedimentation of sand and mud, result in an ever-
changing morphology of the channels, tidal flats and islands (e.g. Wang et al. 2012, Hellwig & Stock
2014). The 4,700 km? of bare sand and mud flats emerge at low tide, partially sheltered against winds
and the waves of a rough sea by a seaward barrier of dynamic sandy shoals and dune islands (Reise et
al. 2010). Tidal range today spans from 1.5 to 4 m increasing from the edges towards the inner German
Bay (Reise et al. 2010). In the south and the north, mesotidal regions with tidal ranges between 1.5 to
3 m form a system of tidal flats sheltered by the seaward chain of barrier islands, whose size decreases
towards the center. These areas extend from Texel to the Jade mouth in the south and from the
Stderoogsand to the island of Fang in the north. In the central Wadden Sea, mean tidal range exceeds
2.90 m, this is the macrotidal region with no barrier islands. These open tidal flats can be limited to the
seafront by small, highly variable sandbars at the most (Ehlers 1994, Reise et al. 2010). Barrier islands
and elevated sands generate an internal structure of the Wadden Sea comprising a series of 33 tidal
basins interrupted only by the four major estuaries of the Ems, Weser, Elbe and Eider. The tidal basins
are distinctive, hydrological features of the Wadden Sea, which, disregarding the tides, can be
compared to riverine catchment areas. (CWSS 2008). The lateral connection of the tidal basins is
provided by some overflow at the tidal divides (watersheds) in the back-barrier area, where the flood
waters of adjacent tidal basins meet, and by the long-shore current seaward of the islands (CWSS
2008).

Twice a day an average volume of 15 km? of sea water is moved through the inlets and tidal channels
into and out of the tidal basins while roughly the same volume stays there at low tide. In this process,
compression of the tidal flow between adjacent islands leads to strong current velocities with a mean
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flow of about 1 m s (Reise et al. 2010), scouring tidal inlets of up to 50 m depths (CWSS 2008). Strong
onshore winds may increase high tides up to 4 m above mean high tide and strong offshore winds may
push low tides down to 1.5 m below mean low tide level (Reise et al. 2010). The high daily flow
velocities, and especially storm events with high swell, can cause strong displacements of tidal
channels, gullies and flats. Having passed the barrier islands, most inlets divide into major tidal
channels, which successively branch into smaller tidal creeks, gullies and runnels. In the areas of high
energy, under the influence of inlets and major channels, sand flats are formed, whereas with
decreasing energy-level mixed flats and subsequently mud flats develop corresponding to flow-
velocity, wave exposition and times of coverage by sea water. Thus, mud flats are found mainly in
sheltered areas close to the shoreline or to the watershed.

To sum it up, the Wadden Sea is a highly dynamic and amphibious coastal landscape characterized by
constant change and a multitude of transitions and extremes. It represents the ongoing adaption of
coastal environments to a rising sea level. Moreover, the geological and geomorphological features
are closely entwined with ecological and biological processes, thus creating a complex coastal
ecosystem with strong bio-geomorphological interactions at all scales.

3.1.2 Ecology and Habitats

Major habitats of the Wadden Sea ecosystem can be distinguished according to their location in an
offshore-inshore gradient. It reaches from the subtidal (sublittoral) areas, the offshore belt (seaward
of the islands up to 15m depth) and the system of inlets, channels and gullies extending into the actual
intertidal area, the eulittoral sand and mud flats and sandbanks falling dry at low tide. Closer to the
shore, the supra-littoral zone follows, which is only sporadically flooded at high water levels such as
higher springtides or storm surges. This area includes the salt marshes and high beaches of the
mainland coast and of the dune islands.

The productivity of the Wadden Sea in terms of biomass is one of the highest in the world (CWSS 2008).
Primary production is dominated by microscopic algae, mainly diatoms, which in places cover the
sediment surface of the flats or drift in the shallow waters as planktonic algae. Additionally, there is an
essential import of phytoplankton from the offshore belt through the tidal inlets. These unicellular
algae are consumed by invertebrate herbivores and constitute an abundant and highly effective food
supply for rich zoobenthos numbers and biomass in and on the sediment: molluscan suspension
feeders such as mussel and oyster beds, deposit feeding worms and small snails (Beukema 1978,
Beukema et al. 2002, Asmus 1987, Reise et al. 1994). This biological production in turn, provides plenty
of food for small crabs, shrimp and fish (Smidt 1951, Kuipers 1977, Strasser 2002) as well as for wading
birds, gulls and ducks (Piersma 1987, Scheiffarth & Nehls 1997). The biomass of marine invertebrates
on the tidal flats is on average 20 times higher than for offshore benthic systems in the North Sea
(CWSS 2008). For this reason, the Wadden Sea is an important nursery area for fish, foraging and
resting ground for seals, waders and other waterfowl from in- and outside the Wadden Sea region.
About 10 million birds migrating on the East Atlantic Flyway use the area as an indispensable stepping
stone every year to generate the fat reserves needed for their long distance flights to the Arctic or to
Africa.

The different types of sediment forming the tidal flats and the subtidal areas, provide differing
environmental conditions for the benthic organisms living in or on the bottom of the Wadden Sea.
Depending on flow velocity, wave energy and inundation time, they have to cope with very unstable,
nutrient-poor but well oxygenated conditions in exposed sands on the one hand, and with stable and
nutrient-rich, but low oxygen conditions in mud flats on the other hand. These extremes cause high
specialization of the organisms for distinct environments forming habitats with typical species
communities. It has been shown that the spatial distribution of benthic communities is directly
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dependent on sediment grain size, water depth and exposure to hydrodynamic energy (e.g. Markert
et al. 2015). Open flats may consist of wave rippled sands, mixed flats, mud flats and bumpy mud fields.
Additionally, surfaces may be featured e.g. by coiled strings of sand which are the fecal mounds of
millions of lugworms (Arenicola marina) reworking the sediment, by dense fields of Sand Masons
(Lanice conchilega) whose tubes protrude above the sediment, by accumulated shell detritus, by
residual water coverage or by the more or less brownish-colored coverings of diatoms. More
conspicuous structures are formed by ecosystem engineers such as beds of Blue Mussels (Mytilus
edulis) and Pacific Oysters (Magallana gigas, syn. Crassostrea gigas) or seagrass beds established by
two species of vascular plants inhabiting the tidal flats, Dwarf Eelgrass (Zostera noltii) and Common
Eelgrass (Z. marina). Both, mussel beds and seagrass beds, are home and/or feeding ground for a
species-rich fauna, epiphytes and microflora. The transition from tidal flats to island or mainland coasts
is primarily formed by saltmarshes, a special habitat characterized by salt-tolerant plant communities
and a species-rich fauna adapted to it including many endemic taxa.

Altogether, a mosaic of different habitats and microhabitats results from the dynamics characterizing
the Wadden Sea — from environmental gradients, transition zones and small-scale changes of
important environmental conditions such as sediment structure, flow conditions, depth, temperature
and salinity. To these habitats, a large number of animal and plant species have adapted as a mixture
of residents, migrants and casual visitors. Reise et al. (2010) emphasize this complex matrix of habitats
occurring in dynamic sequences in a repetitive pattern due to the long chain of islands and shoals, tidal
basins and estuaries. They estimate a total number of about 10,000 species populating the Wadden
Sea ecosystem and in particular the saltmarshes harbor a large number of species. Yet, the actual
intertidal area, the tidal flats, are characterized rather by high abundances of individuals instead of
high biodiversity (CWSS 2008).

From the ecological perspective, the Wadden Sea is one of the last large-scale and near-natural
ecosystems in Central Europe with ecosystem services such as filtration and decomposition of organic
matter and a very high biological productivity that fulfill important ecological functions far beyond its
spatial limits in the adjacent North Sea, and also worldwide, e.g. in bird migration. Nevertheless, the
Wadden Sea also plays a vital role in coastal protection and has a very high economic importance.
Human activities such as tourism (more than eight million overnight stays a year only regarding the
Lower Saxon coast), fishing, agriculture, dredging and maritime transport are on the one hand crucial
economic factors for the coastal region, but on the other hand also pose a significant potential for
disturbance and pollution in the Wadden Sea area. In order to sustainably reconcile these different
interests and demands on the area, monitoring, management and protective measures are required
(CWSS 1997).

3.2 Remote Sensing in the Wadden Sea

3.2.1 Airborne Remote Sensing

Airborne remote sensing techniques such as aerial mapping and imagery have for long been applied in
research projects and some have been included in current operational monitoring programs. The
oldest series of aerial photographs (panchromatic, 1:25 000, pers. comm. NLPV) covering the Lower
Saxony tidal area date back to the years 1936-1939 (Reichsluftbilder, Federal Archives, Koblenz).

The aerial survey of selected species seems to have the longest history of environmental monitoring
in the Wadden Sea. In Lower Saxony, first counts of waterbirds from the aircraft have been carried out
in the 1950s, with surveys of moulting Shelduck (Tadorna tadorna) on Knechtsand (Goethe 1961). Since
1986, wintering stocks and moulting stocks of Common Eider (Somateria mollissima) have been
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recorded regularly by aerial surveys in coordination with Schleswig-Holstein (Nehls et al. 1988,
Swennen et al. 1989, Scheiffarth & Frank 2005). And since 1992, regular aerial counts for Common
Eider in winter and for Common Shelduck during wing moult (July/August) are carried out trilaterally
coordinated as part of the Joint Monitoring of Migratory Birds in the Wadden Sea (JMMB) in the
framework of the TMAP (Blew et al. 2005, Blew et al. 2017). Aerial counts to determine the population
of Harbour Seal (Phoca vitulina) are carried out regularly since 1975 (Abt 2002, Lienau 2010). With the
return of the Grey Seal (Halichoerus grypus) to the Wadden Sea, the monitoring has been extended to
cover this species as well (Jensen et al. 2017). Currently, trilaterally coordinated flights take place
annually, according to the 'Seal Management Plan' and the data are part of the Trilateral Monitoring
and Assessment Program (TMAP).

Results of a first systematic inventory of intertidal habitats based on a comprehensive data base,
including aerial photographs (panchromatic, 1:15 000 to 1:60 000) were compiled by Dijkema et
al.(1989) into 24 habitat maps (1:100 000) of the Dutch, German and Danish Wadden Sea. Due to the
base material used, these habitat maps represent the situation of the Wadden Sea at the end of the
1970s (Dijkema 1991).

Since the 1990s, aerial imagery has been applied conceptually and regularly in operational monitoring
programs to survey intertidal habitats of the Lower Saxony Wadden Sea. Since 1994, the monitoring
of mussel bed area is based on the analysis of aerial photographs and since 1999, aerophotos are taken
annually for this purpose (Millat 1996, Herlyn & Millat 2004, Herlyn 2005), starting with panchromatic
images (scale 1:15 000) and changing to true color (scale 1:20 000) in 2006 (Folmer et al. 2014). Aerial
imagery also contributes to biotope type mapping of the salt marshes since 1991 (Ringot 1992/1993,
Millat 1996, Esselink et al. 2009, Petersen et al. 2010) and is used by the responsible authorities for
coastal protection to monitor tidal inlets and deltas (NLWKN, unpublished data). The use of aerial
photographs in support of seagrass mappings has been examined by Kolbe (2011), who showed that
total seagrass cover must exceed 15% to be detectable with sufficient reliability. In majority, seagrass
beds along the coast of Lower Saxony are not that densely covered currently. However, the density of
intertidal seagrass beds varies within Wadden Sea regions and aerial mappings and imagery contribute
to annual surveys of seagrass beds with a cover of more than approximately 20% in Schleswig-Holstein
and Denmark. In The Netherlands, long-term seagrass monitoring was changed in 2009 from the
analysis of color-infrared (CIR) aerial photography to ground survey due to the sparse seagrass
coverage (Dolch et al 2017).

As a state-of-the-art three-dimensional terrain survey technique, also airborne lidar (light detecting
and ranging) is applied to derive highly accurate digital terrain models (DTMs) of the intertidal area
(Brzank et al. 2009). Lidar serves as a standard method for DTM generation in coastal zones, it delivers
dense and accurate data for large areas. However, only the intertidal zone can be covered by standard
laser because the near-infrared laser pulses are not able to penetrate residual water which remains in
some tidal areas and especially in channels even during low tide (Brzank et al. 2009, Schmidt et al.
2013).

3.2.2 Satellite-borne Remote Sensing

Early investigations on the use of satellite data for remote sensing the Wadden Sea are based on data
from the Thematic Mapper (TM) and the Multispectral Scanner (MSS) on board Landsat (e.g. Prober
1981, Dennert-Moller 1982, Bartholdy & Folving 1986), or synthetic aperture radar (SAR) data from
ERS-1/2 (e.g. Wang & Koopmanns 1995, Geoscan 1996, Lehner et al. 2001). Spatial resolution was in
the scale of about 30 m for ERS-1/2 SAR imaging and spectral Landsat (4-5) TM data (ESA Earth Online
2000-2019, NASA 2019a). The Landsat (1-5) MSS collected at a spatial resolution of 68 m x 83 m,
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commonly resampled to 57 m or 60 m (NASA 2019b). Increasing spatial and/or spectral resolution of
electro-optical systems (e.g., Landsat-8, RapidEye, SPOT-4, World-View, or currently, Sentinel-2) and
significant advances in synthetic aperture radar (SAR) technology also resulted in expanded research
on data analysis and furthered the development of image classification methods (see e.g. Moreira et
al. 2013, Mdiller et al. 2016).

The availability of increasingly relevant data was taken into account in a series of publicly funded
research projects. The EU-project HIMOM (2002-2005) was designed to provide a “system of
Hierarchical Monitoring Methods (HMM) for assessing changes in the biological and physical state of
intertidal areas” (HIMOM 2005, unpublished.). As part of the HIMOM project, data from Landsat 5 TM
and Landsat 7 ETM were used to generate an atlas of sediment types and vegetation coverage of 5
European estuaries, including selected parts of the German Wadden Sea. From 2005-2007, HIMOM
was followed by the German project OFEW (operationalization of remote sensing methods for
monitoring the Wadden Sea) to further develop satellite-borne remote sensing methods and
techniques for the Wadden Sea monitoring. The objective of OFEW was to develop standardized
methods for automated classification of sediment type, vegetation, mussel beds and chlorophyll-a
concentration (Brockmann Consult 2007, Stelzer et al. 2007). A central result of the project is a
classification methodology using linear spectral unmixing and knowledge-based decision trees for
electro-optical remote sensing data of medium spatial resolution, which is tens of meters (Stelzer et
al. 2007). This classification method was subsequently improved in the following projects DeMarine-
1-Environment TP4 (2008—-2011) and DeMarine-2 SAMOWatt (2012—2015), both part of the European
GMES program (Global Monitoring for Environment and Security, 2012 renamed Copernicus). To
provide area-wide information on the Wadden Sea surface, within these consecutive DeMarine
subprojects, high-resolution SAR data was integrated into the hitherto purely electro-optical data base
to develop a synergistic classification which led to significant improvements especially regarding the
identification of mussel beds (Stelzer et al. 2010). Additionally, the classification methods developed
for electro-optical data have been refined, applied and adapted to satellite data of different spatial
and spectral resolution (Stelzer et al. 2010, Miller et al. 2016). The application of satellite-borne
remote sensing and of Lidar to monitor the Wadden Sea was also a focal point of the WIMO project
and the frame for this dissertation (see chap. 2).

As a significant advantage of the projects listed above, the active cooperation between scientific
institutions and users such as representatives from public authorities has to be emphasized, being a
forward-looking approach.

3.2.3 SAR data for Remote Sensing in the Wadden Sea - State of the Art

A new class of high-resolution SAR sensors has enabled a new level of spatial resolution. Since the
launch of TerraSAR-X in 2007, followed by TanDEM-X (both X-band), the COSMO-SkyMed satellite
constellation (X-band), and Radarsat-2 (C-band), these satellites provide SAR data with resolutions in
the scale of meters (Moreira et al. 2013). The radar satellite Sentinel-1 with a slightly lower resolution
(5 m in stripmap mode) has been available since 2014 with open data policy. Due to their active
functionality, SAR sensors can record independently from daylight and cloud cover, which considerably
raises the availability of satellite acquisitions during low water time. For these reasons, SAR data has a
high potential for remote sensing in intertidal areas. Unlike electro-optical sensors and depending on
the wavelength used, synthetic aperture radar can be regarded as a measure of surface roughness
(e.g. Van der Wal et al. 2005, Aubert et al. 2011, Moreira et al. 2013), adding another valuable
perspective to remote sensing. Stelzer et al. (2010), Dehouck et al. (2012) and later Gade et al. (2014,
2015), Jung et al. (2015) and Miiller et al. (2016) demonstrated the potential of SAR data as a
synergistic input to multi-sensor approaches for the remote sensing of intertidal areas.
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Waterline detection and residual water:

An essential feature of SAR imagery is the ability to distinguish water cover from sediment surfaces.
Different approaches of waterline detection from SAR data have been developed and applied to tidal
flat areas in several regions worldwide with the aim to generate topographic maps and digital elevation
models (DEMs) of the intertidal zone and to monitor the longer-term evolution of tidal flats and tidal
inlets. For instance, Mason and Davenport (1996) developed a semiautomatic method for coastline
detection using a multi-scale approach, and Dellepiane et al. (2004) proposed to exploit coherence
measures of interferometric SAR couples. To detect waterlines in SAR images of the German Bight in
the south-eastern North Sea, Niedermeier et al. (2005) and Heygster et al. (2010) proposed wavelet-
based algorithms which they applied to map tidal flats of the large estuaries of the Elbe and Eider
rivers, and of an area of 50x100 km along the North Sea coast of Schleswig-Holstein and Lower Saxony.
The same method was used by Li et al. (2014) to generate annual topographic maps analyzing SAR
images collected over 8 years (1996-1999 and 2006-2009) for the northern German Wadden Sea.
These maps enable a view on tidal flats and sandbanks and the changes they undergo during these
years. More recently, Wiehle & Lehner (2015) presented an algorithm combining edge detection,
brightness thresholding and a previously determined coarse landmask which they applied to TerraSAR-
X acquisitions covering flats of the Schleswig-Holstein Wadden Sea. The objective of all these studies
was to use SAR data to detect the edges delimiting the contours of the exposed flats from the
surrounding tidal waters. In contrast, the residual water remaining on the flats during low tide has not
been investigated so far (cf. review of SAR applications by Lehner & Tings 2015). But it should not be
neglected, that residual water demarcates even shallow features of the sediment surface such as
depressions, puddles and bedforms in the SAR data. Thereby, it helps to identify geomorphic surface
structures which can provide insight into water drainage systems or further the understanding of
morphodynamic processes. For instance, satellite SAR was used by Kim et al. (2011) to detect puddles
related to groundwater discharge on tidal flats of the Korean Peninsula. Areas with higher abundances
of puddles could be distinguished from areas with lower abundances due to darker backscattering in
SAR images over the tidal flats.

Sediment composition:

Exposed and bare tidal flats have been studied with regard to sediment grain-size and surface
characteristics in connection with the contribution of surface roughness and moisture to the radar
backscattering. In tidal flats, soil moisture as the main factor affecting the dielectric properties usually
is very high, and the contribution of variations in such high values to variations in backscatter are
considered to be negligible compared to roughness (Van der Wal & Herman 2007, Gade et al. 2008).
Van der Wal et al. (2005) found correlations between mud content as well as sediment grain size and
backscatter coefficient extracted from ERS SAR data (C band) of intertidal flats in the Westerschelde.
Likewise, the studies of Deroin (2012) on radar backscattering of tidal sediments in the Baie des Veys,
Normandy, France, showed that backscattering is mainly influenced by the surface roughness. Gade et
al. (2008) used multifrequency data from SIR-C/X-SAR (L, C, and X band) for a crude sediment
classification based on surface roughness parameters in a tidal flat area off Dithmarschen (Schleswig-
Holstein, Germany) and Park et al. (2009) retrieved roughness parameters of intertidal mudflats which
can be related to surface sediment textures of biogenic, depositional or also land-use characteristics
by using polarimetric airborne SAR data (L band) in Suncheon Bay on the southern coast of the Korean
peninsula. A classification chain for mudflats and sand flats in intertidal zones using fully polarimetric
SAR data is proposed by Wang et al. (2017a) as a result of their studies on ALOS PALSAR-2 data (L band)
of the Chinese east coast. Concerning sediment classification on exposed intertidal flats, the use of
multi-frequency or multi-satellite data sets and also the complementary combination with electro-
optical remote sensing data which has been found to be sensitive to the correlation of grain-size and
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moisture conditions is emphasized by various authors dealing with the subject (e.g. Van der Wal &
Herman 2006, 2007, Gade et al. 2014, Wang et al. 2016, 2017).

Mussel beds:

Mussel beds formed as biogenic structures on tidal flats by bivalves such as Blue Mussel and Pacific
Oyster create a specific surface roughness which should be reflected in the SAR data. Choe et al. (2012),
Kim et al. (2013) and Cheng et al. (2013) detected specific microwave signatures backscattered from
oyster reefs, respectively from oyster farms using fully polarimetric C-band data (RADARSAT-2).
Nieuwhof et al. (2015) demonstrated that dual-polarized X- and C-band SAR data (TerraSAR-X and
RADARSAT-2) can be used to distinguish bare sediment (with up to 5% dispersed shellfish cover) and
shellfish substrates (>5% cover). The use of dual-co-polarization TerraSAR-X data was suggested by
Gade et al. (2015) and by Gade & Melchionna (2016).

Vegetation cover:

Dehouck et al. (2011) identified Cordgrass (Spartina spec.) and the complex of intermediate and upper
salt-marsh vegetation in TerraSAR-X imagery and Lee et al. (2012) also showed that high resolution
SAR, such as TerraSAR-X and Cosmo-SkyMed can also be used for mapping halophytes in tidal flats.

4 Specific Objectives and Research Questions

This chapter presents the specific objectives and issues of the three publications that form the
cumulative part of this study:

The studies were started in 2011 as a part of the WIMO project (subproject TP 1.4 “Application of high
resolution SAR-data (TerraSAR-X) for monitoring eulittoral surface structures and habitats”, see chap.
2). The overall goal was to evaluate the suitability of high-resolution imagery acquired by TerraSAR-X
to detect and map characteristic tidal habitats and geomorphological structures of the intertidal
Wadden Sea area.

At the beginning of the investigations, a reliable interpretation of the TerraSAR-X recordings had to be
developed and tested. Because of the widely varying appearances of most surfaces that are
permanently influenced by tidal dynamics, wind effects on water-covered surfaces as well as by
biological and morphological processes, it was necessary to find a non-specific, generic approach which
would also be quick and easily applicable. A quick evaluation was required to be able to carry out timely
inspections on the site and to be able to detect and verify the interpretation of the surface type and
potential changes. Therefore, regarding interpretation of the satellite data, the following questions
were in focus:

e Which TerraSAR-X products relating to footprint and resolution (StripMap, SpotLight, high
resolution SpotLight) are most suitable to detect and map characteristic intertidal habitats and
large scale surface structures of the Wadden Sea?

e Does statistical analysis of backscatter provide sufficient information to identify habitats and
geomorphic surface structures or is additional information needed — e.g. about patterns of
internal structures or textures?

e Isinterpretability of the images affected by geometry of acquisition? Are there any limitations
or advantages of different angles of incidence?

e How far can visual interpretation, as a non-specific, generic approach, be used to achieve a
reliable and fast interpretation of the TerraSAR-X data to capture the tidal areas?
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e Which intertidal habitats and large-scale surface structures are reproduced by TerraSAR-X and
how are they displayed?

e Can habitats and large-scale surface structures be reliably distinguished from each other in the
TerraSAR-X data? How reliable are the interpretation results compared to extensive field
observations?

With regard to Wadden Sea monitoring not only the identification, location and distribution of the
characteristic habitats and of large-scale geomorphological structures is of interest, but also areal
information is required to determine spatial extents and their development. Therefore, the question
arises:

e s it possible to define reliable outlines of habitats and large-scale surface structures from
TerraSAR-X data?

Having in mind transitional zones between different habitats or structures, a clear demarcation may
not always be possible:

e Which properties delimit the discrimination of tidal surfaces imaged by TerraSAR-X and the
determination of defined contours?

These questions have been dealt with in Publication | (“Remote Sensing Intertidal Flats with TerraSAR-
X. A SAR Perspective of the Structural Elements of a Tidal Basin for Monitoring the Wadden Sea”, chap.
5.1) which gives a broad overview of how habitats and structures are imaged by TerraSAR-X data,
whether and how they can be identified and contoured.

One of the detected structures, a type of intertidal bedforms, is examined in more detail in Publication
Il (“Monitoring spatiotemporal trends in intertidal bedforms of the German Wadden Sea in 2009-2015
with TerraSAR-X, including links with sediments and benthic macrofauna”, chap. 5.2). Based on this
example, more specific questions related to detection of geomorphological surface structures and
their dynamics are investigated:

e Is the detection of residual water in the bedform troughs suitable to survey the bedforms as a
whole?

And, as the patterns created by the residual water proved indicative of the described intertidal
bedforms:

e How can the areas of residual water cover be extracted and vectorized for comparison in a
time series of TerraSAR-X acquisitions?

e |s the available spatial and temporal resolution of TerraSAR-X data sufficient to track the
dynamics of geomorphological surface structures such as the observed bedforms?

The same intertidal bedform area was used in the investigations for Publication Il (“Integration of
TerraSAR-X, RapidEye and airborne lidar for remote sensing of intertidal bedforms on the upper flats
of Norderney (German Wadden Sea)”, chap. 5.3) in which the TerraSAR-X data are compared to
electro-optical and lidar data from two parallel WIMO subprojects. The general questions, which
basically motivate the studies presented here, in this publication are dealt with by way of example:

e  Which could be the contribution of TerraSAR-X data for an integrative monitoring concept for
future Wadden Sea Monitoring?

e What are the specific qualities of TerraSAR-X data in a multi-sensor approach for remote
sensing of tidal flats?
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5 Cumulative Section

This chapter comprises one publication in Remote sensing 10/7 (2018) and two publications in Geo-
Marine letters 37/2 (2017). In the following, the accepted manuscript versions are cited, therefore the
layout differs from that of the final publications.

5.1 Remote Sensing Intertidal Flats with TerraSAR-X. A SAR Perspective of the
Structural Elements of a Tidal Basin for Monitoring the Wadden Sea

Adolph, W.; Farke, H.; Lehner, S.; Ehlers, M. (2018). Remote Sens. 10 (7), 1085-1108.
DOI: 10.3390/rs10071085.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed
under the terms and conditions of the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

The final publication is available at MDPI via https://www.mdpi.com/2072-4292/10/7/1085.

Abstract

Spatial distribution and dynamics of intertidal habitats are integral elements of the Wadden Sea
ecosystem, essential for the preservation of ecosystem functions and interlocked with
geomorphological processes. Protection and monitoring of the Wadden Sea is mandatory and remote
sensing is required to survey the extensive, often inaccessible tidal area. Mainly airborne techniques
are carried out for decades. High-resolution satellite-borne sensors now enable new possibilities with
satellite synthetic aperture radar (SAR) offering high availability of acquisitions during low water time
due to independence from daylight and cloud cover. More than 100 TerraSAR-X images from 2009 to
2016 were used to examine the reproduction of intertidal habitats and macrostructures from the flats
south of the island of Norderney and comparative areas in the Lower Saxony Wadden Sea. As a non-
specific, generic approach to distinguish various and variable surface types continuously influenced by
tidal dynamics, visual analysis was chosen which was supported by extensive in situ data. This
technically unsophisticated access enabled us to identify mussel beds, fields of shell-detritus, gully
structures, mud fields, and bedforms, the latter detected in the upper flats of every East Frisian island.
Based on the high frequency of TerraSAR-X recordings for the Norderney area, a bedform shift was
observed in a time-series from 2009 to 2015. For the same period, the development of a mud field
with an adjoining depression was traced. Beside seasonal variations of the mud field, the formation of
a mussel bed settling in the depression was imaged over the years. This study exemplifies the relevance
of TerraSAR-X imagery for Wadden Sea remote sensing. Further development of classification methods
for current SAR data together with open access availability should contribute to large-scale surveys of
intertidal surface structures of geomorphic or biogenic origin and improve monitoring and long-term
ecological research in the Wadden Sea and related tidal areas.

5.1.1 Introduction

Tidal flat areas off shallow coasts can be found worldwide. The world’s largest coherent intertidal area,
the Wadden Sea, is stretching for over 500 km along the North Sea coast of The Netherlands, Germany,
and Denmark with a width of up to 20 km. The system of barrier islands, intertidal flats and sandbanks,
channels, gullies, and salt marshes forms the transition between the mainland and the open North Sea.
The Wadden Sea is one of the last large-scale and near-natural ecosystems in Central Europe, whose
ecological functions are supraregional and of far-reaching importance, e.g., as an indispensable
stepping stone for birds migrating on the East Atlantic Flyway. In addition, it also plays an important
role in coastal protection. The Wadden Sea is protected by a high national as well as international
conservation status and it is listed as UNESCO world heritage site. Regular monitoring of the area is
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mandatory but complex and expensive because of the large area of rough terrain which is accessible
only in tight timeframes due to the changing tides. Therefore, remote sensing techniques are required
and aerial mapping and photography (e.g., mussel beds, seagrass meadows, salt marsh vegetation) as
well as airborne lidar (light detection and ranging) provide the high resolution needed to determine
surface structures of the tidal flats or salt marsh vegetation types. Today they are applied in
operational monitoring programs of the Wadden Sea. Aerial photographs have been used in the Lower
Saxony Wadden Sea since the 1990s for the monitoring of mussel beds [1-3] and for biotope mapping
of the salt marshes [4-6]. Aerial photography and lidar are also used by the responsible authorities for
coastal protection (NLWKN, unpublished data). A possible support of the seagrass mappings by aerial
photographs was examined by Ref. [7].

Advances in synthetic aperture radar (SAR) technology have enabled a high level of spatial resolution
also for satellite-borne sensors implemented by a new class of high-resolution SAR satellites. Since the
launch of TerraSAR-X in 2007, followed by TanDEM-X (both X-band), the COSMO-SkyMed satellite
constellation (X-band), and Radarsat-2 (C-band), these satellites provide SAR data with resolutions in
the scale of meters [8]. The radar satellite Sentinel-1 with a slightly lower resolution (5 m in stripmap
mode) has been available since 2014 with open data policy.

With the technical improvements not only offered by the SAR sensors, but also with increasing spatial
and/or spectral resolution of electro-optical systems (e.g., Landsat-8, RapidEye, SPOT-4, World-View,
or currently, Sentinel-2), the use of satellite data for the protection and management of coastal areas
such as the Wadden Sea is becoming increasingly realistic. Against this background, a number of
German research projects such as OFEW (2005-2007), DeMarine-1-Environment TP4 (2008-2011),
DeMarine-2 SAMOWatt (2012—-2015), and WIMO (2011-2015) was conducted to apply high-resolution
satellite data for the requirements of monitoring and long-term ecological research in the Wadden
Sea; for overviews, see [9—13]. Various authors have demonstrated the value of state-of-the-art
satellite data for the exploration of tidal areas [10,11,14-20]. The further development of image
classification methods designed for the tidal area has gained pace, for example, regarding the
exploitation of polarimetric information from SAR data, whose potential has already been documented
by, e.g., Refs. [21-23].

The aim of the present study is to determine the potential of the high-resolution intensity images
acquired by TerraSAR-X to identify the distribution and development of the main geomorphological
structures and habitats in a whole tidal basin and their dynamics which are of utmost importance for
monitoring and long term ecological research but also for the management of the area. In order to
recognize as many different surface structures as possible, this study focuses on visual image
interpretation, which takes into account backscatter intensity and contrast as well as shapes, patterns,
and textures of surface features reflected by the SAR data, but also their configuration or surrounding
context. This is of particular importance because the Wadden Sea, characterized by a flat topography,
a very dynamic variability, the variety of gradients, transitional zones, and surface structures under the
influence of constantly changing water levels and weather conditions, poses great challenges to
classification of intertidal surfaces. In this context, visual analysis should provide technically
unsophisticated access to as much of the information contained in the SAR data as possible.

Previous knowledge and experience play an important role in the visual interpretation process, with
recognition and interpretation running through an iterative process, where both steps heavily rely on
one another [24]. That is, context information, such as environmental conditions (acquisition time
related to tidal cycle, water level, weather conditions) and processes, field experience, and in situ data,
which is difficult to quantify automatically, are essential components flowing into the analysis.
Therefore, in this study, extended field observations partly synchronous to the satellite acquisition are
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carried out throughout the period of the investigations to validate the image interpretation results. An
initial basis of the terrain knowledge was laid during the comprehensive mapping of the main study
area as part of the DeMarine-1 project.

TerraSAR-X spotlights and high resolution spotlights proved most suitable to investigate typical
intertidal surface structures and habitats such as mussel beds, shell-detritus, gully systems, mud fields,
and bedforms which are clearly reproduced and can be drawn from the intensity images by visual
analysis. Regarding intertidal bedforms, visual image analysis raised the assumption of bedform
movement, therefore the positions of bedform structures in the upper flats of Norderney were further
analyzed using the extensive time series of satellite images available for this study. For this purpose,
the water-covered bedform troughs were extracted from the TerraSAR-X images using an automated
method developed by Ref. [19].

The studies presented here were part of the German research project WIMO (Scientific monitoring
concepts for the German Bight) with subproject TP 1.4 (Application of high resolution SAR-data
(TerraSar-X) for monitoring of eulittoral surface structures and habitats). In addition, data from the
DeMarine-1 and DeMarine-2 projects with the subprojects TP4 (Integration of Optical and SAR Earth
Observation Data and in situ Data into Wadden Sea Monitoring) and SAMOWatt (Satellite data for
Monitoring in the Wadden Sea) have been included in the investigations.

5.1.2 Materials and Methods

5.1.2.1  Study Site in the Tidal Flats of Norderney (German Wadden Sea)

The study was carried out in the East Frisian Wadden Sea, which forms the western part of the German
North Sea coast between the river Ems and the Weser estuary. Towards the open North Sea, the
Wadden Sea is bordered by a chain of barrier islands (Figure 5.1-1a). The tidal flats between the island
of Norderney and the mainland coast were selected as the main study area. For comparative purposes,
surface structures from other parts of the East Frisian Wadden Sea are also included (Figure 5.1-1b).
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Fig. 5.1-1 The study area in the German Wadden Sea: (a) the Trilateral Wadden Sea in the
German Bight; (b) the main investigation area located at Norderney in the East Frisian
Wadden Sea.

The back-barrier tidal basin of Norderney covers the geomorphic structures and habitats which are
frequent and characteristic for Wadden Sea flats: mussel beds, fields of shell detritus, seagrass beds,
low lying areas collecting residual waters, a drainage system of channels and gullies and the tidal flats
varying in sediment composition from the more sheltered muddy regions near the mainland coast and
the watershed to the more exposed sandflats close to the Norderney inlet which connects the tidal
basin with the open sea. The different sediment types on the tidal flats and in the subtidal significantly

Cumulative Section 13



influence the environmental conditions for the organisms living in or on the bottom of the Wadden
Sea thus forming habitats with typical species communities. With a mean tidal range of 2.4 m+0.7 m
[25], the back-barrier tidal basin of Norderney is classified as upper mesotidal according to Ref. [26].

5.1.2.2 TerraSAR-X Data Base

SAR data were acquired by the high-frequency (9.6 GHz) X-band sensor of TerraSAR-X with a
wavelength of 3.1 cm, operating at 514 km altitude. The data were collected in Spotlight (SL) and High
Resolution Spotlight (HRS) mode, which provide ground range resolutions of 1.5-3.5 m [27], few
images were taken in stripmap mode with a resolution of 3 m. Since the SAR data should be combined
with extensive in situ data and to perform spatio-temporal analyses, Geocoded Ellipsoid Corrected
images (GEC) were chosen which can be easily imported into geographic information systems (GIS). To
allow acquisition times close to the time of low tide on the one hand, and to obtain a sufficient amount
of data on the other hand, SAR data had to be collected at varying orbits and incidence angles. This
enabled us to acquire extensive and detailed time series, as well as recordings before and after events
such as storm and storm tide or ice drift. From the resulting set of more than 100 TerraSAR-X images
available for the years 2009 to 2016, the SAR data documented in this study are listed in Table 5.1-1.
These images were acquired within the time period 1.5 h before and after low tide and apart from the
stripmap image recorded in HH-polarization, the data were taken vertically co-polarized (VV).

5.1.2.3 Image Analysis

The TerraSAR-X data were calibrated to “sigma naught” (00), the radar reflectivity per unit area in
ground range using ERDAS Imagine (version 2013—-2016), to correct for geometry of acquisition cf. [28].
For image interpretation and analysis the intensity images were directly imported into the geographic
information system (GIS) of ESRI ArcGIS 10.1 where the data was repetitively verified with geospatial
in situ data or compared to monitoring results.

According to initial tests, statistical analysis of backscatter differences such as height, mean value,
amplitude, or variance seemed not sufficient for the clear demarcation of most intertidal surfaces.
Therefore, in this study the images are analyzed via visual interpretation integrating i.a. the patterns
of internal structures or textures characterizing the surface structures reflected by TerraSAR-X data as
well as contextual data including extensive in situ data or weather and gauge level data (cf.
Introduction).

5.1.2.3.1 Visual Image Analysis

The radar backscatter recorded by the SAR sensor can be considered as a measure of the surface
roughness, with smoother surfaces rendered dark in the resulting image and rougher surfaces
appearing brighter. Characteristic surface properties of the various structures and habitats in the tidal
area therefore lead to corresponding patterns and textures in the radar image. A major difference is
seen between water-covered areas and exposed areas such as sediment surfaces and biogenic
structures. Although the water surface appears highly variable due to currents, wind, and waves—
sometimes in interaction with surface active agents such as biofilms—it can be clearly distinguished
from the emerged tidal flats, especially if the edges are markedly distinct. Even from gradual
transitions, which are also common in tidal areas, visual references to the surface morphology can be
obtained. On the flats, residual water trapped in hollow surface structures helps to detect or identify
geomorphic surface characteristics from TerraSAR-X images, such as depressed areas, bedforms, or
draining systems. Residual water also contributes to the identification of typical large-scale structures
and habitats with specific roughness properties such as mussel beds, fields of shell detritus or mud
fields. Associated puddles caught in the humpy sediment surface of a mud field or pools within mussel
beds are characteristic features reflected by specific patterns of backscatter in the SAR image.
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Tab. 5.1-1 TerraSAR-X acquisitions used in this study. Image mode: HRS = High Resolution
Spotlight, SL = Spotlight, SM = Stripmap, Inc. = Incidence angle, Orbit direction: A = ascending,
D = descending, A tLT = Acquisition time related to low tide (positive values: acquisition at
rising tide), Gauge level related to normal height null (NHN), WS, WD = wind speed, wind
direction.

site Date Image Rel. Inc. [°] Orbit AtLT Gauge WS WD
Mode  Orbit Dir. [min] [cm < NHN] [m/s] ]

Norderney 21/07/2009 HRS 131 20.8 A 63 1112 3.97 60
Juist/Borkum  05/04/2011 SM 63 37.4 D 9 1361 10.9°¢ 210
Spiekeroog 17/05/2011 SL 40 37.0 A 14 1423 7.68 270
Norderney 02/06/2011 HRS 116 45.1 A 11 1452 547 360
Norderney 04/06/2011 SL 139 23.3 D 0 1602 5.57 60
Norderney 16/07/2011 HRS 116 45.1 A -18 1522 3.27 160
Norderney 19/07/2011 SL 154 46.6 D -82 106 2 5.57 190
Norderney 14/10/2011 SL 139 23.6 D 15 1742 3.27 130
Norderney 10/01/2012 HRS 139 235 D 43 1162 3.67 270
Wangerooge 19/05/2012 SL 116 47.9 A 50 1445 488 30
Baltrum 07/06/2012 SL 63 35.3 D -52 1442 3.17 150
Wangerooge 15/10/2012 HRS 40 38.1 A -2 1424 6.28 160
Norderney 30/11/2012 SL 63 36.4 D 21 1292 5.47 10
Norderney 09/06/2013 HRS 131 21.1 A =23 1442 6.97 360
Norderney 28/02/2014 HRS 131 21.1 A 63 672 3.47 60
Norderney 14/06/2014 HRS 63 36.1 D 46 1322 9.97 350
Norderney 11/08/2014 HRS 116 45.1 A 6 1112 8.57 220
Norderney 07/12/2014 HRS 63 36.1 D 56 1022 7.67 190
Norderney 19/04/2015 HRS 78 54.3 D 40 166 2 2.97 260
Langeoog 21/06/2016 HRS 78 54.2 D 26 1052 2.57 310

Water level data (source: Federal Waterways and Shipping Administration WSV, provided by
Federal Institute for Hydrology BfG) are from the gauges: ! Borkum Fischerbalje, 2 Norderney
Riffgat, 3 Spiekeroog, * Wangerooge West, and > Wangerooge East. Wind speed and wind
direction (source: German Weather Service DWD) are from the weather stations: ® Borkum,
Norderney, and & Spiekeroog.

7

5.1.2.3.2 Digital Image Analysis

Visual image analysis raised the assumption of bedform movement in the upper flats of the island of
Norderney, therefore a spatio-temporal analysis of bedform positions was performed using the
extensive time series of satellite images collected during this study. To extract relevant markers from
the SAR data, bedform positions were determined by detection of the water-covered troughs
according to the method proposed by Ref. [19] which is based on textural analysis combined with an
unsupervised classification: For comparison with the complete set of TerraSAR-X data, the images were
re-sampled at their highest common resolution, a pixel size of 1.25 m. Speckle reduction was
performed by edge-preserving Frost and Median filtering and followed by a textural analysis
calculating Gray Level Co-occurrence Matrix (GLCM) statistical parameters (variance, homogeneity,
and mean) according to Ref. [29]. From the resulting feature images, the water-covered troughs were
derived by means of unsupervised ISODATA classification. Image processing was carried out using
ERDAS imagine (2013-2015) and ENVI 4.7 software. The classification output was vectorized and
imported into ESRI ArcGIS 10.1 for further analysis. The correct assignment of classes was verified by
regularly collected in situ data combined with visual interpretation of the SAR images.

5.1.2.4  Ground Truth, Monitoring and Environmental Data

Visual image interpretation was performed in conjunction with extensive ground truth data. The
background of the terrain knowledge comes from a survey carried out as part of the DeMarine-1
project in 2008/2009 [10,30]. In this context, the tidal areas of Norderney were surveyed according to
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a comprehensive protocol and photographically documented in a 300 x 300 m grid of stations. In 2014,
sections of the grid were revisited for comparison with the 2008/2009 situation. During the current
research on the WIMO project, all of the structures described below have been extensively validated
by GPS measurements and photo documentation, in part simultaneously with SAR acquisition (cf.
Figure 5.1-2). Garmin’s GPSmap 62s was used for the GPS measurements, the photos were taken with
cameras with GPS functionality. Additionally, the bedforms in the upper flats of Norderney were
validated by high-precision height measurements recorded by Real Time Kinematic Differential GPS
(RTK-DGPS) with a Leica Differential-GPS SR530 and AT 502 antenna type, see [19,20]. Furthermore,
data from the annual mussel monitoring program of the National Park authority in Lower Saxony
(NLPV) were used which are obtained by interpretation of aerial photographs. These data are available
as shapefiles and indicate the location and areal extent of the intertidal mussel beds of Lower Saxony
[31]. Environmental background information included water level data from the gauges at Borkum
Fischerbalje, Norderney Riffgat, Spiekeroog, Wangerooge West and Wangerooge East (source: Federal
Waterways and Shipping Administration WSV, provided by Federal Institute for Hydrology BfG), as well
as wind speed and direction data from the weather stations on Borkum, Norderney and Spiekeroog
(source: German Weather Service DWD).

[~

Fig.5.1-2 In situ verification of land-water-lines: (a) GPS measurement of channel edges
synchronous to satellite overflight at 14 min. after low tide (yellow line); (b) location of study
area (rectangle) in the tidal flats of Spiekeroog (SL of 17/05/2011, ascending orbit).

5.1.3 Results

Many characteristic habitats and large-scale surface structures of the tidal flats are clearly reproduced
by the TerraSAR-X data. They can be visually identified and analyzed from high-resolution (HRS),
spotlight (SL), and, depending on the size of the structure, even in stripmap (SM) images. Figure 5.1-3
gives an overview of the main study area, the tidal flats south of the island of Norderney, reproduced
by TerraSAR-X. The added in situ photographs illustrate some of the macrostructures imaged by the
SAR sensor. Some of them, such as mussel beds or fields of shell detritus, are usually displayed very
clearly due to their outstanding surface roughness and specific textures. Edges also, in particular the
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steeper slopes of channels and gullies or the steeply sloping edges of high sandflats, are clearly shown
depending on their orientation relative to the sensor.

Other intertidal structures, however, are specifically reproduced due to the contrasting water and
sediment surfaces. Most obvious, water level lines delineate the sub-littoral from the tidal area at low
tide or flooded areas from exposed flats in the course of the tides. But also residual water caught in
troughs and depressions helps to recognize the relief of tidal flat surfaces indicating structures such as
intertidal bedforms, depressed areas, or mud fields
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Fig. 5.1-3 Overview of characteristic habitats and large-scale surface structures of the tidal
flats south of Norderney, imaged by TerraSAR-X (02/06/2011 and 30/11/2012, large picture)
and the corresponding in situ photographs (small pictures).

5.1.3.1 Tidal Channels and Gullies

Twice a day, in the course of the tides, the tidal flats are flooded and drained through the system of
tideways, such as channels and gullies. Depending on their position in this system these tideways are
exposed to high flow velocities, which especially in sandy environments, causes regular shifts of the
edges and leads to highly dynamic channel courses. These tideways can be identified from TerraSAR-
X imagery (Figure 5.1-4) and over time, also the shifting of their courses or their positional stability.
Furthermore, characteristic shapes formed by the branches may provide information about the
surrounding sediment.

Channels and gullies are mapped in the TerraSAR-X data depending on their width, the shape of the
edges and the surface of the water they contain. In case of water-filled channels, the waterline will
mark the edge, whereas for smaller and dry-fallen gullies especially the steep edges eaten into the
sediment will be reproduced. The intertidal area shown in Figure 5.1-4a exposed to the direct influence
of the inlet between the islands of Norderney and Juist open to the North Sea exemplifies
morphological development in dynamic tidal areas. TerraSAR-X data from 2009-2012 enables one to
observe the shifting of the channel section during that period. Over the entire time, the channel has
been relocated by a maximum of over 100 m locally (Figure 5.1-4c). The branching arms, by contrast,
have remained largely stable. Part of the channel, north of the first branch in the upper part of the
image section, is stabilized by an adjoining mussel bed (indicated by internal structures and high
backscatter).
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Fig. 5.1-4 Relocation of tidal channels imaged by TerraSAR-X: (a) location of study area

(rectangle) in the tidal flats of Norderney (SL of 30/11/2012); (b) channel course in 2009 (HRS
of 21/07/2009, 111 cm < NHN, ascending orbit); (c) shifted channel course in 2012 (red lines)
compared to course of 2009 (bl/ue lines) (SL of 30/11/2012, 129 cm < NHN, descending orbit).

By means of visual analysis, the channels are clearly visible in the TerraSAR-X data (Figure 5.1-4b,c).
However, Figure 5.1-4b also illustrates how automatic channel detection may be difficult due to the
varying representation of the water surface and to internal patterns e.g., depending on the presence
of surface-active agents, weather, or flow conditions at the time of acquisition.

5.1.3.2 Intertidal Bedforms

5.1.3.2.1 Intertidal Bedforms in the Upper Island Flats of the East Frisian Islands

In large areas of the upper back-barrier tidal flats of the East Frisian islands, the sediment surface forms
a pattern of periodic crests and troughs thus creating bedform fields of considerable size. The troughs
are covered with water throughout the whole time of emergence, therefore the bedforms are clearly
reproduced by TerraSAR-X imagery and they can be detected in the whole set of images (acquired from
2009 to 2016) and in the upper island flat of each of the East Frisian islands. In Figure 5.1-5, an overview
of the bedform fields of the East Frisian islands is given, it shows the bedforms directly adjoining the
southern island’s shores are generally oriented in a north-easterly direction, but especially in the lower
flats also cross-profiles can appear. The dimensions and the exact orientations may vary from island to
island.

In the study area at Norderney the bedform positions and their dynamics were examined in detail. The
photograph (Figure 5.1-6a) gives an impression of their appearance in the field. The bedforms imaged
by TerraSAR-X and the vectorized classification result for the water-covered troughs are given in Figure
5.1-6b,c.
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Fig. 5.1-5 Bedforms in the upper flats of the East Frisian islands imaged by TerraSAR-X: (a)
Juist (SM of 05/04/2011, desc.); (b) Borkum (SM of 05/04/2011, desc.); (c) Norderney (HRS of
02/06/2011, asc.); (d) Baltrum (SL of 07/06/2012, desc.); (e) Langeoog (HRS of 21/06/2016,
desc.); (f) cross-patterns, detail of (g); (g) Spiekeroog (SL of 17/05/2011, asc.); (h) cross-
patterns, detail of (i);(i) Wangerooge (SL of 15/10/2012, asc.). HRS = High resolution
Spotlight, SL = Spotlight, SM = Stripmap acquisition mode of TerraSAR-X, asc. = ascending
orbit, desc. = descending orbit.

The results of the survey are described in detail by Ref. [19], who demonstrate that visual trough
detection as well as results from unsupervised ISODATA classification of textural parameters from
TerraSAR-X data are in good accordance with the in situ measurements of the bedforms. Spatio-
temporal GIS-analysis of trough positions extracted from a time-series of TerraSAR-X images then
revealed a shifting of the bedforms in an easterly direction during the study period from 2009-2015.
This general bedform shift is demonstrated for the years 2012—-2015 in Figure 5.1-7. The western
trough edges are highlighted because in situ measurements as well as TerraSAR-X data reproducing
variable states of water-cover indicate an asymmetry of the bedforms leading to steeper western
trough edges and smoother eastern edges. Therefore the waterlines of the western edges proved to
be a better indicator for the trough positions even with a slightly varying amount of residual water on
the exposed flats due to environmental conditions or tidal state.
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Fig. 5.1-6 Intertidal bedforms at Norderney: (a) photography of intertidal bedforms in the test
area (26/03/2014); (b) image section: test area in the flats of Norderney (HRS of 02/06/2011,
asc.); (c) Trough extraction result (white lines) from the same TerraSAR-X data.
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Fig. 5.1-7 Trough positions extracted from TerraSAR-X images of 2012-2015. Western trough
edges are highlighted (reprinted by permission from Springer Nature Terms and Conditions for
RightsLink Permissions Springer Customer Service Centre GmbH: Springer Nature, Geo-Marine
Letters: Monitoring spatiotemporal trends in intertidal bedforms of the German Wadden Sea
in 2009-2015 with TerraSAR-X, including links with sediments and benthic macrofauna,
Adolph et al. 2016).
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The high frequency of TerraSAR-X data acquisition also enabled us to study the bedform positions in
the course of the year and in connection with the effects of storm events. Adolph et al. [19] showed
that the trough positions extracted from TerraSAR-X data generally remained stable from late winter
to late summer and a shift to the east regularly occurred during winter. The change from the summer
to the winter situation in 2013 provides a good insight into the shifting forces. In that year, the troughs
kept their positions in every TerraSAR-X acquisition from February to August. However, the TerraSAR-
X data from mid-December show a clear bedform shift which is most likely the effect of two very heavy
gales in late October and early December with maximum wind speeds exceeding 130 and 120 km/h,
respectively [19].

5.1.3.2.2 Temporary Surface Structures

Observing the tidal areas by means of TerraSAR-X data, different types of linear structures of the
sediment surface were identified. So far, no further investigation of any of these structures has been
carried out but similar characteristics were found in TerraSAR-X images of tidal areas throughout the
East Frisian Wadden Sea, and also in transition from the tidal to the subtidal areas. In this way,
TerraSAR-X imagery opens up new insights into large-scale tidal flat morphology and provides an
opportunity to examine its genesis, development, and the significance for the tidal areas.

Southeast of the island of Wangerooge, as an example, in the near-shore area close to the mainland,
linear surface structures were detected on a TerraSAR-X image from 2012 and verified in situ. A field
of common cockle (Cerastoderma edule) apparently stabilized the linear structures and made them
both more durable and more conspicuous in the TerraSAR-X data. Additionally, the elevated ridges of
the sediment and cockle surface were covered by green algae, which contributed to the clear picture
(Figure 5.1-8). In situ observations in 2016 have shown that in the meantime, the cockle field had been
occupied by blue mussels (Mytilus edulis) and turned into a patchy mussel bed.
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Fig. 5.1-8 Temporary linear surface structures in the tidal area south of Wangerooge: (a) Tidal
flats between the island of Wangerooge and the mainland coast, rectangle marks image
Section b (SL of 19/05/2012, asc.); (b) linear surface structures within and in the surroundings
of a cockle field (C. edule), point marks position of photographer; (c) photography of surface
structures (02/06/2012).

Cumulative Section 21



5.1.3.3  Mud Field

The large mud field close to the watershed of the tidal flats beneath the island of Norderney extends
over ca. 1.8 km along the Riffgat channel (see Figure 5.1-9) with a width of 300—400 m. On the wavy
to humpy sediment surface, water puddles formed between the muddy humps resulting in a
characteristic pattern (see Figure 5.1-9e), leading to a relatively high backscatter in the TerraSAR-X
data. In addition, the mud field is traversed by a dense network of highly branched gully structures
which drain the water from the adjacent depression in the south of the mud field to the channel in the
north. These properties lead to a specific reproduction of the mud field in the TerraSAR-X images
characterized by a high backscatter and the recognizable texture of the many gully structures (see
Figure 5.1-9b). The contrast with the Riffgat channel and the water covering the area of the depression
also facilitate to determine the contours of this mud field. In situ the southern edge of the mud field is
clearly marked by the finely branched gullies originating from the water-covered depression. Here, the
surface of the muddy deposits stands out from the more solid, smoother sediment surface of the
depressed area (see Figure 5.1-9c,d). Therefore, GPS measurements of the mud field’s edge carried
out in summer 2011 (27/07/2011) show very good agreement with the contours reproduced by the
TerraSAR-X acquisition recorded within a short time frame (16/07/2011). In Figure 5.1-9b, the yellow
line represents the GPS measurement.
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Fig. 5.1-9 Large mud field in the tidal area of.Norderney: (a) location of the mud field close to
the watershed, marked by oval line (HRS of 02/06/2011, asc.); (b) GPS measurement of mud
field’s edge taken on 27/07/2011 (yellow line) compared to TerraSAR-X HRS of 16/07/2011,
asc.; (c) photography along the mud field’s edge (27/07/2011); (d) gully delta at the mud
field’s edge (27/07/2011); (e) humpy mud field surface with water puddles (27/07/2011).

Seasonal Aspects

In situ studies show variations in the surface form of the mud field. Extent and height of the muddy
humps vary as well as their shape, which can be smooth and wavy or in contrast have steep erosive
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edges. These variations may occur locally, e.g., the silt surface always tends to be smoother on the
edge of the mud field towards the depression. Overall, however, the field surveys showed that the
mud field surface was more pronounced during the calmer season of the year (usually the summer)
than after the stormy time of winter. When GPS-measuring the mud field’s edge in summer 2011
(27/07/2011), the mud deposits clearly stood out from the depressed area covered with water. Thus,
the boundary of the mud field was obvious and also well defined by the waterline (see Figure 5.1-9b,c).
In the following January (17/01/2012), after two storms had passed through in the first days of the
month (03—-06/01/2012), a much more gradual transition was observed from the depression to the
mud field. While the gully deltas where still in place, the smooth, slightly wavy surface of the silt
accumulation began to emerge only gradually from the lower area, just beyond the ends of the gully
deltas.

In fact, regarding the mud field over several years (2011-2015) in the TerraSAR-X data, seasonal
changes are observed. During summer, the mud field surface is displayed in full width with high
backscatter, in winter, however, the area of high backscattering retreats towards the Riffgat channel.
The internal gully structures, on the other hand, remain visible throughout the year, across the entire
width from channel to depression. This can be seen in Figure 5.1-10a—d showing the reproduction of
the mud field in TerraSAR-X acquisitions from summer 2013, the following winter (02/2014) and the
next summer (06/14) and winter (12/2014). The formation of similar mud fields between tidal channels
or expanded gully deltas and low-lying, often water-covered flat areas (depressions) with a network of
gullies connecting both across the mud field, can also be seen in SAR images covering the tidal areas
of other East Frisian islands.

L e e ' S L Winter 2014/15

Fig. 5.1-10 Seasonal aspects of the large mud field close to the watershed of the tidal area of
Norderney reproduced by TerraSAR-X HRS acquisitions, VV polarised, ©DLR: (a) 09/06/2013,

orbit 131, asc., 144 cm < NHN; (b) 28/02/2014, orbit 131, 67 cm < NHN; (c) 14/06/2014, orbit
63, desc., 132 cm < NHN; (d) 07/12/2014, orbit 63, 102 cm < NHN.

5.1.3.4 Mussel Beds

Intertidal settlements of blue mussels (M. edulis) associated with Pacific oysters (Crassostrea gigas)
form solid structures sticking out above the sediment surface. These biogenic structures are
characterized by a high surface roughness caused by the mussels and by the larger Pacific oysters often
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growing upright. They are reflected with high backscatter in the SAR images and the varying forms of
appearance in which mussel beds occur in situ are also reproduced by the TerraSAR-X data: Young
beds that have settled during an actual spat fall are relatively homogeneously occupied by mussels or
by homogeneously distributed smaller patches. Over the years, a typical structure of mature beds
develops, in which more or less elevated areas covered by mussels form an irregular pattern with open
interspaces. This is reflected in the TerraSAR-X data accordingly, with young beds showing
homogenous backscatter, while old mussel beds have characteristic internal structures (Figure 5.1-
11a). In most cases the mussel beds reflected by TerraSAR-X are in good agreement with field
observations or with the monitoring results currently obtained from aerial photographs. This is
exemplified in Figure 5.1-11b, where the yellow line represents the monitoring result from the year of
the TerraSAR-X acquisition.

Fig. 5.1-11 Mussel beds in the central area of the tidal flats south of Norderney imaged by
TerraSAR-X (SL of 19/07/2011, desc.): (a) established old mussel bed (1) and young mussel
bed (2); (b) yellow line represents monitoring result from aerial photography interpretation
(2011).

5.1.3.5 Tidal Flat Dynamics Imaged by TerraSAR-X

The tidal area close to the watershed of the Norderney basin between the eastern Riffgat channel and
the mainland coast may serve as an example to demonstrate both the stability and the variability of
tidal areas and their reproduction in the TerraSAR-X data. A time series of TerraSAR-X images shows
the developments taking place in this area from 2009-2015 (Figure 5.1-12). The branches of the Riffgat
channel, at the top of the picture, do not change their courses during this period. Likewise, the large
mud field (Figure 5.1-12, Region 1) remains as such, only the shape of the southern edge, constituting
the boundary to the adjacent depression, changes slightly. The gully structures within the mud field
remain essentially the same, even if displacements occur in the course of the smaller branches. Since
the TerraSAR-X data were recorded in April to July, the mud field is shown in the aspect of the calmer
season in each of the four SAR acquisitions. Compared to 2009, the area increased slightly in 2011,
2014, and 2015.

Most obvious in the SAR data, however, is the development of mussel beds in the low lying area south
of the mud field (Figure 5.1-12, Region 2-4): in the field surveys of 2008/2009, this area proved to be
a depression with open sediment surface, often water-covered, and in wide areas densely populated
by common cockles (C. edule) and the polychaete worm sand mason (Lanice conchilega). Sand masons
build tubes protruding up to a few centimeters above the sediment surface which leads to an increased
roughness, particularly when they break through the surface of shallow water covering the flats (Figure
5.1-12a, Region 4, see also photography in Figure 5.1-12a). Just like the shell detritus of cockles (cf.
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chap. 3.2), sand masons can serve as a substrate for the settlement of blue mussels. In 2011, the first
mussel settlement in this location was reproduced in the TerraSAR-X image (Figure 5.1-12b, Region 4),
and in the data from 2014, the mussel bed with its internal structures is already well recognizable as
such (Figure 5.1-12c, Region 4, photography in Figure 5.1-12c). The typical pattern of an established
mussel bed can be seen here in 2015 (Figure 5.1-12b—d). Southwest of the mud field however, a mussel
bed with open structures developed from 2009 to 2011, which in the following years recedes and
confines to a few central bed structures in 2014/2015 (Figure 5.1-12, Region 3).

In effect, the area of the extensive depression clearly discernible in 2008—-2011, has narrowed until
2015. It has been taken up, in particular, by scattered mussel settlements but also by accumulations
of muddy sediment, partly forming temporary linear structures (Figure 5.1-12c,d, Region 2) which are
visible at the mud field’s edge in 2014 and throughout the area of the formerly water covered
depression. These may be due to the unusually turbulent summer season of that year [32,33].

South of the mussel bed in Region 3, higher backscatter is visible especially in the 2014 acquisitions
(Figure 5.1-12c). From the field surveys it is known that, in this area, fields of seagrass patches occur.
Seagrass itself was not detected in the TerraSAR-X data according to this study, as it lies flat on the
sediment at low tide and is characterized mainly by its spectral features. In some cases, though, the
seagrass vegetation leads to the formation of elevated surface structures, which are reflected in the
SAR data.

In summary, certain habitats and structures such as the mud field, mussel bed, or the water-covered
depression are clearly recognizable in the TerraSAR-X data due to typical characteristics and patterns.
Intermediate states of developments or vague surface structures, on the other hand, can only be
identified through field observations or context knowledge. This applies, for example, to the extensive
fields of sand mason, which can be recognized at the appropriate level of residual water due to the
disturbance of the smooth water surface, to scattered young mussel settlements and oyster scree
scattered by winter storms, or to the surface structures sometimes generated by seagrasses.

For monitoring, often it is sufficient to carry out a correct identification of a structure in situ once, to
determine its characteristics and boundaries. Further development can then be monitored via
TerraSAR-X data.

5.1.4 Discussion

The results of the present study show the great potential of satellite SAR data to contribute to the
monitoring of the tidal Wadden Sea area. Visual image interpretation of TerraSAR-X data combined
with extensive in situ data enable the detection and observation of various large-scale surface
structures and characteristic habitats. This is to be emphasized as the smooth and dynamic relief of
the Wadden Sea, influenced by variable water levels and weather conditions, places great demands
on classification methods in general.

5.1.4.1 Geometry of Acquisition

In general, using different geometries of acquisition, different angles of incidence, and ascending and
descending orbit directions, we found that the reproduction of surface structures indicated or
amplified by the contrast of sediment and water surfaces is relatively insensitive to geometry of
acquisition when making use of visual image interpretation. The same holds for habitats with an
extensive three-dimensional surface roughness, such as mussel beds, mud fields, and fields of shell
detritus which can be visually identified by their specific patterns and textures under the differing
geometries we used.
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TerraSAR-X 16/07/2011 © DLR

TerraSAR-X.14/06/2044€ b TerraSAR-X 14/08/2015 © DLR
Flg 5.1-12 Time series 2009-2015 of tidal area imaged by TerraSAR-X, HRS: (a) 21/07/2009,
asc., 111 cm < NHN and photograph of 14/07/2008; (b) 16/07/2011, asc., 152 cm < NHN; (c)
14/06/2014, desc., 132 cm < NHN and photograph of 17/10/2014; (d) 19/04/2015, desc., 166
cm < NHN. (1) mud flat; (2) depression; (3) area of patchy mussel bed; (4) area of solid mussel
bed.

However, we found some variations in the characteristics of the TerraSAR-X images are due to varying
incidence angles of the geometry of acquisition. In near range, that is at small incidence angles <24°
(relative orbits 131, 139), the images show sharp contrasts and widespread high backscatter.
Therefore, strongly scattering structures that are not well demarcated from each other. Mussel beds,
humpy mud fields with a dense network of gullies, sediment surfaces roughened by sandworm
(Arenicola marina) heaps, and steep sandy slopes (depending on exposition in relation to sensor, orbit
direction) are displayed similarly brightly which makes the differentiation of these surfaces more
difficult. Furthermore, in mussel beds, internal structures are less recognizable. However, when
surrounded by smooth surfaces, e.g., smooth water cover, these scatterers stand out sharply. Any
roughness of the water surface, on the other hand, is also highlighted and eddies and currents can
clearly be seen when biofilms or other surface-active agents are present. As backscatter values of the
flooded areas can be quite high, they often exceed those of smooth intertidal surfaces.

With incidence angles of 30-40° (rel. orbits 40, 63), the water surface becomes more uniform and
scatters less, the images are less sharp in contrast and more differentiated in the backscatter values.
Mussel beds and other structures with high backscatter are better distinguished from each other and
from rougher surroundings.

Increasing incidence angles of 40-47° (rel. orbits 116, 154), amplify further differentiation of
backscatter intensities. Mussel beds, for example, stand out more clearly from their surroundings,
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from other rougher surfaces, or from steep edges with high backscatter, which is also due to the fact
that the internal structures are better recognizable. Fine linear structures of the sediment surfaces are
clearly visible.

All of this is reinforced with incidence angles above 50° (rel. orbits 25, 78). Mussel beds are clearly
recognizable. However, gradual transitions are now displayed very fluently and demarcations are
therefore less obvious. Under good environmental conditions, i.e., with well drained flats, fine surface
structures are clearly visible (e.g., linear structures).

In summary, for most intertidal surface types acquisitions at incidence angles between 30-47°
therefore are most suitable. For specific questions smaller or higher incidences can be useful.

5.1.4.2  Environmental Influences—Water Cover

An essential aspect in the interpretation of SAR images from tidal areas is the varying presence of
water. Apart from the tidal cycle, the water regime is influenced by external conditions affecting tidal
water level and, to a lesser extent, also residual water remaining on the flats. Therefore, knowledge of
weather and environmental conditions at the time of recording or in the time before may be essential
for image analysis. Time of exposure, wind speed and direction, as well as spring/neap tides affect the
water coverage in the area but they may also influence the roughness of water and sediment surfaces
or sediment moisture. Hence, the same area may appear partly different in SAR acquisitions taken at
different times. In general, the flats are better drained after low tide compared to the time of falling
tide, even at the same gauge level. Such effects should be taken into account as well as knowledge
about general processes and phenomena occurring in tidal areas.

As an example, the appearance of tidal channels, creeks, and gullies reproduced in SAR images is
heavily dependent on water level as soon as the water reaches the tideway’s edges or goes beyond.
Therefore, changes in water level due to weather conditions or even wind-drift may have an effect
especially on the gently rising slip-off slopes in contrast to the steep edges of the eroding banks, whose
positions will not be markedly affected even for larger variations of the water levels. Thus, to observe
and compare the courses of channels and gullies, they should on the one hand be imaged close to
maximum drained stage, and on the other hand the steep eroding banks should be used as markers.
The same applies when determining migration rates for bedforms in the upper island flats, whose
slopes have been found to be slightly asymmetrical [19]. Conversely, in the case of multi-temporal
acquisitions, the magnitude of changes in the water level lines would indicate the slope inclination.

On the whole, the SAR data used in this study not only image the channel network and drainage system
in tidal areas but they also provide a valuable source of insight into surface morphology of tidal flats
mapped due to accumulation of residual water on the exposed flats. Such are the distribution of
depressed areas indicated by frequent water coverage or troughs marking bedforms of the sediment
surface.

5.1.4.3  Visual Analysis and Classification

Overall, the visual approach proved generic enough to provide an overview of most elements
structuring the main research area at Norderney by taking into account not only statistical parameters
such as backscatter intensity and contrast, but also shapes, sizes, patterns, and textures of surface
features reflected by the SAR data, as well as their spatial distribution and surroundings. Especially
patterns, texture, and context information proved to have a great significance for the image
interpretation. The importance of contextual information—site and time specific—in SAR image
interpretation is also emphasized by Ref. [34] who studied the effects of environmental factors and
natural processes on radar backscattering in the Korean tidal areas.
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Although successful application of TerraSAR-X images is shown, the results also indicate problem zones
and variations with the risk of misinterpretation. Areas with no clearly distinctive features or with
broad transition zones between habitats may demonstrate the limits of exact demarcation. Mussel
beds can exemplify both clearly identifiable areas and problem zones, which will be discussed in the
following.

Mussel beds are particularly well recognized by their specific internal structures of beds and
interspaces, which also allow a certain understanding of their maturity and compactness. Still, due to
variability in the appearance of habitats and structures, misinterpretation can occur, e.g., with shell
detritus. Mostly, fields of shell detritus are easy to distinguish from mussel beds, because they lack the
characteristic internal structures. However, for young mussel beds or very densely covered areas of
mussel beds, internal structures may be similar. In these cases, supplementary in situ data is necessary
for correct interpretation of the SAR data. Likewise, steeply sloping edges of high sand flats exposed
to the sensor could be mistaken for dense beds of mussels or shell detritus, although these are often
recognizable from their location, or from comparison with acquisitions of a different recording
geometry. In case of doubt, the structure should be clarified on site. Surfaces that have been identified
and verified can then be tracked over time in the SAR data with little effort. Or they can also be
identified in other places with this acquired knowledge.

The sole visual analysis of the TerraSAR-X images may also reach its limits when it comes to
determining the exact demarcation of surfaces which directly merge into each other with flowing
transitions e.g., where mussel beds are directly surrounded by humpy mud flats or fields of shell
detritus that extend far beyond the mussel bed and represent their own habitats. In such cases, again,
field observations are needed. Preferably, additional distinguishing characteristics are to be found to
design a specific classification method, for example, by exploiting the polarized information of the SAR
data. Various authors have shown the additional potential of multi-polarization SAR imagery for the
detection of bivalve beds, using fully polarimetric e.g., [35,36] or dual-copolarized SAR data [37,38].
Wang et al. [22] discriminated bivalve beds from the surrounding bare sediments through polarimetric
decomposition based on dual-copolarized SAR data. Further research is needed to investigate to what
extent polarimetric information can be used for the detection of other surface types in the tidal area.
Geng et al. [21] identified different surface cover types (i.e., seawater, mud flats, and aquaculture algae
farms) through polarimetric decomposition, and Ref [39], and recently Ref [23] pointed to the potential
of fully polarimetric interpretation of SAR imagery for classification purposes in tidal areas.

Gade et al. [23] found evidence of mapping characteristics of seagrass beds in SAR data from the
Schleswig-Holstein Wadden Sea, whereas in the present study, no general detection of seagrass is
proven. In some cases, areas of which seagrass vegetation is known from the field surveys, were
characterized by diffusely elevated backscatter values, which may be due to elevated structures of the
sediment surface induced by the seagrass cover. Comparative areas vegetated by seagrass, however,
could be completely inconspicuous in the SAR data. However, the seagrass stocks in the Lower Saxony
Wadden Sea are smaller and of significantly lower density than those in the Schleswig-Holstein
Wadden Sea. For these reasons, recognition of seagrass was not pursued in this study. Still, seagrass is
a parameter required for Wadden Sea monitoring. For test areas in the Schleswig-Holstein Wadden
Sea, Ref. [11] showed that seagrass meadows can be classified based on optical satellite data with a
high degree of detail. At present, electro-optical sensors seem to be essential for the detection of
seagrass—respectively of vegetated areas—but merging with SAR data could also include surface
roughness information. If it is proven that seagrass meadows produce characteristic surface structures
reflected by the radar return, this could facilitate their differentiation from green algae or diatoms.
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Sediment distribution on tidal flats is another information that would be important for monitoring, but
could not be directly obtained from the SAR data by visual interpretation. In some cases indirect
detection methods are conceivable, e.g., for mud fields, which are characterized by a humpy surface
with puddles and dense gully structures. Also channel network features i.e., the meandering patterns,
density and complexity of creeks and gullies and their branches provide, among others, information
about the surrounding sediment. The authors of Refs. [40,41], who extracted the geometric
information of tidal channels from aerial photography as well as Ref. [42], using electro-optical satellite
data (KOMPSAT-2), found lower tidal channel density in areas of higher sand percentage, while
complex and dendritic channel patterns were found in mud flat areas. Regarding movement of
sediment, Ref. [43] applied the waterline technique to satellite SAR to form a Digital Elevation Model
(DEM) of the intertidal zone of Morecambe Bay, U.K. for measurement of long-term morphological
change in tidal flat areas. Automated waterline extraction from SAR imagery is used by Ref. [44] for
determination of changes in coastal outlines.

The present study shows that visual interpretation of SAR imagery has its own value in support of
monitoring and questions of ecological or morphological research in tidal areas. It provides technically
unsophisticated access to remote sensing information about characteristic surface structures which
can be used by nature protection managers or researches of various disciplines. As a first analysis
approach, visual interpretation can also indicate the potential of the satellite SAR data for further
investigation and thus may provide pointers for the development of automatable classification
methods with regard to monitoring requirements. Currently, Sentinel-1 is providing an increasing base
of SAR data available with open and free access which can be screened for monitoring and research
for the Wadden Sea.

5.1.4.4 Contribution of Satellite SAR for Future Monitoring of Tidal Flats

The regular recording of position, area, and status of characteristic spatial structures in defined time
intervals is an indispensable condition for monitoring tidal flat areas such as the Wadden Sea.
Monitoring this area has to integrate differing requirements which cannot be provided by a single
sensor system. Therefore, a spatially and temporally differentiated monitoring concept combining the
benefits of different sensor classes has to be developed. This study has shown that particularly habitats
and geomorphic structures characterized by their surface roughness combined with specific textures
and patterns are clearly recognizable in TerraSAR-X acquisitions. Other surface structures are virtually
marked by residual water, which is an outstanding advantage of this sensor technology. Because of
the high temporal availability, SAR data are also predestined to cover periods between sumptuous in
situ campaigns, expensive recordings such as lidar scans, or electro-optical acquisitions dependent on
daylight and weather. Thus, continuity in the tracking of dynamic structures can be ensured or new
events can be discovered in a timely manner by the SAR sensors.

Another approach to meet the monitoring requirements is to directly fuse data from different sensor
systems to leverage their respective benefits concerning areal coverage, spatial and temporal
resolution, sensitivity, and geometric accuracy while also taking into account financial aspects. In this
regard, the advances in satellite technology and the open data policy for imagery from an increasing
number of sensors, such as recently the sentinel satellites from the ESA Copernicus program, has
already promoted the development of image classification methods. Against the background of the
different sensor properties, the combination of different SAR sensors as well as SAR and optical sensors
has been examined to refine the differentiation between scatterers or to obtain high-resolution
multispectral images e.g., [45-48]. For tidal areas, e.g., Ref. [49] used information from both space-
borne microwave (SAR) and optical/shortwave infrared remote sensing to determine sediment grain-
size of tidal flats in the Westerschelde, and Ref. [50] investigated the use of multi-frequency SAR data
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for sediment classification and for the detection of bivalve beds. Results from the DeMarine projects
[10,11,14] and the WIMO project [15,17,20] have also shown that a combination of high spatial
resolution SAR data and specific spectral resolution (specific wavelengths) benefits the classification
of intertidal habitats. New algorithms and procedures in the area of neural network deep learning
[51,52] may also bring advances in information extraction from satellite data.

So, to develop operational methods that harness satellite-based remote sensing data for Wadden Sea
monitoring and meet the requirements of monitoring obligations from national and international
legislation, the advantages of various sensor classes and methods of information extraction will have
to be combined. Regarding the exponential growth of technology and methods of information
extraction, interdisciplinary research as well as collaboration of nature protection managers with
experts in electro-optical and SAR remote sensing will be absolutely beneficial.

5.1.5 Conclusions

e High-resolution SAR data as recorded by TerraSAR-X enables identification of essential
geomorphic surface structures and habitats of the Wadden Sea ecosystem and their dynamics.

e Independence of SAR sensors from daylight and weather and a high repetition rate (11 days
for TerraSAR-X) offer high temporal availability of data and allow to record long-term
developments, short-term (e.g., seasonal) developments, and also event effects (e.g., storms,
human intervention).

e Even in the spotlight modes providing highest spatial resolution, the footprint of one
acquisition covers about the area of a tidal basin. This allows one to determine the status, size,
and distribution of the intertidal macrostructures and habitats of a whole sub-unit of the
Wadden Sea ecosystem.

e Visual interpretation of TerraSAR-X data combined with context information such as ground
truth, monitoring results, or data on environmental conditions, both integrated in a GIS,
proved to be a technically unsophisticated access to the information contained in the SAR data.
As a first analysis approach, it can also provide basics for the further development of
automatable classification methods.

e High-resolution SAR sensors can contribute relevant data for remote sensing the Wadden Sea.
For future Wadden Sea monitoring or long-term ecological research, the combination or fusion
of appropriate sensor data (e.g., SAR, multi-spectral data) is promising to significantly expand
the interpretation options of advanced satellite-borne remote sensing techniques and to
develop automated classification methods.

e In this study, the integration of diverse spatial data (such as large-scale remote sensing data
and local sampling data) in a GIS has emerged as an essential component assisting the visual
analysis. Beyond that, in a broader context, GIS allow to merge classification results and thus
to compose a multifarious overall picture (respectively data base) of the Wadden Sea
ecosystem which can support the inter-disciplinary analysis of complex relationships and
processes.

e The overview of the geomorphic and biogenic structural elements and habitats of the Wadden
Sea ecosystem, their spatial arrangement and dynamics, seen from the perspective of satellite
remote sensing using both optical and SAR sensors should be used to contribute to a holistic
approach to monitor and further explore the eco-morphological evolution of the tidal system
of the Wadden Sea and related tidal systems worldwide.
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5.2 Monitoring Spatiotemporal Trends in Intertidal Bedforms of the German
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http://dx.doi.org/10.1007/s00367-016-0478-y. Changes are made (layout).

Abstract

Satellite synthetic aperture radar (SAR) holds a high potential for remote sensing in intertidal areas.
Geomorphic structures of the sediment surface generating patterns of water cover contrasting with
exposed sediment surfaces can clearly be detected. This study explores intertidal bedforms on the
upper flats bordering the island of Norderney in the German Wadden Sea using TerraSAR-X imagery
from 2009 to 2015. Such bedforms are common in the Wadden Sea, forming crests alternating with
water-covered troughs oriented in a north-easterly direction. In the western Norderney area, the crest-
to-crest distance ranges from 50-130 m, and bedform length can reach 500 m. Maximum height
differences between crests and troughs are 20 cm. A simple method is developed to extract the water-
covered troughs from TerraSAR-X images for spatiotemporal analysis of bedform positions in a GIS. It
is earmarked by unsupervised ISODATA classification of textural parameters, contrasting with various
algorithm-based methods pursued in earlier studies of waterline detection. The high-frequency
TerraSAR-X data reveal novel evidence of a bedform shift in an easterly direction during the study
period. Height profiles measured with RTK-DGPS along defined transects support the findings from
TerraSAR-X data. First investigations to characterise sediments and macrofauna show that benthic
macrofauna community structure differs significantly between crests and troughs, comprising mainly
fine sands. Evidently, bedform formation has implications for benthic faunal diversity in back-barrier
settings of the Wadden Sea. SAR remote sensing provides pivotal data on bedform dynamics.

5.2.1 Introduction

Understanding the dynamics of geomorphic structures generated by waves and currents in many
intertidal areas such as the Wadden Sea (southern North Sea) still is a challenge of importance for
science to comprehend basic processes of coastal development and also for authorities responsible
for coastal management. For the Wadden Sea, the outstanding qualities of the continuous and largely
unbroken geomorphic processes forming this characteristic landscape have been an important
criterion for inclusion in the UNESCO World Heritage List (CWSS 2008). Monitoring the dynamics of
intertidal geomorphic macrostructures requires large-scale surveys in relatively short time intervals.
This is made possible by a new class of high-resolution synthetic aperture radar (SAR) sensors
introduced since 2007 by the launch of TerraSAR-X, followed by TanDEM-X (X-band), the COSMO-
SkyMed satellite constellation (X-band) and Radarsat-2 (C-band).These SAR satellites provide images
with resolutions in the scale of meters independent from daylight and cloud cover (Moreira et al.
2013), which considerably raises the feasibility of data acquisition during low tide.

Different approaches of waterline detection from SAR data have been developed and applied to tidal
flat areas in several regions worldwide with the aim to generate topographic maps and digital elevation
models (DEMs) of the intertidal zone and to monitor the longer-term evolution of tidal flats and tidal
inlets. For instance, Mason and Davenport (1996) developed a semiautomatic method for coastline
detection using a multi-scale approach, and Dellepiane et al. (2004) proposed to exploit coherence
measures of interferometric SAR couples. For the detection of waterlines in SAR images of the German
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Bight in the south-eastern North Sea, Niedermeier et al. (2005) and Heygster et al. (2010) proposed
wavelet-based algorithms which they applied to map tidal flats of the large estuaries of the Elbe and
Eider rivers, and of an area of 50x100 km along the North Sea coast of Schleswig-Holstein and Lower
Saxony. The same method was used by Li et al. (2014) to generate annual topographic maps analysing
SAR images collected in1996-1999 and 2006-2009 for the northern German Wadden Sea. These maps
enabled an assessment of changes on these tidal flats and sandbanks. More recently, Wiehle and
Lehner (2015) presented an algorithm combining edge detection, brightness thresholding and a
previously determined coarse landmask applied to TerraSAR-X acquisitions covering the flats between
the island of Trischen and the mainland near Friedrichskoog at low tide, and the surroundings of the
island of Pellworm at high tide. The objective of all these studies was to use SAR data to detect the
edges delimiting the contours of the exposed flats from the surrounding tidal waters. In contrast, the
residual water remaining on the flats during low tide has not been investigated so far (cf. review of
SAR applications by Lehner and Tings 2015).

In fact, residual water demarcates even shallow features of the sediment surface such as depressions,
puddles and bedforms in SAR data. Thereby, it can provide insight into water drainage systems or
further the understanding of morphodynamic processes. For instance, satellite SAR was used by Kim
et al. (2011) to detect puddles related to groundwater discharge on tidal flats of the Korean Peninsula.
Areas with higher abundances of puddles could be distinguished from areas with lower abundances
due to darker backscattering in SAR images over the tidal flats.

The present study aims at the detection of residual water cover on tidal flats based on the recognition
of the outlines of water-filled depressions. The methods developed to date for waterline detection (cf.
above) combine extensive processing steps to cover complete SAR images and larger coastal areas.
These are required to accommodate varying contrasts between tidal flats and land and sea surfaces
induced by a wide range of environmental factors such as wind, currents, swell and surface types. In
contrast, this study investigates surface structures indicated by residual water, which is less influenced
by wind and unaffected by swell and currents in a defined area. It pursues an approach of easy
applicability based on unsupervised ISODATA classification of a few textural parameters of the SAR
image after edge-preserving speckle filtering. In this way, a quick overview of the subject of interest is
available for spatiotemporal assessment in a GIS. The focus is on intertidal bedforms associated with
water cover on the back-barrier tidal flats of the East Frisian island of Norderney in the German
Wadden Sea sector (Fig. 5.2-1). In large areas of the upper island flats of this as well as neighbouring
islands, the sediment surface forms a pattern of periodic crests and troughs oblique to the southern
shoreline of each island. The bedforms are generally oriented in a north-easterly direction, whereas
the exact dimensions and orientations may vary from island to island. Because of their permanently
water-covered troughs, these bedforms should be clearly reproduced by TerraSAR-X imagery.

Bedforms of various scales are common in sandy and shallow marine environments, and have been
related to the effects of currents and waves (e.g. Dalrymple et al. 1978; Allen 1980; Zarillo 1982; Ashley
1990; Davies and Flemming 1991; Ernstsen et al. 2005; Whitmeyer and FitzGerald 2008; Gémez et al.
2010) interacting with grain size (McCave 1971; Dalrymple et al. 1978; Zarillo 1982; Bartholdy et al.
2002; Ernstsen et al. 2005; Buijsman and Ridderinkhof 2008), water depth (Allen 1980; Zarillo 1982)
and sediment supply (Hoekstra et al. 2004). In addition, Whitmeyer and FitzGerald (2008) and Diesing
et al. (2006) emphasise the effects of episodic high-energy events on bedform morphology and
dynamics. Interdependencies with benthic biota have been shown for the sublittoral by Baptist et al.
(2006) and Markert et al. (2015). Both studies report significant differences in benthic assemblages
related to shoreface-connected ridges offshore the East Frisian island of Spiekeroog and off The
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Netherlands, and to sand waves on the Dutch continental shelf. Borsje et al. (2009) modelled the
influence of biota on the occurrence and dimensions of sand waves and sandbanks off the Dutch coast.

The classification and terminology of bedforms are still being discussed controversially and various
terms are currently being used, such as megaripples, sand waves and subaqueous dunes. In this paper,
the sedimentary surface structures of the intertidal East Frisian island flats are described as “bedforms”
to avoid any process-related ascriptions. To date, there has been no systematic investigation of these
bedforms, although they have been documented on aerial photographs as well as in situ for decades
(cf. Fig. 5.2-1c). These records include the current yearly aerial photographic survey of the National
Park Authority (NLPV), and aerial images of the Norderney flats from 1936—1938 (Reichsluftbilder,
Federal Archives, Koblenz). For the North Frisian Wadden Sea sector, Dolch and Reise (2010) describe
similar “large sandy bedforms” in the intertidal zone of the island of Sylt (Fig. 5.2-1), based on high-
resolution aerial photographs from 1936 to 2006. Complementing studies from sublittoral areas, they
found interdependencies with benthic biota as the migration of these bedforms interfered with
seagrass beds and the resettlement of mussel beds.

Although the bedform fields cover considerable areas of the upper flats adjoining each of the East
Frisian islands, the forces driving their generation and dynamics have not been investigated yet, nor
the implications for the sedimentology and biology of the region. Within this context, the aim of this
study is (1) to develop a down-to-earth method for the detection and recording of bedforms in back-
barrier tidal flats from TerraSAR-X images and (2) to apply this method to monitor bedform
spatiotemporal development on the Norderney island flats based on a high availability of TerraSAR-X
acquisitions spanning the years 2009 to 2015. Thereby, the seasonality of bedform dynamics and
effects of storm events are evaluated. In addition, preliminary assessments of interrelationships with
sediments and benthic macrofaunal communities are reported based on random sampling in 2013 and
2014.

Satellite remote sensing techniques are increasingly becoming relevant for monitoring in coastal areas.
The present study forms part of the German scientific project WIMO carried out by an interdisciplinary
research consortium addressing various European and German regulations to assess the state of the
marine environment in the German Bight (for overviews, see Winter et al. 2014; Winter et al.,
Introduction article for this special issue). A companion study by Adolph et al. (2016, this special issue)
compares the bedform imaging qualities of TerraSAR-X, Rapid Eye and lidar data.

5.2.2 Study site

Norderney is one of the barrier islands of the East Frisian Wadden Sea bordering the northwest coast
of Germany (southern North Sea; Fig. 5.2-1a). The back-barrier tidal basin has a mean tidal range of
2.4+0.7 m (Eitner et al. 1996) and is classified as high mesotidal according to Hayes (1979).
Hydrodynamic conditions in the tidal inlet and offshore Norderney have been reported by Niemeyer
(1987, 1994).

Figure 5.2-1b shows Norderney with the adjoining island flats imaged by TerraSAR-X on 20 April 2011.
Large bedforms are clearly visible and most pronounced in the western and eastern parts of the island
flats, interspersed with smaller surface structures. On the lower island flats, cross-patterns may arise
temporarily (not shown). The bedform area is about 200-500 m wide. In the west, it directly borders
on groynes and, in the east, on salt marshes. In the north towards the island, larger troughs are often
connected to pools formed beneath the heads of spur dikes, or to salt marsh drainage gullies. Towards
the southern fringe of the bedform field, the troughs either conjoin into shallow gullies leading to the
Riffgat channel, or they end blind or mouth into depressions. For the present study, a test area of
1,000x600 m was chosen in the western sector of the bedform field (cf. white rectangle in Fig. 5.2-1b).
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Fig. 5.2-1 Study site on the upper tidal flats of the island of Norderney (German Wadden Sea
sector, southern North Sea): a regional locality map with the islands of Norderney (rectangle),
Spiekeroog (1) and List/Sylt (2); b Norderneyimaged by TerraSAR-X on 20/04/2011 (Stripmap mode)
and test area (rectangle); c photograph of intertidal bedforms (26/03/2014)

5.2.3 Materials and methods

The positions of the bedforms were derived from TerraSAR-X data by detection of residual water cover
in the troughs between the ridges of exposed sediment. Extensive field surveys showed that, although
the bedforms are located on the highest island flats, the troughs remain filled with water throughout
the duration of exposure. Thus, the pattern of bedforms is clearly perceptible in the satellite data due
to the imaging characteristics of the SAR sensor.

A comprehensive set of TerraSAR-X data was acquired each year in the period 2009-2015, except for
2010 (see Table 5.2-Al in the electronic supplementary material available online for this article).
Results of trough detection were validated by high-precision, synchronous in situ measurements (cf.
below). Environmental background information included water level data from the Riffgat gauge at
Norderney (source: Federal Waterways and Shipping Administration WSV, provided by Federal
Institute for Hydrology BFG), as well as wind speed and direction data from the weather station on
Norderney (source: German Weather Service DWD).

5.2.3.1 Bedform detection from TerraSAR-X

TerraSAR-X data were acquired in Spotlight (SL) and High Resolution Spotlight (HS) mode providing
ground range resolutions of 1.5-3.5 m (Fritz and Eineder 2010). Aiming at spatiotemporal analysis and
combination with geospatial ground-truth data, Geocoded Ellipsoid Corrected intensity images (GEC)
were mapped onto the Universal Transverse Mercator coordinate system (UTM) and then directly
imported into the geographic information system (GIS) of ESRI ArcGlIS.

38 Cumulative Section



Intertidal features are best imaged at maximum drained stage, which is after low tide shortly before
the next inundation. Therefore, most images were acquired shortly before or up to 2 h after low tide,
corresponding to satellite data collected at varying orbits and incidence angles. Additional acquisition
dates were chosen in 2011 to depict different phases of the tidal cycle in order to investigate a possible
correlation between tidal water level and trough width. In all, 50 TerraSAR-X images were available for
the years 2009 to 2015; some were discarded because of unfavourable water levels, wind conditions
or poor contrast. To correct for acquisition geometry, the selected images (cf. ESM Table 5.2-Al in the
electronic supplementary material) were pre-processed by calibration to normalised radar cross
section “Sigma Naught” (¢°) as described by Airbus Defence & Space (2014). The images were then re-
sampled at a pixel size of 1.25 m, their highest common resolution.

Sigma Naught denotes the radar backscatter recorded by the SAR sensor and can be regarded as a
measure of surface roughness: the smoother the surface, the less energy is returned to the radar
sensor and the darker the area is represented in the resulting image. In this manner, a smooth and
undisturbed water surface can be detected easily due to specular reflection, with weak or no return
leading to a low intensity of related pixels (i.e. dark pixels). Wind and currents make this a seldom case
in coastal areas but, irrespective of how variable the appearance of the water surface may be, the
differences in surface roughness between tidal flat and water surface allow the detection of water-
covered areas in most images.

The method developed here to extract the water-covered troughs from TerraSAR-X images is based
on textural analysis sensitive to the contrasts in surface roughness, combined with an unsupervised
classification. The latter was chosen because it clusters the pixels of a satellite image based purely
based on statistics. Not utilizing any user-defined training classes or set thresholds, this method proved
to be fairly insensitive to the wind-induced variability of the water surfaces and the changing states of
the tidal flats due to for example e.g. lugworm activity. The correct assignment of classes was verified
by regularly acquired in situ data combined with visual interpretation of the SAR images.

For speckle reduction, two edge-preserving filtering methods were employed by combining adaptive
Frost filtering, window size 9x9 and one pixel distance (Frost et al. 1982; Shi and Fung 1994) with
twofold median filtering of window size 5x5 and one pixel distance (Pratt 2007). Subsequently, a
textural analysis was performed calculating Gray Level Co-occurrence Matrix (GLCM) statistical
parameters after Haralick et al. (1973) and testing the corresponding feature images for their relevance
to distinguish water cover from tidal-flat surfaces. The combination of variance, homogeneity and
mean feature images proved to be the most suitable in this study. Therefore, these were added to a
three-band layer stack serving as input to an unsupervised ISODATA classification (Tou and Gonzalez
1974) to derive the class “water-covered”. For further analysis, the classification output was vectorised
and imported into ESRI ArcGIS. Image processing was by means of ERDAS Imagine (2013-2015) and
ENVI 4.7 software.

5.2.3.2 Insitu bedform measurements

In situ verification of bedforms was by means of high-precision DGPS (differential global positioning
system) recordings of positions, sediment surface height and waterline positions along transects
crossing the bedforms perpendicularly. The measurements were taken with a real time kinematic
differential GPS (RTK-DGPS) of type “Leica Differential-GPS SR530”, with antennae type “AT 502
antennae”. Reference data were provided by the Satellite Positioning Service of German land surveying
(SAPOS®), using High Precision Real-Time Positioning Service with a horizontal accuracy of 1-2 cm and
vertical accuracy of 2—3 cm (SAPOS®-HEPS) for measurements in 2013 and 2014 (17 May 2013, 6
February 2014, 13 June 2014), and Geodetic Post-processing Positioning Service with a horizontal
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accuracy of at least 1 cm and vertical accuracy of 1-2 cm (SAPOS®-GPPS) for measurements on 15
February 2015.

For RTK-DGPS measurements, two fixed transects crossing the bedforms in the higher and lower parts
of the island flats were marked with metal poles in February 2014 (Fig. 5.2-2), and point measurements
were carried out at intervals of 2 m. Transect D6—D5 had a length of 240 m spanning the crests and
troughs of a three-bedform series. Transect D13-D12 (length of 100 m) crossed one bedform trough.
A longer data series spanning 3 years is available for transect D13-D12, comprising measurements of
February 2014, February 2015 and also May 2013, the latter with a coarser interval of 10 m.

High-precision positioning of the trough borders was carried out on 14 June 2014 synchronously to the
overflight of TerraSAR-X. The outline of the totally water-covered area was defined as the trough
border; at the time of satellite data acquisition, it was marked with a pole and then measured with
RTK-DGPS.

5.2.3.3 Sediment sampling

Box-cores (30 cm in depth) and surface sediment samples (upper ca. 1-2 cm) were collected in the
bedform area in 2013 (March, May and June) and 2014 (February), combined with concurrent surface
sampling in adjoining bedform-free areas (Fig. 5.2-2). Epoxy peels were made of the box-cores after
drainage for several weeks in cold storage. Textural parameters of surface samples (mean grain size,
sorting, mud content, i.e. dry wt% <63 um fraction) were assessed by means of a high-resolution
settling tube and Sedigraph 5100 particle analyser based on standard laboratory procedures (cf.
Brezina 1986; Flemming and Ziegler 1995). Sedimentological terms used in this paper follow standard
definitions: for grain size, phi (¢) is equivalent to —log2d where d is the grain diameter in mm; “mud”
indicates sediments finer than 4 phi (62.5 um); “sorting” is the degree of variance in grain size.

Fig. 5.2-2 Locations of
RTK transects (upper
D6-D5, lower D13-
D12) as well as
sediment and macro-

zoobenthos sampling
stations in relation to
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5.2.3.4 Macrofauna sampling and statistical analysis

For characterisation of macrofauna community structure, samples were taken in March 2013 in the
upper (MZB1) and lower (MZB2) parts of the bedform area (see Fig. 5.2-2), in each case comprising a
crest and a trough station with seven replicate box-cores (100 cm?) per station. After sieving through
a 1 mm mesh, the fauna were fixed with 4% buffered formaldehyde, stained with Bengal rose,
identified to species level whenever possible, counted, weighed and then preserved in 70% alcohol.

Differences in species composition and community structure among and between crest and trough
areas were assessed by means of multivariate analyses of species abundance per replicate at each
station. Distances among replicates were calculated based on the Bray-Curtis dissimilarity index, a
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measure recommended for clustering or ordination of species abundance data (Legendre and
Gallagher 2001). Results were visualized by using non-metric multi-dimensional scaling (NMDS). Pair-
wise analyses of variance among and between crest and trough areas were performed to examine
whether differences in macrofauna community structure were significant. Groups were compared by
means of the adonis-function, incorporating a permutation test (999 permutations) with F statistic.
Discriminating species among and between crest and trough areas were calculated by the Similarity
Percentages routine based on Bray-Curtis dissimilarities. The R package vegan (Oksanen et al. 2016)
served for all calculations. For further information, the readers are referred to Anderson (2001).

Densities of the lugworm Arenicola marina were recorded by counting the casts within a 25x25 cm
frame at 10 replicate sites per station. Numbers were compared with paired t-tests using R (R Core
Team 2015).

5.2.4 Results

5.2.4.1 Bedform characteristics

Trough detection from TerraSAR-X data is in good accordance with the in situ survey of the bedforms.
The height-profile data measured by RTK-DGPS confirm the surface structures responsible for the
water cover leading to reproduction of the troughs as dark areas in the SAR images (Fig. 5.2-3 and 5.2-
4). Trough extraction results also correspond with in situ measurements of the waterlines (Fig. 5.2-4).

In the test area on the western upper flat of Norderney (cf. white rectangle in Fig. 5.2-1b), the main
bedforms occur at intervals of 50—-130 m; smaller troughs can develop in between at intervals of 15—
30 m. At maximum drainage stage, the water-covered troughs have a width of 7-15 m. The bedform
area extends over 350 m from the island’s groynes down to a lower flat area with formation of gullies
draining into the main channel. Bedforms reach maximum lengths of 400-500 m; smaller troughs may
end blind, or bend and join a larger one over shorter distances. The height difference from crest to
trough as measured by RTK-DGPS is 13—-20 cm for the main bedforms, and 5-10 cm for the smaller
bedforms (cf. Fig. 5.2-3).
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Fig. 5.2-3 Height profiles of transects D6—D5 and D13-D12 measured by RTK-DGPS (cm above
normal height null, NHN) on 13/06/2014, and background TerraSAR-X image of 14/06/ 2014
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Fig. 5.2-4 Trough extraction (white lines) from TerraSAR-X data (background) and waterlines
marked with RTK-DGPS (red dots) during synchronous overflight on 14/06/2014

Maximum variation of trough widths during time of exposure was examined in a set of 11 TerraSAR-X
images taken at different tidal stages from April to November 2011 (90 minutes before to 178 minutes
after low tide; see ESM Table 5.1-A1 in the online electronic supplementary material). Mean trough
widths along four cross-sections of different troughs are 9.243.3, 6.7+2.4, 7.6+2.3 and 7.7+2.2 m. The
comparison of trough widths with Riffgat gauge levels ranging from 174 cm below normal height null
(NHN) to 37 cm above NHN (ESM Table 5.2-A1, source: WSV, provided by BFG) at the time of each
acquisition indicates no clear relation (Fig. 5.2-5a). If at all, the time to or from low water influences
the trough width: in Fig. 5.2-5a, a cluster of highest trough widths relates to image acquisitions from 1
h before to shortly after low water, although the corresponding gauge levels are the lowest in the
sample. After low water the gauge level is rising, but overall the trough widths are lower than before
low tide, especially if the outliers are disregarded. This is explained by the fact that, with the duration
of exposure, the water has more time to drain off the flats and troughs. Also, no relation of trough
width and wind velocity or wind direction (source: DWD, hourly means) could be found by direct
comparison, nor by plotting the trough widths with the wind components up-trough, down-trough and
cross-trough (Fig. 5.2-5b, c).

To examine the variability of trough edges during the time of exposure, field investigations were
carried out at the edges of 100% water-covered troughs. In all, 17 troughs measured during four tidal
cycles in 2014/2015 persistently show a clearly less pronounced waterline regression on their west
side: maximum values of waterline regression measured over a period of 5 h are 8 m, and 12 m at the
eastern trough edges. The corresponding edges receded by only 1.60 m and 0.40 m respectively over
the same time interval. In 14 measurements over periods of up to 3 h, average waterline shifts of up
to 2.40 m at the eastern edges and up to 0.8 m at the western edges were observed. This illustrates
the steeper inclinations at the western sides of the troughs, consistent with RTK measurements (Fig.
5.2-3; also see Adolph et al. 2016, this special issue).
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5.2.4.2 Bedform dynamics

Bedform dynamics are reported in Figs. 5.2-6 to
5.2-9. From late winter to late summer, the
trough positions extracted from TerraSAR-X
data generally remain stable. This s
exemplified in Fig. 5.2-7 for the year 2013 when
the trough positions were stable from February
to August, despite slightly differing levels of
residual water cover. In contrast, the TerraSAR-
X image from 17 December 2013 shows an
eastward shift of most bedforms (Fig. 5.2-8),
explained by the impact of the heavy gales
“Christian” and “Xaver” with maximum wind
speeds exceeding 130 and 120 km/h in late
October and early December respectively
(Deutscher Wetterdienst, DWD 2013a, 2013b).
These bedform positions of December 2013
persisted throughout the year 2014.

Further analysis of TerraSAR-X images indicates
that this stable pattern during much of the year
and a shift to the east during winter recur
regularly. The resulting general bedform shift is
documented by TerraSAR-X images from 2009
to 2015 (cf. TerraSAR-X acquisition dates in
ESM Table 5.2-A1 in the electronic
supplementary material) and is demonstrated
for the years 2012-2015 in Fig. 5.2-9. The data
also show that the shift of the troughs is
strongest in the upper part of the bedform
area. Here, the trough positions of February
2015 have reached the position of the former
eastward neighbouring trough of 2009. The
western edge of the westernmost trough
crossed by the D6-D5 transect thus shifted by
57.3 m along the profile perpendicular to the
bedform. About 150 m to the south, the offset
is47.4m.
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Fig. 5.2-5 Width of water-covered troughs

measured along four profiles based on
TerraSAR-X images of 2011 at different
stages of the tidal cycle versus a Riffgat
gauge level (© WSV), b up-trough and
down-trough wind components and c cross
wind components based on wind speed and
direction (both © DWD)

The magnitude of the bedform shifts can vary from year to year. Regarding the time span 2012-2015
depicted in Fig. 5.2-9, the large shift from 2013 to 2014 (orange to green) is striking, presumably
reflecting the effect of the heavy gales of October and December 2013 (see above). In contrast, only a
small relocation is detected from 2014 to 2015. Height profiles gained from RTK-GPS measurements in
2013, 2014 and 2015 confirm the eastward shift of the troughs as well as the larger shift from 2013 to

2014 (Fig. 5.2-6).
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Fig. 5.2-8 Trough positions extracted from TerraSAR-X images of 2013 contrasting the
“summer” (light blue) and “winter” situation (dark blue)
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Fig. 5.2-9 Trough positions extracted from TerraSAR-X images of 2012-2015. Black line:
Position of the height profile D13-D12 in Fig. 5.2-6

5.2.4.3 Sediments

The characteristic grain-size parameters of surface sediments (Table 5.2-1) reveal that the bedforms
are composed mainly of fine sand (2—3 phi). The mean grain sizes of the crests are slightly but not
significantly finer compared to those of the troughs. Moreover, all sediments in both crests and
troughs are very well sorted (sorting value <0.35 phi) and the mud contents are less than 3%. Additional
samples from the bedform area show that mud content ranges from 0.59 to 4.85% during summer and
from 0.37 to 2.22% during winter. This means that the mud content in the bedform area is generally
less than 5% regardless of sampling positions and seasonal variations. On the other hand, on the lower
flats in the non-bedform area between the bedform field and the main channel (stations S-6 to S-9 in
Fig. 5.2-2), the mud content ranges from ca. 4-30% during summer and drops below 2.5% during
winter. The trend of decreasing mud content recorded at all locations (bedform and non-bedform
areas) during winter can be attributed to relatively strong waves induced by winter storms.

The sedimentary structures of the bedforms revealed by the box-cores can overall be subdivided into
two facies: (1) an intensively bioturbated lower part and (2) a cross-bedded upper part. The cross-
bedded sand overlies the intensively bioturbated sand with a sharp boundary. The thickness of the
laminated upper part ranges from 5 to 10 cm and occasionally reaches up to 20 cm. During winter, the
cross-bedded tops tend to be slightly thicker.

Tab. 5.2-1 Textural parameters of bedform sediments (¢ phi, C crest, T trough)

Mean grain size (@) Sorting () Mud content (dry wt %)

sampling station
C T C T C T

S-1 2.448 2.319 0.282 0.266 2.33 2.13
S-2 2.461 2.375 0.293 0.278 2.92 2.43
S-3 2.385 2.375 0.24 0.298 2.77 2.53
S-4 2.385 2.355 0.259 0.252 0.69 1.09
S-5 2.366 2.293 0.276  0.261 1.73 0.88
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5.2.4.4 Macrofauna

In total, 30 macrofauna taxa were identified. Scoloplos armiger (46%), Aphelochaeta spp. (15%),
Cerastoderma edule (10%) Tubificoides benedii (9%) and Capitella capitata (5%) are the five most
common species, constituting ca. 85% of the total macrofauna abundance. Densities of macrofauna
species are greater in trough areas compared to crests.

Results from the statistical analysis (Fig. 5.2-10, ESM Table 5.2-A2 in the electronic supplementary
material) reveal significant differences in macrofauna community structure among crest and trough
areas (F=4.783, p=0.001***). However, evidence against the null hypothesis of no differences in
community structure between the stations MZB1 and MZB2 (Fig. 5.2-2) is weak between trough_MZB1
and trough_MZB2 (p=0.05). Highest dissimilarity is found between crest MZB1 and crest_ MZB2
(F=8.683, p=0.001***),

Crest areas are dominated by deposit feeders such as S. armiger, T. benedii and Aphelochaeta spp.,
suspension feeding bivalves such as C. edule and sand-licking amphipods such as Corophium
arenarium. Trough areas are inhabited predominantly by the deposit feeding polychaetes S. armiger,
Aphelochaeta spp. and C. capitata, followed by C. edule. Densities of macrofaunal species are higher
in the crests of the lower part of the bedform area (crest._ MZB2) dominated by S. armiger, T. benedii,
C. arenarium, C. edule, C. capitata and Macoma balthica. On the other hand, higher densities of
Aphelochaeta spp. are found in the upper bedform area (crest_ MZB1). Higher densities of the sand-
licking amphipod Urothoe poseidonis and the omnivorous polychaete Hediste diversicolor occur only
in the upper bedform area (trough_MZB1 compared to trough MZB2; ESM Table5.2-A3 in the
electronic supplementary material).

Densities of Arenicola marina are higher in the lower MZB2 area, with 18.4+8.2 ind. (individuals)/m? at
the crest and 16.0+6.7 ind./m? in the trough (mean of 10 samples). For the higher MZB1 area, the
values are 10.8+7.8 ind./m? for the crest and 8.8+6.1 ind./m? for the trough. Significant differences are
found between sites MZB1 and MZB2 (crest: p=0.04625, trough: p=0.04142). No significant difference
of lugworm numbers is found between troughs and crests (MZB1: p=0.5437, MZB2: p=0.5146).
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5.2.5 Discussion

This study shows that analysis of TerraSAR-X data allows to determine the trough positions of intertidal
bedforms via discrimination of water cover and sediment surface. Due to the topography of the study
area and the location of the bedforms on the highest flats close to the East Frisian island of Norderney,
the residual water in the troughs is not directly connected to the tide level in the Riffgat channel. Both
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the analysis of the TerraSAR-X images and the field observations confirm a slight decrease of the water
cover in the troughs over the course of a tidal cycle once the bedforms are exposed. The detection of
bedform position is not affected by these minor changes. Variations observed in water cover extent
primarily affect the position of the eastern trough edges. The minor variability of especially the western
trough edges leads to a consistent core area defining the trough position in the majority of the satellite
images. In Fig. 5.2-7, this is demonstrated by the clear congruence of all troughs detected from
TerraSAR-X images covering the stable bedform situation from February to August of 2013.

Initial tests on using the shifting of the troughs’ centroids as a measure for the study of bedform
migration performed in ArcGIS yielded no useful results, due to the higher variability of the smoother
eastern trough edges. Therefore, a further determination of bedform migration rates from SAR data
should focus on the steeper—in this case, western—trough edges and preferably use images acquired
after low tide.

The asymmetry of the bedform edges implies the formation of a stoss side and a lee side as a sign of
sediment transport. This supports the notion that the relocation of the bedforms observed in the
TerraSAR-X data is due to bedform migration. As the lee sides correspond to the eastward edges of the
bedforms in this area, and in view of the shifting direction of the bedforms as detected in TerraSAR-X
images from 2009 to 2015, a net sediment transport from west to east is suspected during this time
interval. This notion is supported by the sedimentary structure of the bedform area, i.e. the cross-
bedded upper part suggests sediment reworking and most likely bedform migration.

In the present study, evidence of differences in species composition and community structure between
crests and troughs hint at bio-geomorphological interrelations. Although the macrozoobenthic
communities revealed a large overlap of dominant species, significant differences between crest and
trough areas were found. Trough areas show higher densities of macrofaunal species dominated by
suspension as well as surface and subsurface deposit feeding species. As mentioned above, trough
areas were covered with water over the tidal cycle, which offers the opportunity to withstand
desiccation during the exposure time and leads to longer feeding periods for macrofaunal species,
especially for suspension and deposit feeders. In contrast, crest areas were dominated by the
amphipod C. arenarium, which feeds on microalgae and detritus (Morrisey 1988). Primary factors that
positively regulate microalgae production and biomass are exposure time and related factors like
irradiance, wind speed and air temperature (de Jonge et al. 2012). The observed distribution of C.
arenarium can therefore probably be considered as a close relationship between the feeding
preference of this species and microalgae biomass. That distinct distribution patterns of intertidal
macrofaunal species are related to exposure time, food availability as well as sediment characteristics
has been shown in several Wadden Sea studies (e.g. Schiickel et al. 2013).

A key finding of the present study of the upper flats of the East Frisian island of Norderney from 2009—
2015 is that the bedforms overall migrated eastwards during the commonly stormy winter season. This
contrasts with the bidirectional migration of intertidal bedforms reported by Dolch and Reise (2010)
for the North Frisian island of Sylt (cf. Fig. 5.2-1a) over the period 1998—-2006. Moreover, those authors
documented a spatial expansion of bedform fields in the List tidal basin since 1936/1945, which they
related to possible effects of climate change associated with negative impacts on benthic habitats such
as seagrass beds and initial mussel beds. Expanding the presented TerraSAR-X-based monitoring
approach to other East Frisian or North Frisian Wadden Sea islands should shed light on these
regionally contrasting, long-term dynamics of intertidal bedforms, with both ecological and
geomorphological implications. Indeed, the pivotal role of the Wadden Sea intertidal zone has
attracted increasing attention these last few years (e.g. Wang et al. 2012, and other articles in this
special issue).
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5.2.6 Conclusions

e Trough extraction from TerraSAR-X imagery is applicable for the detection of intertidal
bedforms characterised by residual water cover.

e The method proposed in this study is easy to implement and, with the high potential of data
availability offered by satellite SAR, it enables remote sensing investigations of intertidal
bedform dynamics which can conveniently be coupled with assessments of faunal diversity.

e The high temporal resolution of SAR satellite data enables precise identification of possible
bedform migration.

e In particular the relocation of bedforms over longer periods or strong shifts due to episodic
extreme events can be determined using satellite SAR data.

e Easily applicable remote sensing of exposed intertidal geomorphic structures with the use of
SAR data helps improve our understanding of bedform dynamics and associated processes of
sediment transport.
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5.2.8 Electronic supplementary material
APPENDIX

Tab. 5.2-A1 TerraSAR-X data: date of acquisition, relative orbit, path (A ascending, D
descending), incidence angle (inc.), polarisation (pol., VV vertically co-polarised, HH
horizontally co-polarised), acquisition time related to low tide (A LT, positive values
acquisition at rising tides), Riffgat gauge level (source: Federal Waterways and Shipping
Administration WSV, provided by the Federal Institute for Hydrology BFG), wind speed (ws)
and wind direction (wd) hourly means (source: German Weather Service DWD). Bold TerraSAR-
X data represented in Figures 5.2-3, 5.2-4, 5.2-7 to 5.2-9

Date Orbit Path Inc. Pol. ALT Gauge level ws wd
[°] [minute]  [cm>NHN] [m/s] [°]
22/06/2009 25 A 53.2 A% 80 -96 6.5 350
21/07/2009 131 A 20.8 A% 63 -111 3.9 60
21/04/2011 139 D 23.3 wW -44 -154 31 110
01/05/2011 131 A 20.8 HH 81 -110 7.6 60
02/06/2011 116 A 45.1 'A% 11 -145 54 360
04/06/2011 139 D 23.3 w 0 -160 5.5 60
15/06/2011 139 D 23.4 w 137 -12 2.8 170
16/07/2011 116 A 45.1 'A% -18 -152 3.2 160
29/07/2011 139 D 22.9 'A% 178 37 8.5 310
14/10/2011 139 D 23.6 w 15 -174 3.2 130
26/10/2011 154 D 46.2 w 128 -21 4.4 150
08/11/2011 25 A 53.2 'A% 138 -24 4.8 120
16/11/2011 139 D 23.1 (A% -90 -118 6.3 120
09/01/2012 131 A 20.9 A% 16 -108 7.6 270
21/02/2012 116 A 45.1 'A% 44 -112 6.1 240
23/03/2012 78 D 54.3 A% 20 -176 35 60
21/06/2012 116 A 45.1 A% -44 -162 6.9 70
17/08/2012 139 D 233 HH/VV 102 -30 3.2 150
01/09/2012 40 A 34.4 Vv -11 -157 4.0 230
15/09/2012 78 D 54.2 (A% 104 27 10.0 310
17/10/2012 63 D 36.2 A% 26 -117 5.1 170
28/11/2012 40 A 34.4 'A% 40 -117 8.6 20
30/11/2012 63 D 36.4 A% 21 -129 5.4 10
27/02/2013 78 D 54.2 \'AY -9 -181 4.1 70
28/03/2013 25 A 53.2 A" -4 -173 6.6 70
09/06/2013 131 A 21.2 A" -23 -144 6.9 360
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Date Orbit Path Inc. Pol. ALT Gauge level ws wd
[°] [minute] [cm>NHN] [m/s] [°]
10/06/2013 139 D 23.1 A" 27 -144 4.8 350
21/08/2013 63 D 36.3 HH/VV 86 -74 3.0 170
17/12/2013 25 A 53.1 A" 45 -109 2.2 200
18/02/2014 139 D 23.2 A" -38 -155 5.7 170
28/02/2014 131 A 21.1 A% 63 -67 34 60
18/03/2014 63 D 36.3 A% 8 -151 5.0 230
03/04/2014 139 D 23.2 w -58 -144 6.8 60
14/06/2014 63 D 36.1 A" 46 -132 9.9 350
28/06/2014 116 A 45.1 'A% -19 -137 2.0 360
11/08/2014 116 A 45.1 w 6 -111 8.5 220
10/09/2014 63 D 36.2 wW 41 -125 9.6 350
07/12/2014 63 D 36.1 'A% 56 -102 7.6 190
21/01/2015 78 D 54.3 'A% 33 -149 2.6 150
03/02/2015 116 A 45.0 w 30 -127 9.1 20
05/02/2015 139 D 23.2 A"/ 20 -159 10.5 30

Tab. 5.2-A2 Results of pair-wise comparisons among crest and trough areas.
Significance level: < 0.001 = ***; < 0.01 = **, <0.05 = *

Pair-wise comparisons F p

Crest vs. trough areas 4.783 0.001***
Crest_MZB1 vs. trough_MZB1 3.923 0.003**
Crest_MZB1 vs. crest_ MZB2 8.683 0.001***
Crest_MZB1 vs. trough_MZB2 4.887 0.001***
Trough_MZB1 vs. crest_MZB2 8.949 0.002***
Trough_MZB1 vs. trough_MZB2 2.078 0.05
Crest_MZB2 vs. trough_MZB2 8.335 0.001***

Tab. 5.2-A3 Average abundances (ind./m?) per groups and cumulative contribution (%) of the

most discriminating species occurring in the different communities in crest and trough areas.

Feeding types are abbreviated as follows: SD = surface deposit feeder, SSD = subsurface
deposit feeder, IF = interface feeder, SL = sandlicker, SF = suspension feeder.

Species Feeding type ind./m? ind./m? cumContri%
crest_MZB1 vs trough_MZB1

Scoloplos armiger SSD 1071.43 1942.86 25.53
Aphelochaeta spp. SD 685.71 871.43 37.24
Urothoe poseidonis SL 42.86 442.86 47.82
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Species Feeding type ind./m? ind./m? cumContri%
Capitella capitata SSD 242.86 471.43 58.05
Cerastoderma edule SF 242.86 471.43 67.08
Tubificoides benedii SSD 371.43 214.29 73.97
crest_MZB1 vs crest_MZB2

Scoloplos armiger SSD 1071.43 2214.29 23.32
Tubificoides benedii SSD 371.43 1342.86 41.38
Corophium arenarium SL,SD 100.00 971.43 58.12
Aphelochaeta spp. SD 685.71 171.43 68.13
Capitella capitata SSD 242.86 585.71 78.05
Cerastoderma edule SF 242.86 542.86 84.56
Macoma balthica IF 114.29 228.57 87.22
crest_MZB1 vs trough_MZB2

Scoloplos armiger SSD 1071.4 2300.0 27.83
Aphelochaeta spp. SD 685.7 12714 44.21
Cerastoderma edule SF 242.8 928.5 59.95
Capitella capitata SSD 242.8 714.2 71.24
Tubificoides benedii SSD 371.4 385.7 77.37
trough_MZB1 vs crest_MZB2

Tubificoides benedii SSD 214.29 1342.86 19.59
Corophium arenarium SL,SD 14.29 971.43 36.70
Scoloplos armiger SSD 1942.86 2214.29 49.33
Aphelochaeta spp. SD 871.43 171.43 61.71
Capitella capitata SSD 471.43 585.71 72.35
Cerastoderma edule SF 471.43 542.86 78.84
trough_MZB1 vs trough_MZB2

Scoloplos armiger SSD 1942.8 2300.0 16.31
Aphelochaeta spp. SD 871.4 1271.4 31.55
Capitella capitata SSD 471.4 714.2 46.00
Cerastoderma edule SF 471.4 928.5 59.14
Urothoe poseidonis SL 442.8 157.1 68.32
Tubificoides benedii SSD 214.2 385.7 75.90
crest_MZB2 vs trough_MZB2

Aphelochaeta spp. SD 171.4 1271.4 18.76
Tubificoides benedii SSD 1342.8 385.7 35.04
Corophium arenarium SL,SD 971.4 28.57 51.21
Scoloplos armiger SSD 2214.2 2300.0 63.69
Capitella capitata SSD 585.7 714.2 76.04
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5.3 Integration of TerraSAR-X, RapidEye and Airborne Lidar for Remote Sensing of
Intertidal Bedforms on the Upper Flats of Norderney (German Wadden Sea)

Adolph, W.; Jung, R.; Schmidt, A.; Ehlers, M.; Heipke, C.; Bartholoma, A.; Farke, H. (2017). Geo-
Mar. Lett. 37 (2), 193-205. DOI: 10.1007/s00367-016-0485-z.

This work is licensed under a Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/). The final publication is available at Springer Link via
http://dx.doi.org/10.1007/s00367-016-0485-z. Changes are made (layout).

Abstract

The Wadden Sea is a large coastal transition area adjoining the southern North Sea uniting ecological
key functions with an important role in coastal protection. The region is strictly protected by EU
directives and national law and is a UNESCO World Heritage Site, requiring frequent quality
assessments and regular monitoring. In 2014 an intertidal bedform area characterised by alternating
crests and water-covered troughs on the tidal flats of the island of Norderney (German Wadden Sea
sector) was chosen to test different remote sensing methods for habitat mapping: airborne lidar,
satellite-based radar (TerraSAR-X) and electro-optical sensors (RapidEye). The results revealed that,
although sensitive to different surface qualities, all sensors were able to image the bedforms. A digital
terrain model generated from the lidar data shows crests and slopes of the bedforms with high
geometric accuracy in the centimetre range, but high costs limit the operation area. TerraSAR-X data
enabled identifying the positions of the bedforms reflecting the residual water in the troughs also with
a high resolution of up to 1.1 m, but with larger footprints and much higher temporal availability.
RapidEye data are sensitive to differences in sediment moisture employed to identify crest areas,
slopes and troughs, with high spatial coverage but the lowest resolution (6.5 m). Monitoring concepts
may differ in their remote sensing requirements regarding areal coverage, spatial and temporal
resolution, sensitivity and geometric accuracy. Also financial budgets limit the selection of sensors.
Thus, combining differing assets into an integrated concept of remote sensing contributes to solving
these issues.

5.3.1 Introduction

Preserving the integrity of the Wadden Sea ecosystem (southern North Sea) poses substantial
challenges in terms of the natural distribution of habitats and their temporal variability. This includes
sediments as well as morphological features such as sand and mud flats, tidal channels and creeks.
Therefore, the status and development of these elements are a major focus for the monitoring and
environmental assessment of the Wadden Sea, required at regular temporal intervals by international
directives (European Commission 1992, 2000, 2008) integrated into national laws. Modern remote
sensing techniques employing high-resolution sensors open up new possibilities to detect, describe
and map habitats and surface structures in tidal areas which are difficult to access.

Airborne lidar (light detection and ranging) provides both backscatter intensity and height information,
and has become a standard method to generate digital terrain models (DTMs) in coastal zones such as
the Wadden Sea. It is used for operational monitoring of the German mainland coast and islands
(Schmidt et al. 2013). Spectral reflectance data from electro-optical sensors have been used with a
focus on the distinction of different grain sizes or sediment types (e.g. sand and mud), as well as the
examination of the influence of water or biofilms on reflectance. Spectral contrast between sediments
of different grain sizes is influenced by interstitial moisture (Rainey et al. 2000; Small et al. 2009) but
also by target properties such as organic matter content, iron oxides, cyanobacteria and mineralogy.
These effects have been studied extensively in the laboratory and under field conditions (e.g. Rainey
et al. 2000; Decho et al. 2003; Sgrensen et al. 2006; Ryu et al. 2010). For instance, Ibrahim et al. (2009)
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have analysed the specific influences exerted on spectral reflectance by the grain size, chlorophyll a
and organic matter of different sediment types. Synthetic aperture radar (SAR), on the other hand, can
be regarded as a measure of surface roughness (e.g. Van der Wal et al. 2005; Aubert et al. 2011;
Moreira et al. 2013). Satellite SAR imagery has been investigated in various environments including
intertidal sediments (e.g. Van der Wal and Herman 2007; Gade et al. 2008), mussel beds (e.g. Choe et
al. 2012; Kim et al. 2013; Nieuwhof et al. 2015) and salt marshes (e.g. Lee et al. 2012). Stelzer et al.
(2010), Dehouck et al. (2012), Gade et al. (2014, 2015), Jung et al. (2015) and Miiller et al. (2016)
demonstrated the potential of SAR data as a synergistic input to multi-sensor approaches for the
remote sensing of intertidal areas. SAR imagery has also allowed to distinguish water cover from
sediment surfaces in the intertidal zone of the Wadden Sea, and has been applied for topographic
mapping by Niedermeier et al. (2005), Heygster et al. (2010), Mason et al. (2010), Li et al. (2014) and
Wiehle and Lehner (2015).

With the overall aim of evaluating the specific qualities of modern remote sensing technologies in
identifying and mapping intertidal seabed habitats and geomorphic structures of the Wadden Sea, in
this study an intertidal bedform area was investigated using airborne lidar and satellite remote sensing
by electro-optical and high-resolution SAR sensors. A joint campaign was carried out in autumn 2014
employing airborne lidar, RapidEye, TerraSAR-X and in situ verification performed by RTK-DGPS
measurements. Additionally, SAR and lidar data from 2010 and 2012 were analysed. As test site, a tidal
flat area directly bordering the island of Norderney in the German Wadden Sea sector was chosen
because it is characterised by regular geomorphic surface structures (bedforms) representing a
sediment surface differing in height and moisture as well as in water cover (Fig. 5.3-1). The site has
been described in detail by Adolph et al. (2016, this special issue), investigating spatiotemporal trends
of the bedform area with an extensive set of TerraSAR-X data from 2009-2015.

Fig. 5.3-1 Study site on the upper tidal flats of Norderney (German Wadden Sea sector,
southern North Sea) with subset images of RapidEye (2014/09/19), lidar (2016/10/04) and
TerraSAR-X (2016/09/10) data. Background map ©AQOI_V3-OpenStreetMap (and) contributors
CC-BY-SA
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The aim of this study is to identify the specific strengths of the different sensors to recognise intertidal
geomorphic features and their positioning, based on the example of these bedforms. Remote sensing
studies of intertidal geomorphic structures and their dynamics could benefit the understanding of
basic processes shaping the Wadden Sea, in turn supporting national and local authorities responsible
for coastal management. The ultimate aim is to propose a combination of different sensor data types
in an integrated application of advanced remote sensing techniques for future Wadden Sea monitoring
or long-term ecological research in the intertidal zone. This requires a cost-effective combination of,
for example, SAR, lidar and electro-optical data to satisfy spatial coverage and resolution as well as
application frequency and availability. The present study forms part of the German scientific project
“WiMo” carried out by an interdisciplinary research consortium addressing various European and
German regulations to assess the state of the marine environment in the German Bight (for overviews,
see Winter et al. 2014; Winter et al., Introduction article for this special issue).

5.3.2 Study area

The study area on the back-barrier tidal flats south of the barrier island of Norderney is part of the
Lower Saxony Wadden Sea National Park in the southern North Sea. On the upper tidal flats directly
bordering the island, bedform fields form a pattern of alternating crests and troughs diagonally to the
southern shoreline of the island. Such intertidal bedforms can be seen along all East Frisian islands.
Due to the permanent water cover of the troughs, the bedforms are clearly recognised in situ as well
as in most remote sensing data. A study of trough positions derived from TerraSAR-X data from 2009—
2015 suggests a long-term shifting of the bedforms to the east (Adolph et al. 2016, this special issue).

The study site of approx. 0.64 km? is situated in between the main channel of the tidal basin and the
island, comprising part of the western bedform field of Norderney (Fig. 5.3-1). Fine sand (2—3 phi) is
the predominant grain size fraction characterising the sediments of the bedform area, the mud content
being less than 5%; in the southern, non-bedform part of the subset near the tidal channel, the
sediments consist of fine sand with higher mud (silt and clay) content (Adolph et al. 2016, this special
issue). During exposure, in the bedform area the pore water quite quickly seeps from the ridges,
leaving the crests relatively dry compared to the moist or wet slopes and the troughs.

5.3.3 Materials and methods

One set of remote sensing data including lidar, RapidEye and TerraSAR-X as well as in situ
measurements by RTK-DGPS was acquired within 1 month in autumn 2014 (Table 5.3-1). A
comparative view of the observed terrain as reflected in the data from the different sensors is used to
illustrate the respective characteristics of reproduction regarding the test site within an intertidal
bedform area. From the lidar data, a DTM and height profiles are drawn. The electro-optical imagery
is classified to discriminate between three classes based on water cover and sediment moisture. From
the SAR data, total water cover is distinguished from the exposed sediment surface. The results are
verified with in situ measurements. Based on additional data from 2010 and 2012, the detection of
shifting bedform position from SAR data is tested against lidar data. Furthermore, Fourier analysis is
applied on profiles of each sensor dataset to check for periodicity of the bedforms.

Analysis of lidar data

Lidar data are available from three different flight campaigns performed in the framework of coastal
protection by the Lower Saxony State Department for Waterway, Coastal and Nature Conservation
(NLWKN). The flights took place in spring 2010 and 2012 and in autumn 2014 using the lidar sensor
Riegl LMS-Q 820G (version of 2014) from an airplane at 400-650 m altitude. Data acquisition was
carried out around low water in order to ensure minimal water coverage of the tidal flat areas. The
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accuracy of a given lidar point is >20 cm in the horizontal direction and 5-15 cm (absolute) or up to 2
cm (relative) in the vertical direction.

For the data of 2010, the irregular point cloud was interpolated to generate a regular DTM of 1 m grid
size using the SCOP++ software (SCOP-WWW 2001). For the data of 2012 and 2014, the DTM was
generated by the data provider using commercial software. As the test site (Fig. 5.3-1) has a size of
1,075x600 m, this leads to about 0.64 million points in the DTM. Bedform shape and height
characteristics are analysed using a profile selected from the DTM of 2014. This profile also forms the
basis for the Fourier analysis to derive further characteristics of the bedforms. Height profiles recorded
in 2010, 2012 and 2014 were compared to measure relocation distances of the bedforms. For this
purpose, the curve maxima were defined as the crests of the bedform ridges marking the bedform
positions of 2010, 2012 and 2014.

Tab. 5.3-1 Acquisition dates of remote sensing and RTK datasets used in this study

Lidar RapidEye TerraSAR-X RTK-DGPS
05/2010
06/04/2012 21/04/2012

04/10/2014 19/09/2014 10/09/2014 04/09/2014

Analysis of electro-optical data

Electro-optical data were acquired by the RapidEye satellite constellation composed of five identical
satellites phased in a sun-synchronous orbit plane with an inclination angle of 97.8°. The sensors have
a swath width of nearly 77 km and acquire the data from a nominal altitude of 630 km, recording five
discrete spectral bands at a spatial resolution of 6.5 m (re-sampled to 5 m) at nadir (BlackBridge 2015).
The image used in this study was taken on 19/9/2014 approx. 1 h before low water, and is fully cloud-
free. It was delivered as RapidEye 3A Ortho Product, which offers the highest processing level with
respect to radiometric, sensor and geometric corrections. The digital numbers of the RapidEye image
pixels represent absolute calibrated radiance values (BlackBridge 2013).

As the crest area, slopes and troughs are characterised by the same sediment but ranging from water-
covered trough to relatively dry crest, the differences in the spectral properties of the test area are
mainly caused by the water content of the sediment. Thus, areas with variably water-saturated
sediments can be distinguished from the electro-optical data with the aid of training areas. As a first
step, a principal component analysis (PCA) is carried out to improve the radiometric quality of the
satellite image by reducing the spectral variability. Spectral variability in this study addresses the fact
that an area of homogenous land cover (e.g. water) may have a wide range of values, implying
heterogeneity. To reduce most of the spectral variability, the first two PCA bands are selected for the
inverse PCA. Subsequent to this radiometric improvement, an atmospheric correction is carried out
based on the ENVI atmospheric correction module FLAASH of Manakos et al. (2011) and Matthew et
al. (2002). Next, several indices such as NDWI (normalized difference water index), MSAVI (modified
soil adjusted vegetation index) and NDVI (normalized difference vegetation index) are calculated.
Especially the NDWI enables the demarcation between different moisture contents of the sediments.
From the resulting index images and from the RapidEye bands 3, 4 and 5, the Haralick texture measures
contrast, mean and variance are calculated in the direction perpendicular to the bedforms in a 3x3
window with one pixel distance (Haralick et al. 1973). In Table 5.3-2 the bands, indices and texture
results are listed; these are layer-stacked and subsequently applied to the supervised classification
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approach “maximum likelihood classifier” (MLC). For the training step, training data for the classes
“crest area” (dry sediment), “slope” (wet sediment) and “trough” (water-covered sediment) are
derived from the input images by visual interpretation based on ground-truth data.

Tab. 5.3-2 Information derived from RapidEye bands for supervised classification with the
maximum likelihood classifier

Band 3 NDWI Contrast of NDWI Mean of NDWI Variance of NDWI
Band 4 MSAVI Contrast of NDVI Mean of NDVI Variance of NDVI
Band 5 NDVI Mean of Band 5

Analysis of SAR data

SAR data were acquired by the high-frequency (9.6 GHz) X-band sensor of TerraSAR-X with a
wavelength of 3.1 cm, operating at 514 km altitude. The acquisitions used in this study were taken in
high-resolution mode, vertically co-polarised and delivered as Geocoded Ellipsoid Corrected (GEC)
intensity images in Universal Transverse Mercator (UTM) coordinates. The images were taken on
21/04/2012 and 10/09/2014 shortly after low water (25 and 41 minutes respectively) and the pixel
sizes are 0.75x0.75 and 0.5x0.5 m respectively, in both cases re-sampled to 1.25 m for comparison
with the complete set of TerraSAR-X data. The TerraSAR-X acquisition of 10/09/2014 has been
reported by Adolph et al. (2016, this special issue).

The differences in surface roughness caused by the pattern of sandy crests and slopes alternating with
water-covered troughs in the bedform area are reflected in the radar backscatter measured by the
SAR sensor. The bedform positions were determined by detection of the water-covered troughs
according to the method proposed by Adolph et al. (2016, this special issue): the TerraSAR-X data were
calibrated to “Sigma Naught” (c°), the radar reflectivity per unit area in ground range, to correct for
geometry of acquisition (cf. Airbus Defence & Space 2014). Speckle reduction was performed by Frost
and Median filtering and followed by a textural analysis calculating Gray Level Co-occurrence Matrix
(GLCM) statistical parameters (variance, homogeneity and mean) according to Haralick et al. (1973).
By means of unsupervised ISODATA classification, the water-covered troughs were derived from the
resulting feature images using ERDAS Imagine (version 2013) and ENVI 4.7. Assignment of classes was
verified by visual interpretation of the SAR images and in situ data. The shifting distance of the troughs
from 2012-2014 was determined along the profile shown in Fig. 5.3-2 to be compared to the lidar data
of the same years. To account for the asymmetry of the bedforms observed by Adolph et al. (2016, this
special issue), the western edges of the water-covered troughs are used for these measurements.
Fourier analysis

Fourier analysis was applied to investigate the remote sensing datasets for periodicities of the bedform
area. The signal was analysed for periodicities in the frequency domain after decomposition of the
data into a sum of sine and cosine functions with different amplitude, phase and frequency. The fast
Fourier transformation, optimized with regard to efficient computation, was employed as
implemented in the Signal Processing Toolbox of MATLAB to 1D profiles used as input data. In a pre-
processing step, the lidar height profiles were adjusted for mean and trend to suppress a systematic
signal component due to the sloping area and make the height values fluctuate around a zero mean.
Mean and trend adjustment was also performed for the RapidEye and the TerraSAR-X data.
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Ground-truth

Ground-truth is provided by high-precision height measurements of the bedform surface recorded by
Real Time Kinematic Differential GPS (RTK-DGPS) on 04/09/2014 with a Leica Differential-GPS SR530
and AT 502 antenna type. Reference data were supplied by the Satellite Positioning Service SAPOS® of
the German land surveying authorities using the High Precision Real-Time Positioning Service SAPOS®-
HEPS, with a horizontal accuracy of 1-2 cm and a vertical accuracy of 2-3 cm.

The measurements were carried out at intervals of approx. 2 m (three steps) along transects
perpendicularly crossing the bedforms. Five profiles with a total length of 540 m (220, 100, 100, 80 and
40 m) were recorded at higher and lower ranges of the bedform area. Additionally, the troughs defined
by the edges of total water cover were documented following the transects 2 h before and after low
water.

5.3.4 Results

Bedform detection from lidar, electro-optical and SAR sensor data

The lidar DTM clearly displays the morphology of the bedforms (Fig. 5.3-2) with pixel brightness
representing the ground level elevation. The crests are mapped as bright pixel values whereas the
troughs can be seen in the darker areas. Main characteristics of the bedforms are demonstrated by
height profiles (Fig. 5.3-2 and 5.3-3). Within the profile marked by the red arrow in Fig. 5.3-2, the height
differences between crests (local maxima) and troughs (local minima) are about 10— 15 cm (Fig. 5.3-
3). The large bedforms with lengths of almost 110 m and heights of nearly 20 cm vary and they are
superimposed by small ripples. In general, the area slopes slightly towards the main tidal channel in a
southern direction. Classification results for water cover, wet sediment and dry sediment of the
RapidEye data from 19 September 2014 are shown in Fig. 5.3-4 (upper image) and can be compared
with the NDWI result in Fig. 5.3-4 (lower image). Sediments covered by a water layer (e.g. water-
covered trough) are represented by very bright pixels in the NDWI data; darker to black pixel values
indicate the gradual transition from wet and moist to relatively dry sediment. In the bedform area, the
classification results represent the troughs, slopes and crest areas of the bedforms. The crest area is
assumed to be the highest and thus the driest part of the sediment surface. The results show that the
NDWI is well suited to visualize the water-filled troughs and the wet and dry sediment of the slopes
and the crest areas. The result of the supervised classification method is in good agreement with the
NDWI; both patterns are very similar and show the diagonally oriented troughs. In many cases the
crest area is located close to the western border of the troughs. Thus, a certain asymmetry of the
bedform profiles, which is also visible in the lidar data, is reflected in the electro-optical data due to
the differing moisture of the sediments.

E — : ‘ ‘ bl b0 ) Fig. 5.3-2 DTM of the test site derived
from lidar data of 2014, and location of
NW-SE directed transect for detailed
height and geometry analysis of the
bedforms
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Fig. 5.3-3 Height profile of
the lidar data of 2014 along
the NW-SE directed transect
showing a cross-section of
bedform geometry
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A detailed analysis of a smaller subset of the test area demonstrates the accuracy of the classification
with RapidEye data. Figure 5.3-5 shows the lidar DTM superimposed with the RapidEye classification
results and the RTK measurements of water-covered troughs carried out 15 days before image
acquisition. While the smallest troughs could not be detected from the RapidEye data by the applied
method, the locations of the larger troughs are determined correctly. Regarding the non-water-
covered areas, the lidar DTM as well as the RTK-DGPS measurements confirm the classification and
interpretation of the driest sediments as representing the highest parts of the bedforms, the crest
areas (Fig. 5.3-6).
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Fig. 5.3-5 Crest area (/eft), slope (middle) and trough (right) classified from RapidEye data
compared to water cover recorded by RTK-DGPS (profile) and lidar DTM (background)

The classification results for trough detection from TerraSAR-X data are also in good agreement with
the visual interpretation of the SAR image and with the positions of the trough edges measured by
RTK-DGPS (Fig. 5.3-7). The subset in Fig. 5.3-8 shows the troughs derived from the TerraSAR-X image
compared to the ground level elevation of the lidar DTM and the RTK-DGPS measurements. The class
“trough” as derived from RapidEye and TerraSAR-X data in most cases is associated with low height
values in the lidar DTM, which demonstrates the capability of both sensors and the applied methods
to detect the troughs (Fig. 5.3-5 and 5.3-8). Accordingly, the classification results from RapidEye and
TerraSAR-X data identify the same trough positions. However, the water-covered troughs based on
TerraSAR-X data are more precise in planimetric location and width: the extent of the troughs
extracted from the SAR data is more restricted to the central areas of the troughs with total water
cover (Fig. 5.3-9). The southern area is free of any bedforms and characterised by wet sediments and
water pools.

Fig. 5.3-6 Crest area (red) and trough

4 16 (blue) classified from RapidEye data

: Rp— compared to ground level elevation from
[3 Heights: lidar DTM & RTK-DGPS lidar (background) and RTK-DGPS
[] Crest area: RapidEye (profile)
[ Trough: RapidEye ———
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In addition to trough detection, the RapidEye data enable to distinguish different water contents of
the sediment by using the NDWI. Thus, the exposed sediment surfaces can be attributed to the classes
“crest area” and “slope” which, on the whole, correspond to the lidar and the RTK height data, as the
slopes and crest areas are assigned to increasing heights according to the DTM (Fig. 5.3-5 and 5.3-6).
A detailed analysis of height profiles, however, reveals that the crest areas cannot always be associated
with the highest ground level elevations, which means that in some cases also slope sediments can be
dry. For an overview, bedform parameters derived from the different sensor data are listed in Table
5.3-3. Distances are measured between the steep edges of the troughs (western edge) and the crests
(eastern edge).

Fig. 5.3-7 Trough
extraction (white lines)
derived from TerraSAR-X
data and water edges
recorded with RTK-DGPS
6 days before image
acquisition (red dots)

S5 TerraSAR-X 2014/09/10 RTK-DGPS 20

Tab. 5.3-3 Bedform parameters based on lidar,
RapidEye and TerraSAR-X data

Bedform parameter Lidar RapidEye TerraSAR-X

Height crest C1 (cm) 16 - -
Height crest C2 (cm) 14 - -
Height crest C3 (cm) 15 - -
Distance C1/C2 (m) 93 82 -
Distance C2/C3 (m) 99 94 -
Distance T1/T2 (m) - 101 99
Distance T2/T3 (m) - 70 73
Trough width T1 (m) - 25 11
T ﬂigh Trough width T2 (m) - 18 14
; o3 Trough width T3(m) - 25 13
[ 1 Heights: lidar DTM & RTK-DGPS Wavelength FFT (m) 110 90 100

[] Trough: TerraSAR-X s

Fig. 5.3-8 Trough detection (blue lines)
derived from TerraSAR-X data
compared to ground level elevation
based on lidar (background) and RTK-
DGPS (profile)
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Fig. 5.3-9
Classification of crest
area, slope and
trough from RapidEye
data compared to
trough extraction
from TerraSAR-X data

RapidEye 2014/09/19

Figure 5.3-10 shows the amplitude of each signal
component of the three sets of remote sensing
data corresponding to the profile in Fig. 5.3-2. In
the high-frequency range, no significant signal
components can be detected for any of the
contrast, the low-frequency
components show a significant peak for the lidar
data at 0.0090 m™. In the spatial domain this
value corresponds to a period of approx. 110 m.
Delineating this period in the DTM demonstrates
the good correlation with the input data (Fig. 5.3-
11). The peak is less significant in the electro-
optical data. However, the data show a maximum
at the frequency of 0.0099 m™, approx. equal to
100 m. The difference between the wavelengths
for the profiles of the RapidEye and the lidar data
is thus about 10 m. This is probably a result of the
lower geometric resolution of the electro-optical
data and the fact that the bedforms are less
obvious in the spectral data. For the SAR data, the
maximal amplitude relates to the frequency of
0.011 m™ or about 90 m. The deviation from the
other sensor data is due to the noisy input data
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Fig. 5.3-10 Profiles of a) lidar data, b)
electro-optical data and c) SAR data in the

frequency domain

(Fig. 5.3-7), which is why the decomposition of
the signal into few significant components fails.
However, especially for the lidar data the Fourier
analysis proves to be a suitable tool for the
description of the bedforms.
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Fig. 5.3-11 Fourier analysis of lidar data showing a significant wavelength of about 110 m

Comparison of bedform migration based on lidar and TerraSAR-X data

As different features are used for bedform detection from lidar (crests) and from TerraSAR-X data
(troughs), a comparison serves to assess whether this affects the results on bedform migration. Lidar
data from the test site are available for the years 2010, 2012 and 2014. In Fig. 5.3-12 the height profiles
corresponding to the transect presented in Fig. 5.3-2 are compared for the three snapshots. Both
between 2010-2012 and 2012-2014, a shift of the bedforms can be observed (cf. arrows in Fig. 5.3-
12; Table 5.3-4). Three individual bedforms lie along the profile—bedform 1 (crest in 2010 at 110 m of
the profile), bedform 2 (crest at 196 m), bedform 3 (crest at 276 m). The troughs east of these crests
are defined correspondingly.
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Fig. 5.3-12 Height profiles of lidar data from 2010, 2012 and 2014. The crests shifted from
west to east by 21 to 40 m
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TerraSAR-X data comparable to the dates of the lidar flights are available for 2012 and 2014. The shift
of the bedform positions over this period is reflected by the water-covered troughs extracted from the
TerraSAR-X images (Fig. 5.3-13). The positions of the steeper western trough edges in 2012 are at 156
m of the profile for bedform 1, 270 m for bedform 2 and 362 m for bedform 3. The distances of the
resulting shifts are given in Table 4. Troughs T1, T2 and T3 show a shifting distance of 31, 20 and 27 m
respectively, resembling those of the related crests (27, 22 and 32 m). Comparing the shift of trough
edges to that of the crests as a measure for bedform migration, the resulting migration distances of
20-30 m can be regarded as rather similar although determined by completely different methods. For
the pair of crest C2 and trough T2, some irregularities are due to the formation of small and shorter
depressions, which might be initial or temporary trough-like structures in the space between C2 and
T2 (Fig. 5.3-13). As for the profile, this is not counted as a trough.

Tab. 5.3-4 Shifting distances of crests (2010-2012 and 2012-2014) and troughs (2012-2014)
along the profile marked in Fig. 5.3-13. Shifting distance of troughs is measured at the

western trough edges

Shift 2010-2012 (m)  Shift 2012-2014 (m)

Crest 1 29
Crest 2 21
Crest 3 40
Trough 1
Trough 2
Trough 3

27
22
32
31
20
27

0

e raSﬁ-X ©DLR 2
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4 > Trough: TS-X 2012

\

Trough: TS-X 2014 — profile

Fig. 5.3-13 Trough positions of 2012 and 2014 derived from TerraSAR-X data and position of
lidar height profiles of Fig. 5.3-12 (red arrow)
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5.3.5 Discussion

This study shows that the employed sensors and methods map the pattern and position of the
bedforms consistently. Describing different properties of the intertidal bedforms, the individual results
confirm and complement each other. The basic positioning of the bedforms is reflected by the three
sensors with good consistency when comparing the trough-to-trough distance derived from TerraSAR-
X and RapidEye and the crest-to-crest distance from RapidEye and lidar. The trough-to-trough distance
differs by only 2—3 m and the crest-to-crest distance by 5-11 m (Table 5.3-3)—a good result in view
only of the difference in the sensors’ resolution. Accordingly (Table 5.3-4), bedform migration derived
from the shifting distance of the western trough edges as detected by TerraSAR-X corresponds to the
relocation of the crests in the lidar profiles. Further studies employing an extended data base may be
requested, but these results strengthen the feasibility of bedform tracking with SAR imagery and the
integration of data from different sensor systems into combined monitoring schemes.

Compared to the troughs extracted from SAR images, the extent of the area assigned to the class
“trough” is clearly larger when RapidEye data are used (Fig. 5.3-9, Table 5.3-3). This results from the
difference in spatial resolution (5 vs. 1 m), the classification method (all pixels are assigned to one
class) and the transition areas which occur due to the variable moisture content of the sediments. In
addition, the high sensitivity of the electro-optical data to moisture results in a blurry discrimination
of very wet sediments and sediments covered by water. Very high sediment moisture, for example,
results in high NDWI values independently of an existing water layer. The trough extraction from the
TerraSAR-X data, in contrast, is solely based on the detection of water-covered surfaces. Figure 5.3-9
clearly shows the different representation of the slight depression in the southern part of the subset
in the different sensor data (given the applied methods of classification). As both acquisitions took
place in a period of stable weather conditions (but with an offset of 9 days), the exact magnitude of
this deviation cannot be determined in this study. Regarding the non-water-covered sediments, on the
other hand, electro-optical data like RapidEye imagery contributes to a comprehensive picture by
adding spectral information which enables the discrimination of wet/moist and dry sediments. For the
sandy bedform area, the dry expanses are most likely to result from the drying of the highest and
steepest parts of the ridges, mainly the most distinct crests. For the westernmost bedform ridges, the
positions of these dry areas confirm an asymmetry which also shows in the height profile drawn from
the lidar data. Thus, by combining the different sensor data, we obtain a coherent overall assessment
of the outer appearance of the geomorphic structures in the test area, containing information on the
morphology and heights of the sediment surface, and the distribution of sediment moisture and water
cover.

The most accurate and direct image of the bedform surface is given by the lidar data, which (with a
resolution in the range of decimetres to centimetres) enables to precisely determine the crest
positions within the exposed ridges of the bedforms. This facilitates the study of the shape and
orientation of the bedforms, which could provide the basis for systematic investigations of, for
example, the predominance or spatiotemporal occurrence of symmetric or asymmetric bedform
shapes. Analysing a multitude of profiles or 3D data would allow to determine the local directions of
bedform migration. Moreover, the lidar data provide absolute elevation: given a correct normalisation
of water levels during data acquisition, possible trends of accumulation or erosion can be observed.
However, the near-infrared laser pulses used in the systems investigated here cannot penetrate water.
Thus, for the water-covered troughs, the lidar height represents the level of the water surface. Unless
a water—land classification is carried out, the troughs cannot be detected as precisely as the slope and
crest areas of the bedforms. With regard to large regions like the Wadden Sea, airborne acquisition of
lidar data is limited by the maximum area the flight route can cover during low tide. Lidar acquisitions
take much time and effort and are thus also expensive.
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Due to the water cover, the bedform troughs are detected most clearly by TerraSAR-X data. Accuracy
of trough detection verified by ground-truth is in the range of 1-2 m depending on pixel size and image
qualities (e.g. influence of incidence angle, storm at acquisition time). Being an active sensor like the
lidar, SAR is independent of daylight and of cloud cover. The repetition rate of TerraSAR-X is 11 days
but images taken from differing orbits can be acquired more frequently so that yearly, seasonal or
even shorter time intervals are feasible—e.g. to investigate the effects of high-energy events such as
storms or storm surges. Therefore, Adolph et al. (2016, this special issue) were able to study the
bedform dynamics over a period of 6 years (2009—2015) using trough detection from TerraSAR-X data
showing a general shift of the bedforms from west to east. Indeed, SAR imagery would facilitate future
investigations of the distribution and dynamics of intertidal bedform fields—e.g. are bedform
dynamics the same at all East Frisian islands, and how stable are the characteristics of the bedform
fields?

For Wadden Sea monitoring purposes, SAR imagery from TerraSAR-X can provide frequent acquisitions
with a spatial resolution of up to 1.1 m (or 1.7 m) in high-resolution (or spotlight) mode and down to
3.5 min stripmap mode. One high-resolution image covers an area of 10x5 km (10x10 km for spotlight
image), which for Lower Saxony corresponds to the area of about one tidal basin. An image taken in
stripmap mode covers 30x15 km for a larger overview and still maps the bedform troughs. Compared
to lidar, this overview based on synchronous data presents a significant advantage of TerraSAR-X, or
satellite imagery in general. For wider surveys, also larger footprints are available in ScanSAR and
ScanSARWide mode, providing swath widths of 100 and 270 km although leading to much coarser
resolutions down to 18.5 and 40 m.

While the spatial resolution of RapidEye data (6.5 m) lags behind that of the SAR and lidar sensors, the
large spatial coverage (swath width 77 km) is a clear advantage in achieving a simultaneous overview
over large areas which may only partly be accessible for ground-truth. Relating to basic monitoring
needs rather than to bedform detection, application of spectral data is of importance to investigate
the distribution of sediment types or plant cover such as seagrass and algal mats. A significant
limitation associated with optical remote sensing is the dependency on daylight and a cloudless sky.
The potential repetition rate of RapidEye is only 1 day (off-nadir) due to the constellation of five
satellites, but in 2013 the data policy was changed by the data provider. Since that year, Germany is
covered by RapidEye only every 45 days, considerably reducing the possibility of obtaining cloud-free
images during low tide.

Similar to in situ investigations which may be hindered by limiting factors such as large distances,
inaccessible or protected terrains, restricted daylight or the tides, it may be also difficult to achieve
synchronous acquisitions by different sensors at the appropriate moment to map the intertidal zone.
Adolph et al. (2016, this special issue) have shown that, during exposure, the bedforms slowly drain to
a maximum stage defined by a minimum trough width shortly before the next inundation. Maximum
waterline regression on the steeper west side of 17 troughs ranged from 0.4 to 1.6 m over nearly the
whole exposure time (5 h) and up to 0.8 m over 3 h around low water. This corresponds to only a few
centimetres of water level decrease in the troughs. A dependency of trough width variation on tidal
gauge or wind speed and wind direction data could not be found (Adolph et al. 2016, this special issue).

In this study, all datasets were acquired within a period of calm and stable weather—the lidar data
around low water, the RapidEye and TerraSAR-X data 1 h before and 40 minutes after low water
respectively at a 9 day interval. On the one hand, this is quite close for satellite remote sensing. Thus,
regarding the weather conditions, the acquisition dates are not expected to measurably influence the
comparison. The lidar data are not much affected by sediment moisture, and trough extraction from
TerraSAR-X data only concerns approx. 100% water cover. The electro-optical data, on the other hand,
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are highly sensitive to sediment moisture. Even with a fast-drying sediment of fine sands (2—3 phi), the
exact conditions of sediment moisture and water cover might not be directly comparable between the
acquisition dates of TerraSAR-X and those of RapidEye. Trough areas detected from RapidEye data
might also generally be wider than SAR-detected troughs because of a more gradual perception of
moisture and the coarser resolution of the RapidEye data. These differences have no effect on the
general position of the bedforms but should be considered when interpreting the data. For a
guantitative comparison and assessment, extensive in situ measurements adapted to the resolutions
of the different sensors would be necessary. For monitoring purposes, however, acquisition time as
late as possible after low water and closest to inundation is recommended.

For the monitoring of geomorphic structures and habitats of the intertidal zone of the Wadden Sea as
well as for long-term ecological research, however, the sensors should be used in a way that ensures
the regular surveying of the entire area while obtaining all information needed at minimum expense.
This leads to a spatially and temporally structured concept combining the advantages of the respective
sensor classes according to the footprint area and the resolution, frequency and costs of acquisition.
Regarding the example of intertidal bedforms, a basic overview could be achieved by lidar data—e.g.
every 5 to 10 years, the lidar flights performed regularly by the local authorities could be employed.
The yearly or seasonal migration of the troughs can be surveyed using a series of SAR images. The
combination of lidar data and more frequently acquired SAR images also allows to identify the crests
corresponding to the troughs in the lidar data even if these are taken at intervals of years. Although
the electro-optical RapidEye data cannot be scheduled as reliably as the data of active sensors like lidar
or SAR, one or two images in between the lidar flights would provide a large overview of the
distribution of troughs and crest areas, covering more than twice the size of a TerraSAR-X stripmap
image.

Besides monitoring purposes, the remote sensing data presented in this study can support systematic
investigations of the driving forces governing the origin and dynamics of intertidal bedforms. To this
end, remote sensing data should be combined with ground-truth such as sedimentological in situ
studies. For smaller study areas, the lidar data or, alternatively, high-quality ortho-images can also be
provided by drones with higher temporal availability. The fusion of different sensor data has lead to
promising approaches for a synergistic classification of intertidal habitats (e.g. Stelzer et al. 2010; Gade
et al. 2014; Jung et al. 2015). The conceptual combination of remote sensing data with differing spatial
or temporal advantages presented in this study likewise enables the investigation of the intertidal zone
due also to a more flexible supply of data.

Continuing advances in satellite and sensor technology are to be expected. For further investigations
on the use of satellite remote sensing as an input for Wadden Sea monitoring, the ESAs Sentinel fleet
and their open data policy (amongst others) could ensure that SAR data as well as electro-optical data
would continue to be available. To what extent the individual satellites and sensor systems are suitable
for general and special tasks in monitoring the Wadden Sea has to be investigated. For example, the
bedforms are reproduced by vertically co-polarised acquisitions of Sentinel-1 but, with a resolution of
10 m, the trough extraction would have to be adapted and it is arguable whether this resolution would
be sufficient to detect smaller or even larger bedform shifts. Sentinel-2, however, can replace the
RapidEye data and could even improve their use, as demonstrated recently by Jung and Ehlers (2016)
for the most usable wavelengths retrieved from hyperspectral data. Most of the wavelength ranges
are covered by Sentinel-2, which is not the case for RapidEye. In general, the adaptation of these new
techniques for monitoring concepts is challenging but also an advantage for monitoring and research.
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5.3.6 Conclusions

The pros and cons of three remote sensing methods applied to intertidal bedforms as an example for
the monitoring or long-term research of Wadden Sea surface structures show that all these methods
are able to reproduce the bedforms in general. Differences exist in the resolution, coverage and
temporal availability as well as the cost of data acquisition.

Lidar is most precise with clear indications of crests and slopes but is limited in space and time and is
expensive. TerraSAR-X reproduces the positions of troughs in a high quality, especially the western
waterlines adjoining the steep slopes in the present study area. Together with the high temporal
availability, the area charted and moderate expenses, SAR imagery should be preferred for monitoring
as well as studies on bedform migration and effects of single events. Detailed information about crests
and slopes cannot be obtained by this method. From the RapidEye sensor, additional information on
the sediment can be obtained, especially the water content (dry, moist, water-covered), and the area
recorded encompasses nearly the whole Lower Saxony Wadden Sea in the present case. The main
advantage of the electro-optical approach, i.e. the spectral information obtained by the high number
of separate wave length measurements, is of minor importance for bedform records but of substantial
importance for other structures and habitats such as vegetation, diatoms and algal mats.
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6 Summary and Assessment of Findings

By investigation of more than 100 acquisitions from a period of seven years (2009-2016), the attempt
for a comprehensive assessment of the potential of TerraSAR-X data to monitor tidal habitats and
macrostructures was made.

6.1 Image Analysis

With regard to image analysis, initial tests have shown that mere statistical analysis of backscatter
values such as brightness, mean value, amplitude or variance were not sufficient to significantly
identify and distinguish the different tidal habitats and surface structures. Moreover, grouping the
images according to geometry of acquisition for reasons of comparability also reduced the data basis.
It soon became very clear that more of the properties contained in the image information had to be
used for interpretation. In general, the challenges are extremely high to a valid classification of the
various and permanently variable intertidal surface types which are continuously influenced by tidal
dynamics, wind effects or biological processes. Very likely, a whole series of specific classification
procedures will have to be developed for future automated interpretation of the SAR data from the
tidal Wadden Sea. In the studies presented here, visual image analysis proved to be effective as a non-
specific and generic approach to recognize a multitude of different tidal surfaces, taking into account
not only backscatter intensity and contrast but also shapes, spatial configuration, patterns of internal
structures and textures of the reflected surfaces. In an iterative process as already described by Albertz
(2009), also context information such as environmental data (i.a. weather and gauge level data) and in
particular the extensive in situ data specifically collected for this purpose contributed significantly to
the interpretation process. Particularly noteworthy in this context are in situ data recorded
synchronously with the acquisition of the satellite images, which contributed enormously to the
understanding of imaging properties of the sensor. Based on these findings, such an iterative approach
with regular reviews based on current terrain data is highly recommended for future development of
automated classification procedures.

Referring to the available products of the TerraSAR-X itself, data collected in SpotLight (SL) and in High
Resolution SpotLight (HS) mode proved most suitable to investigate typical intertidal habitats and
large-scale surface structures. Both products have the same slant range resolution of 1.2 m while the
azimuth resolution is 1.7-3.4 m for SLand 1.1-2.2 m for HS respectively. The scene sizes are technically
defined to 10 km x 10 km (width x length) for the SpotLight and to 10 km x 5 km for High Resolution
SpotLight. For the research carried out here, the compromise that needs to be made in gathering
(satellite) data between the required spatial resolution and the footprint coverage is best met with
these products. The StripMap mode (SM) with a standard scene size of 30 km x 50 km (acquisition
length extendable up to 1 650 km) offers a somewhat lower azimuth resolution of 1.7-3.4 m. In these
studies, the higher resolution offered by HS and a little less pronounced by SL mode facilitated the
visual interpretation process, if it did not make it possible at all. Only with sufficient spatial resolution,
perceptible details given by internal patterns or textures of the tidal surface types are transmitted. On
the other hand, the footprint even of images taken in High Resolution SpotLight mode covers about
the area of a tidal basin, a sub-unit of the Wadden Sea which was used in this study to fundamentally
map the essential tidal habitats and large-scale structures. The even higher resolution of up to 0.25 m
provided by Staring SpotLight mode (ST) since 2013 would result in a footprint area of only 4 km x 3.7
km depending on incidence level. With regard to an area-wide monitoring of the Wadden Sea however,
this compromise indicates the potential for further development in SAR sensor technology.

An extensive set of TerraSAR-X data, including detailed time series and recordings before and after
extreme events such as storms, storm tides or ice drift could be obtained during the investigations.
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Data acquisition was tied to a narrow time slot related to low water time, therefore varying orbits and
incidence angles had to be accepted. In general, the visual interpretation of the SAR data turned out
to be quite robust with respect to changing geometries of acquisition but a basic trend from stronger
contrasts to more and more differentiated backscatter differences is to be mentioned for increasing
angles of incidence. For most intertidal surface types, collection at incidence angles between 30-47°
is to be considered most suitable: Differentiated backscatter intensities allow for a good distinction
even of rough or otherwise strongly backscattering surfaces such as mussel beds, humpy mud fields or
steep sandy slopes. Internal structures can well be recognized as well as fine structures of the sediment
surface. Water surfaces appear predominantly uniform and darker than the emerged intertidal area
and both can be quite well distinguished. Yet, for specific questions smaller or higher incidences can
be useful. In near range, at incidence angles < 24° e.g. contrasts are extremely sharp and any roughness
of the water surface is highlighted, so that eddies and currents can clearly be seen, especially when
surface-active agents are present. At incidences higher that 50° on the other hand, the differentiation
of backscatter intensity becomes increasingly finer, transitions become more and more fluent, and
contours become less distinct. Taking these differences into account would be of advantage also in the
development of automatable classification methods, e.g. in the separation of water-covered areas
from exposed areas.

6.2 Determination of Habitats and Geomorphic Surface Structures from the
TerraSAR-X Data

In the course of the investigations different habitats and large-scale surface structures characterizing
the tidal flats have been visually identified and analyzed from the TerraSAR-X data so that characteristic
elements essentially structuring the area of the tidal basin of Norderney can be described. Two
principles of perception can be distinguished: Due to outstanding surface roughness, specific patterns
and textures mussel beds and fields of shell detritus are successfully recognized. The same holds for
edges and steep slopes of channels, gullies and of high sandflats, especially those inclined towards the
sensor. Other tidal structures, mostly of geomorphological origin and predominantly rather
inconspicuous, are specifically reproduced due to the contrast of water and sediment surface reflected
in the SAR data. This refers to residual water caught in depressed areas, any kind of drainage systems
or the troughs which in turn mark the intertidal bedforms. On the other hand and most obvious,
recognition of water level lines enables to distinguish between exposed flats and sub-littoral areas at
low water time or, more generally, areas flooded and submerged in the course of the tides.

6.2.1 Mussel Beds

Mussel beds are a focus of attention in the Wadden Sea due to the environmental key role of mussels
as an ecosystem engineer on the one hand, and their importance for fisheries on the other. As an
example, annual surveys on mussel beds are required under a mussel management plan. Intertidal
settlements of Blue Mussels (M. edulis) associated with Pacific Oysters (M. gigas) form solid structures
surmounting the sediment surface which makes them seem almost predestined for monitoring with
SAR data. The mussels and the even larger oysters, which often grow upright effectuate a pronounced
roughness of the surface resulting in a high backscatter reflected in the SAR images. In fact, the mussel
beds and their various forms of appearance are characteristically depicted by the sensor and can be
easily recognized. An essential feature of identification is provided by the internal structures that
develop in mature mussel beds: More or less elevated areas actually populated by the bivalves form
an organic pattern with free interspaces and flood ponds. This pattern is reflected in the SAR data
accordingly. Young mussel beds, on the other hand, cause an evenly textured backscatter as they are
formed relatively homogeneously by Blue Mussels or mussel patches — oysters usually settle most of

74 Summary and Assessment of Findings



such beds during the following years. Visual recognition of mussel beds in the SAR images was highly
correlated with the results of in situ surveys and with current monitoring results obtained from aerial
photography.

Yet, in some cases visual interpretation is hampered by a risk of misinterpretation. In the example of
the mussel beds, fields of shell detritus can give rise to confusion. They may show a similarly high
backscatter in the SAR data but not the internal structures indicating the mussel beds. Slight
differences in backscatter and texture are gradual and vary, therefore shell detritus could be taken for
dense mussel bed areas or for young beds of Blue Mussels. This also applies to strongly backscattering
features such as steeply sloping high sands inclined to the sensor or even very humpy mud flats. If such
cases cannot be clarified by contextual information, e.g. by a typical location of the surface type or a
comparison with data acquired with other geometry, in situ data is required for identification. The
further development of clearly identified surfaces that differ well from their direct surroundings can
then be observed with relatively little effort using the SAR data.

6.2.2 Sediment Composition

Another topic of great importance for monitoring is sediment composition of tidal flats. Especially in
view of rising sea levels, and in particular of increasing flow velocities and number of extreme events,
the effects on the sedimentary conditions in the Wadden Sea have to be observed carefully. Sediment
grain size of course could not be obtained from visual interpretation of the SAR data but at least some
reference points can be drawn from the images.

One example is given by the detection of mud fields characterized by a sediment surface varying from
wavy to humpy interspersed with extremely dense and highly branched gully structures and puddles
of residual water. The mixture of these properties leads to a specific reproduction of the mud field in
the SAR images which is characterized by a high backscatter and the recognizable texture created by
the gullies and the puddles. The mud field studied in detail in this study, is located close to the
watershed of the tidal basin of Norderney, it was several hundred meters wide and had a length of 1.8
km. Due to its position between the Riffgat channel and a large depression mostly holding residual
water, the detection of the mud field’s contours was facilitated, resulting in very high agreement of
the interpretation results with in situ GPS measurements. Therefore, the extent of the field could be
observed through the seasons and over the years. Similar mud fields of different sizes were also found
in the tidal basins of the other East Frisian Islands. Regarding the mud field in the Norderney basin, it
was shown that the humpy surface was more pronounced during the calmer season of the year than
after the stormy time of winter. At the same time, a regular decrease of the width of the mud field
surface in the winter season was found during the observation period 2011-2015. Based on these
dynamics, conclusions can also be drawn i.a. on the range of hydrodynamic forces which have an effect
on the sedimentation conditions.

Hints at sediment composition of tidal flats can also be drawn from assessment of channel network
features: The meandering and branching patterns, the density and complexity of tidal creeks and
gullies in muddy areas differ considerably from those observed in areas with coarser sediments.
Analyses of this kind allow at least qualitative statements, however, they seem quite suitable for
automated procedures.

6.2.3 Tidal Channels, Gullies and Water Level Lines

It has been demonstrated, that channels and gullies are well captured by visual interpretation of
TerraSAR-X imagery. Detection depends on their width, on the slope and inclination of the edges and
on the water-level within the tidal course. Contours of water-filled channels are marked by the
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waterline, whereas smaller and dry-fallen gullies are imaged by the backscatter of their edges,
especially the steep edges and erosion banks. Stability and relocation of tidal creeks have been shown
as an example for a section in which the channel shifted locally by a maximum of 100 m from 2009—
2012. The branching arms located higher up on the flats by contrast, largely remained stable. Apart
from shedding light on morphodynamic processes constantly forming the characteristic Wadden Sea
landscape, such observations of tidal channel dynamics are also valuable again with regard to climate
change-induced alteration of hydrodynamics in the Wadden Sea area.

The same applies to the potential of SAR data to detect water level lines. Various in situ GPS
measurements performed during the investigations have confirmed that they are imaged accurately
and reliably. As described in chap. 3.2.3, automated detection methods have already been developed
though they may need to be adapted for use in the Wadden Sea. With their application and further
development, not only mudflats and their relocations can be mapped, but also the ratio of intertidal
area to sublittoral area at given low water level can be determined which represents an important
measure to assess the ability of tidal flats to adapt to rising water levels.

6.2.4 Intertidal Bedforms

In the course of the investigations, special attention was paid to the detection of geomorphic
structures, which are indirectly mapped in the TerraSAR-X data via their correlation with residual water
trapped in cavities. The collected SAR data showed, that large areas of the sandy upper back-barrier
tidal flats of the East Frisian Islands are characterized by periodic bedforms, that is, patterns of long-
stretched crests alternating with water-covered troughs. The differences in surface roughness
between the sediment surface and the water surface enabled a clear identification of the water-
covered troughs. Basically, the distinction of water cover from exposed sediment is predominantly
clear, irrespective of the variable appearance the water surface may display in different acquisitions
due to environmental influences. When looking at residual water however, the separation is made
even easier because these water surfaces are not affected by currents or swell and often they are
relatively sheltered from the wind. As a result, the relatively smooth and undisturbed water surface of
the bedform troughs is displayed in the SAR images with very low backscatter intensity. By this means,
the orientation and length of the bedforms, their distance from each other and the size of the entire
bedform area could be determined on the basis of the SAR data, verified by in situ GPS measurements.
In general, the bedforms were oriented in a north-easterly direction, the exact dimensions varied from
island to island. These bedforms, determination of bedform position and their dynamics have been
investigated in detail within the main study area at Norderney.

Around low tide, the residual water caught in the troughs is not directly connected to tide level and
from in situ measurements as well as from analysis of the TerraSAR-X data only a slight loss of water
cover was observed during exposition time of the bedforms, which will not affect detection of the
bedform positions in general. To be sure, SAR data was taken at maximum drained situation during the
two hours after low tide. Additionally, variations primarily affected the position of the eastern trough
edges that turned out to be more gently sloped than the western edges which was confirmed by high-
precision RTK-DGPS measurements. Consequently, the steeper western trough edges, whose positions
in the SAR images are hardly affected, were used as a measure of the bedform position in the
spatiotemporal analyses of bedform positions.

The documented bedform asymmetry implies the formation of stoss sides and lee sides as a sign of
sediment transport. It supports the notion that the bedforms visually observed in the SAR data were
migrating which explicitly motivated further investigation (see Publication Il, chap. 5.2). Studies of the
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sedimentary structure of the bedforms carried out by Dr. Son 20132014 (during a fellowship at Hanse-
Wissenschaftskolleg, Delmenhorst) revealed a general subdivision into two facies within a depth of 30
cm. An intensively bioturbated lower part was overlain — with a sharp boundary — by a cross-bedded
upper part which also suggests sediment reworking and most likely bedform migration. Overall, the
bedforms are composed mainly of fine sand.

Evidence for direct ecological implications of the bedforms were found by Dr. Schickel (WIMO
cooperation partner “Senckenberg am Meer”) who assessed possible differences in macrofaunal
species composition and community structure among and between crest and trough areas by means
of multivariate analyses. Despite a large overlap of dominant species, significant differences between
crest and trough areas have been discovered which can be related to differing exposure time and
differing feeding preferences of the species. However, more detailed information on this topic would
require more extensive samples to be taken and evaluated.

6.3 Observing Dynamics of Intertidal Features and Areas

6.3.1 Bedform dynamics

For spatiotemporal analyses of bedform dynamics, 41 TerraSAR-X scenes taken from 2009-2015 were
collected to capture seasonality of bedform dynamics and effects of storm events as well as inter-
annual developments. To evaluate this amount of data effectively, a simple and straightforward
method was developed to extract the outlines of the water-covered troughs for comparison in a GIS.
This procedure includes steps of speckle reduction and an unsupervised ISODATA classification of the
textural parameters variance, homogeneity and mean backscatter intensity. In contrast to the general
comprehensive and image-covering evaluation of the TerraSAR-X data for which visual interpretation
was chosen, this approach proved suitable for this particular demand. Trough detection results were
synchronously validated by high-precision RTK-DGPS and corresponded also to regularly collected in
situ data and to visual interpretation of the SAR scenes. Overall, the method proved to be sufficiently
insensitive to the imaged variability of water and sediment surfaces shown in the set of images.

The subsequent analysis of the vectorized trough contours indicating the bedform positions, to be
specific the western trough edges, resulted in an overall eastward shift over the observed period. This
confirms the first results of the visual examination of the data. The extent of the relocations varied
between the years, which for the Winter 2013/2014 could be related to the impact of two heavy gales.
In addition, it could be shown that the bedform shift regularly occurred during the stormy season from
late summer to late winter, whereas during summer, the positions generally remained stable. These
findings are supported by results of the sediment analysis, which documented slightly thicker cross-
bedded top facies in the bedform crests and decreasing mud content during winter which can be
attributed to stronger waves induced by winter storms.

The sandy bedforms described in this study are a prime example of how relatively inconspicuous,
shallow surface structures of geomorphological origin in the intertidal area are specifically reproduced
due to the contrast of residual water and sediment backscatter reflected in the SAR data. The detection
of the residual water in the troughs proved to be an applicable indicator of the overall structure and
the location of the bedforms. Similarly, the spatial resolution of the TerraSAR-X products used — HS
and SL mode — proved to be suitable for tracking inter-annual developments as well as effect-related
and seasonal dynamics. A particular advantage in this context was the high availability of data over
time, especially when compared to electro-optical sensors, which are often obstructed by weather
conditions. In this way, SAR imagery can be used to map geomorphic surface structures holding
residual water, e.g. depressions, puddles or temporary linear surface structures, providing insights into
intertidal water drainage systems and morphodynamic processes.
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6.3.2 Tidal Flat Dynamics (NeBmer Watt)

The development of an intertidal sub-area in its complete coverage over time and its reproduction by
TerraSAR-X has been demonstrated using a time-series of acquisitions from 2009—-2015 in the “NelSmer
Watt” region. Some of the observed structures do not change, or hardly do so, over the entire period;
this applies, for example, to the Riffgat channel and its branching, as well as to the large mud field and
the gully structures within. Minor changes affect the course of smaller gully branches and the exact
course of the southern mud field boundary. The mud field area has become slightly larger. All of this is
clearly visible in the SAR scenes.

In other areas, however, there is fundamental change in surface types. The intermediate stages and
sometimes vague structures occurring in these processes are equally reflected in the SAR images. On
the whole, the large water-covered depression south of the mud field is increasingly populated by
mussels in the east and filled with muddy sediments in the central part. Mussel settlement in this case
is initiated by the polychaete Sand Mason (L. conchilega) whose tubes in dense occurrence cause
significantly increased backscatter, albeit without specifically recognizable pattern. The same applies
to the first mussel settlement whereas the subsequent formation of the mussel bed and its internal
structures is clearly evident in the SAR scenes. In the same way, the development and the ensuing
decline of another mussel bed in the west are clearly depicted by the SAR data. The accumulation of
muddy sediment within the initially depressed area, however, is indicated again by generally higher
backscatter values. Intermittently, this newly formed sediment surface is characterized by temporary
linear bedforms, also reflected by the SAR imagery, probably as a result of storm and wave action. In
addition, there were indications in this sub-area that the effects of seagrass settlement on the
sediment surface could also lead to increased backscatter in the SAR data. However, such indirect
mapping of seagrass induced structures has not necessarily been associated to the occurrence of
seagrass at other sites within the course of the investigations.

The overall picture shows that some habitats, structures and developments can be clearly identified
from the SAR data due to typical characteristics, while others are recorded as general events whose
specific qualities or exact dimensions must be determined via ground truth. The latter applies, in this
example, to the extensive field of Sand Mason, to young mussel settlements or to oyster scree
scattered by storm events. Correct identification by field observation provided, further development
and spatial dynamics of such surfaces can then be remotely monitored via TerraSAR-X data again for a
time.

6.4 The Contribution of TerraSAR-X Data to Wadden Sea Monitoring

In summary, the studies have shown that high-resolution SAR data as recorded by TerraSAR-X enables
the detection of essential geomorphic surface structures and habitats of the tidal flats and their
dynamics. Especially surfaces characterized by distinctive roughness, edges, or specific patterns and
textures are clearly identified. But even smooth, intrinsically inconspicuous surface structures, which
are marked by residual water, are clearly recognized, as shown by the bedforms example, which was
also used for a comparative study integrating different remotely operating sensors (Publication Ill,
chap. 5.3).
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6.4.1 A Multi-sensor View on the Bedform Area

Comparing bedform detection from TerraSAR-X data with airborne lidar data and electro-optical data
acquired by RapidEye, the individual findings confirmed and complemented each other, each reflecting
different properties of the intertidal bedforms. Overall, the positioning of the bedforms was
consistently determined by the three sensors. Bedform migration derived from TerraSAR-X data also
corresponded to relocations measured in the lidar profiles. RapidEye only had one acquisition from
the relevant period, so no relocation could be investigated.

In view of the special sensor characteristics, TerraSAR-X data is the most accurate in terms of trough
detection due to the residual water cover. Depending on pixel size and image qualities, the accuracy
of trough detection verified by ground truth is in the range of 1-2 m. The most precise determination
of the entire bedform surface, however, is given by the three-dimensional lidar data with a resolution
in the scale of decimeters to centimeters. This data enables to precisely determine the positions of the
crests within the exposed bedform ridges and to study the shape and orientation of the bedforms,
which is valuable information for a systematic research on intertidal bedforms and their dynamics. As
the near-infrared laser pulses used in the study cannot penetrate water, the troughs, on the other
hand, are not detected as precisely as the crest and slope areas of the bedforms. The electro-optical
data provided by RapidEye adds highly sensitive detection of sediment moisture to the general view
of the bedforms. The spectral properties of the bedform area mainly vary due to varying water content
of the sediment surface. Therefore, from the RapidEye data crest, slope and trough areas could be
classified by calculating an NDWI (normalized difference water index). Overall, the crests and slopes
detected from the electro-optical data are in good agreement with the lidar and RTK height
measurements. The asymmetry of the bedform profiles visible in the lidar data is reflected in the
RapidEye data as well, as in many cases the crest areas are located close to the western border of the
adjoining troughs. The trough positions obtained from RapidEye are consistent with those from
TerraSAR-X data (as well as with low height values in the lidar DTM), only the smallest troughs were
not recognized at this spatial resolution. The area classified as trough, however, is clearly larger when
calculated from RapidEye data which is due to the coarser spatial resolution (6.5 m), but also to the
classification method and the high moisture sensitivity of the spectral data, which on the other hand
does not well distinguish between high moisture levels and water coverage. The trough area derived
from the SAR data, on the contrary, is confined to the central trough areas which are about 100%
water-covered.

On the one hand, the results of this multi-sensor view confirm the findings from the visual
interpretation of the SAR data and support the assumption that these data are well suited to observe
the dynamics of geomorphic structures, in this case the intertidal bedforms. This ability should be
emphasized, as remote sensing studies of intertidal geomorphic structures and their dynamics could
benefit the understanding of basic processes shaping the Wadden Sea, supporting national and local
authorities responsible for coastal management. On the other hand, the study also provides an
example of how various sensor data can be integrated to generate a coherent overall view of the
bedform surface in the test site which contains the relevant information.

For systematic use in monitoring, not only the system-related imaging properties and sensitivity of the
different sensor classes must be considered. Especially with a view to future Wadden Sea Monitoring
and long-term ecological research, the most effective use of available sensor technology is of vital
interest. A regular survey of the entire area providing the mandatory information characterizing
geomorphic structures and habitats of the intertidal area is needed reliably and at minimum expense.
These requirements are best ensured by a spatially and temporally structured concept combining the
advantages of the respective sensor classes according to characteristics such as footprint area and
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spatial resolution, frequency and costs of acquisition. In this regard, the sensors presented in the
bedforms example differ significantly:

Airborne lidar provides backscatter intensity and height information with highest spatial resolution
and accuracy. It has become a standard method to generate digital terrain models in coastal zones but
is limited by the maximum area the flight route can cover during time of exposure. Lidar acquisitions
are expensive as they take much time and effort.

Electro-optical sensors, represented by RapidEye, contribute spectral information which in this
example enable the discrimination of wet/moist and dry sediments. The spatial resolution of RapidEye
(6.5 m) lags behind that of the SAR and the lidar sensors but the swath width of 77 km is a clear
advantage in achieving a simultaneous overview over large and hardly accessible areas. A significant
limitation associated with optical remote sensing is the dependency on daylight and cloudless skies
thus reducing the prospects of capturing data at low water time (reinforced by the provider's data
policy to survey German area only every 45 days). The main strength of the electro-optical data, i.e.
the spectral information obtained by the high number of separate wave length measurements, is not
fully reflected in the example of bedform detection but related to Wadden Sea monitoring it is of
substantial importance to investigate the distribution of sediment types or vegetation such as seagrass,
algal mats or diatoms.

As an active sensor, like the lidar, TerraSAR-X operates independent of daylight and cloud cover. The
repetition rate is 11 days but scenes taken from differing orbits can be acquired more frequently. The
high temporal availability is a great advantage of the SAR data, not only in terms of reliability of data
delivery, it also allows to acquire data at yearly, seasonal and even shorter time intervals. Based on
this data not only long-term developments and annual courses can be monitored, but also effects of
individual high-energy events such as storms or storm surges can be analyzed.

As an outcome of the present study, an exemplary monitoring scheme has been set up to effectively
assess bedform dynamics in the long term. It is based on the use of the three-dimensional but
expensive lidar at large intervals of 5-10 years, while annual and seasonal developments are surveyed
with series of SAR data. The electro-optical RapidEye data cannot be scheduled as reliably as the active
sensor’s data, but one or two acquisitions in between the lidar flights should provide larger overviews,
covering more than twice the size of even TerraSAR-X StripMap data. For research into the driving
forces governing the origin and dynamics of intertidal bedforms, this data can also be complemented
by field studies or additional acquisition of lidar data or high-quality ortho-images provided by drones
with higher temporal frequency for smaller test sites.

7 Outlook

Radar backscatter measured by high-resolution satellite SAR sensors such as TerraSAR-X contributes
information on surface roughness with a high reliability and frequency of data availability. It has been
demonstrated, that especially those habitats and geomorphic structures characterized by their surface
roughness in combination with specific patterns and textures are clearly recognizable in TerraSAR-X
scenes. Additionally, geomorphic surface structures can be virtually marked by residual water which
makes an outstanding advantage of this sensor technology.

The pursued approach of visual interpretation of the SAR scenes combined with ground truth,
monitoring results and environmental data, integrated in a GIS has met the expectations and proved
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to be a technically unsophisticated and quick access to the information contained in the backscatter
intensity images. Both, the approach and the information have their own value in support of
monitoring and research in tidal areas and can be used by nature protection managers, coastal
management in general or by researchers of various disciplines. The results and insights gained from
visual interpretation of the TerraSAR-X data also provide suitable knowledge and pointers for further
development of automatable classification methods. Dealing with large amounts of data, and with
regard to the large area of the Wadden Sea, a visual evaluation of the remote sensing data will be too
labor-intensive and time-consuming so that automatable evaluation methods become necessary.

Resulting from the present studies it has become clear that the development of automatic
classification methods will encounter some difficulties that are less crucial in the visual interpretation:
Above all, the enormous temporal variability of all surface properties in the tidal area must be taken
into account, but the same applies to the very different manifestations that certain habitats may have.
For example, in contrast to the characteristic internal pattern, both roughness and spectral properties
of mussel beds may change with the density of settlement, the content of shell detritus, proportions
of Blue Mussel and Pacific Oyster coverage or with brown algae cover (Bladder Wrack, Fucus
vesiculosus). Also, i.e. the orientation of certain structures in relation to the sensor can affect their
reproduction in the data. On the side of the sensor, different recording geometries also influence the
image properties.

On the other hand, it has been shown in which cases visual interpretation of backscatter values reaches
its limits. Misinterpretation can i.e. relate to fields of shell detritus that can be taken for dense and
homogenously covered parts of a mussel bed. In particular, directly adjoining or merging surfaces of
i.e. shell detritus or humpy mud can obstruct the exact delineation of mussel beds. Therefore, it is
important to identify automatable and additional distinguishing characteristics and to design specific
classification tools to fully exploit the information provided by SAR technology for monitoring
purposes. By now, various authors have investigated the polarimetric information also provided by the
current SAR sensors (TerraSAR-X, Radarsat-2, ALOS/PalSAR) and have demonstrated the potential of
multi-polarization SAR imagery for the detection of mussel beds. To this aim, fully polarimetric (Choe
et al. 2012, Cheng et al. 2013) or dual-copolarized SAR data (Gade et al. 2015, Gade & Melchionna
2016) have been used. Wang et al. (2017b) who introduce new polarimetric SAR indicators also based
on dual-copolarized SAR data, conclude that mussel beds can be detected at all radar wavelengths
(X-, C- and L-band), but best results were obtained using X-Band (TerraSAR-X) data. The suggested
indicators worked well with acquisition geometries ranging from 31° to 37° incidence. The operational
applicability of such methods should be tested in cooperation with potential users.

The recognition of mussel beds has been studied most extensively, but also the use of polarimetric
information from the SAR data to identify further surface types in the tidal area has already been
pointed out e.g. by Geng et al. (2016) and Gade et al. (2018). It remains to be examined to what extent
these methods can also be developed to recognize even vaguely pronounced phenomena such as e.g.
Sand Mason (L. conchilega) fields or transitional zones and stages which also complicate the visual
interpretation. After all, even characteristics of seagrass beds reproduced by SAR data have been found
by Gade et al. (2018) for the Schleswig-Holstein Wadden Sea where seagrass stocks are known to grow
denser and more pronounced than in Lower Saxony where the sites of this study are located.

For future development of the Wadden Sea monitoring, a multi-sensor approach, containing both SAR
and multi-spectral data, seems to be the most promising, and SAR data and algorithm-based evaluation
methods of SAR data will make an important contribution. The advances in satellite and sensor
technology have accelerated the development of classification tools including methods of data fusion
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to refine resolutions and differentiation of targets or to determine intertidal sediment types (listed in
Adolph et al. 2018). Also, integrative procedures in general are tested to design comprehensive
classification methods for tidal habitats. The latter was particularly in focus of the two projects
DeMarine and WIMO, the results of which suggest the beneficial combination of multi sensor data.
Neural network deep learning methods may lead to further advances in exploiting satellite remote
sensing data for tidal flat monitoring.

The open data policy for an increasing number of sensors such as the sentinel missions from the ESA
Copernicus program contributes to drive further development of information extraction and provide
reliable data availability. The radar mission, Sentinel-1, uses C-band SAR with a wavelength of 6 cm
and supporting operation in single polarization (HH or VV) and dual cross-polarization (HH+HV or
VV+VH). Spatial resolution is approximately 5 m by 5 m maximum in stripmap mode with a swath width
of 80 km. It has to be worked out to what extent the lower resolution of Sentinel-1 data compared to
TerraSAR-X allows the identification of habitats and structures and how the available polarization can
be utilized.

The development of operational methods or of contributions to operative classification tools for
Wadden Sea monitoring and long-term ecological research based on satellite SAR data is promising
but will still be a challenge. For this purpose, interdisciplinary research and collaboration of experts for
SAR remote sensing and conservation managers is required and will be of absolute benefit.
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