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Abstract
Dune systems are important to protect the inland against flooding and rare species habitat
conservation. Coastal dunes along highly dynamic land-sea boundaries are characterized by the
exchange of sand with beaches, the influence of aeolian forces and the interaction between
vegetation and dune size with sedimentation. Dune formation will become even more important
due to climate change-induced sea level rise.
The importance of dune size, vegetation and sheltering for dune development are well known
from previous studies. However, the relative contributions of these characteristics are less
known.
This study explored the factors influencing embryo dune growth and the impact potential on
foredune development and coastal defence from 2016 till 2018. Man-made embryo dunes on a
research field in Terschelling were monitored over three years using an unmanned aerial vehicle
equipped with Red Green Blue and Near-Infrared cameras. With a constructed Digital Terrain
Model, Digital Surface Model, Enhanced Normalized Difference Vegetation Index orthomosaics
and annual coastal measurements, the slope of the beach plain, mean water level, roughness,
aspect, vegetation height and the distance to the sea were calculated and used to estimate
explanatory factors of embryo dune volume and height development. From wave height, sea
level, beach nourishments, wind direction and wind speed data time series were constructed
and compared to embryo dune development. The difference between foredune development on
coastal sections with and without the presence of embryo dunes were investigated. With
knowledge of foredune volume and embryo dunes the impact on coastal defence was determined.
The accuracy of the used calculations and the height and location aspects of the used data
were evaluated.
Both width and height of the embryo dunes on the beach plain grew during the monitored time
interval of three years. Initial planted vegetation remains and expands during dune growth.
The numbers of dunes decline over winter and increase during summer. In the study area the
growth of the dunes was likely restricted by storm erosion, where the net accretion by sand
supply was higher in summer. Of all the tested environmental characteristics, slope of the beach
plain, water level, roughness, distance to the sea and vegetation determines embryo dune
growth the most. The height of the beach plain, the Normalized Difference Water Index and
the beach width contributed most to foredune volume increase. The presence of embryo dunes
did not significantly correlate to foredune volume growth. Therefore, in terms of coastal defence
this means that embryo dune development does not seem to come at the cost of the foredunes,
the main coastal defence structure. Longer term monitoring is necessary to assess if this neutral
effect remains at longer time scales.

Keywords: dune development, embryo dunes, foredunes, Unmanned Aerial Vehicle (UAV),
image spectroscopy, photogrammetry, multiple linear regression analysis, ENDVI, NDVI,
NDWI, coastal defence, time series
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Chapter 1
Introduction
1.1 Context and background
All over the world, dune systems are found. Along sandy shores of most continents coastal
dunes occur (Martínez et al., 2008). Dunes are hills of loose sand and are a natural boundary
between sea and land created by wind (De Giglio et al., 2017; Maun, 2009). Coastal dunes are
characterized by the exchange of sand with beaches and the influence of aeolian forces (Bakker
et al., 2012; McLachlan et al., 2018). Dunes are important to protect the inland against flooding
(Roelvink et al., 2009), as a shelter for unique biodiversity (Acosta et al., 2009; Everard et al.,
2010), for their high geological and ecological values (De Giglio et al., 2017) and for the storage
of drinking water (Everard et al., 2010). Dune formation will become even more important for
coastal defence and rare species habitat conservation due to climate change-induced sea level
rise (Carter, 1991; Feagin et al., 2005; IPCC, 2013; Keijsers et al., 2016; Klein et al., 1998).
Dunes are self-adapting systems for coastal defence (Puijenbroek, Berendse, & Limpens, 2017).
Especially for the Netherlands, management of coastal dune ecosystems is very important, since
roughly a third of the land is situated below sea level (Van der Laan et al., 1997). A lot is
known about the importance of dunes however little is known about the factors that induce
the early development of dunes. Understanding the process of early dune development is
essential for the prediction of dune development and the preservation of their benefits.
The dune development process is dominated by the interaction of aeolian processes, beach
morphology, vegetation and obstacles, currents and waves (Hesp et al., 2013; Jackson et al.,
2018; Kidwell et al., 2017; Maun, 2009; Nordstrom et al., 2011). Dunes develop (figure 1) if
sand from the beach accumulates against a feature or object when upper beach height is build
(De Muro et al., 2018), an embryo dune is then formed (Keijsers et al., 2015). Then the wind
speed drops behind the initial accumulation of the sand, resulting in more sand deposition
(Gomes et al., 2002; Swanson et al., 2017). Marram grass colonizes embryo dunes stabilizing
further dune migration. At the lee side of small clumps of vegetation, a shadow dune develops
by sand deposition parallel to the wind direction (Puijenbroek, Berendse, Limpens, et al., 2017;
Short et al., 1982). Then the leaves of the marram grass further reduce the wind speed and
capture more blown sand (Bakker et al., 2012; Thomas et al., 2018), decaying plants and humus
accumulates in the soil (Lomba et al., 2008) further increasing the resistance against erosion.
The development of embryo dunes goes through seasonal cycles (Montreuil et al., 2013) with
a balance between summer accumulation of sand and vegetation growth and winter erosion of
sand, loss of vegetation and flooding.
Embryo dunes are located on the beach plain/upper beach while foredunes are located
landwards. Over time, embryo dunes will transition into established foredunes (Hesp, 2002).
Foredunes develop, through interactions between wind, sediments and vegetation, at the rear
of the backshore environments, landwards of the active beach (Huggett, 2011), as first dune
behind the upper beach. Foredunes generally comprise shore-parallel, convex, symmetrical to
asymmetrical dune ridges (Hesp, 2002; Short et al., 1982). The primary foredune may form a
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dune ridge parallel to the shore and develop to a secondary foredune more landward
(Puijenbroek, Berendse, Limpens, et al., 2017). Foredunes play an important role in protecting
the inland, more and higher foredunes form a better defence (Salgado et al., 2017). The
foredunes serve as storage for sediment that replenishes the beach plain after storms (Huggett,
2011). Foredunes have a landwards defence function, the Dutch Department of Public works
uses the amount of sand captured in foredunes as a measure of the protection of the inland
(Waterstaat, 2018a). All objects on the upper beach that may obstruct sand availably for the
foredunes are removed to increase sand accretion to foredunes (Valk, 2013).
The question is however whether the presence of embryo dunes has a net negative or a positive
effect on the development of foredunes. It can be the case that the embryo dunes capture the
sand that otherwise would have been contributed to foredune growth or it is a possibility that
the embryo dunes protect the foredunes from erosion resulting in more foredune volume. If the
net ratio is higher for the positive effect on foredune development, stimulating the development
of embryo dunes could be a solution for better protection of the inland.

Figure 1. Early dune development with the presence of embryo dunes on the backshore and the development of
foredunes. Modified from Puijenbroek, Berendse, and Limpens (2017).

1.2 Problem definition
Recent studies on coastal dune growth and erosion mainly focus on processes and factors that
influence the sand supply to dunes and the effects of storm intensity on dune erosion (Anthony,
2013; de Vries et al., 2012; Haerens et al., 2012). The individual effects of dune characteristics
influencing dune growth, such as dune size, vegetation characteristics and the influence of storm
on erosion of dunes is less extensively studied. There are several studies showing that the
differences in vegetation density between plant species modifies storm erosion, sand deposition,
dune morphology and growth (Charbonneau et al., 2017; Hacker et al., 2012; Puijenbroek,
Berendse, & Limpens, 2017; Seabloom et al., 2013). Also a dune being surrounded by other
dunes may mitigate erosion by waves due to sheltering (Arens, 1996; Montreuil et al., 2013).
So, the importance of dune size, vegetation and sheltering for dune development are well known
(Arens, 1996; Bauer et al., 2009; Montreuil et al., 2013; Puijenbroek, Limpens, et al., 2017).
However, the relative contributions of these characteristics on newly created, artificial evolving
dunes are not fully understood. In ‘Dunes, above and beyond: the interactions between
ecological and geomorphological processes during early dune development.’ (Puijenbroek,
Berendse, & Limpens, 2017) contributions to embryo dune development are studied. The
research of Puijenbroek, Berendse, and Limpens (2017) monitored naturally existing embryo
dune fields. Therefore, the number of dunes, initial vegetation locations and the individual
9

position on the beach were not determinable. Because this study focusses on a newly created
dune field, the individual and initial dune characteristics are determinable.
This study continues on the methods from Puijenbroek et al., (2017) and Neppelenbroek (2019).
Schipper (2018) did a research on relative contributions to embryo dune development on a
newly created dune field as well, these contributions are averaged over 32 plots within the
research field and the focus lies on a comparison between those plots. This study tries to explain
the contributions over an entire field. Furthermore, an addition of this research is the effect of
the embryo dune development to the increment of foredune volume, hence the coastal safety.
Short-term, daily and hourly, dune erosion under storm conditions is relatively well understood
at decadal scale (Edelman, 2011; van de Graaff, 1994). There is, however, limited understanding
of the relative importance over short time series (< 10 years). There are studies that focused
on the development over longer timescales (10-100 years) of dune development (Pye et al.,
2008). Relatively small time series with relative contributions of different characteristics of the
embryo dune on the foredune need more research. Besides the lack of understanding over short
time series, there are also little studies with relatively small spatial variation. Most studies
about dune development involve an entire or large part of a coast, while relative contributions
with spatial variation within a few hundred meters are less studied. Smaller study areas with
high resolution contributions are important because a decrease in dunes at only one small point
along the coast can have a large effect on the flooding risk of a large inland area.
The difference in characteristics of the embryo dunes in the research area in summer and winter
time have been considered and researched over the course of three years (2016-2018) using
remote sensing techniques. Remote sensing technologies greatly improved in recent decades
(Harwin et al., 2012). Besides, the miniaturization of position systems and sensors has more
and more found a way into the use of UAVs for a wide range of environmental remote sensing
applications (Coulter et al., 2011; Harwin et al., 2012; Laliberte et al., 2010). Increasingly,
very-high resolution (VHR) images become available from camera systems attached to
Unmanned Aerial Vehicle (UAV). More high-resolution imagery offers new possibilities for
studying land-surface processes and vegetation, such as development of dunes, vegetation and
geomorphology.
Therefore, opportunities to use these data to make 3D height models are presenting themselves.
The increased amount of VHR images is not only increased over different areas but also over
time. This enables the creation of time series of 3D height models. 3D Height model time series
are used in multiple studies (Albuquerque et al., 2018; Callow et al., 2018; Esposito et al.,
2017) but never before to explore the influence of embryo dune formation on the development
of foredunes. In this study a UAV equipped with cameras is used to monitor a dune field in
Terschelling for three years in combination with aerial images. Therefore, this study researches
a new possibility of measuring the influence from large-scale man-made embryo dunes on the
development of foredunes with time series from 3D height models compared to small-scale dune
development over time measured from aerial photographs and Laser Detection And Ranging
(LIDAR) beach bathymetry transect measurements.
With the increase in remote sensing techniques, the amount of available data with higher and
lower resolutions is growing. Many of the remote sensed platforms allow accurate spatial data
to be collected cheaply and efficiently, reducing the need for substantial research funding
10

(Entwistle et al., 2018). The question is if the data sources on small quantitative scale are
representative for complex interaction processes as dune and coast development. This study is
a proof of concept, concentrating on confirming the accuracy and representativeness of the
remotely sensed data at the expense of generating new insights and ideas on dune development
and coastal evolution.

1.3 Research objective and research questions
The objective of this study is to understand the development of embryo- and foredunes. To
explore the relationship between these developments and the effects on coastal defence as
temporal foredune volume change. The study area is a research field on the island Terschelling,
The Netherlands (Figure 3a) where dune processes are studied on the large scale. Besides the
study in the research area, other small-scale processes along the North coast of Terschelling are
investigated (Figure 5).
In this research effort a short time series (3 years) is constructed to see to which extent different
circumstances play a role in the development of embryo dunes and what the effect on foredunes
was. This research gives an overview and insights of the whole process of early embryo and
foredune development. An evaluation of the overall relationships and differences of foredune
development with and without the presence of embryo dunes and the methodology are
discussed.
The characteristics of and circumstances in the area differed over time and over space, this
means there is a spatial and a temporal component. This is why this research focusses on
creating spatial time series and the correlation of these temporal and spatial changes.
Different spatial and temporal data sources are used and compared to the high-resolution data
obtained within the research area, to explore the relevance of the research area and the
suitability of small-scale data for further quantitative dune research. The research field is used
to validate the representativeness and accuracy of various data sources.
The main research question is: How do embryo dunes develop over time, to what extent can the
development of foredunes be explained by embryo dune spatial and temporal variation and what
is their contribution to coastal defence?

To answer this question four sub questions have been drawn up:
1) How accurate is the digital height model used from the large-scale high-resolution UAV
data and can this be validated?
2) Which factors are decisive for embryo dune development on the beach plain over time?
3) Is there a difference in coastal defence in the sense of foredune volume development,
with the presence of embryo dunes and the part of the coastline without embryo dunes?
4) How do large-scale high-resolution UAV data of a small research area and small-scale
lower resolution remote sensing data of an entire Wadden island relate to each other?
In this report first, the Methodology including the data acquisition and the method of analysing
the data is elaborated. Then the results of the analysis are presented followed by the discussion
of the method and the results. Ending with the conclusion and recommendations.
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Chapter 2
Methodology
To be able to answer the research questions the following methodology was used, the workflow
is depicted in figure 2.

Figure 2. Workflow of the methodology. The pre-processed DTM and ENDVI orthomosaic are used to define dune
and vegetation variables. The red numbers indicate which sub question is answered in which part of the analysis.
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In this chapter every step of the methodology is explained. Starting with the description of the
study area, followed by the data acquisition. Then the data handling is described including the
radiometric calibration, photogrammetric reconstruction and the reconstruction of all variables.
Concluded by the statistical analysis.

2.1 Experimental design
The study area is located on the beach on the Northern side of Terschelling, next to the village
Midsland aan Zee (53°24'27.8"N 5°17'30.5"E), illustrated in figure 3.

Figure 3. (A) Location of Terschelling relative to the Netherlands. (B) Position and extent of the research area
along the coastline of Terschelling. (C) Position of the research area.

A strip of the beach measuring 200 by 400 meters was divided into 32 blocks. The design of
the study site on the Windwerk Project location is displayed in figure 4. During the construction
of the Windwerk project, in each plot marram grass A. arenaria was planted. Each block
contains a different number of vegetation plots. Each block has different vegetation plot sizes,
distance to the sea and spatial clustering of the planted grass. All the created plots are paired,
they consist of two subplots of 1m2 and 4m2. The plots were ready in May 2016. The test field
is made to initialise embryo dune formation on the beach. The main goal of this research is to
see if the presence of embryo dunes has an effect on the development of foredunes behind the
embryo dunes. This is why not only the research field is studied but also other dune
development on the north side of Terschelling. Some foredunes on Terschelling have developed
without the presence of embryo dunes. Foredunes are located everywhere along the North coast
of Terschelling while only at some parts along the coast embryo dunes are located.
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Figure 4 Initial configuration of the Windwerk study area. It contains 32 blocks with an open area (yellow)
surrounded by straw bales and the planted vegetation (dark grey). Modified from SLeM (2016).

2.2 Data collection
The purpose of this research was to link different characteristics to explain effects on early
dune development on the beach. Three subgroups of characteristics were considered: beach
morphology, meteorological conditions and vegetation. These are presented in Table 1.
Characteristics describing beach morphology were the Digital Surface Model (DSM), the Digital
Terrain Model (DTM), roughness, aspect, slope of the beach plain and the distance to the sea.
Meteorological conditions were studied trough the basic coastline position (height, depth and
trend measurements of the coast line) from the Dutch ‘JAaRlijkse KUStmeting’ (JARKUS)
annual coastal measurement, sea level, wave height, wind speed and direction. Due to the
process of summer accumulation of sand and erosion in winter depending on weather conditions
such as wind and storms, dune development difference over winter and summer are represented
as a meteorological condition. Vegetation data was derived from the Enhanced Normalized
Difference Vegetation Index (ENDVI), Normalized Difference Vegetation Index (NDVI) and
the vegetation height.
In some cases, such as in the Netherlands, nourishments and management interventions
influences the development of coastal dunes (de Vries et al., 2012). To see if the morphology
of the wet beach and the sand supply to the beach has radically changed, artificial beach
nourishments (sand replenishments) were considered. Beach nourishment is the placement of
large quantities of good quality sediments on the beach to advance the shoreline seaward.
Nourishment can directly protect resources landward but can also function as a feeder beach
which supplies sediment downdrift (de Schipper et al., 2016; Nordstrom et al., 2018). Therefore,
evaluation of beach nourishment project was included in this study on dune development.
These are the characteristics in short in the next paragraphs a detailed explanation per source
(Table 1, column 2) will be given.
Table 1 Characteristics and the corresponding data sources, used to explore embryo dune development with their
spatial and temporal resolution. The accuracy per data source is indicated in the following chapters.

Data

Source

Spatial resolution

Temporal
resolution

Beach morphology
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DSM

UAV imagery

5x5 cm

DTM

UAV imagery

5x5 cm

Distance to the sea

UAV imagery

Per dune

Beach
nourishment/sand Rijkswaterstaat
Per Wadden island
nourishment
Roughness, aspect, slope
UAV
imagery 5x5 cm
(DTM)
Transect angle to the sea
JARKUS
Per jarkus transect
(200 meter)
Meteorological conditions
Wind
KNMI
Measurement
station
Winter/Summer differences
UAV time series
Study area
Sea level
JARKUS
Measurement
station
Mean low/high water level
JARKUS
Per
JARKUS
transect (200 meter
x 5 meter)
Wave height
Rijkswaterstaat
Measurement
station
Vegetation
ENDVI
UAV imagery
5x5 cm
Vegetation height
NDVI, NDWI

UAV imagery (DSM 5x5 cm
– DTM)
Satellite
imagery, 10x10 meters
Sentinel-2

8 times in
3 years
8 times in
3 years
8 times in
3 years
Yearly
8 times in
3 years
Yearly

Yearly
Flights
Yearly
Yearly

Yearly

8
3
8
3
5

times in
years
times in
years
days3

Coastline

Cross-shore bathymetry (height, JARKUS
slope, angle)

Per
JARKUS Yearly
transect (200 meter
x 5 meter)
Basic coastline position, future JARKUS
Per
JARKUS Yearly
coast line position
transect (200 meter
x 5 meter)
Beach width
JARKUS (dune foot Per
JARKUS Yearly
to sea level position) transect (200 meter
x 5 meter)

3

10 days at the equator with one satellite, and 5 days with 2 satellites under cloud-free conditions which
results in 2-3 days at mid-latitudes
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From aerial images DTMs and orthomosaics were constructed using the method from
Puijenbroek, Berendse, and Limpens (2017) and Nolet et al. (2018). From the DTM the
different dune characteristic (dune volume and dune height) were extracted. Spatial time series
of the DTM and vegetation were created. The DTM extraction was done using the method of
Neppelenbroek (2019) and Schipper (2018). This method was applied to each of the aerial
photography datasets collected on average every summer and winter in the studies time interval
using a UAV. Thereafter, the time series of the basic coastline position and meteorological
aspects was created with respectively JARKUS data and Royal Dutch Meteorological Institute
(KNMI) data over time. Then the changes in surface elevation of field and dunes were related
to the beach morphology, vegetation, meteorological data and the coastline changes. The
correlations were evaluated using a multiple linear regression.
2.2.1 UAV imagery and validation
From the UAV imagery the DTM, DSM and ENDVI orthomosaic were extracted. To collect
the DTM and DSM over time eight different UAV flights were carried out during calm weather
conditions (wind speed below 8 m s -1). During the flights a rotary octocopter UAV system
(Aerialtronics Altura Pro AT8 vi) from the Wageningen University, was used equipped with a
Multispectral Mapping System (MUMSY). The MUMSY is comprised of two Canon EOS 700D
cameras (28mm f/2.8). One of the two cameras captures Red Green Blue (RGB) imagery with
a resolution of 18 megapixel. While the second camera captures images in the Near-Infrared
(NIR) with a wavelength of 720nm, with a false-colour output.
The images were acquired on auto-pilot flights at an altitude of 80 meters and a velocity of 45 m s -1. The cameras took 1 photo per second to ensure all images had a minimum of 85%
forward and 65% parallel overlap. Each mapping campaign resulted in 900-1200 RAW images.
Every flight had the same auto-pilot flightpath, the flight path of the UAV can be found in
appendix I. Six Ground Control Points (GCP) were permanently placed in the study area and
their positions determined with a Real Time Kinematic Global Navigation Satellite System
(RTK-GNSS) in order to georeference the images. In addition, three existing beach poles were
used and measured with the RTK-GNSS as a GCP for the imagery (appendix I).
To measure the development and conversion of dunes, timeseries were made. Therefore,
multiple UAV flights were completed. The first flight was after the finalization of the built test
area on May 18th, 2016 followed by flights in different seasons in the following months and
years as shown Table 2.
Table 2 dates of the UAV data acquisition campaigns carried out with MUMSY sensor system, season and
particularities

Date
May 18th, 2016
June 6th, 2016
August 16th, 2016
October 28th, 2016
May 10th, 2017
June 1st, 2017
August 8th, 2018
November 23rd, 2018

Season
Spring
Spring
Summer
Autumn
Spring
Spring
Summer
Autumn

Particularities
Start Windwerk

Early in the morning, darker

One flight path is missing
RTK-GNSS measurements, validation fieldwork
16

Different flights in summer and winter were arranged to be able to research the winter/summer
changes. Flights between April and August are defined as summer and flights between
November and April as winter (Puijenbroek, Berendse, & Limpens, 2017). Due to the difference
in winter and summer, net dune growth can differ from year to year (Puijenbroek, Berendse,
Limpens, et al., 2017), this is considered in this study.
To validate the DTM created from UAV imagery field measurements were taken. The field
measurements were taken one day before the flight of November 2018. The field measurements,
seen as ground truth, were then compared to the height model that results from the modelling
process in Agisoft Photoscan (Keijsers et al., 2015). Heights in the field from the beach plain
were measured and stored with the coordinates obtained by an RTK-GNSS. The mean accuracy
of the RTK-GNSS survey is 5mm+0.5ppm horizontally and 10mm+0.5ppm vertically (Sass,
2011). Part per million (ppm) indicates the accumulation of the given error depending upon
the distances between the rover and its base station. 1 ppm means that for every kilometre the
rover goes away from the base station, another millimetre of given error is added to the
measurement. The vertical accuracy is worse than the horizontal error due to the fact that the
GNSS receiver cannot see below the horizon (Sass, 2011). The GNSS measurements were done
by a field plan, which can be found in appendix II.
Validation profiles were used to measure validation points via a regular grid (Avanzi et al.,
2017; Keijsers et al., 2015). To validate UAV data with Global navigation satellite system
(RTK-GNSS) measurements of the surface and/or manual height and vegetation probing (MP)
a certain amount of sample points were obtained. Avanzi et al. (2017) used 135 points over
6700 m2 (2pt/100 m2), Vander Jagt et al. (2015) 0.5pt/100 m2, Bühler et al. (2015) between
0.04pt/100 m2 and 0.11pt/100 m2 and Lendzioch et al. (2016) between 0.04pt/100 m2 and
0.2pt/100 m2. Because the spatial variability of embryo dunes in the Windwerk study area,
even over short distances (López-Moreno et al., 2015), the outcome comparison of UAV and
manual measuring may change with spatial resolution of manual data. The study area is 80.000
m2, during fieldwork 356 points were measured using the grid corresponding to 0.45pt/100 m2.
2.2.2 JARKUS
Basic coastline position
For the basic coastline position (slope, angle and height) JARKUS data was used. This included
height and depth measurements of the coastline. It is a collection of cross-shore bathymetric
profiles covering the entire coast of the Netherlands. It is a profile consisting point
measurements (X, Y and Z) along transects perpendicular to the shore line. The ‘Rijks Strand
Palen Lijn’ (RPS) are a permanent base of beach poles which provide a reference for the lines,
every 200 meters. The north side of Terschelling consist of 106 lines (number 504 till 2600) of
which two cross the research area (number 1120 and 1140; figure 5). This data also includes
the mean low and high-water level (m NAP-1; NAP refers to Amsterdam Ordnance Datum,
which is equal to mean sea level near Amsterdam in 1684). This is measured every 5 – 15
meters along every transect. It indicates the mean water level per year at a certain point
whether the water level is low or high.
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Figure 5. JAaRlijkse KUStmeting’ (JARKUS) Transects used for the basic coastline position and the foredune
height. Transects (raaien) at the North Side of Terschelling. Used for comparison of foredunes within this research.
Transect numbers 504 till 2600.

The annual JARKUS bathymetry data has been collected by the Dutch Department of Public
Works since 1963. JARKUS transects are measured once a year at different times (usually)
during spring, after the storm season (March 15) and before vegetation starts to grow (April
15)4(De Graaf et al., 2003; Veenstra, 2016). The transect lengths are up to 5 kilometres, of
which the largest part crosses the sea.
The transects are a result of both wet and dry measurements. The wet measurements were
collected by ship-based echo-sounding. The dry measurements were collected from 1996 on by
laser altimetry (LIDAR) from the air and have a 5 meters measurement interval along the
transect (De Graaf et al., 2003). Along the coast there is a transect every 200 meters. There
are also dry measurements measured with a GPS (Veenstra, 2016). From Deltares OPeNDAP
a version of the data without duplicates or missing values was available as large NetCDF file
(.nc) (Rijkswaterstaat, 2018). From the NetCDF file JARKUS transects 504 till 2600 have been
extracted. This .nc file was converted to a spatial points data frame.
The vertical accuracy of the LIDAR dry measurement data is 0.25 meters and the sounding
accuracy of wet measurements (depth values) is approximately 0.15 meters and 0.25 meters
when ship dependent errors are considered (De Graaf et al., 2003; Hinton, 2000; Veenstra,
2016). The GPS measurements have a vertical accuracy of 0.05 to 0.1 meter.
4

2016: March 12th, 2017: March 10th, 2018: March 14th
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Coastline position
In this research the basic coastline location (BCL; geometric location) and the predicted future
trend of this location were used to see if the coast line is prograding or retreating. When the
predicted coastline lies inland compared to the BCL (situation in 1990), there is a predicted
exceedance of the BCL, thus erosion of the coast. Besides the future trend of the coastline is
used as a measure of the risk of flooding of the inland and to determine if beach supplementation
is needed (Waterstaat, 2018b). The coastline position is determined by sea processes, and not
by factors on the land (Vrijling et al., 1992). These variables were used to determine the
influence of the coastline on the development of foredune volume and to explore the relationship
of the coastline trend and the beach width on the North side of Terschelling.

Since 2019 Rijkswaterstaat measures these variables at 99% of the JARKUS transect locations.
Every year the instantaneous coastline location (ICL) is measured from the location of the
beach and the upper part of the foreshore (figure 6a). This is from the dune foot to a few
meters below NAP. Over the last 10 years a landward linear trend in coast location was found
(6b), which was also predicted for the Future Coastline Location (FCL). The difference between
the BCL and the FCL determines if there were predicted exceedances.

Figure 6. (A) calculation of the coastline location at a certain moment (BCL or ICL). (B) linear trend calculation
of the future coastline position (FCL). Modified from (Waterstaat, 2018a).

2.2.3 Meteorological data
Sea level
The daily maximum sea level (cm NAP-1) data was obtained for the period from early 2016
until the end of 2018 from Rijkswaterstaat (Rijkswaterstaat, 2019a). The sea level was obtained
from the nearby tide gauge “Terschelling Noordzee” on the north side of Terschelling. This data
was collected hourly, the daily maximum value was calculated and used in a daily time series.
Wind
The daily maximum windspeed (0.1 m s-1) and direction data was obtained for the days
concerning this research from 2016 until 2018. This data originated from the nearest KNMI
measurement station which is located in Hoorn Terschelling (KNMI, 2005, 2019). From the
hourly windspeed data the daily maximum was used for a time series. For the Wind direction
(in degrees) an average over the day was taken.
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To see if there were storms the daily maximum gust of wind was also considered. This data
was obtained from the measurement station in Hoorn Terschelling and was calculated as
maximum per day of the highest wind gust (0.1 m s-1) over each hour.
Wave height
Furthermore, the maximum daily wave height (cm) was used, to see how the sea reacted to
the wind. This data was also obtained through Rijkswaterstaat. The data was obtained at a
buoy at the north side of Ameland. “Amerlander Westgat Platform” (55 km northeast of the
study area). This is measured as the significant wave height in the spectral domain. This is the
mean height of the highest one third of the wave height set in a period of 20 minutes (wave
height Hour1/3). This height corresponds to the wave height as estimated by a human observer.
Table 3 summary of the meteorological data used for time series in this research

Data

Unit

Location

Daily maximum
sea level
Daily maximum
Significant wave
height in the
spectral domain
Daily maximum
windspeed
Daily average wind
direction (average
over the last 10
minutes of the past
hour)
Daily maximum
gust of wind

cm NAP-1

Terschelling Noordzee
bouy
Amdelander Westgat
Platform

cm

0.1 m s-1
Degrees (360 =
north, 90 = east,
180 = south, 270
= west, 0 =
windless)
0.1 m s-1

Coordinates
X,
Y
(Rijksdriekhoeksstelsel)
151399, 606250

191770, 611860

Hoorn Terschelling
measurement station
Hoorn Terschelling
measurement station

152524, 599665

Hoorn Terschelling
measurement station

152524, 599665

152524, 599665

From the daily maximum characteristics in Table 3, time series were constructed. To analyse
time series, trends and breaks in the data the Breaks For Additive Seasonal and Trend
(BFAST) model was used (Verbesselt, Hyndman, Newnham, et al., 2010). This model analysed
the trend in time series and interactively estimates the time and number of abrupt changes
within time series, it characterizes change by its magnitude and direction (Verbesselt,
Hyndman, Zeileis, et al., 2010). To construct the time series, daily data was used from 1
January 2016 to 31 December 2018. The trend of the meteorological conditions and potential
breaks were compared to the total dune height and volume to see if this had an influence on
dune development. For the windspeed a function in R (Team, 2019) was developed to construct
a wind rose per year, that shows the occurrence of wind directions in a year.
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2.3 Pre-processing
UAV imagery of six flights were already pre-processed in order to obtain geographical 3D
representations of the research area. The additional imagery of the new two flights was preprocessed in the same way as done on the first six flights. This resulted in eight comparable
datasets. This pre-processing was done according to Puijenbroek, Berendse, and Limpens
(2017), (Neppelenbroek, 2019) and Schipper (2018). This includes a radiometric calibration of
the imagery. This means the images were converted from RAW to a 16-bit tiff format. This
was done in two steps. First by converting the RAW digital number into radiance units using
pixel-wise dark current and flat field calibration. Second, this radiance unit map was converted
to a reflectance factor image.
After the radiometric calibration a photogrammetric reconstruction took place. This was done
using Agisoft Photoscan, using the Structure-from-Motion (SfM) and Multi-View stereo (MVS)
algorithms, see figure 7. This resulted in a georeferenced 3D point cloud of the imagery, a DSM
and an orthomasaic of the ENDVI. Thereafter the DTM was extracted using the method and
threshold as used for the pre-processed datasets. The ENDVI was calculated using equation 1.
The ENDVI is a ratio and is unit-less, it has values ranging between -1 and 1, where values
close to one result from dense forests and values close to 0 originate from bare ground, ice or
snow. Negative values most likely result from water.
𝐸𝑁𝐷𝑉𝐼 =

((*+,-./001)3(4 5670)8
((*+,-./001)-(4 5670)8

(1)
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Figure 7 Workflow used for DSM and orthomosaic generation (left column) and parameters selected in Agisoft
Photoscan (right column). Modified from Gindraux et al. (2017)

2.4 Variables reconstruction
For the statistical analysis to find explanatory variables in regard to dune development,
variables need to be constructed from the data as described in section 2.2 The data is
reconstructed in two ways: along cross sections to explain dune height and per dune to explain
dune volume. The statistical analysis (Chapter 2.6) therefore relate to the dune heights of two
cross sections and the dune volume per individual dune in the Windwerk area. In Chapter 2.4.1
is explained how the variables along the cross section are defined. Followed by Chapter 2.4.2,
in which is explained how the variables per individual dune are defined.
2.4.1 Cross section embryo dune variables
On two places in the research field a cross section was made to obtain variables for the
statistical analysis, this was done on the beach pole locations (matching the JARKUS
transects), depicted in figure 9. From the DTM cross sections dune height was determined.
In order to do so, the imagery was used to estimate the vegetation height. This allowed the
removal of the vegetation from the DSM, thus creating the DTM (figure 8) and vegetation
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height raster. Also, cross sections were made through the base plain (upper beach/backshore)
to obtain the slope underneath the dunes.
Furthermore, the roughness and the aspect were calculated from the DTM and cross sections
are extracted. Surface roughness was defined as small scale height variations, it defines the
deviation in the direction of the normal vector of the beach surface from its ideal form. The
terrain roughness was quantified using the standard deviation calculated using all elevations
within a local 15 cm by 15 cm window, centred on the central point (Aubrecht et al., 2010;
Deng et al., 2007). The values represent the inter-cell difference of a central pixel and its
surrounding eight cells in meters. A higher roughness value means therefore a rougher surface,
a value closer to zero means a smoother surface. Aspect identifies the downslope direction of
the maximum rate of change in value from each cell to its neighbours, it represents the slope
direction.
Finally, the ENDVI orthomosaic cross sections were extracted. The height, vegetation height,
ENDVI, slope, roughness and aspect were then joined on x, y coordinates to a data frame (data
frame for dune height) which was used for the statistical analysis described in section 2.6.

Figure 8 Difference between the Digital Surface Model and the Digital Terrain Model on dunes

Figure 9 Cross section locations through the Windwerk area, on JARKUS locations 1120 (left) and 1140 (right).
Visualized on the DTM created from UAV imagery on May 2016. The x-axis shows the RD New X direction
coordinates and the y-axis shows the Y direction RD New coordinates.
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Added to this statistical dune height data frame is the JARKUS data. From the JARKUS data
the angle of the transect compared to the beach (positive clockwise, 0 north), the mean highwater level and the mean low water level (meters relative to NAP) were added. Per JARKUS
measurement point, a spatial join with the statistical dune height data frame cross section was
created. The data of the closest JARKUS data (maximum distance 7.5 meter) was added to
the statistical dune height data frame and used for the statistical analysis in chapter 2.6. This
results in 8,796 data points per flight, the number of points along the two cross sections through
the DTM.
2.4.2 Embryo dune variables
For all variables used for the statistical analysis to explain dune volume, the variables were
constructed for each individual dune in the study area.
From the datasets different variables were constructed for the statistical analysis per dune. In
this study, a dune is defined as clustered pixels on the DTM that has a minimum height of 0.1
meter higher than the beach base plain and a slope higher than 2 degrees in a one meter radius.
The beach (theoretical) base plain is the flat sandy plain without dunes. See appendix VI figure
49 and 50 for the dune and the base plane definitions.
Base plain creation
Hence dunes were identified using the method depicted in figure 10. First from the DTM a
base plain was calculated for every flight. Constructing a base plain was done according to the
theory of Vosselman (2000) in SAGA GIS (Version 2.3.2). The method is based on the
observation that a large height difference between two nearby points is unlikely to be caused
by a steep slope in the terrain, more likely the higher point is not a ground/base point but a
dune. Slope based filtering is used with a slope fixed to 2 degrees and a 1 meter radius (Wernette
et al., 2018), since the beachplain around embryo dunes is rather flat. Dunes with a slope higher
than 2 degrees in a one meter radius are clipped out. Bare soil remains, this bare soil raster is
only used to substract from the DTM raster to obtain dunes. To fill up the removed dune parts
in the bare soil raster, multilevel B-spline interpolation (Jiang et al., 2013) with B-spline
refinement was used.
Dune extraction and volume calculation
To apply this, the No Data values were set to 0 first. The base plain is used to identify the
dunes in ArcGIS/ArcMap (Version 10.5). The base plain is substracted from the original DTM
which resulted in an elevation model for the dunes. The dunes retain the original DTM height
data. Dunes are defined when the height is bigger than 0.1 meter, heights smaller than this are
most likely small sand ripples (Maun, 2009). The dunes were exported to polygons to calculate
the variables per dune. Data was extracted from the DTM per dune. Per polygon the volume
(Arbogast et al., 2009) was calculated and used as explanatory variable (equation 2).

𝐷𝑢𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚 @ ) = 𝑑𝑢𝑛𝑒 𝑝𝑜𝑙𝑦𝑔𝑜𝑛 𝑎𝑟𝑒𝑎 (𝑚 4 ) ∗ 𝑚𝑒𝑎𝑛 ℎ𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑜𝑙𝑦𝑔𝑜𝑛 (𝑚)

(2)
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Figure 10. Methodology of defining dunes. In the minus tool the base plain is subtracted from the DTM.

Then, per dune polygon, the mean slope of the base plain, maximum slope, mean vegetation
height, maximum vegetation height, maximum ENDVI, mean ENDVI, mean roughness, mean
aspect and distance to the sea were calculated and extracted, using the method as depicted in
figure 11. All variables were included in a data frame (data frame for dune volume) which is
used in chapter 2.6. The relative distance to the sea is measured as the minimum geometric
distance from the middle of the dune to the northern border of the study area.
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Figure 11. Method used to obtain variables per dune. In the minus tool the DTM is subtracted from the DSM.

2.4.3 Foredune volume
To answer research question 3 and evaluate if the presence of embryo dunes has an effect on
the foredune volume, the foredune volume was calculated. This is calculated using the JARKUS
transect data as described in Chapter 2.2.2. In figure 12 an example of a JARKUS transect is
given. The foredune (outside of the Windwerk embryo dune study area, to the south) is
displayed in black, the line of the formula is defined by 𝑓 (𝑥) = 𝐻𝑒𝑖𝑔ℎ𝑡, where x are the x
coordinates in meters which in turn represent the distance along the transect.
To define the foredune first the slope of the transect line was calculated. The first point
(starting from the shore) where the slope is higher than 0.67 was selected as starting point of
the foredune (dune foot), in figure 12 depicted as the intersect of the blue and the black line.
Then, the base plain is defined (displayed in blue). This was done by setting the height of the
base plain to the height value at the dune foot. This is done because then the continuation of
the base plain is the same for every foredune used in this research and calculating the
continuous base plain slope per dune from the dune foot (blue line) would not give unnecessary
uncertainty. To calculate the foredune volume the area between the foredune and the base
plain was calculated with definite integrals (area between the black and the blue line) using
formula 3, where x is the set of x coordinate values as a vector in meter. The foredune volume
(cubic meters) is calculated by multiplying the calculated surface (in square meters), with an
arbitrary 1-meter width of the transect. This was calculated for all JARKUS transects along
the North coast of Terschelling and used in chapter 2.7.
𝐹𝑜𝑟𝑒𝑑𝑢𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚 @ ) = ∫(𝑓 (𝑥)𝑑𝑥) 𝑚𝑒𝑡𝑒𝑟

(3)
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To evaluate the foredune development connected with coastal defence the difference between
foredune volume in March 2016 and March 2018 was calculated.

Figure 12. Example of foredune volume calculation. JARKUS transect 1120. The x-axis shows the east direction
coordinates in RD New. The y-axis shows the height of the dune relative to NAP in meters.

2.5 Data validation
To answer the first research question, to validate the accuracy of the data models made from
the UAV imagery, field measurements were used. The measurements were done within the
Windwerk area. The vegetation height was measured to validate the vegetation calculations.
All validation calculations in this research will be performed in R using the rgdal, sp and sf
packages (Team, 2019). To measure how much error there is between the dataset measured
with the RTK-GNSS and the dataset of the drone the Root Mean Square Error (RMSE) was
calculated (equation 4)(Julián et al., 2017) using the height from the RTK-GNSS points
(Observed value, O) and the corresponding points from the DTM (Predicted value, P) divided
by the total amount of observations (n). This assumes that one pixel is exactly corresponding
to a certain validation point. To account for this the mean height within a buffer of 10
centimetres around the validation point is calculated and used to calculate the RMSE as well.
𝑅𝑀𝑆𝐸 = S

X
∑Y
VZ[(UV 3 WV )

1

(4)

The measured height and vegetation points were compared by the heights of the model output
and the correct points are summed. Points are classified correct if they have the same height
as the model height ± 4 cm, this threshold was based on various literature focused modelling
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height models from UAV data (Harwin et al., 2012; Rosnell et al., 2012; Westoby et al., 2012).
The accuracy of both the base plain height and the height underneath vegetation is determined
as the percentage of correctly generated points, see equation 5 and 6.
𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦^0_`^a =

b7c(de//0da ^0_`^a c0fb7/0c01a ge_1ab)

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦h0`0afa_e1 =

aeaf6 ^0_`^a c0fb7/0c01a ge_1ab

100%

b7c(de//0da h0`0afa_e1 ^0_`^a c0fb7/0c01a ge_1ab)
aeaf6 h0`0`fa_e1 ^0_`^a c0fb7/0c01a ge_1ab

(5)
100%

(6)

These validation answers the question how accurate the DTM is generated with the model used
in this research and how large the spread of the data is. It can help to prove that assumptions
made in the calculations of the model were realistic.
Besides, the field measurements were used to validate the base plains of which the creation is
explained in Chapter 2.4.2. With the ground truth and the created base plain the RMSE was
calculated.
To validate the used JARKUS data set, the ground truth of the JARKUS transect has been
measured. The two JARKUS transects within the Windwerk area were measured as well as
three transects closest to the Windwerk area. Every 10 meters a ground truth measurement is
taken along the transect. From this the RMSE (equation 3) is calculated to the error in the
dataset.

2.6 Statistical analysis
To answer research question 2, which spatial and temporal factors are decisive for embryo dune
development on the beach plain over time, the influence of different characteristics on dune
development was explored. For the different variables a statistical analysis was done to be able
to find which factors influence the dependent variables. All statistical calculations in this
research were done in R using the leaps, stargazer and stats package (Hlavac, 2018; Team,
2019). The dependent variable was the development of dunes within the Windwerk research
area, measured in the relative dune height per week (along cross sections, section 2.4.1) and
the dune volume (per dune polygon, section 2.4.2). This was correlated using a multiple linear
regression analysis (Xuanxuan, 2018) using different independent variables: ENDVI, vegetation
height, basic coastline position, sea level, wind speed and the maximum wave height level.
Multiple linear regression analysis is shown to be a powerful and the most common used tool
to explain the relationship between one continuous dependent variable and multiple
independent variables (Takezawa, 2014). The independent variables can be continuous or
categorical. The multiple linear regression establishes the effect of multiple independent
variables on another dependent variable (Vicari et al., 2013), according to equation 7:

i

𝑌1 = 𝛽m + 𝛽o 𝑋oo + 𝛽4 𝑋o4 + 𝛽@ 𝑋o@ + 𝛽q 𝑋oq + 𝛽r 𝑋or + 𝛽s 𝑋os + 𝛽t 𝑋ot + 𝜀o
𝑌2 = 𝛽m + 𝛽o 𝑋4o + 𝛽4 𝑋44 + 𝛽@ 𝑋4@ + 𝛽q 𝑋4q + 𝛽r 𝑋4r + 𝛽s 𝑋4s + 𝛽t 𝑋4t + 𝛽w 𝑋4w + 𝜀4

(7)
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Where:
𝑌1 = Dune volume (m3)
𝑌2 = Relative dune height (m/m/week)
𝑋oo , 𝑋4o = ENDVI
𝑋o4 , 𝑋44 = Vegetation height (m)
𝑋o@ , 𝑋4@ = Slope of the beach plain (radians)
𝑋oq = Weeks from the start (June 2016)
𝑋4q = Mean high water level (m NAP-1)
𝑋or , 𝑋4r = Roughness (m)
𝑋os , 𝑋4s = Aspect (Postive clockwise, 0 north)
𝑋ot = Relative distance to the sea (m)
𝑋4t = Mean low water level (m NAP-1)
𝑋4w = Angle of the transect to the sea (Postive clockwise, 0 north)
𝛽m , 𝛽oo ,…. 𝛽4w are the parameters to be estimated.
𝜀o , 𝜀4 = are random variables independent from each other obeying the normal distribution.
The parameters were calculated using the method of least square. The p-value was calculated,
which indicates the certainty that the estimated parameter is correct. A p-value of 0.05 was
used as a cut of to reject the null-hypothesis to test with a 95% confidence interval. The R2 is
calculated (Nakagawa et al., 2013) to see the proportion of the variance in the dependent
variable that is predictable from the independent variables. The models were simplified to only
include variables with a statistically significant contribution using forward and backward
selection methods with either Mallows 𝐶g (calculated C statistic with p parameters), Baysian
Information Criterion (BIC) and the Adjusted R2 (Murtaugh, 1998). The differences between
the various parameters and the differences of the parameters over time are discussed.
To consider the temporal component and the development of dune growth over time the relative
dune height changes per week are used as response variable and indicator for dune growth. The
model tested five different periods. The changes over summer indicate the dune growth from
May 2016 till august 2016. The changes over autumn indicate the dune growth over august
2018 till November 2018. The development over winter indicates the development from
December 2016 till May 2017. Furthermore, a full year (period from June 2016 till May 2017)
and two full years (period from November 2016 and November 2018) were studied. The relative
change of dune height was correlated with the variables at the end of the period.
The variables constructed per dune may show some collinearity. Collinearity presents a problem
when fitting a linear regression model. It refers to predictors that are highly correlated with
other predictors in the model. All variables within the models were tested on collinearity. This
was tested by using a covariance matrix for all variables. When the covariances in the matrix
are close to zero the predictors show no collinearity. When the covariances are close to one or
minus one this collinearity is considered in the model. The threshold to eliminate variables is
calculated using the Variance Inflation Factor (VIF)(Equation 8)(O'Brien, 2007; Zuur et al.,
2010). If the VIF(𝛽z ) > 10 collinearity is considered and the variable was not used in the model.
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𝑉𝐼𝐹_ =

o
o3,VX

(8)

When the mean and the max of a variable, i.e. mean vegetation height and max vegetation
height, were used in the same model the model showed collinearity. Therefore, a model is
constructed with only one of the variables per dune (min, max or mean) to reduce collinearity
in the model, depending on the degree of collinearity measured by the VIF. For the roughness
and the ENDVI the average was used. This was chosen because when the maximum was used
only the highest pixel in the whole dune polygon determined the value of the whole polygon,
resulting in an overestimation of the effect. For the vegetation height and the slope, the
maximum value per dune was used because of higher covariances with embryo dune volume
and lower covariances with the other variables.

2.7 Comparison analysis
To answer research question 3, to see if the foredunes are developed differently with the
presence of embryo dunes or without the presence of embryo dunes a comparison analysis was
made. Observations of the transects along the North Coast of Terschelling at one time period
(March 2018) were used. From the foredunes known from JARKUS transects there is a
comparison made between foredunes where embryo dunes are present and foredunes without
embryo dunes. The volume of all foredunes on March 2018 is tested against other factors on
March 2018. A regression analysis is used with a dummy variable for embryo dunes (X1) (Tian
et al., 2018) as seen in equation 9.
𝑌1 = 𝛽m + 𝛽o 𝑋o + 𝛽4 𝑋4 + 𝛽@ 𝑋@ + 𝛽q 𝑋q + 𝛽r 𝑋r + 𝛽s 𝑋s + 𝛽t 𝑋t + 𝛽w 𝑋w + 𝛽{ 𝑋{ + 𝜀o

(9)

Where:
Y1 = foredune volume (on March 2018)
𝑋o = the presence of embryo dunes (March 2018). If embryo dunes are present 1, if not 0
𝑋4 = slope of the beach plain
𝑋@ = beach width
𝑋q = height of the beach plain
𝑋r = angle of the beach plain
𝑋s = mean high water level (m NAP-1)
𝑋t = mean low water level (m NAP-1)
𝑋w = NDVI (March 2018)
𝑋{ = NDWI (March 2018)
𝜀o = a random variable independent from the other obeying the normal distribution.
𝛽o measures the average difference between the group coded with value 1 (presence of embryo
dunes) and the group coded with the value 0 (absence of embryo dunes). Therefore, this
measures the average difference in the height of foredunes when there are embryo dunes present
and when they are not. If there are no embryo dunes the foredune height is 𝛽m plus the influence
of the other independent variables. If there are embryo dunes the foredune height is 𝛽m + 𝛽o
plus the influence of the other independent variables. The R2 is calculated and the best subset
selection is performed.
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Besides the presence of embryo dunes important factors of foredune development are the beach
plain width, height and slope (Fernandez et al., 2016; Ruz et al., 1994; Sanderson et al., 1998),
therefore these variables can’t be omitted in explaining the foredune development. The mean
water level per JARKUS transect was considered to see the influence of the sea on foredunes.
The average NDVI was used to test the influence of vegetation on the beach plane on foredune
volume. The average Normalized Difference Water Index (NDWI) was applied and tested to
explore the effect of the wetness of the beach plain on foredunes. When the moisture content
of surface sediment is low, even relatively small changes in wetness may significantly affect
sediment transport to the foredune (Nordstrom et al., 2011; Sherman, 1990). From these
variables the mean of all points on the beach plain per JARKUS transect was taken. For the
height of the beach plane the average height from the sea line to the dune foot was taken.
If only the JARKUS transects crossing the Windwerk area would have been used, the sample
size of the statistical analysis would be too limited, for this reason all transects of the northside of Terschelling were used (106 transects). To determine if embryo dunes were present on
the backshore, thus the value of the dummy variable, aerial photography was used. For all
JARKUS transects a manual check for embryo dunes presence was performed. There were 33
transects where embryo dunes were present and 73 transects without embryo dunes. This
manual check was done on Sentinel-2 satellite images from March 2018, the same date as the
JARKUS transect data collection.
The NDVI was calculated (equation 10) from Sentinel-2 satellite imagery using the RGB and
NIR bands (Klemas, 2011; Mazzarino et al., 2016; Yousefi Lalimi et al., 2017) along JARKUS
transects. Sentinel-2 satellite imagery has a resolution of 10 meters. Marram grass clods are
usually big enough to be detected on these images. The NDVI layer was intersected with the
JARKUS transects to be able to compare the height from JARKUS with the NDVI from
Sentinel-2 on the same location, these transects are used in equation 9, 12, 13 and 14. To speed
up the process this is done via the Ellipsis Earth Application Programming Interface (API).
The transects were loaded into the Ellipsis Earth sever (Appendix IV) and the NDVI and
NDWI were calculated on Sentinel-2 using equation 10 and 11. Using the Earth Ellipsis API
the NDVI and NDWI were calculated for 5,032 points on the JARKUS transects and subtracted
from the server.
When using satellite imagery there is a risk of using data that is calculated on cloud cover. To
overcome this problem within the data of Ellipsis Earth the cloud cover is calculated on every
satellite imagery with image recognition (Earth, 2019), when using the data there can be chosen
to only use data that have 0% cloud cover, visible in appendix IV figure 47. Within the analysis
there is chosen to only select points that have a cloud cover of 0.0.
𝑁𝐷𝑉𝐼 =
𝑁𝐷𝑊𝐼 =

(*+,3,|})
(*+,-,|})
(.,||*3*+,)
(.,||*-*+,)

(10)
(11)
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2.8 Accretion and erosion of the coastline
As mentioned in the first chapter the coastal area in the Netherlands is at an ever increasing
risk of flooding. Dune formation will become even more important for coastal defence and rare
species habitat conservation due to climate change-induced sea level rise. To further answer
research question 3: to see what the effect of embryo dunes is on coastal defence; the difference
in foredune volume per JARKUS transect between 2018 and 2016 was calculated and tested
with the presence of embryo dues, the NDVI and the beach width at the end of this period
(equation 12). Foredune volume development over two years is used as proxy for coastal
defence.
𝑌o = 𝛽m + 𝛽o 𝑋oo + 𝛽4 𝑋o4 + 𝛽@ 𝑋o@ + 𝜀o

(12)

Where:
𝑌o = Foredune volume in 2018 minus the foredune volume in 2016 (m3)
𝑋o = Beach width
𝑋4 = Presence of embryo dunes (dummy variable)
𝑋@ = NDVI
𝛽m , 𝛽o , 𝛽4 𝑎𝑛𝑑 𝛽@ are the parameters to be estimated.
𝜀o , 𝜀4 = are random variables independent from each other obeying the normal distribution.
Furthermore, the trend and the difference between the trend and the BCL were used to explore
the effect of a prograding or retreating coastline on the beach width. If the trend of the coastline
is positive the coast is prograding and if the trend is negative the coastline retreats. A Pearson
correlation (equation 13)(Pearson, 2007) is used to measure the strength of the linear
association between the BCL minus the FCL and the beach width. Were the value r = 1 means
a perfect positive correlations and r = -1 means a perfect negative correlation.
𝑟=

∑V(•V 3•̅ )(•V 3•‚)
ƒ∑(•V 3 •̅ )X ∑(•V3•‚)X

(13)

Where:
𝑥 = Beach width
𝑦 = FCL minus BCL
To see if accretion or erosion of the coastline relates to foredune development and embryo
dunes a Pearson correlation with the BCL minus the FCL and a) the foredune volume
differences over two years (2018 – 2016) was calculated. And the Pearson correlation with BCL
minus FCL and b) the presence of embryo dunes was calculated. This was done to test the
landwards defence function of foredune development. This was calculated using equation 13
where:
𝑥 = a) Foredune volume in 2018 minus the foredune volume in 2016 (m3), b) presence of embryo
dunes
𝑦 = FCL minus BCL
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This analysis answers the question whether embryo dunes have an effect on coastal defence
and foredune development over time and it tests the effect of vegetation cover on the
development of foredunes. Furthermore, it explores the role of beach width by testing whether
beach width influences coastal defence (foredune development) and if so, how it relates to the
accretion or erosion of the coastline.

2.9 Small scale data versus large scale data
To answer research question 4, this study evaluated whether the presence of embryo dunes can
be seen from JARKUS data or whether they are only distinguishable from aerial NDVI
calculations or UAV data. A regression (equation 14) of the NDVI on the upper beach with
the height on the upper beach (from JARKUS) per JARKUS measurement point was performed
to see whether JARKUS data and sentinel-2 satellite NDVI data correlate with each other. In
this way it became possible to see whether JARKUS (height) data showed dunes where the
NDVI indicated marram grass growth.
𝑇𝑟𝑎𝑛𝑠𝑒𝑐𝑡 ℎ𝑒𝑖𝑔ℎ𝑡 = 𝛽m + 𝛽o 𝑁𝐷𝑉𝐼

(14)

To evaluate if the presence of embryo dunes can be distinguished from satellite data a regression
was performed with the presence of embryo dunes as dependent dummy variable. To test the
odds that embryo dunes were present given the average NDVI on the beach plain a logistic
regression was performed. When a binary outcome variable is modelled using this logistic
regression, it is assumed that the logit transformation of the outcome variable has a linear
relationship with the predictor: NDVI. The odds that embryo dunes are present given the
average NDVI on the beach plain was calculated with equation 15 using maximum likelihood.

log ‰

g
o3g

Š = 𝑙𝑜𝑔𝑖𝑡(𝑝) = 𝛽m + 𝛽o 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝐷𝑉𝐼 𝑏𝑒𝑎𝑐ℎ 𝑝𝑙𝑎𝑛𝑒

(15)

Where 𝑝 = 𝑃 (𝑌 = 1)
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Chapter 3
Results
This chapter provides the results of this study. The first subsection (3.1) focuses on the
accuracy of the DTM, vegetation and the JARKUS transects. In the second subsection (3.2)
the contributions on embryo dune development will be explored. Subsection 3.3 gives an
overview of explanatory characteristics on foredune development. In subsection 3.4 the focus
lies on coastal management and defence. The last subsection (3.5) gives an overview of the
small scale and large-scale data used and combined in this study. Not all data products are
shown in this section, but all are available on the external hard drive kept at the University of
Wageningen, an overview of the resulting data can be found in appendix VIII.

3.1 Accuracy
3.1.1 Accuracy of the DTM
Figure 15a shows that the height measured with the RTK-GNSS at the GCPs locations was in
most cases higher than the height of the DTM processed by Agisoft Photoscan at the same
locations. For the processing in Agisoft the GCPs that are shown in this figure are used as
reference points. In figures 13 and 14 can be seen that the measured ground truth height is
lower than the processed DTM height. Both figure 14a and the brown dots in figure 13 show
that most base plain points are located around 0.25 meter lower than the ground truth.
Three of the ground control points are located at the top of existing beach poles and six are
permanently placed elevated poles (figure 17). Appendix I figure 35 depicts the location of
those existing elevated poles and the location of the fixed JARKUS poles. It seems to be the
case that within the DTM processing, the poles are too narrow to measure. Due to their small
size Agisoft struggles to differentiate between the top of the poles and the beach. Therefore, in
the DTM output of Agisoft the poles are too low to the ground, despite the fact that the actual
height-levels were given as an input to calibrate the entire DTM height. In the point clouds in
Agisoft, no points were located above the surface. As a result, the height of the processed DTM
is higher than the ground truth, with a root mean square error of 0.213. The deviation
calculation takes the height of pixel right underneath the validation point, this assumes that
the pixel is exactly corresponding to that point. To account for this the mean height within a
buffer of 10 centimetres around the validation point was calculated. With this mean height the
RMSE is determined and resulted in 0.212.
The three existing beach poles are higher than the permanently placed elevated poles (points
at the left top and bottom corner and the right bottom corner of the study area), those GCPs
give higher deviations (figure 15). The beach poles that stick out higher above the ground show
a higher deviation, figure 16 shows that there is a trend: the larger the height of the beach
poles the higher the deviation (difference between the DTM height and the ground truth
height). So, the deviations between the height obtained from the processed DTM and the
ground truth height measured by the RTK-GNSS is related to protrusion of beach poles.
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Figure 14b displays the difference between the ground truth measurements and the processed
DTM on the vegetation plots. To obtain the DTM the vegetation was extracted from the DSM
and these areas were interpolated to obtain the terrain model. In figure 14a is displayed that
the systematic error on the beach plain is around 0.25 meters over the entire Windwerk area.
The error measured on vegetation is less consistent across the area and has a lower RMSE of
0.140. The residuals on the vegetation plots seem to be random error while the errors on the
beach plain are almost all around 0.25 meters higher, this is clearly visible when in figure 13
the green and brown dots are compared. Where brown points are located on the beach plain
(corresponding to the points in 15a), the green points are vegetation location points
(corresponding to the points in 15b). To calculate the accuracy, the correct points (within +4cm) were summed and used in equation 5 and 6. The accuracy of the height points underneath
vegetation points is 42.5%. Because the error of the base plain seems structural the height is
corrected for this error. The structural error of 0.25 meters is subtracted from the DTM height
of the base plain for the accuracy calculating, which resulted in a base plain accuracy of 63.6%.

Measured dune height by RTK−GNSS (m/NAP)

4.0

3.5

Type
factor(type)
1:1 line
base plain

3.0

vegetation

2.5

2.0
2.0

2.5

3.0

3.5

4.0

Dune height from UAV flight processing (m/NAP)

Figure 13 Dune height derived from the UAV processed DTM compared to the RTK-GNSS ground truth
measurements. The black line is the 1:1 line and indicates the line where the model height would perfectly match
the ground truth. Deviations from this line indicate residuals from the ground truth. The brown points indicate the
base plain validation points (corresponding to the points in figure 14a). The green points indicate the vegetation
validation points (corresponding to the points in figure 14b).
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Figure 14 Difference between the elevation of the ground truth measurements by the RTK-GNSS and the elevation
of the UAV processed DTM. (A) Grid of the differences on the DTM base plain. (B) Difference of the DTM height
underneath the vegetation plots. DTM was created with the flight data of November 23rd, 2018. Validation
measurements were taken on November 22nd, 2018.
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To see if there was a deviation of the know height of the GCPs and the height that the model
creates at het place of the existing beach poles where the GCPs are located, this was compared
as well. For creating the DTMs with SfM in Agisoft in this research, for all flights the same
GCPs were used, measured during the first flight in May 2016. The RMSE of these points
compared to the DTM made with the November 2018 GCPs is 1.034 m, depicted in figure 16b.
While the RMSE of the May 2016 GCPs points compared to the flight at that moment (May
2016) is 0.693 (figure 16a). Only for the validation of the ground truth measurements the GCPs
taken on the same day as the flight of 2018-11-23 were used for processing in Agisoft. For all
the validation measurements the DTM that is processed with the November 2018 GCPs was
used. The deviation between this GCPs and the DTM at that moment is a RMSE of 1.049,
depicted in figure 16c. So, figure 16a and 16c show that GCPs taken on the same day as the
aerial images and used for processing these images are already deviating. So, points that are
used for processing where heights are given as an input in Agisoft, are deviating, therefore in
the SfM process in Agisoft already some deviation arises.

Figure 15 Difference in elevation between the RTK-GNSS measured Ground Control Points (GCPs) and the height
of the UAV processed DTM (ground truth height minus the DTM height). (A) DTM of May 2016 with the GCPs
of 2016. (B) DTM of November 2018 with the GCPs of 2016. (C) DTM of November 2018 with the GCPs of
November 2018.
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Figure 16 The height of the beach poles above the beach plain compared to the deviation: difference in elevation
between the RTK-GNSS measured Ground Control Points (GCPs) and the height of the UAV processed DTM
(ground truth height minus the DTM height). Deviations of the DTM of November 2018 with the GCPs measured
in November 2018.

Figure 17 Image of fixed elevated referencing marker within the study area. Source: (Schipper, 2018)

From figure 16 was visible that higher poles give a deviation in the z direction. To see the
effect of the GCPs that are given as in input in Agisoft on the x and y direction, two DTMs
were created from exactly the same aerial images with the set of GCPs as only difference. In
figure 18 the DTM processed with the November 2018 GCPs is subtracted from the DTM
processed with the Windwerk May 2016 GCPs. So, the same data (aerial photos) is used as an
input in Agisoft for both DTMs, only with different reference points. On the beach plain, the
heights are almost the same. However, the heights of the dunes on the North-Eastern side of
the dune seem higher for the November 2018 GCPs processed DTM and the heights of the
dunes on the South-Western side of the dune seem higher for the May 2016 CGPs processed
DTM. There is a systematic shift in the x and y direction by using a different set of GCPs. It
is notable that there are differences in outcomes when using different GCPs, both measured
with an RTK-GNSS on exactly the same pole locations. It is good to realise that Agisoft outputs
this difference and that there are differences in the manually measured GCPs.
For the statistical analysis and the comparison analysis only DTMs, DSMs and orthomosaics
processed with the same GCPs (May 2016) are used. The results of these analyses, presented
below, are therefore comparable regardless of the observations presented above.
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Figure 18 The difference in elevation between the DTMs created in Agisoft with the May 2016 (windwerk) GCPs
and the November 2018 GCPs using the exact same set of aerial images and SfM modelling settings (DTM GCPs
2016 minus DTM GCPs 2018). Both sets of GCPs are measured with the RTK-GNSS Topcon Hiper V.

3.1.2 Accuracy of the JARKUS transects
Figure 19 illustrates two JARKUS transects crossing the Windwerk area (a and c) and two
JARKUS transects just outside of the Windwerk area (b and d). The figure depicts the
difference between the transect from JARKUS Rijkswaterstaat data and from validation RTKGNSS measurements. At some points large differences can be seen. The black line, validation
measurements, shows the embryo dunes while the JARKUS transects do not. The RMSE
calculated over 5 transects (1060, 1100, 1120, 1140 and 1160) resulted in 2.71 meters. There
was a mean deviation of 2.71 meters between the ground truth and the Rijkswaterstaat
measurements. These is however no indication that there is a systematic error, although most
of the time the deviation shows that the JARKUS measurements are underestimating the beach
and dune height.
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Figure 19. The red lines indicate the JARKUS transects from Rijkswaterstaat of 10th of March 2018. Transect from
North (left) to South (right). The black line indicates the validation profiles measured with the RTK-GNSS in
November 2018. (A) Transect 1120. (B) Transect 1140. (C) Transect: 1100. (D) Transect: 1160. The x-axis shows
the X coordinates in RD New (meters) and the Y axis shows the height in meters.
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3.2 Embryo dune characteristics
3.2.1 Per cross section
Cross sections of the DTMs of the study area at the location of the JARKUS transects (1120
and 1140) are shown in figure 20. All DTMs are depicted in appendix III. The peaks (embryo
dunes) correspond with the vegetation plots as planted in the original Windwerk study (figure
4). The height and width of the embryo dunes has grown over time. The height at the flights
in 2018 are clearly higher than the flights at the start of 2016.
There is dune development of smaller dunes behind (south side) the larger embryo dunes formed
at the vegetation plots. To illustrate this, one of the representative dunes is highlighted in
figure 21, this is the dune located at plot number 16 (appendix II figure 39). On top of the
dune the vegetation height is depicted. The vegetation height was modelled with the DSM and
DTM and a transect is made at the JARKUS 1120 location. The figure shows that the dune
has gained height at the location of vegetation during the studied time interval. It also shows
that sand has accumulated between the dunes. Vegetation height increased, and vegetation has
spread out over the dune. Going back to figure 20, there is another noticeable difference
between the earlier and the later transects. Behind the larger dunes the transect lines of earlier
flights are relatively flat while transect lines of later flights show small dunes (figure 20), while
on these locations there is no vegetation (figure 21). Within the shelter of larger dunes smaller
dunes were formed.
The cross section of figure 20a cuts through the middle of the study area where more vegetation
plots were planted, and larger dunes appear to have formed; the cross section of figure 20b is
at the east side of the study area where less vegetation was planted and dunes remained smaller.
Larger vegetation plots seem to seem to have caused more dune development.
The beach plain at transect 1140 is lower in June and November 2016. The 1120 transect does
however show a gradual increase of the beach plain height. The beach plain between the dunes
is higher at the flights in 2018, this is clearly visualised at the north side of the cross section.
Figure 21 shows that most initially planted vegetation plots in May 2016 are successful. The
vegetation remains and expands.
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Figure 20 Cross section through the DTM data obtained from photogrammetry of the UAV flights on different dates.
Transect from North (left) to South (right). (A) Cross section on JARKUS transect location 1120. (B) Cross
section on JARKUS transect location 1140.
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Figure 21 Cross section through the DTM data at the location of Windwerk plot number 16 (appendix II figure 39),
with the vegetation upon the terrain of the dunes indicated by green shading. Transect from North (left) to South
(right). Vegetation of the dunes was modelled via a cross section of the vegetation height raster (DSM-DTM). Left:
dune on May 2016, right: dune on August 2018.

In the following paragraphs the results of the multilinear model will be presented in terms of
significance of the independent variables (in three categories) followed by the discussion of the
relative contribution of each of the variables to dune development. In Table 4 the tested effects
on the height of embryo dunes are explained. Relative dune height per week was related to
various explanatory factors to explain the effects influencing relative dune height development
per week along two cross sections.
Beach morphology variables
The angle with respect to the shore and the aspect of the dunes were found to be for all times
significant (p = 0.01) in the northern direction. The angle along shore is the angle of the
transect to the sea, the sea is on the northside direction of the shore. This means that a northern
slope direction of the embryo dunes, is correlated with relative dune height as well as a northern
angle along shore. North-facing (facing the sea direction) orientation of the dune shape has
resulted in a more pronounced dune development. The slope at the north side of the dune are
the steepest and highest while at the south side of the dune has a less steep slope. The tail of
the dune is depicted in figure 23. Figure 22b and e shows the aspect of the dune. The aspect
of the dunes to the north correlates with higher dune development.
The slope of the beach plain was significantly correlated with the relative dune height over
time in all seasons except in autumn. On the southern side of the study area (landwards) the
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dune height increased when the slope got steeper. The slope variable has a small correlation
coefficient, which is negative in summer, winter and a full year but slightly positive for a period
of two years.
Roughness defines the deviation in the direction of the normal vector of the beach surface from
its ideal form. A higher roughness value means a rougher surface. In all seasons the roughness
is positively correlated with relative dune height. If the roughness increases the relative dune
height will increase with 0.016 – 0.063 m/m/week depending on the season.
In figure 22 the DTM height, roughness and aspect are depicted for a single Windwerk plot
(number 18, appendix II figure 39) on June 2016 and November 2018. In figure 22a the tail of
the dune at the south side is clearly visible, the slope of the tail is less steep then the slope at
the north/sea side of the dune. The roughness of the tail of the dune is higher than at the sea
side of the dune. A higher roughness correlates with more dune height development, this can
be seen in figure 22a, d and 22c, f where the higher parts of the dune correspond with the
rougher parts of the dunes. Rougher beach parts such as the tail, captured more sand. In figure
23 this is clearly visible. At the sea side of the dune a steep slope with vegetation is visible and
the tail with a less steep slope with captured sand and a lower height is visible.
Figure 22d, e and f show the height, aspect and surface roughness of the same dune (number
18) in November 2018. The tail of the dune is not dominantly on the south side of the dune
anymore but shifted to the south-east direction. The inter-cell height differences became smaller
then in 2016. Stow bales are not present anymore, where the largest small scale height
variations occurred. The height and width of the dune increased over the years. In 2018 (figure
22e) there is now a dune ridge visible where the aspect at the one side of the ridge is mainly
south oriented and other side is north/north east oriented.
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Figure 22. Close up of one dune in the research area, plot number 18 (appendix II figure 39). (A/D) The digital
terrain model. (B/E) The aspect. (C/F) The roughness. The first row (A, B and C) indicates the situation on June
2016, the second row (D, E and F) indicates the situation on November 2018.
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Figure 23. Embryo dunes on the beach. A steep slope at the north/sea side of the dune and a less steep slope at
the tail of the dune landward. Source: Valérie Reijers

Meteorological variables
To test the influence of the sea level on dune development the mean high water level and mean
low water level were used as predictors, both measured in meters relative to NAP. The water
level data varies over time and along the transect, the value is measured along the transect
every 5 – 15 meters. Interesting to note is that both of the predictors have a significantly
negative effect on relative dune height over time in all seasons except for autumn. The effect
of mean high water level over a period of two years is not significant. So, in summer, winter
and over a year an increase in sea level negatively relates to relative dune height development.
To explore difference in summer and winter dune development the summer and winter model
were compared. From results of the model there is not a big difference visible in dune
development over summer and winter. The positive and negative relationship of the predictors
with dune height are a little bigger in winter. For example, the negative effect of the ENDVI
and slope is higher in the winter model than in the summer model. However, the predictors
and their positive or negative relationship are the same for the winter and summer models.
Vegetation variables
The ENDVI has a negative correlation with relative dune height in summer, winter and a full
year. Over two years it has a small positive effect on dune height. The vegetation height is not
significant in summer, winter and over two years. It has a significant positive effect on the
dependent variable in autumn and over a year. Over a year an increase of one meter vegetation
height will increase the dune height with 0.049 m/m/week.
Relative impact of the independent variables
The R-squared of the linear regression was used to estimate the relative contribution of the
variables, it is a measure that represents the proportion of variance of the dependent variable
that is explained by the independent variables in the regression model. It is a measure for how
well the model describes the process in reality. The summer and autumn models resulted in a
relatively low R-squared. In summer the variables only represent 20% of the variance of the
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dependent variable. This is higher in the winter model, where 44% is explained by the variables.
The regression model over two years resulted in the highest R-Squared, where 55% of the
variance is explained, while it has the same number of observations as the other models (except
for the autumn model). The number of observations is the points along the cross sections, every
5 centimetres.
Table 4 Statistical models for the relative change in dune height (m/m) per week in summer (May 2016 – August
2016), autumn (end of august 2018 – end of November 2018), winter (December 2016 – May 2017), a full year
(June 2016 – May 2017) and two full years (November 2016 – November 2018). In this model the effect of different
beach, vegetation and sea characteristics were tested. The data was analysed with a general multilinear model. The
results given in this table are the standardized estimates and level of significance of the best subset selection for the
models. Model selection was performed with Akaike information criterion (AIC) and the Bayesian information
criterion (BIC) as selection criteria. Adjusted R2 is the percentage of variation explained by only the independent
variables that actually affect the dependent variable adjusted for the number of variables in the model.

Dependent variable:
Relative embryo dune height (m/m/week)

(Intercept)
ENDVI
Slope of the beach
plain

summer

autumn

winter

full year

two years

(1)

(2)

(3)

(4)

(5)

0.034***

-0.087***

0.039***

0.013***

0.004***

(0.002)

(0.005)

(0.002)

(0.001)

(0.0001)

-0.003***

-0.049***

-0.019***

0.002***

(0.001)

(0.001)

(0.001)

(0.0002)

-0.090***

-0.353***

-0.099***

-0.634***

(0.007)

(0.009)

(0.004)

(0.008)

Vegetation height
(m)
Roughness (m)
Aspect
Angle along shore
(positive clockwise,
0 north)
Mean high water
level (relative to
NAP)

0.010***

0.049***

(0.002)

(0.005)

0.016***

0.040***

0.063***

0.035***

0.023***

(0.003)

(0.004)

(0.005)

(0.002)

(0.001)

-0.0001***

0.0002***

0.00005***

0.00003***

-0.00004***

(0.00001)

(0.00003)

(0.00002)

(0.00001)

(0.00000)

-0.00000***

0.00001***

0.00000***

0.00000***

0.00000***

(0.00000)

(0.00000)

(0.00000)

(0.00000)

(0.00000)

-0.066***

0.241***

-0.092***

-0.035***

(0.003)

(0.012)

(0.005)

(0.002)
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Mean low water
level (relative to
NAP)

-0.056***

0.241***

-0.099***

-0.039***

0.001***

(0.003)

(0.012)

(0.004)

(0.002)

(0.0001)

Observations

8,793

4,408

8,796

8,796

8,796

R2

0.200

0.135

0.438

0.479

0.549

0.199

0.133

0.438

0.478

0.549

0.002 (df =
8785)

0.004 (df =
4401)

0.003 (df =
8788)

0.001 (df =
8787)

0.001 (df =
8789)

314.019***
(df = 7;
8785)

114.029***
(df = 6;
4401)

978.789***
(df = 7;
8788)

Adjusted

R2

Residual Std. Error
F Statistic

1,008.678***
1,784.955***
(df = 8; 8787) (df = 6; 8789)
*p<0.1; **p<0.05; ***p<0.01

Note:

3.2.2 Per dune
Table 6 shows the results of the statistical analysis on dune volume (m3) per dune over the
whole Windwerk area. One observation indicates one defined dune polygon, as stated in
Chapter 2.4.2.
Where the results in section 3.2.1 concerned a relative change over time, these results are
observations per flight at that specific time, flights are grouped and merged by season. The
data is divided in summer, winter and all years. The number of dunes within the measurement
area changed over time, with dune numbers declining over winter and increasing during
summer, see Table 5. See also appendix VI for a comparison of the number and height of dunes
between May 2016 and November 2018.
Once again, the independent model variables are discussed below, followed by a review of the
predictive capability of the model in its entirety.
Table 5 The number of dunes within the measurement area changed over time. The dunes are visible in appendix
VI, figures 49 and 50.

Date

Number of dunes

May 18th, 2016
June 6th, 2016
August 16th, 2016
October 28th, 2016
May 10th, 2017
June 1st, 2017
November 23rd, 2018

1759
1416
1166
886
1637
3000
1219
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Beach morphology variables
Where in the statistical analysis of the transects (chapter 3.2.1) slope of the beach plain had a
significant negative effect on dune height, slope in this model is one of the highest significant
positive predictors on dune volume. Dunes develop best relatively close to the sea where the
beach slope is higher. In the winter the slope has a higher influence on the increase of dune
volume than in summer. The aspect was, however, an important factor in explaining dune
height along a cross section, which also seems to be reversed in the dune volume model.
Roughness of the beach plain shows a significant positive effect on dune volume in summer,
and a significant high negative effect in the winter. The values are computed from elevation
differences between pixels, per dune polygon the average of all pixels was calculated. An
increase in roughness corresponds to an increase the increment of sand in summer while in
winter the increase in roughness matched a decrease of the sand quantity: sand is washed away
more easily. Over studied years this influence was not found to be significant.
The relative distance to the sea in meters is in all seasons significant negative. An increase in
distance to the sea will slightly corresponds to a decrease of the dune volume. Further away
from the sea, more inland, less sand is captured in dunes then in dunes closer to the sea. Net
there is more sand captured by upwind then sand washed away at sea lying dunes then at
landward dunes.
Vegetation variables
The mean ENDVI within a dune polygon has a significant positive effect on the dune volume
within the dune polygon in summer and over a year. So, if the mean vegetation cover in a dune
polygon is higher the dune volume in that polygon tends to be higher. In appendix IV, figure
42 and 43 the difference between the vegetation cover in the summers of 2016 and 2018 can be
seen. There is clearly visible that the vegetation index gets higher and covers a larger area. In
winter the ENDVI does not have a significant effect on the dune volume. However, the
maximum vegetation height of a dune does have an effect in winter as well as in summer and
over a year. The vegetation height plays a role in retaining sand, this effect is of more
importance in winter. The presence of vegetation (ENDVI) is of more importance in summer.
Other variables and predictive value
The number of weeks passed since the start of the project (first flight June 2016) did not have
a significant relation to the dune volume, not in the separate summer and winter models and
not in the model where all years together were used. This was also the case when the spring
models were not considered. However, an increase in dune volume and height over time could
be seen in figure 20. This is however not significantly proved by this model.

For all models, the total R-squared is low: Less than 15% of the variance in dune volume is
explained by the independent variables. Especially the R-squared over all years is low, 5%.
This is the model where dune polygons of all years were used as observations, the dune volume
per dune polygon was used as dependent variable and the mean or the maximum value per
dune polygon as independent variables. One dune polygon is one observation.
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Table 6 Statistical models for embryo dune volume (m3) per week in summer (May, June, August 2016, May, June
2017 and august 2018), winter (November 2016 and 2018) and the observations of all years together. In this model
the effect of different beach, vegetation and sea characteristics is tested. The data was analysed with a general
multilinear model. The results given in this table are the standardized estimates and level of significance of the best
subset selection for the models. Model selection was performed with Akaike information criterion (AIC) and the
Bayesian information criterion (BIC) as selection criteria. The adjusted R2 is the percentage of variation explained
by the independent variables that actually affect the dependent variable.

Dependent variable:
Embryo dune volume (m3)

(Intercept)
maximum slope of the beach
plain
maximum vegetation height
(m) per dune
mean vegetation cover per
dune (ENDVI)

summer

winter

all years

(1)

(2)

(3)

-25.650***

90.928***

-21.188***

(2.643)

(23.604)

(4.582)

1,474.050***

4,373.179***

1,419.365***

(195.571)

(1,482.209)

(277.670)

514.467***

2,416.366***

339.921***

(19.238)

(126.712)

(20.888)

116.446***

189.972***

(6.953)

(11.038)

-0.102***

-0.596***

-0.214***

(0.022)

(0.222)

(0.040)

127.715***

-8,979.240***

(10.325)

(794.138)

Observations

12,746

2,025

17,853

R2

0.121

0.156

0.048

Adjusted R2

0.121

0.155

0.047

relative distance to the sea (m)
average roughness per dune
Aspect
Weeks from the start (June 2016)

Residual Std. Error
F Statistic
Note:

119.142 (df = 12740)
352.162*** (df = 5;
12740)

473.221 (df =
248.399 (df = 17848)
2020)
93.483*** (df = 222.738*** (df = 4;
4; 2020)
17848)
*p<0.1; **p<0.05; ***p<0.01
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In Schipper (2018) dune area resulted in an explanatory variable. In this study this was also a
significant variable but was omitted from the regression model due to the fact that dune volume
is calculated with dune area (equation 2). When dune area is multiplied with the average dune
height to calculate dune volume, the dune volume is inherently correlated with dune area and
would give biased results in this model. Figure 24 indicates the correlation. On average for all
flights, with an increase in dune area (m2) the dune volume increases with 2.8 m3. The intercept
of the regression line is 0.3, the relationship between dune volume and dune area is therefore
not fully proportional. If the growth of the dune is growing in width the dune volume is
increasing more than the growth in width. With a growth in dune width the dune height
increases more, dunes grow more in height than in width.

Dune volume

9000

6000

3000

0

0

1000

2000

3000

Dune area
R2 = 0.99275
0.29778 + 2.8236 x

Figure 24 Dune area compared to dune volume. A point indicates one dune with their area and volume. One
observation point is one defined dune polygon. The observations of eight flights were merged.

3.2.3 Meteorological characteristics and embryo dune development
Figure 25 depicts the results of the BFAST model. In the daily maximum wind speed (B) and
daily maximum highest gust of wind (A) one abrupt change in the beginning of 2016 is detected.
Until February 2016 there was a rapid grow in windspeed. After the break the windspeed
trendline slowly increased but remained almost constant. At the end of 2017 and the beginning
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of 2018 more higher windspeed and gusts of wind peaks occurred. The wind direction (C) has
one abrupt change. The dominant wind direction is south (190 – 210) with a slow shift to a
more south-west wind direction. At the beginning of 2018 an abrupt change is detected, where
the wind direction is suddenly south east. After the break the trendline is rapidly shifting south
again. This is also visible in the wind roses in figure Appendix V, figure 48. The wind roses of
2016 and 2017 show south as dominant wind direction while in 2018 it shifts to east north east.

A

D

B

E

C

Figure 25 Time series analysis for meteorological characteristics. BFAST time series trend detection per day of
(A) the daily maximum of the hourly highest gust of wind (0.1 m/s). (B) the daily maximum of the average hourly
windspeed (0.1 m/s) per year from 2016 till the end of 2018. (C) the daily average wind direction in degrees
(360=North, 90=East, 180=South, 270=West, 0=windless). The grey line shows the raw data, the blue line is the
trend line and the dashed line show the time of change (- - -) and the corresponding confidence interval (red).
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The sea level and the wave height are depicted in figure 26. In both the sea level time series
and the wave height time series peaks in January 2017 and the winter of 2017/2018 can be
seen. In January 2017 there was a storm that caused high water levels and wave heights, this
can be seen in figure 26b where the sea level relative to NAP shows extreme water levels of
above +2 meter NAP.

Figure 26. (A) The daily maximum wave height (cm). (B) The daily maximum sea level height relative to NAP
(cm).

The time series analyses were compared with the time series of the total dune volume over the
whole Windwerk area and the total dune height under the curve of the JARKUS 1120 transect.
Figure 27 indicates the total embryo dune volume in the Windwerk area (A), the total embryo
dune height along cross section 1120 (B) and the total vegetation height along cross section
1120 per flight (C). The vegetated area decreased over the winter of 2016/2017. But increased
in the summer of 2018. The dune volume increased in 2018 as well. The increase in vegetation
ensures more sand retention in 2018. The dune height slowly increased in the first two years,
from June 2016 until June 2017 the height remained almost the same and the height is rapidly
increased in 2018. The relatively big increase of vegetation, dune height and dune volume in
2018 correspond with the break in wind direction and the higher gusts of wind and peaks in
wind speed in the winter of 2017/2018.
There is a sudden increase in dune volume in May 2017 and then a sudden decrease in June
2017 while the dune height remains the same. In January 2017 a storm took place which
coincides with extreme water levels and wind gusts. In combination with the high wave height
the Windwerk field was completely flooded. The strong winter of 2016/2017 and the storm in
January 2017 reduced the vegetation, blew a lot of sand on the beach plain that remained until
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May 2017 and was carried away in June 2017 due to the peak in wind speed and gust of wind
mid 2017. After the storm of 2017 the vegetation began to grow again after the summer of 2017
until 2018.
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Figure 27 (A) Total embryo dune volume (m3) of the Windwerk area per flight. (B) The total dune height (m)
under the JARKUS 1120 cross section per flight. (C) Total vegetation height under the JARKUS 1120 cross section
per flight.

3.2.4 Beach nourishments
Figure 28 displays all beach nourishments on the Wadden Islands between 2009 and 2018. In
this period there were no nourishments along Terschellling. There were nourishments along the
neighbour island, Ameland. In the spring of 2019 a beach supplementation nourishment of
2.400.000 m3 was realized in Ameland West (Waterstaat, 2018b). At the Amelander Zeegat,
located between the islands Ameland and Terschelling, in 2018 a foreshore supplementation
nourishment of 5.000.000 m3 was realized. This nourishment took place close to the east side
of Terschelling. The relatively big nourishment along Ameland in 2018 ensures an increased
supply of sand. It is difficult to determine whether this nourishment has had an effect on the
dune development in the study area. In this case it is unlikely that the nourishment along
Ameland effected sand capture in Windwerk, the main sea current is along the coast North
East. There is however an increased amount of sand retained in the dunes in November 2018
and the dune height is highly increased in August 2018 and November 2018. Tables 4 and 6
significantly resulted that a higher vegetation height results in an increase in dune height and
dune volume. In November and Augustus 2018 there is an increased vegetation height. It is
therefore difficult to prove how large the contribution of the beach nourishment is to the sand
collection of embryo dunes. The models in Tables 4 and 6 have a relatively low adjusted R2, it
is possible that the beach nourishment is a missing explaining characteristic of embryo dune
height and dune volume.

54

Figure 28 Total amount of sand replenishment performed (in cubic meters) for maintenance of the coastline from
2009 to 2018, per coastal section for the Wadden Islands. Modified from (Waterstaat, 2018a). The number per
island indicates the total nourishment between 2009 and 2018.

3.3 Foredune development
Table 7 shows the results of the comparison analysis where the influence of the presence of
embryo dunes on the foredune volume is tested together with other explanatory variables. In
model 1 the full model is considered and in model 2 only the best subset of the regression model
is taken into account. In the full model the beach width is the only significant variable. For
every 1 meter increase in beach width an increase of 1.6 m3 in foredune volume was observed.
On wider beaches higher foredunes occur. In the best subset analysis beside the beach width,
the NDWI on the beach plain and the mean low water level (relative to NAP) show significance.
The beach plain height was a result of the best subset analysis as well, is however not
significant. The higher the beach plain (average height from the sea to the dune foot) the lower
the foredune volume.
If the sea level increased the foredune volume increased, this is the opposite to relative embryo
dune height development. The sea probably washed away sand of embryo dunes but
transported more sand to foredunes, sand of embryo dunes can be transported to the foredune
(figure 1) where the foredune storage the sand. The wetter and lower (relative to NAP) the
beach the higher the foredunes.
The presence of embryo dunes on the beach plain is not a significant variable on foredune
volume. The dummy variable indicates that if embryo dunes are present the foredune volume
(in the 1m wide transect) is 29 cubic meters more than when there are no embryo dunes
present, this is about 10 per cent foredune volume more than without embryo dunes. The
NDWI on the beach plain is significant, a higher NDWI resulted in increased foredune volume.
The NDWI represents the moisture content in plants and soil. Therefore, if there was a higher
moisture content in the beach plain or in vegetation on the beach the foredune volume was
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larger. The NDVI is a variable of the best subset selection but is not significant. With an
increase in NDVI on the beach plain the fore dune volume showed an increase. So, an increase
in beach width and the mean low water level have the most significant (p < 0.01 and p <0.05
respectively) effect on foredune volume. The NDVI is related to the NDWI (Gao, 1996). With
an NDVI between 0.52 and 0.63 the NDVI increases linearly with NDWI, when the NDVI
reaches over 0.64 it remains almost constant independent of the NDWI value. At a certain
point the NDVI is saturated, while the NDWI remains sensitive to liquid water in green
vegetation and the soil. The Pearson correlation that resulted from this research between the
NDVI and NDWI was 0.59, which indicates a moderate to strong correlation between the
variables, using the guide of Wuensch et al. (1996). The covariance between the variables was
-0.03, the VIF in this regression model was 7.4 for the NDVI and 7.8 for the NDWI.
Of the variance of the dependent variable in this model 36% was explained by the independent
variables, based on the R2 value. This indicates that there are other factors that explain
foredune volume, that are not included in this model.
Table 7 Statistical models for the foredune volume. In this model the effect of different beach, vegetation and sea
characteristics on foredune volume is tested. The data was analysed with a general multilinear model. The results
given in this table are the standardized estimates and level of significance of the best subset selection for the models.
Model selection was performed with Akaike information criterion (AIC) and the Bayesian information criterion
(BIC) as selection criteria. The adjusted R2 is the percentage of variation explained by the independent variables
that actually affect the dependent variable.

Dependent variable:
Foredune volume (m3)

(Intercept)
Beach plain height (m

NAP-1)

Angle of the beach plain

Full model

Best subset

(1)

(2)

302.167

18.219

(870.478)

(445.855)

-63.278

-83.031

(89.585)

(72.054)

-0.378
(1.743)

Mean high water level (relative to NAP)5

-74.723
(128.554)

Mean low water level (relative to

NAP)6

NDVI on the beach plain
NDWI on the beach plain
5
6

267.050

294.493**

(194.682)

(145.100)

82.908

177.628

(235.119)

(166.637)

390.225

537.563*

VIF is 1.7, covariance with mean low water: -0.02
VIF is 2.0
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(405.916)
Presence of embryo dunes

(282.175)

28.971
(64.612)

Beach width (m)
Slope2

of the beach plain

1.578**

1.669***

(0.616)

(0.531)

-44,191.090
(163,297.500)

Observations

94

94

R2

0.368

0.363

Adjusted R2

0.300

0.326

229.756 (df = 84)

225.424 (df = 88)

5.434*** (df = 9; 84)

10.012*** (df = 5; 88)

Residual Std. Error
F Statistic
Note:

*p<0.1; **p<0.05; ***p<0.01

3.4 Coastal defence
In the previous sections the influence of different characteristics on embryo dune and foredune
development became clear. To assess whether building with natural resources, i.e. creating
embryo dunes modifies the strength of coastal defence, the change in foredune growth was
studied. The change in quality of coastal defence is expressed as the change of foredune volume
over two years (2016 – 2018).
Table 8 indicates the effect of different characteristics on the development of foredune volume
over two years. Beach width, the presence of embryo dunes and the average vegetation cover
on the beach plain did not result in a significant relation with the change in foredune volume.
The presence of embryo dunes and the ENDVI have a positive, yet not significant relation to
the foredune volume change. The beach width has a small negative relation to foredune volume
change which was not statistically significant.
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Table 8 Statistical model for coastal defence. In this model the effect on the change in foredune volume between
March 2016 and March 2018 is tested. The data was analysed with a general multilinear model. The adjusted R2 is
the percentage of variation explained by the independent variables that actually affect the dependent variable.

Dependent variable:
Difference in foredune volume over two
years
(2018 – 2016) (m3)
(Intercept)

-42.904

Presence of embryo dunes

9.851

Beach width (m)

-0.067

Average vegetation cover on the beach plain
(ENDVI)

49.691

Observations

94

R2

0.023

Adjusted R2

-0.010

Residual Std. Error
F Statistic
Note:

98.939 (df = 90)
0.696 (df = 3; 90)
*p<0.1; **p<0.05; ***p<0.01

Figure 29 shows that when the difference between the trend of the Future Coastline Location
(FCL) and the Basic Coastline Location (BCL) is negative (coastal retreat) there are most
likely no embryo dunes present. If the FCL is smaller than the BCL (coastal prograding) there
can be transects with and without embryo dunes. Table 9 (3) shows that the Pearson
correlation between the presence of embryo dunes and the FCL minus the BCL is 0.288 and
therefore the positive relation is weak according to the guide of Wuensch et al. (1996). The
positive correlation between the beach width and the FCL – BCL is also weak (Table 9 (1)).
There is a strong negative Pearson correlation between the foredune volume change and the
change of the coastline, presented in Table 9 (2). Accretion of the coastline was shown to relate
to foredune volume decrease over two years.
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Table 9 Pearson correlation coefficients (r) for the relation between beach width, foredune volume change over two
years (2018 – 2016) (x) and the presence of embryo dunes with the trend of the coastline (y) (FCL – BCL). A
positive trend means prograding of the coastline, a negative trend means retreat of the coastline.

Beach width (m)

FCL - BCL

0.246

-0.633

0.288

94

94

94

(3)

Values are different from 0 with a significance level of 0.05

Prograding

Observations
Note:

Presence of
embryo dunes

(1)

Foredune volume
change over 2016 to
2018 (m3)
(2)

Retreating

Trend of the coastline

0

No

Presence of embryo dunes

Yes

Figure 29 The effect of trend of the coastline in relation embryo dunes
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Figure 30a and b depict the calculated trend on each JARKUS transect. The purple line depicts
the BCL and the bars show the trend compared to the basic coastline position. Figure 30b
enlarges this trend per transect. The Windwerk area has a relatively small seaward trend. So,
the pressure on the inland at that point decreases. On the west side of Windwerk, 800 meters
to the left, the trend shifts to a landward trend but seawards as to the basic coastline position,
the coastline retreats but less compared to the basic coastline in 1990.
The most eastern transects have a relatively large change as the trend to the BCL has a big
shift seaward. At the southwest side of Terschelling the biggest problems occur as the trend is
landward and the trend compared to the basic coastline is landward as well. This concerns
JARKUS transects 700 till 840, where no embryo dunes occur.
A

Trend is seaward
Location as to BCL is seaward
Trend is seaward
Location as to BCL is landward
Trend is landward
Location as to BCL is seaward
Trend is landward
Location as to BCL is landward
Basic coastline
JARKUS transects
Rijks beach poles
Study area

B
60

Trend in meters/year

40
20
0
-20
-40
-60

Figure 30 (A) The basic coastline position and the trend per JARKUS transect. Modified from (Rijkswaterstaat,
2019b) (B) the trend line enlarged per JARKUS transect in meters/year. Modified from (Waterstaat, 2018a). The
blue line indicates the BCL – FCL. The x-axis represent the JARKUS transect numbers.

60

3.5 Large scale vs Small scale data
3.5.1 Embryo dunes distinguishable from JARKUS data
In this study JARKUS data was investigated to assess whether they could be used to derive
the presence of embryo dunes. The Windwerk research is used to see if JARKUS transects are
representative for what is happening on the beach. From the models in section 3.2.1 and 3.2.2
resulted that there are differences in studying embryo dune development along a cross section
or over an entire field.
In Table 10 the results of the regression of height on the beach plain with NDVI on the beach
plain is displayed. There is a significant negative relationship of NDVI with beach plain height.
If the NDVI increases with 0.1 the beach plain height decreases with 0.54 meter. This was in
contrast to the expectations that when marram grass is present embryo dunes will establish
and the beach plain height will increase.
However, in figure 31 the JARKUS data transects and the transect through the DTMs made
from UAV data are visualised. It is clear that embryo dunes are not visible on JARKUS data
at all. JARKUS points are measured every 5 to 15 meters while the DTM has a pixel size of
0.05 m and the cross section therefore has a point every 5 cm. The transects trough the DTMs
were more detailed and the embryo dunes and were clearly distinguishable. Correlating the
JARKUS transect height with the NDVI therefore did not give a representative result for the
distinguishability of embryo dunes from JARKUS data. Because embryo dunes cannot be seen
from JARKUS data. Tables 4 and 6 displayed that the ENDVI and vegetation height are
correlated with embryo dune height and embryo dune volume, thus from UAV data there is a
relationship between vegetation and embryo dunes.
Table 10 statistical model to test embryo dune height on the beach plain with NDVI on the beach plain. To study
if the presence of embryo dunes can be seen from JARKUS transects heights or only from NDVI calculations.

Dependent variable:
Beach plain height (m)
(Intercept)

0.204***
(0.079)

NDVI on the beach plain

-5.382***
(0.100)

Observations

5,032

R2

0.365

Adjusted R2

0.365

Residual Std. Error
F Statistic
Note:

3.191 (df = 5030)
2,896.696*** (df = 1; 5030)
*p<0.1; **p<0.05; ***p<0.01
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Figure 31 Transects of JARKUS transects on locations 1120 (A-C) and 1140 (D-F). JARKUS data transects (black)
vs UAV imagery processed DTM transects (red). A/C: 2018. B/E: 2017. C/F: 2016. The x-axis displays the xcoordinates in RD New (meters). The y-axis displays the height in meters relative to NAP.
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3.5.2 Embryo dunes distinguishable from sentinel-2 satellite imagery
To evaluate if embryo dunes can be distinguished from Sentiel-2 satellite imagery, a logistic
regression was performed to test the odds that given the NDVI on the beach plain (from
satellite imagery), embryo dunes are present. In Table 11 the result of the logistic regression
model is presented. This model tests the odds of embryo dunes being present on the upper
beach plain given the NDVI on the upper beach plain. The exponent of the intercept is 0.058,7
so the odds that there are embryo dunes is almost 0 when the NDVI is 0. To examine the effect
of a one-unit increase in NDVI the conditional logit was calculated. A difference in NDVI of
0.1 results in 1.486.8 In other words, for a one-unit (0.1) increase in NDVI, there is an expected
increase of 49% in the odds of embryo dunes being present. This coefficient has a significance
level of 0.01. This 49% increase does not depend on the NDVI value. For a NDVI increase of
1 (zero to one) the odds of the embryo dunes being present increases by a factor of 52.63.9
Figure 32 illustrates that if the probability of the presence of embryo dunes must be higher
than 50% the NDVI should be higher than 0.68. There are many observations that have a
NDVI of around 0.7 that show a probability of the presence of embryo dunes of 1. There are
however also observations of a NDVI of 0.7 that show a probability of 0. Therefore, the NDVI
from satellite data has a high chance to result in false positives when used to gauge the presence
of embryo dunes. However, if there is a low NDVI (<0.3) there is only one observation where
embryo dunes are present and with an NDVI lower than 0.6 only four observations where
embryo dunes are present. While there are many observations with a low NDVI that have a
probability of the presence of embryo dunes of 0. More likely can be concluded that when there
is a low NDVI, there is no change that embryo dunes are present. So, while there is a fair
chance to get false positives, the data seems to indicate that there is little chance to give false
negatives.
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Table 11 Model of logistic regression

Dependent variable:
Presence of embryo dunes
(Intercept)

-2.849***
(0.781)

NDVI

3.958***
(1.203)

Observations

94

Log Likelihood

-52.756

Akaike Inf. Crit.

109.512

Note:

*p<0.1; **p<0.05; ***p<0.01

Figure 32 Logistic regression model fit. The probability of the presence of embryo dunes given the NDVI on the
beach plain on satellite imagery
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Chapter 4
Discussion
The aim of this study was to explore the contributions of a variety of factors to embryo dune
development and to explore the contribution of various factors (including the presence of
embryo dunes) to foredune volume. The contributions to embryo dune development are
discussed in chapter 4.1. A terrain height model from UAV data was used to explore dune
development. Characteristics relating with foredune development and coastal evolution are
reviewed in chapter 4.1.3. In chapter 4.2 the issues with the creation of the terrain model and
the dune definition are elaborated. Furthermore, the aim was to find a suitable method to
compare and combine different sources and types of data with different resolutions, these types
and sources are discussed in chapter 4.3. In the second subsection of chapter 4.3 is elaborated
on the way errors during these calculations are handled. There is discussed whether and how
these errors have affected conclusion of this research.

4.1 Factors impacting dune development over time
In this section the focus is on the statistical models that were used to assess the effect of various
environmental factors to the development of embryo dunes and foredunes.
In the first subsection (4.1.1) the presented models and their variables are compared to those
in other studies, with the main purpose of finding other variables that might improve the
explanatory power of the model.
In the second subsection (4.1.2) ‘temporal resolution’ the temporal scale of this research is
discussed. Furthermore, the research of the seasonality of embryo dunes in this study is
discussed.
In the last subsection (4.1.3) the influence of foredunes on coastal evolution and the presence
of embryo dunes is reviewed.
4.1.1 Explanation of embryo dune development
Comparison to other studies and perspectives on model variables in future research
An important question in this research was whether the presence of embryo dunes influenced
the foredune development and consequently the coastal defence. From Table 7 can be concluded
that the beach width had the most prominent effect on foredune development. The NDVI on
the beach plain and the presence of embryo dunes had a positive, however not significant, effect
on foredune volume. This is in line with Puijenbroek, Berendse, and Limpens (2017), who
showed that the foredune showed a large increase in volume where smaller dunes seaward of
the foredune where present, compared to similar foredunes along the Dutch coast where smaller
dunes were not present. This indicates that sand supply to the foredune was not seriously
hampered by the presence of small vegetated embryo dunes, but embryo dunes are likely add
to the protection of foredunes against storm erosion. Puijenbroek, Berendse, and Limpens
(2017) therefore stated: “For coastal management it could be beneficial for foredune growth to
have embryo dunes seaward of the foredune given a high sand supply.” This resulted also from
Tables 7 and 8 in this research where foredune volume and foredune volume change have a

65

positive correlation with the presence of embryo dunes. These relations were however not
significant.
Keijsers et al. (2014) reported that temporal variability in foredune accretion and erosion is
highest in narrow beach sections. This is in line with this research, which significantly concluded
that the wider the beach was, the higher the foredune volume was. In wider beach sections,
dune erosion is less frequent, with lower temporal variability (Keijsers et al., 2014) and the
volume of foredunes tends to increase more on wider beaches. This is comparable with current
results which proved that in wider beach sections more foredune volume can be found. Beach
width was a large positive significant correlation in this research. This is also in line with
Galiforni Silva et al. (2019) whose results show that the development of foredunes is mainly a
function of beach width and sediment supply.
The model presented in this study on embryo dune volume (Table 6) showed a significant
highly positive effect of the maximum vegetation height on dune volume. In chapter 4.5 of
Dunes Above and Beyond (Puijenbroek, Berendse, & Limpens, 2017) the authors argue that
vegetation has an effect on relative changes in dune volume in summer and winter. From their
statistical model a significant (p<0.01) positive effect from the maximum vegetation height on
relative change in dune volume was attested.
In Figure 27 (section 3.2.3) it was shown that the dune height increased in May and June 2017
while the vegetation height decreased, this may be caused by the storm in January 2017.
However, the sand capture in those months was high. In August and November 2018, the
vegetation height was highly increased. Hesp (1991) showed that dune-building grasses grow
faster when sand is being deposited, up to a certain height. This is in line with this result.
There was more input of sand in 2017 while the vegetation height was lower. In 2018 there was
more capture of sand and a high increase in dune-building grass height.
From the transects through the embryo dunes in the Windwerk study area (figure 20) could
be derived that behind large dunes smaller dunes were formed. Puijenbroek, Berendse, and
Limpens (2017) concluded that there is a positive significant effect of clustering, but the
relationship was very weak (R2 between 0.002 – 0.05). In Schipper (2018) sheltering of other
dunes is also a positive significant (p < 0.05) characteristic to explain dune development.
Embryo dunes created sheltering conditions, whereby landward of the dunes green beach
vegetation can develop more easily. Vegetation helps with the capture of sand and positively
influence embryo dune development.
Furthermore, as evidenced in Table 5 the number of dunes within the measurement area does
changes over time. Declining in winter and increasing during summer. This is fully corresponds
with the research of Puijenbroek, Berendse, and Limpens (2017) on Hors, Texel. Where the
number of dunes decline in winter and increase in summer as well.
In the statistical model (Table 4.2) of Puijenbroek, Berendse, and Limpens (2017) the
characteristics to explain the relative change in dune volume resulted in a R2 of 0.31 in summer
and 0.21 in winter. In this research in Table 6, a R2 of 0.12 for summer and 0.16 for winter
were gained to explain embryo dune volume. A R2 of 0.20 in summer and 0.44 in winter were
gained to explain embryo dune height (Table 4). Relevant variables that are used in this
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research additional to the model of Puijenbroek, Berendse, and Limpens (2017) (Chapter 4,
Table 4.2) were the ENDVI, slope of the beach plain, roughness, aspect, angle along shore and
the water level. Characteristics that were not included in this model but were relevant in the
model of Puijenbroek, Berendse, and Limpens (2017) are the vegetation density, dune volume,
clustering and sheltering by the foredune.
This research showed that the distance to the sea in meters is in all seasons related (statistically
significant) negatively to dune volume growth. Dunes developing closer to the sea are more
likely to increase in volume. In Schipper (2018) this characteristic was investigated as well, but
did not result in a significant effect. The reason for this difference is the number of used
observations. In Schipper (2018) this result is based on 32 observations (the amount of
subplots), while in this study (Table 6) individual defined dunes are used as observations
resulting in a N of 17,853 as can be seen in Table 5 (merged observations off all flight times).
Geomorphological studies compared to this UAV based research
Comparing results from geomorphological research with this UAV dune development research,
several similarities can be found. Geomorphological research has shown sand deposition within
clumps of vegetation or individual plants on the beach plain causes embryo dune formation
(Hesp, 2002). Morphological development of embryo- and foredunes principally depends on
plant density, distribution, height and cover, wind velocity, and rates of sand transport. Plant
height and cover (ENDVI) (Tables 4 and 6) and wind velocity are in this study also found as
explanatory variables. From the time series of the wind velocity and direction, wave height
and gusts of wind (figures 25 and 26) resulted that storm and wash incidence influence embryo
dune development.
Secondary factors of dune development that are important are the rate of occurrence of swash
inundation, storm wave erosion, over wash incidence and wind direction (Cowles, 1899; Davies
et al., 1977; Hesp, 2002; Ranwell, 1972). The coastal dune dynamics are conditioned by a biogeophysical balance between aeolian transport, meteorological processes (waves, tides, storms
surges), beach morphology and geology, sediment availability and vegetation type and density
(Bauer et al., 2003; Delgado-Fernandez et al., 2011; Galiforni Silva et al., 2019; Hesp, 1983;
Hesp, 2002; Hesp, 1991; Sherman et al., 1993). Which corresponds to Figure 25, 26 and 27 in
this research, where difference in dune volume, dune and vegetation height after storms
(including a wash incidence), periods of high wind speed and a change in wind direction could
be seen.
Factors, that resulted from geomorphological research, which were not included in this research
are the rates of sand transport, aeolian transport, sediment availability, vegetation type, beach
geology and sediment armouring (Bauer et al., 2009; Bochev-van der Burgh et al., 2011; Burgh
et al., 2009; Hesp, 1983; Keijsers et al., 2015; Puijenbroek, Limpens, et al., 2017). These factors
were now not included due to the temporal resolution of this study, including these
characteristics in the model could improve the R2. For further research it is recommended to
focus also on aeolian transport and sediment availability. Aeolian transport information can be
obtained by investigating the wind-surface interaction during fieldwork (Dong et al., 2012;
Namikas, 2003; Vanhée et al., 2002). For sediment availability various data sources need to be
combined including the foredune volume, beach nourishments, wind, sea level, currents, wave
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data and other possible sand-feeding processes. Sand supply is correlated with beach width,
this can then be linked to the results of the effects beach width from the current study.
Meteorological conditions
The time series of wind and sea factors in this research showed some similarities with the time
series of vegetation height, dune height and volume. Dune development is mainly explainable
by wind and sea factors (Tokano, 2008), which were however not included in the statistical
models (Tables 4 and 6). A meteorological characteristic that is not considered in this research
is the precipitation. From Table 7 can be read that the NDWI on the beach plain is positive
significant to foredune volume, a higher NDWI corresponded with increased foredune volume.
The NDWI represents the moisture content in plants and soil. The amount of sediment that
can be transported to the dunes is related to surface moisture (Galiforni Silva et al., 2019).
From a 30 year time series along the Dutch coast from Puijenbroek, Berendse, and Limpens
(2017) results that precipitation stimulates dune development, the authors showed that embryo
dune area was positively correlated with precipitation in the growing season. Presumably
because of its positive effect on the growth of dune-building plant species. Because sandy
beaches can become very dry during summer (Lichter, 1998), precipitation increases soil
moisture and reduces soil salinity (Gooding, 1947). This is better for vegetation on the dunes,
such as A. arenaria (A. H. Sallenger et al., 2003; Maun, 2009). This is probably why the NDWI
showed up as a significant variable on foredune volume in this research. For further research
it would be interesting to take precipitation into account as a spatial and temporal variable.
Beach nourishment
The effects of beach nourishment on the study area and dune development along the entire
coast of Terschelling are as of yet unknown. On one hand this is the result of a lack of
monitoring data and on the other hand the results in section 3.2.4 (Figure 28) showed that in
the last 10 years no beach replenishment took place near Terschelling, only near Ameland. In
figure 30, at the southern part exceedance of the current coastline compared to the BCL was
visible. This exceedance forms a basis for the beach nourishments for Rijkswaterstaat. Now the
current coastline is exceeding the BCL landwards too much a sand nourishment near
Terschelling is planned in 2019-2020 (Waterstaat, 2018b). As concluded in chapter 3.2.4 the
effect of beach nourishments was too difficult to integrate in the models of this study. In order
to get grip on this issue and correctly explore the effect of beach nourishment near the
Windwerk area it is important to take a flight before the nourishment, a few weeks after the
nourishment and to keep doing so every season for a few years after the nourishment. Then
the influence of the nourishment on sand capture by embryo dunes can be determined.
Based on the results presented above it is recommended to create a new test field with
vegetation plots along some transects between transect 700 and 840, where the exceedance of
the BCL takes place and no embryo dunes are present. The effect of vegetation and therefore
the development of embryo dunes on coastal defence can be determined at a location where
the coastal line is eroding. Meanwhile, the effect of the beach nourishment on embryo dunes
and coastal defence may be subjected to further research.
Puijenbroek, Berendse, and Limpens (2017) reported that beach nourishments have an overall
positive effect on embryo dune growth, whereas sites without sand nourishments had an overall
decrease. This suggests that beach replenishment reduce erosion or promotes growth of embryo
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dunes. Now, beach nourishments are mostly deployed to increase or stabilise beach width
(Arens et al., 2013; Grunnet et al., 2005; van Duin et al., 2004). From this research followed
that an increase in beach width increases foredune volume. Besides, the wider the beach, the
more space there is for embryo dune development. For further research, it is highly interesting
to investigate the degree of contribution of these phenomena to coastal defence: beach
nourishment, beach width, the arise and development of embryo dunes and foredune
development. Furthermore, to know the causalities between these phenomena and the sequence
of processes is interesting for further research. It is of high value for coastal management to
know with which intervention to start and to what extent to apply the other characteristic.
Beach nourishments costs money, any beach nourishment programme has to consider the
economics of letting beaches retreat compared with the economics of sustaining them (Huggett,
2011). The creation of embryo dunes is less expensive, it could be interesting first try improving
coastal defence by creating embryo dunes on wide beach sections rather then immediately
choosing the more expensive measure of a beach nourishment. The mentioned further research
is in order to see if embryo dunes may retain enough sand or protect against foredune volume
decrease to postpone or adjust beach nourishments.
Explaining dune development
From figure 22 in section 3.2.1 a positive relationship between the roughness and relative dune
height development during all seasons was found, while the relative dune height was used as
dependent variable. The relative change of dune height was correlated with roughness at the
end of the period. The question however is whether roughness increases dune height or whether
the relationships is the other way around. If dunes evolve on the beach plain the beach plain
will be rougher where dunes are present, then when there are no dunes present. This would
suggest that embryo dune height development causes roughness. However, when the beach
plain is rougher more sand can be captured. Dunes develop if sand from the beach accumulates
against a feature, object or sand ripples, thus if the surface is rougher. Geomorphological
research has shown that the amount of sediment that can be transported to the dunes is related
to surface moisture, shell pavement (surface roughness) and grain size of the sand grains
(roughness), sediment armoring and beach morphology (Galiforni Silva et al., 2019). Current
investigations have shown there is also causality between roughness and dune height
development, it is however not clear which variable is dependent of the other. This could be
further studied by doing fieldwork investigating wind-surface interactions.

From Table 4, section 3.2.1 it was shown that the mean high and low water are significantly
correlated with relative dune height development. The mean high and low water on this scale
(200 x 400 meters) (m NAP-1) are however correlated to the height of the beach plain. The
height of the beach plain and dunes compared to the water level is higher at the land side
(south) of the area/cross section then at the sea side. At the south side the dunes have a higher
height relative to NAP because the beach plain is rising, but the dune height compared to base
plain is not necessarily higher. The sea level will therefore show a negative correlation with the
relative dune height. This is however due to the fact that the height relative to the sea level
rises to the south, the rising beach plain is a confounding variable. The increasing beach plain
to the south, influences both the independent variable and dependent variable. This resulted
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in a false correlation. For further research this variable can only be used explaining large scale
processes, as it is used as independent variable to explain foredune volume in this study.
From the results of multiple linear regression analysis on relative dune height development
shown in Table 4 could be derived that the vegetation cover (ENDVI) was negatively related
with relative embryo dune height per week. While from Table 6 it may be read that the ENDVI
is positively correlated with embryo dune volume. The seeming discrepancy between these
results can be explained by a methodological difference between the analyses. The relative
embryo dune height is calculated per pixel along the transect (Table 4) while the results from
Table 6 were calculated over a whole dune polygon. It is more logical that an increase of the
mean vegetation cover of a dune correlates with more dune development, which resulted from
Table 6. When this is calculated per pixel along the transect it gives unexpected results. This
is most likely the result of the B-spline interpolation that is used while pre-processing the DTM.
To create the DTM the vegetation was masked out of the created height model, the masked
out gaps were filled using B-spline interpolation. Using this interpolation technique when
embryo dunes are present, the elevation at the interpolated parts seems to be valid
(Neppelenbroek, 2019). However, at the time of the first flight, embryo dunes were not fully
developed. This caused an overestimation of the terrain surface height at vegetation locations.
Correlating this terrain surface heights on pixel base with the ENDVI (thus at vegetation
locations) therefore resulted in a negative relationship. The model that is tested over a time
period of two years shows a positive relation between the ENDVI and the relative dune height,
this can be explained by the fact that the interpolated height is valid for more developed dunes.
In Tables 4 and 6 results showed a relatively low R-squared, meaning that in all the models
there is still a large part of the dependent variable that is not explained. Which indicates that
there are more factors that cause dune height and volume development, that are not
represented in this model. This is explained by the fact that dune development is mainly
explainable by wind and sea factors (Tokano, 2008), which are not included in this model. This
statistical test model tests on a small scale which is not the full scale of the whole process of
dune development. The model only describes the processes that take place on the beach plain
surface. The dunes developed more over a longer time period and larger spatial area, the
development of dunes tends to have a seasonal pattern (Montreuil et al., 2013) which is more
in balance and more pronounced over the course of multiple years. Not including the full process
in the statistical model impacted the R-squared.
4.1.2 Temporal resolution
As mentioned, the development of embryo dunes goes through seasonal cycles (Montreuil et
al., 2013), with erosion during autumn and winter and dune growth in summer. This is to some
extent visible in the results of this study, especially where the strong winter of 2016/2017 and
the storm in January 2017 reduced the vegetation, blew in a lot of sand on the beach plain,
which remained there until May 2017. It was carried away again in June 2017 due to the peak
wind speeds and gust of wind mid 2017 and the storm in January 2017. After the storm of 2017
the vegetation began to grow again in the summer of 2017 continuing in 2018.
It was however difficult to prove what happened to the study area during the storm of 2017
because the first flight after the storm was in May 2017. It is difficult to indicate all seasonal
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differences of dune development in the study area because of the large time gaps between some
flights. One of the main missing flights is in the winter of 2017. The last flight in 2017 was in
June and then there is a large gap in the time series because the next flight is in August 2018.
Therefore, it cannot be accurately reconstructed what happened in the winter of 2017/2018
while the dunes in August and November 2018 have a relatively big height and volume increase.
For further research it would be better to monitor more regularly and fly in every season for a
few years. Monitoring regularly every season may give more insight in the temporal response
and erosion resistance of embryo dune development and may enable more complete time series
research with more substantiated results. In Nolet et al. (2018) seven flights over one year were
carried out to model growth response of marram grass to sand burial and its implications for
coastal dune development, allowing much clearer detection of the seasonal trends. The study
of Nolet et al. (2018) showed that the growth of vegetation (Ammophila) and vegetation cover
is related to the ability to retain sand on the beach. The authors resulted that these findings
are advantageous to coastal management: maximizing the potential of Ammophila to develop
dunes maximizes the potential of coastal dunes to provide coastal safety.
The statistical multiple linear regression model presented in section 3.2.1 (Table 4) showed
that modelling over a period of two years had a higher R2 than the model runs with a shorter
time interval. This research focussed on a time interval between May 2016 and November 2018
this is two and a half years. In May 2016 the vegetation plots were just planted, and the dunes
were not really developed at that moment. The development of dunes, to find a balance of sand
sedimentation and erosion in different seasons takes some time. Research on the development
of embryo dunes and prove concepts of sand sedimentation and erosion would be more
substantiated if studied over a longer period. Additionally, the effect of embryo dunes and
beach morphological characteristics on coastal defence is not immediate, it may take some time
for changes to the coastline to be noticeable. To measure the effect of a shifting coastline
position, this position needs to be monitored over a longer time period than just 3 years. In
this study it was already shown that a longer time interval being considered modelling the
dune development, resulted in a higher proportion of the variance for the dependent variable
being explained by the independent characteristics. In Nolet et al. (2018) six years were used
to investigate dune height development with cross sections, using existing dunes. The study of
Nolet et al. (2018) showed that an actively growing foredune grows with a rate between 15 and
20 m3 per meter alongshore per year while under the influence of wind and sand accumulation.
Keijsers et al. (2016) researched the biogeomorphic evolution of coastal dunes in response to
climate change. The authors used a model that is calibrated and validated against field
measurements of the Dutch coast, showing good performance for a 10 year time series. Pye et
al. (2008) even used a time interval of 45 years to study dune erosion and accretion rates.
Bakker et al. (2012) used 18 years to research the effects of beach nourishments, using JARKUS
transects, on coastal dune developments along the Dutch coast.
For further research it is recommended, besides measuring four times a year, to measure over
a longer time interval. The seasonality needs to be studied with drone data spanning multiple
years or even decades, this study did not result in an estimate of how many years is optimal.
Longer time intervals of foredune development and coastal defence can be researched in the
same way as this research (sections 2.2.2 and 2.7) with JARKUS data, which is openly available
data.
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4.1.3 Foredune development and the relation to coastal evolution
Foredune volume
This research concluded that the beach width had the most prominent significant effect on
foredune volume out of all included variables (Table 7). Besides, from the model it became
apparent that a higher beach plain relates to less foredune volume. Wide beaches on
Terschelling are mostly relatively low and wet and have embryo dunes present. The wetness
index was also a factor related to foredune volume. The discussion therefore is whether the
width of the beach plain, the height of the beach plain, the wetness or the presence of embryo
dunes influences foredune volume the most. The causality between the factors and foredune
volume could not be derived from this research. Most factors occur in combination with each
other, further complicating matters. The variables did however not exhibit collinearity (all
VIFs < 10). To further explore the individual contributions of these characteristics to foredune
volume the change of foredune volume over a longer time series, with regular intervals, is
recommended on various research locations that differ in the wetness, width and height of the
beach plain, foredune volume and the presence of embryo dunes.
Foredune development over two years (coastal defence)
A strong positive Pearson correlation (section 3.4, Table 9), was found between foredune
volume growth and an eroding coast. This is not expected as it is generally accepted that the
sand availability for dunes is from the sea, sand from the sea nourish dunes. It could be the
case that sand eroding from the coastline is captured by foredunes, or that the beach width
was large enough to supply sand. Foredunes serve as storage for sediment that replenishes the
beach plain after storms (Huggett, 2011), which would in that case be an indication of an
improvement of coastal defence.
Correlating foredune volume with the presence of embryo dunes resulted in a positive (not
significant) relationship. A prograding coast has a weak positive Pearson correlation with
embryo dune presence. While foredune volume change over two years has a strong negative
relationship with a prograding coastline.
The beach width resulted in a highly significant correlation to foredune volume. A wider beach
can reduce storm damage to coastal structures by dissipating energy across the surf zone and
protects upland structures from storms and high tides. An accretion of the coastline (positive
trend of the FCL) has a positive Pearson correlation with beach width. Considering these
results, it would have been more logical if there is accretion/prograding of the coast, the beach
width increases and therefore the foredune volume increases. However, the opposite resulted
from the Pearson correlation between the coastline trend and foredune volume change.
So, there are indirect effects and causalities that tested not significantly in this study, that may
occur when longer time periods are studied. Further research on this cycle of coastal retreat,
prograding and storage of sand in foredunes and embryo dunes is recommended to fully
understand the process of coastal defence, sand availability and transportation. This can be
done by extensively investigating the coastal trend, sand quantity changes in foredunes and
embryo dunes over a longer time span (>10 years) over the whole Wadden island. Newly
created and longer existing embryo dunes fields must be alternated with parts of the coast
without embryo dunes. For verification purposes other Wadden island should be included as
well.
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4.2 Issues with SfM based DTM creation and dune definition
In this section the problems that occurred in this research during the process of creating DTMs
are discussed. In the first subsection (4.2.1) the deviations of the DTM and the ground truth
and their causes are explained. In the second subsection (4.2.2) the focus lies on the influence
of the base plain calculations on defining dunes is.
4.2.1 DTM creation with Structure-from-Motion
One of the main problems in this research is the deviation of almost 25 centimetres on the
beach plain, the high RMSE outcomes and therefore low accuracies. These deviations are a
result of the SfM processing in Agisoft. In chapter 3.1 it is explained that this distortion is in
all probability coming from the GCPs exclusively placed on poles and not directly on the
surface of the beach plain itself. Each GCP marker was virtually placed above the surface, but
the poles were not recognised as protruding objects in Agisoft. During processing this caused a
systematic error: a discrepancy between the height of the SfM models and the actual beach
plain and dunes. Elevation errors in surface models using Agisoft to process UAV imagery are
no exception and will remain an issue (Anderson et al., 2019).
A number of authors (Anderson et al., 2019; Girod et al., 2017; James et al., 2014; Wackrow
et al., 2011) have demonstrated that broad-scale systematic deformations can occur when
applied to linear (low amplitude, feature-limited) topographies. In this case a more rigorous
lens calibration and ground control point acquisition process is required. This means that
application of SfM to environments such as tidal flats or desert plains can be challenging
(Anderson et al., 2019). Those vertical and elevation errors are most evident on flatter,
structure-limited surfaces. Therefore, elevation errors on the beach plain are difficult to avoid.
This is mostly due to the lack of strong geometric features within the area which are important
for self-calibration of the camera model. This is causing systematic distortion (Wackrow et al.,
2011). An option to be evaluated in upcoming flights could be to try flying over the beach
restaurant located just outside the study area. The size and position of the building are fixed
and it is a large geometric object, a point cloud and model that takes this building into account
can be used as a test to see if the heights are modelled better. An extra flight path West of
Windwerk should be added in this case. Another option to consider is to place and accurately
measure the position of new GCP reflectors directly on the ground at different locations in the
study area. According to the user manual of Agisoft least 10 reflectors should be spread over
the study area (Agisoft, 2018).
Moreover, results of horizontal and vertical accuracy are influenced by the process of manually
setting coordinates in Agisoft in the centre of the GCPs. The GCPs coordinates are used to
refine the camera calibration parameters and to optimize the geometry of the output point
cloud. The GCPs references can be seen in the pictures loaded into Agisoft and the centre of
the reference need to be clicked manually, this repeated for every flight for the 9 GCPs, allowing
for some deviation due to the size of the GCP markers. According to Gindraux et al. (2017)
and (Jaud et al., 2016) the accuracy of this manual processing step is estimated to be 0.3 pixels.
Which in this case corresponds to a 1.5 cm deviation on average when considering the results
of the current study. This concerns step 5 of figure 7.

73

Another methodological choice that introduced inaccuracies in the SfM process is that all
processing steps in Agisoft (step 4 and 8 of figure 7) were done in medium (quality) settings
because of the time-consuming process for the large datasets. This resulted in an average point
cloud density of approximately 500 points/m2. Because the beach plain has poor textures, no
large objects and shadows the aggressive depth filtering algorithm was integrated in the dense
cloud generation stage in Agisoft. This could have caused reduced detail on the parts of the 3D
model that represent small objects, such as grass sods and beach poles with a small diameter.
This caused height distortions in these small objects. Due to the use of medium settings there
is less accuracy than there could have been with higher quality settings (Adams et al., 2018).
4.2.2 Dune identification and calculation of physical properties
Dune identification was automated in this study to keep results of different model runs more
comparable than when dunes would have been identified arbitrarily by manual selection. These
automatically identified dunes were in turn used to calculate dune volume. This process itself
is however fairly susceptible to variation as a result of the chosen parameters. However, because
the same parameters were applied to each DTM, all results were comparable at least within
the limits of this study.
For example, a dominant factor in obtaining dune volume this way is the beach plain that is
modelled and used. A small deviation in the modelled beach plain gives a different dune volume
per dune. As shown in figure 14a the average error on the beach plain is 0.213 meters, calculated
on the flight and RTK-GNSS measurements of November 2018. If there are deviations of the
calculated beach plain by the B-spline interpolation, this could give inaccurate results of
embryo dune volume. Therefore, the base plain ground truth measurements have also been
used to validate the multilevel B-spline and B-spline refinement created base plains that are
used to calculate dune volume. This is visualised in figure 33. The RMSE of the base plain
compared to the ground control measurements is 0.376 and thus higher than the 0.213
calculated on the height model, meaning that the height of the base plain is not modelled
correctly. Because slope-base filtering, multilevel B-spline interpolation and refinement was
applied to obtain dune volume in this study, the beach plain deforms. When interpreting results
of the embryo dune volume the deviations in the base plain needs to be considered, especially
when comparing across studies using different parameters to create the base plain. It must
however be emphasized once more that the methodology to reconstruct the beach plains was
uniformly applied in all cased presented in this study, thus allowing for a fair comparison of
dune characteristics.
To overcome this problem and not have the base plain as dominant factor of dune volume it
is better to calculate dune volume as difference compared to the previous flight per pixel, as
formulated in equation 16. The dune volume (m3) is then calculated as a height difference for
each pixel compared to the previous flight. The height difference is summed by its pixel size
(0.0025 m2). This method was also tried in this research. It is however necessary that pixels
are overlapping and corresponding to exactly the same pixel as the previous flight, to be able
to get the correct height difference per pixel. Due to the deviations in the DTMs in the x and
y direction (figure 18), as mentioned in Chapter 3.1.1 and 4.2.1 and the manually set GCPs in
Agisoft, pixels did not overlap completely or were overlapping a neighbouring pixel. It was
therefore for this research not accurate to use this method for dune volume. For further research
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it is recommended to use this method, when deviations in the x and y direction are decreased
and pixel are completely overlapping. A time series statistical analysis of the dune volume per
flight can then be calculated and the dune volume difference are more accurate than using a
base plain created with multilevel B-spline interpolation and refinement.

𝐷𝑢𝑛𝑒 𝑣𝑜𝑙𝑢𝑚𝑒a = 𝑆𝑢𝑚((ℎ𝑒𝑖𝑔ℎ𝑡a − ℎ𝑒𝑖𝑔ℎ𝑡a3o )0.0025)

(16)

Figure 33 Validation of the created base plane with Multilevel B-Spline interpolation and B-Spline refinement. The
results show that the ground truth of the base plain shows differences with the constructed base plain.

4.3 Use of data
In this final section of the discussion the focus is on the possibility of scaling up this research
with respect to different data sources. In the first subsection (4.3.1) the UAV data is discussed
and compared to other data sources and the opportunities to scale up this research. This section
is concluded by the handling of bias and error in the data (4.3.2).
4.3.1 Upscaling and (lack of) alternatives to UAV data
If similar research needs to be performed at other locations, requiring upscaling, several factors
need to be taken into consideration. In this subsection will be explained how large-scale, highresolution UAV data and small-scale, lower resolution data of an entire Wadden island can be
used as a supplement to each other.
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UAV based data capture
To scale up this particular kind of research more UAV data is required. As mentioned in
Chapter 4.1.2 monitoring frequently and regularly is preferred to monitor seasonality and UAV
data needs to be monitored based on research field, which is one reason why selecting a larger
research area may cause issues. Coastal areas tend to be windier, whereby planning UAV flights
can be hard. Besides flying at different times comes with different conditions such as different
shade and light conditions, which may affect the quality and comparability of the captured
imagery.
Furthermore, processing UAV data needs a lot of manual time-consuming labour. However,
the scripts used in this research have been set up in a way that it is easily reproducible for
future flights. When adding processed flights to the data folder and the date to list in the script
it does not require extra processing steps, because the scripts will run for the new flight
automatically. Upscaling this statistical research to other locations is therefore not time
consuming and quite easy if the flight data is there. However, flying and processing the flight
will still cost time and effort. Another difficulty for using UAV data is that the accuracy can
be low, and the error can be fairly high as seen in this study. To research relative embryo dune
development along multiple kilometres of coastline using UAV data is therefore challenging
and requires additional data sources to supplement the UAV data.
Other available data sources
Foredune volume was calculated from JARKUS transects which is open data and available for
the whole Dutch coast. Upscaling research using JARKUS transects is therefore easier and not
very time consuming compared to the use of UAV data. The scripts of converting .nc JARKUS
data to usable data frames and calculating foredune volume of the JARKUS transect data
frames, are set up in way that it can be scaled up easily. JARKUS data can however not be
used for relative embryo dune research due to its coarse resolution. It can be used to obtain
foredune volume, bathymetry information, the movement of the coastline and the water level.

Sentinel-2 data is also widely available open source data with a temporal resolution of 5 days.
Sentinel-2 data is therefore valuable for upscaling of time series. The spatial resolution is lower
than for UAV data, namely 10 meters and does not contain height information. It is therefore
not possible to measure relative contributions of embryo dune height and volume. For NDVI
and NDWI time series it is usable. As resulted from this research if there is no NDVI on the
beach plain, the change that embryo dunes are present is small. NDWI has a positive
correlation with foredunes. The time series of those two indices on the beach plain can therefore
be used as background information for upscaling embryo dune research.
The NDVI calculated from Sentinel-2 along JARKUS transects can be used for foredune
research as well together with the foredune calculations on the JARKUS transects. To calculate
foredune volume, determine the sea level, obtaining the angle along shore and calculate the
height and slope of the beach plain JARKUS data is used. The JARKUS transect data is
collected once a year around spring. This is after the bathymetry has changed when the storm
season starts and certainly after some storms. According to (Cohen et al., 2009) and (van
Dongeren et al., 2008) the bathymetry strongly varies through the year, they resulted that the
winter profiles contain significantly less volume than the spring volumes. Working with
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JARKUS data therefore causes an overestimation of the available dune volume prior to a winter
storm. It is therefore not possible to research seasonality with JARKUS data. This can partly
be the cause of the RMSE on JARKUS data of 2.71 meters, resulted from Chapter 3.1.2.
From this section (figures 19 and 31) also resulted that embryo dunes were not visible on
JARKUS transects. The JARKUS transect height measured by laser altimetry, should
represents the height of the profile 100 meters left and right from the profile. The collected
point density varies between 1 point per 6 m2 and 1 point per 1 m2, depending on the contractor.
The laser height measurements are filtered for outliers, vegetation and objects (De Graaf et
al., 2003), this may be the reason embryo dunes are not visible.
Use of small-scale lower resolution data for upscaling embryo dune research
In this research various data types and sources were used with varying spatial and temporal
resolutions. Different types of data and resolutions needed to be combined. Even though a very
fine spatial resolution on some of the datasets resulted in very detailed models of the study
area, a case may be made to use this data at a coarser resolution in order to reduce resource
and time consumption.

As shown in subsection 3.1.2 (figure 19) and chapter 3.5.1 (figure 31), embryo dunes were not
distinguishable from JARKUS transects. In figure 32 and Table 10 it became clear that embryo
dunes cannot reliably be identified from the NDVI from Sentinel-2 satellite imagery. When
there is a low NDVI (<0.6) there are no embryo dunes on the beach plain. But when there is
a higher NDVI, it is not certain that there are embryo dunes. In this research only the DTM
and the DSM constructed from UAV imagery clearly showed the presence of embryo dunes as
well as providing sufficient detail for intricate studies of these dunes. (Non-automated) Visual
inspection of satellite imagery did however allow the non-quantitative identification of embryo
dunes on the northern shore of Terschelling.
There was also tried to distinguish embryo dunes from the NDVI from Public Service on the Map
(PDOK) imagery, with a resolution of 25 centimetres (PDOK, 2018b). PDOK imagery is
available as Web Map Service (WMS) or Web Map Feature Service (WFMS). Due to the lack
of radiometric calibration when converting the WMS or WFMS to a raster bands were lost,
and pixel values ranged only between 0 and 255. Therefore, it is not possible to do spectral
indices calculations (e.g. NDVI and NDWI) on PDOK data, this is also indicated by the Dutch
government that manages the PDOK data (Overheid, 2018). Besides, PDOK imagery of
Terschelling was relatively large (60 GB per year) which required a lot of computational time.
A data set that does contain height information which is openly available for Terschelling is
the AHN (Actueel Hoogtebestand Nederland; Current Height database of the
Netherlands)(PDOK, 2018a). In Appendix VII figure 52 the AHN3 of the Windwerk area can
be seen. The embryo dunes are not visible on this DTM. This DTM from the AHN has an
accuracy of 0.5 meters, embryo dunes should be distinguishable. However, the last data
collection of the AHN3 in Terschelling was in 2014 (AHN, 2019). Therefore, for timeseries,
recognition and the analysis of embryo dunes AHN is not suitable.
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To research relative contributions to embryo dune development on the beach it is necessary to
use data where embryo dunes, their height, vegetation and the differences between them can
be distinguished. In this research this was only the case with the UAV data. When embryo
dunes need to be researched on the whole Wadden island, the use of UAV data will be difficult.
In chapter 2.3 figure 7 could be seen that processing UAV data requires different manual steps.
During this research it became clear that some of these steps took over two days per flight.
This was for UAV imagery of a 200 by 400 meters research field. Researching a whole Wadden
island needs a lot of manual steps and computational time and would be very time demanding.
Besides files needed for a flight can be relatively large (around 30 GB per flight per camera in
this research), whereby large drive capacity is demanded. Therefore, when researching embryo
dunes with UAV imagery it should be based on different research fields. UAV data should be
used for detailed 3D aspects supplemented by small scale data from other sources in order to
explain the development of foredunes and embryo dunes over time and their contribution to
coastal defence. JARKUS beach information data, meteorological data, coastline eroding or
accretion (FCL minus BCL) data and coastal defence (foredune volume change) data can be
used alongside with the UAV data, as in this research. The methods presented in this study
have proven to be very effective in this respect.
4.3.2 Handling bias and error
Spatial correlation bias
To explain relative embryo dune height development in this research data along two transects
has been used. Points used along these transects have an interval of 5 centimetres. A point of
discussion in researching dune height development this way is whether correlations along the
cross section are spatially independent. Spatial correlations and a spatial distribution of
variables can cause bias (Nahar et al., 2018). A lot of models with climate variables such as
sea level, wind and vegetation in this research, are an imperfect representation of reality due
to the lack of spatial bias corrections (Maraun, 2012). In further research there needs to be a
correction for the possible spatial dependency (Boberg et al., 2012; Hagemann et al., 2011;
Nahar et al., 2018). Besides for some meteorological variables there is a lack of spatial detail,
such as the wave height, wind speed and direction. These factors are measured at only one
location close to, but not directly at the research location.
The research on embryo dune volume development is modelled per dune, which do not have a
fixed spatial interval and dunes are spatially independent from each other. Therefore, if the
dune development is studied with this methodology, no corrections need to be applied to
compensate for spatial correlation-based bias.
Errors resulting from data processing methods
The accuracy and the RMSE calculated in section 3.1.1 (figure 14) and section 4.2.2 (figure 33)
have consequences for the statements from the statistical analysis in this research. In general,
the errors in the DTM are systematic and consistent over time because of the uniform way of
processing, meaning that the determined correlations of embryo dune height and volume
development over time are meaningful. However, when using the results of the explanatory
processes of dune height and dune volume development the errors need to be considered. The
significant relationship (positive or negative) of the independent variables on dune height and
volume development will most likely be the same when errors will be reduced, because of the
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systematic nature and uniformity of the error. However, the coefficients of the independent
variables may show small differences. This is because the error is in the dune height (m) and
the independent variables are tested on this dune height and volume (which is calculated using
the height). When the embryo dune height differs when reducing the error, the coefficients
change along with the difference of the dune height or volume. The error concerns the
dependent and independent variables, the deviations in the dependent variable are related to
deviations in the independent variables. Therefore, to explore and compare dune development
the deviations were not a restraining factor, the mutual relationships of the variables remain
demonstrable.
Besides, as discussed in subsection 4.3.1 the JARKUS data is snapshot of the bathometry
measured in spring and only measured once a year with a relatively high RMSE. The
correlations with the JARKUS data can therefore also be put up for further discussion.
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Chapter 5
Conclusion
The purpose of this study was to explore the contribution of different beach morphology,
meteorological and vegetation characteristics to embryo dune development, to explain foredune
development and link it to embryo dune development. This study explored the effect of embryoand foredune development on coastal defence and explored different types of data, with various
spatial and temporal resolutions, to investigate this. The main conclusions of this research are
presented in this chapter followed by the recommendations.
Embryo dune development
The slope of the beach plain and the mean water level are the most important negative effects
on dune height. Roughness on the beach plain and a northern angle along shore have an
important increasing effect on dune height. Vegetation has an effect on relative dune height in
autumn and over a full year. The slope of the beach plain has an increasing effect on embryo
dune volume development in summer and winter. Vegetation increases embryo dune volume
evolution, which is observed trough the vegetation height and a vegetation index (ENDVI).
The distance to the sea has a negative effect on embryo dune volume.
In terms of smaller scale dune management this means that monitoring and modifying
vegetation, roughness and the slope of the beach plain are the most important factors that
were part of this study. Furthermore, beach width may be considered as one of these factors
which may be controlled through beach nourishment when considering larger scale
modifications. However, it needs to be stressed that several factors that were not part of this
study like wave height, wind speed and direction may be even more important factors that
weigh in on embryo dune development.
Foredune development
The beach plain height has a negative effect on foredune development. The beach width is one
of the most important factors that leads to an increase of foredune volume together with the
mean low water level. In wider and wetter beach sections, dune erosion is less frequent and
larger foredune volumes were observed. While not testing significantly in the statistical analysis
the presence of embryo dunes seems to be favourable for foredune volume development.
In terms of coastal management this means that controlling the beach plain height and beach
width trough beach nourishments may be considered to improve coastal defence.
Coastal defence
No significant relationship between coastal defence (foredune volume change over two years)
and several variables was found in this research. Regardless, embryo dunes and the vegetation
cover on the beach plain have a weak positive relationship with coastal defence. For coastal
management it might therefore be beneficial for foredune growth to create embryo dunes on
the upper beach, given there is a high sand supply. The coastline retreats at places where no
embryo dunes are found. A retreat of the coastline was shown to relate to a decrease in foredune
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volume growth, this indicates the storage of sand from the beach in the foredunes that
replenishes the beach plain after storms.
Currently coastal management is dominated by large beach nourishment projects however, the
effects of these measures on dune development are poorly understood.
Data availability and terrain model accuracy
Sentinel-2 satellite data was used to calculate NDVI which in turn was tested as a proxy for
embryo dune presence. However, it can only be used accurately to remote sense the absence of
embryo dunes. NDVI from satellite data did not turn out to be a good predictor for the presence
of embryo dunes. From JARKUS transects and AHN3 no embryo dunes can be predicted. In
this research only DTMs acquired from UAV imagery (processed through SfM) turned out to
be valid for obtaining quantitative data on embryo dunes.

However, the accuracy of the DTM made from UAV data is 63.6% on the beach and 42.5% on
vegetation locations. The lack of large strong geometric features within the study area, which
are important for self-calibration of the camera model, are causing systematic vertical and
horizontal distortions. The main cause of this distortion is the lack of contrast in the
topography. Besides, GCPs are only placed on small diameter beach poles giving height
deviations in the DTM when this is used during processing in Agisoft. The deviations are
acquired during the matching process in Agisoft. To explore and compare dune development
this was not a restraining factor. The methods presented in this study have proven to be very
effective in respect to exploring relative contributions of embryo dune development and the
comparison to foredune development.
Furthermore, it must be noted that the time span covered by the currently used data was
relatively short and the interval between monitoring events was too irregular.

So, to answer the main research question “How do embryo dunes develop over time, to what
extent can the development of foredunes be explained by embryo dune spatial and temporal
variation and what is their contribution to coastal defence? Several factors included in this
study have a significant statistical relationship to embryo dune development. Data from the
Windwerk study area suggests that roughness, vegetation and the slope of the beach plain are
the most important ones promoting embryo dune development. More distance to the sea seems
to be adversary to embryo dune volume development. Overall embryo dunes in the study area
showed to have grown during the monitored time interval. Initial planted vegetation in the
study area remains and expands during dune growth.
A relationship between embryo dune variation and foredune development could not be attested
statistically. However, a non-significant relationship was found indicating a positive effect.
Wider, wetter and lower beach sections seem favourable for foredune volume.
No significant relationships to coastal defence in the sense of foredune volume growth over two
years, was found. Therefore, in terms of coastal defence this means that embryo dune
development does not seem to come at the cost of the foredunes, the main coastal defence
structure. Longer term monitoring is necessary to assess if this neutral effect remains at longer
time scales.
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Recommendations
Based on the results it is recommended for further research to scale up this project over the
whole Wadden island Terschelling and possibly other parts of the Dutch coasts to get better
substantiate research on embryo dune development. It would also be advised fly four times a
year to better monitor seasonal trends and to monitor one or multiple test fields over longer
time period. These future test fields are recommended to include existing embryo dunes and
newly created embryo dune fields.
The collection and processing of quantitative data on dune development over longer time spans
has been proven to result in important contributions to understanding coastal systems. By
combining existing and forthcoming data including UAV imagery, JARKUS data,
meteorological time series as well as satellite imagery, dune development and coastal evolution
can be analysed in order to enhance predictions and future coastal management. The processing
methods and scripts created for this study may provide a valuable start for continuing research
in this field.
Considering the statistical models on foredune development in this study, further research on
the cycle of coastal retreat, coastal prograding, the role of the beach width and storage of sand
in foredunes and embryo dunes is recommended to fully understand the process of coastal
defence, sand availability and transportation. And to entirely understand the effect of embryo
dunes in this cycle.
A specific recommendation to evaluate the effect of embryo dune development and beach
nourishments on coastal defence is to create a test field between JARKUS transect 700 and
840. Here Rijkswaterstaat expects coastal erosion in the short term which is planned to be
combatted by means of beach nourishment. Besides the beach nourishment in this area, coastal
defence may benefit from the creation of embryo dunes by retaining the replenished sand. The
combination of the predicted coastal erosion, beach nourishment and embryo dune creation
provide a unique opportunity for future studies.
Another specific recommendation for future UAV based field work and data collection is to
improve height accuracy of the terrain model. The most efficient way this can be done is by
including GCP reflectors directly on the beach surface.
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Appendix I – Overview of flight paths and Ground Control Point
locations

Figure 34 Flight paths that are used during UAV flights for data acquisition and the GCP locations. Source:
(Schipper, 2018)

Figure 35 placement of the ground control points. Poles that have a prefix of SP are the fixed JARKUS beach poles.
Poles that have a prefix WW are the Windwerk elevation poles.
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Appendix II – Fieldwork protocol
Necessities:
- RTK-GNSS
- 54 land marking pins (yellow signs/picket posts)
- Markers
- 4 times measuring tape of 50 meters
- 1 ruler
To validate the model using the method explained in chapter 2.5 some fieldwork has been done.
Points are taken, and the height is measured to compare to the height output of processed
flight data. In the field the following steps were used:
1. Mark all land marking pins with the markers, write down the numbers and letters
2. Set out the land marking pins every 20 meters at the edges of the research field, starting
at the corners. The land marking pins represent the validation profiles. Recognition of
the edges: 20 meters west of the GCPs, the western edge is situated. 20 meters east
from the rightest GCP the eastern edge is situated. The field is 400 meters by 200
meters. Place the measurement tapes in a row.
All measurement coordinates of the flights are preprogrammed in the RTK to make
sure the research area is known. In the field the points can be seen on the RTK. The
points can be found with the RTK and a measurement can be done.
3. Along the validation profiles height measurements are done every 20 meters (measured
with the measuring tape).
4. At every point take a measurement with the RTK, write down the number of the point
(for example 1a, 2b … 9q, as can be seen in figure 36) and the corresponding
measurement number of the RTK-GNSS illustrated in figure 38.
5. Along all three JARKUS transects points will be measured, every 20 meters from the
sea to the end of the foredune. JARKUS transects can be recognized by the
‘kustlijnpalen’ the coastline poles. This will measure points closer to the dune foot as
well.
6. Two additional JARKUS transects will be measured just outside the research area to
compare these with JARKUS data used in this research as well.
7. If there is vegetation at a point, measure the maximum height of the vegetation with
the ruler and write down the corresponding number as well.
8. Fill in all fields of the field form (figure 37) at vegetation points. So, the morphology
(concave, convex or irregular) underneath the vegetation and the density (open, middle
or dense). For every vegetation measurement an additional photo will be made, and the
photo number will be written down.
9. A grid of measured points is obtained, the z-value can be compared to the height model.
10. For the vegetation, additional measurements are done. From the plots as depicted in
figure 4 (chapter 2.1) the places of the grey planted marram plots are measured. On
these places the maximum height of the vegetation is measured with the ruler and the
height of the terrain with the RTK-GNSS. These points are extra to validate the terrain
height interpolation in the model and to have a better idea of the vegetation height.
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These measurements will be done from plots: 2, 4, 6, 7, 10, 13, 15, 17, 18, 20, 23, 25,
26, 29, 30, 31 and 32 as can be seen in figure 39.
11. If time allows, the grid is extended. In between all measurement points (every 10
meters) a measurement will be done, and will be numbered 11aa, 22bb … 99pp.

Figure 36. Validation profiles for validation fieldwork

Figure 37. Example of the field form used during the validation fieldwork
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Figure 38. Validation measurements points for validation fieldwork

Figure 39. Numbers of research plot in the research area
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Appendix III – Digital Surface Models
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Figure 40 DTMs for all flights. August 2018 misses one flight path
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Appendix IV – Ellipsis Earth Sentinel Server
Examples of the viewer of the Ellipsis Earth server. NDVI and NDWI data for the JARKUS
transect points are extracted via the Ellipsis Earth API with Python.
Access to the viewer:
1. Login
a. Username: keedevrije
b. Password: Terschelling2018
2. Go to the viewer
3. Choose Kee (2)
4. Choose Terschelling aerial imagery (figure 41)
5. Under the headline ‘Polygons’ check the ‘meetpunten’ box to see the JARKUS points
6. Clicking on points and choosing analyse results in the NDVI and NDWI timeseries
(figure 42 – 44, selected different points in the Windwerk area to show the vegetatin
growth)
a. The cloud cover maximum can be set with the slider max. masked, to only show
data that does not have data with clouds (for this research: 0%)
7. With the slider on top of the page the time of the imagery can be chosen

Figure 41 Ellipsis Earth Viewer
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Figure 42 JARKUS points in yellow. Analysis along JARKUS 1120. Image from September 2018

Figure 43 JARKUS points in yellow. Another point along JARKUS 1120. Image June 2016

Figure 44 visualization of the JARKUS points on the windwerk area. Another point analysed for NDVI time
series
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Figure 45 NDVI on June 2016

Figure 46 NDVI on September 2018
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Figure 47 The option to choose how much cloud cover you want to have in your data. The option chosen in this
research is 0%.
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Appendix V – Wind Rose
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Figure 48 Wind rose showing the occurring wind directions per year
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Appendix VI – Defining dunes with base plain

Figure 49 Defined dunes on the beach plain on May 2016

Figure 50 Defined dunes on the beach plain on November 2018
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Figure 51 Cross sections through the beach plain per flight for transect location. Transect from North (left) to South
(right). A: JARKUS transect 1120, B: JARKUS transect 1140
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Appendix VII – AHN3 of the study area

Figure 52 AHN data in and around the Windwerk area. The white pixels indicate no data. This data set does not
distinguish embryo dunes on the beach plain.

105

Appendix VIII – Data management of the external hard drive
accompanying this report
The folder structure of the external hard drive for all data that is used in this research is
displayed below. An explanation of all folders is given in the README on the drive. All folders
starting with “ps” include Project Source data, all folders starting with “pp” include Project
Processing steps and all folders starting with “pr” include Project Results. The folders starting
with “00ps” include data about the research field that are used to obtain other project sources.
The numbers before all project processing steps match with the (intermediate) results. So, from
all results and output the origin is clear. This system is also used in the application
geodatabases of ArcGIS. In the pp_Scripts folder a README is included as well with the
explanation of all scripts.
The project source folders that have a light grey “for all years” indication contain files for all
eight flights. For clarity purposes they are removed from this overview. After the underscore
the data of the flight is included on the drive. For example: DTM_160518 (YYMMDD).
The Thesis_Library.enl contains all literature citied in this research as endnote references.
In figure 53 the same flow diagram is illustrated as in chapter 2 Methodology figure 2. Per
steps instead of the description of the steps (as in figure 2) the corresponding script is
mentioned. So, it is clear which script or model belongs to which step. The green blocks indicate
steps where scripts or models created for this research were used.

Folder PATH listing for volume TOSHIBA EXT
F:.
| README.txt
|
+---00ps_Ground_Control_Points
|
Terschelling Windwerk Juni.kml
|
WINDWERK2.txt
+---00ps_Windwerk_Extent
|
border_sea_side_ww.shp
|
Jarkus_raaien_Polygon_Area_50cm.shp
|
Location_JarkusRaaien_North.shp
|
ww_extent2.shp
|
+---pp_ArcGIS
| |
| +---Application
| | +---IA_Windwerk_1_project_GDB.gdb
| | +---IA_Windwerk_2_component_GDB.gdb
| | +---IA_Windwerk_3_step_GDB.gdb
| | \---IB_Saga_Results_BasePlane
|
| +---SagaModels
| |
Interpolation_of_baseplane.sprm
| |
Making_base_plane.sprm
| \---Toolboxes
|
IA_Scriptie_Windwerk_Terschelling.tbx
|
a1.1MergeOrthomosaics
|
a1.2ClippingOrthomosaics
|
a2fill_bare_earth_for_Saga
|
a3DefiningDunes
|
+---pp_Intermediate_R_results
| +---01_crosssections
| +---01_Statistical_DFs
| +---02_Plots_CrossSections
| +---03_JarkusTransects
| +---03_StatDf_Including_Jarkus_data
| +---04_Statistical_Analysis
| +---05_Validationplots
| +---05_Validation_tables
| +---06_NDVI_JARKUS
| +---06_NDVI_Sentinel
| +---07_Foredune_Calculations
|
+---pp_Scripts
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|
1_Data_extraction.R
|
2_Plotting_crosssections.R
|
3_jarkus_netcdf_to_df.R
|
4_Statistical_Analysis_Embryo_Dunes.R
|
5_Validation_of_DTM.R
|
6b_PDOK_NDVI_Transect_Jarkus.py
|
6_PDOK_Calc_NDVI.py
|
7_Calculating_Jarkus_Foredunes.R
|
8_Statistical_Analysis_Foredunes.R
|
9_Meteorological_Data.R
|
README.txt
|
+---pr_Project_Results
| +---04_Statistical_Analysis
| +---05_Validationplots
| +---08_Statistical_Analysis_Foredunes
| \---09_Spatial_Analysis_Meteorological_Characteristics
|
+---ps_Base_Planes
|
BasePlane_ for all years
|
+---ps_DSM
| | DEM_ for all years
|
+---ps_DTM
|
DTM_ for all years
|
+---ps_Dunes
|
Dunes_ for all years
|
+---ps_ENDVI
|
Ortho_ENDVI_ for all years
|
+---ps_JarkusTransects
|
Manually_checked_transects_embryo_dunes.xlsx
|
+---ps_Meteorologische_Data
|
Ameland_Sign_Golfhoogte_cm.csv
|
KNMI_Windspeed_Hourly_m_s.txt
|
Terschelling_Waterhoogte_tov_NAP.csv
|
+---ps_Nourishments
+---ps_PDOK_Luchtfotos
|
Terschelling_Mozaiek_CIR_ 2016 2017 and 2018
|
+---ps_Validation_DTM
| +---DTM_GCPs_KEEJORN
| | | DEM_KJ_ for all years
|
| \---Fieldwork
|
+---Field forms
|
\---RTK Measurements
|
+---ps_Validation_Measurments
|
GCPs_WW2_usedforAgisoft.txt
|
Validation_GCPs.txt
|
Validation_Height_1.txt
|
Validation_Raai.txt
|
Validation_Raai_WW.txt
|
Validation_Vegetation.txt
|
+---ps_Vegetated_Areas
|
Vegetation_ for all years
|
\---ps_Vegetation_Height
| | DVHM_ for all years
| \
|
+---Thesis_Library.enl

For questions concerning the data contact Kee de Vrije: kee.devrije@wur.nl
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Figure 53 Flow diagram including script, ArcGIS and saga models
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