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Abstract
A map of the intertidal surface sediment types in the central and northern part of the Danish Wadden Sea has been constructed
on the basis of a thematic classification of a Landsat ETM+ scene combined with information from two texture measure images
derived from orthophotos and an extensive ground truth collection. The mapped intertidal area covers 397 km2 in three tidal
regions: Grådyb, Knudedyb and Juvre Dyb. The classification of the surface types reveals that tidal flats cover 71% and water
permanently covers 29% of the mapped area. Four tidal flat types could be distinguished: mudflat 2%, mixed flat (wet/moist) 12%,
low (wet) sand flats 46%, and high (dry) sand flat 11%. The fine-grained tidal flat types (mud and mixed flats) are primarily
located in the northern tidal area of Grådyb (8.4%). Their areal coverage decreases towards the south (Knudedyb, 4.6%; Juvre
Dyb, 1.1%) which reflects a similar decreasing southern trend in the import of fine-grained material.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
The spatial distribution of intertidal surface types
and the pattern it creates in areas such as the Wadden
Sea is important, not just for our general understanding
of the system or environmental monitoring and
planning, but also for solving a number of specific
problems like forming the necessary back ground for
construction of fine-grained sediment budgets (Pedersen and Bartholdy, 2006-this volume). Like most other
back barrier areas, the Danish Wadden Sea acts as a
sink for fine-grained sediments (e.g. van Es, 1977;
Eisma, 1981; Postma, 1981; Bartholdy and Madsen,
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1985; French and Spencer, 1993; Pejrup et al., 1997).
The sediments accumulate on the tidal flats and on the
fringing salt marsh areas. In order to construct a
reliable sediment budget for such areas it is essential to
be able to distinguish between sandy and muddy tidal
flats, and to establish a tool by which borders between
areas of different sediment type can be drawn. Surface
mapping of intertidal areas by conventional methods
involves extensive sampling programmes difficult to
carry out and expensive in time and manpower. No
matter how extensive such programmes are, the
accuracy of the resulting maps is limited by the need
to extrapolate from sample sites to the whole area
(Yates et al., 1993).
Remote sensing techniques represent adequate
methods by which sediment distribution in estuarine
areas can be mapped (e.g. Doerffer and Murphy, 1989;
Yates et al., 1993; Bryant et al., 1996, Rainey et al.,
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2000; Won and Ryu, 2002; Won and Kim, 2003;
Rainey et al., 2003; Stelzer et al., 2004; Ryu et al.,
2004). Ryu et al. (2004) presents a comprehensive
summary of methods for surface sediment mapping
using remotely sensed data. The accuracy of sediment
type classification by remote sensing in estuarine
intertidal areas often suffers from the absence of
sharp boundaries and the fact that spectral signatures
depend on several parameters where for example
moisture plays an important role even if it is not
directly related to sediment type. In order to reduce
drawbacks like these in an attempt to map the sediment
surface types in the central and northern part of the
Danish Wadden Sea, a thematic classification of a
Landsat ETM+ scene has been combined with
information from two texture measure images derived
from orthophotos. Texture describes the spatial variation of the grey-level in an image and can be used in
order to include the spatial distribution of grey-values/
digital numbers (DN) in image analysis (Haralick,
1986; Jensen, 1996). The purpose of this paper is,
through an extensive collection of ground truth and this
thematic classification, to produce an up to date surface
type map of the intertidal part of the central and
northern part of the Danish Wadden Sea. The direct
reason for constructing this map was the need for an up
to date surface classification of the area in order to be
able to construct a sediment budget (Pedersen and
Bartholdy, 2006-this volume). Maps like the present,
however, are essential not only for specific and local
purposes but also in a broader sense in order to increase
our general understanding of the sedimentological
characteristics of estuarine environments and the
processes that impact them. The first (and until now
last) map of the Danish Wadden Sea utilizing remotely
sensed data was from the middle of the 1980s
(Bartholdy and Folving, 1986).
2. Study area
The Danish Wadden Sea forms the northern part of
the European Wadden Sea region. The present study
focuses on the central and the northern part represented
by the tidal areas related to the three tidal inlets:
Grådyb, Knudedyb and Juvre Dyb (Fig. 1). Together
they cover an intertidal area (not including the salt
marsh areas) of 397 km2. The intertidal flats are fringed
by Holocene salt marsh deposits except for the northeastern part, where in the Grådyb tidal area coastal
cliffs are formed in Pleistocene and Tertiary deposits.
The tidal flats consist of sediments ranging from clay
particles to coarse sand (e.g. Hansen, 1951; Bartholdy

Fig. 1. False colour Landsat ETM+ scene (www.landsat.org) acquired
on May the 9th 2001 at 11:56 AM GMT. White lines indicate sampling
transects and black dots individual samples.

and Folving, 1986) supplied to the area from several
sources: the North Sea, fluvial sources, atmospheric
deposition, primary production, and erosion of nearby
salt marsh (Pedersen and Bartholdy, 2006-this volume).
The Danish Wadden Sea area is classified as micro-tidal
(Hayes, 1975) with a semi-diurnal tide ranging from
about 1.5 m in the Grådyb tidal area to about 1.8 m in the
Juvre Dyb tidal area. For a more detailed description
of the single tidal areas see Pedersen and Bartholdy,
2006-this volume.
3. Methods
3.1. Sediment sampling and analysis
Surface samples were collected from the upper 3 cm
of the tidal flats at low water during field campaigns
in the period June to November, 2002. The overall
sediment pattern in the study area is regarded as permanent and therefore the collected surface samples
were assumed to be representative even though the
samples were taken under different seasonal weather
conditions. Sampling was arranged in 16 transects

T.H. Sørensen et al. / Marine Geology 235 (2006) 87–99

aligned from the vegetation zone to the low water mark
in all three tidal areas (Fig. 1). Additional samples were
collected where needed. Sample collection was carried
out by means of a 10 ml syringe following the principle
of a piston corer (Blomquist, 1991). Five 10 ml
samples of undisturbed surface sediment were taken at
each sampling site. If bed forms were present, the
samples were taken from the central crest of the forms.
Two digital images were acquired at each sampling site
together with a qualitative visual assessment of the
surface material, topography, flora and fauna, bed
forms, and surface moisture conditions. A total of 167
surface samples and the top 3 cm of 8 regular piston
cores from the fine-grained tidal flats collected by
Pedersen and Bartholdy, 2006-this volume were
analysed for grain-size distribution by means of laser
diffraction using a Malvern Mastersizer 2000 (www.
malvern.co.uk). The results were corrected to sieve–
pipette values after the algorithms presented by Pedersen
and Bartholdy, 2006-this volume. The amount of organic
matter was determined as loss on ignition by combustion
at 550 °C for 2 h. A textural classification scheme
modified from Flemming (2000) was used as a basis for
distinguishing between sandy, mixed and muddy tidal flat
sediment. Originally the ternary diagram discriminated
between 6 textural classes. These were reduced to 3
classes in this study based on the content of material with
grain-sizes finer than 0.063 mm: Sand b 25%, 25% b
Mixed b 75% and Mud N 75%. A number of other
attempts of classifying the sediments in a more detailed
way did not give results that were capable of reflecting
variations in the remotely sensed data.
3.2. Key surface types
The field observations reveal large variations in the
surface conditions in terms of biological diversity, the
presence of vegetation, water at the surface and the
micro surface morphology of the tidal flats. Several
authors (e.g. Paterson et al., 1998; Thomson et al., 1998;
Ryu et al., 2004) report the importance of these pa-
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rameters on the spectral response from tidal flat surfaces. The digital images collected in the field were thus
grouped considering hydrological, biological, and
surface micro-topographical conditions. This was done
by means of a classification scheme developed for the
present study. Appendix 1 presents typical examples of
each of the observed surface types.
3.3. Pre-processing of the digital images
A Landsat ETM+ scene (www.landsat.org) acquired
on 9 May 2001 at 11:56 AM GMT was used for
distinguishing between sediment types. The scene is
cloud-free and recorded at low tide (Fig. 1). The
satellite scene was geometrically corrected using the
digital map TOP10DK (www.kms.dk) by means of a
second order model with an accuracy of 0.3 pixel
(10.7 m). Finally, a resampling was done by the nearest
neighbour technique. Land areas were masked by
means of the digital coastline from TOP10DK. The
image classification was performed on ETM+ band 1,
3, 4, 5 and 6 (visible blue and red, NearIR, MidIR and
thermal spectre) as band 2 and band 7 did not
contribute with information that resulted in a higher
classification accuracy. Spectral bands were selected on
basis of a classification approach which includes PCA,
feature selection and evaluation of the spectral
signatures of key surface types. Together these analyses
indicate which ETM+ bands that contributed the most
information about the tidal flats. This approach was
chosen because there were no predefined intertidal
surface types, and therefore an unknown relationship
between the spectral information in the satellite image
and the sedimentological parameters.
The PCA was performed on all Landsat ETM+ bands
without land and water areas. The PCA revealed that the
first two principal components (PC1 and PC2) explained
99.40% of the variance in the data (Table 1). Band 1,
band 3 (blue and red spectre) and the thermal band 6
contributed the most information to PC 1, whereas
bands 5 and 7 (MidIR) and again the thermal band 6

Table 1
Results of the principal component analysis (PCA) based on the masked Landsat ETM+image
PC

Eigenvalue

Pct

Band 1

Band 2

Band 3

Band 4

Band 5

Band 6

Band 7

1
2
3
4
5
6
7

4852.25
408.47
14.53
12.90
2.27
1.41
0.62

91.68
7.72
0.27
0.24
0.04
0.03
0.01

0.425
0.076
−0.085
−0.532
−0.414
−0.474
0.356

0.347
− 0.091
− 0.338
− 0.292
− 0.081
0.156
− 0.800

0.344
− 0.273
− 0.643
0.121
0.299
0.313
0.438

0.175
− 0.173
− 0.191
0.666
− 0.089
− 0.647
− 0.185

0.230
− 0.600
0.379
0.181
− 0.532
0.352
0.064

0.682
0.515
0.370
0.260
0.184
0.179
0.003

0.179
− 0.507
0.386
− 0.270
0.639
− 0.282
− 0.049
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Table 2
Correlation (cor) and co-variance (cov) matrix calculated on basis of
the spectral properties of training areas from mud (above) and sand
(lower), respectively
1

2

3

4

5

6

7

cor
1
1.000
2
0.465
3
0.317
4
0.074
5
0.481
6 − 0.290
7
0.601

0.465
1.000
0.651
0.648
0.712
0.334
0.604

0.317
0.651
1.000
0.465
0.571
0.129
0.443

0.074
0.481 −0.290
0.601
0.648
0.712
0.334
0.604
0.465
0.571
0.129
0.443
1.000
0.694
0.472
0.529
0.694
1.000 −0.050
0.915
0.472 − 0.050
1.000 − 0.264
0.529
0.915 −0.264
1.000

cov
1
4.134
2
2.337
3
1.481
4
0.790
5
8.332
6 − 1.175
7
6.856

2.337
6.106
3.691
8.432
15.008
1.644
8.385

1.481
3.691
5.265
5.618
11.167
0.592
5.706

0.790
8.332 −1.175
6.856
8.432 15.008
1.644
8.385
5.618 11.167
0.592
5.706
27.699 31.125
4.952 15.628
31.125 72.689 −0.856 43.810
4.952 − 0.856
3.977 − 2.954
15.628 43.810 −2.954 31.522

cor
1
1.000
0.744
0.679
0.399
2
0.744
1.000
0.812
0.549
3
0.679
0.812
1.000
0.495
4
0.399
0.549
0.495
1.000
5
0.003
0.087
0.114
0.505
6 − 0.298 − 0.295 −0.343 − 0.025
7
0.027
0.105
0.162
0.475

0.003
0.087
0.114
0.505
1.000
0.433
0.941

−0.298
−0.295
−0.343
−0.025
0.433
1.000
0.346

0.027
0.104
0.162
0.475
0.941
0.346
1.000

cov
1
4.753
3.996
5.104
1.672
2
3.996
6.065
6.897
2.597
3
5.104
6.897 11.906
3.283
4
1.672
2.597
3.283
3.695
5
0.046
1.822
3.316
8.213
6 − 1.196 − 1.338 −2.179 − 0.088
7
0.283
1.254
2.726
4.466

0.046
1.822
3.316
8.213
71.539
6.738
38.904

−1.196
−1.338
−2.179
−0.088
6.738
3.385
3.110

0.283
1.254
2.726
4.466
38.904
3.110
23.910

contributed the most information to PC 2. Because of
the difference between spectral and thermal information
this pattern was not surprising. A feature selection
(Jensen, 1996) was performed in order to separate
spectral bands with information concerning the sedimentological groups from the bands contributing only
with redundant information (Table 2). As expected, the
correlation and co-variance matrix suggest low correlation between the thermal band 6 and all other bands.
ETM+ band 5 and band 7 show a high correlation
indicating that they contribute with almost identical
information. Band 5 was chosen for further analysis
because this band is suitable for determining soil
moisture (Lillesand and Kiefer, 2000). All visible
bands (bands 1–3) show relatively low correlation
with bands 5 and 7 and high correlation between them,

hence band 3 was chosen because of higher co-variance
values. Furthermore, band 4 (NearIR) was included in
the thematic classification as band 4 is useful for
delineating water bodies (Lillesand and Kiefer, 2000).
Fig. 2A shows the spectral signature and Fig. 2B the
temperature for the 12 tidal flat types in Appendix 1.
Aerial photos from 18 May 1999 were used to distinguish between key surface types. The aerial photos
were normalized to light reflectance and orthorectified to
Danmarks Digitale Orthofoto 1999 (DDO99) standards
(www.kampsax.dk) by means of TOP10DK and by an
image to image methodology. The DDO99 photos were
mosaiced to one photo covering the study area and
resampled to a pixel size of 1.2 m. Two texture measure
images (dissimilarity and homogeneity) were derived

Fig. 2. (A) Spectral signatures (DN) from Landsat ETM+ band 1, 3, 4
and 5 of the 12 key surface types in Appendix 1. Punctuated lines are
sand samples, the full fat line is a mud sample, and the full dotted
line is a mixed flat sample. (B) Satellite recorded temperature (°C) at
the tidal flat surface for the 12 key surface types in Appendix 1.

T.H. Sørensen et al. / Marine Geology 235 (2006) 87–99

from the red channel of the resampled orthophoto
mosaic. This was done automatically in the ENVI
software (www.rsi.com) according to a grey level cooccurrence matrix (GLCM) and the two algorithms:
Homogeneity ¼

N
g −1 N
g −1
X
X
i¼0

Dissimilarity ¼

j¼0

N
g −1 N
g −1
X
X
i¼0

1
1 þ ði−jÞ2

gði; jÞ

gði; jÞji−jj

ð1Þ

j¼0

where i and j are coordinates of the co-occurrence
matrix space, g(i,j) is element in the co-occurrence
matrix at the coordinates i and j, Ng is dimension of the
co-occurrence matrix, as grey value range of the input
image. The GLCM is a matrix of relative frequencies
with which pixel values occur in two neighbouring
processing windows separated by a specified distance
and direction. The texture measures were performed
with a kernel of 3 × 3 pixels. Kernels of 5 × 5 pixels and
7 × 7 pixels have been tested in the process, but were
rejected as the smoothing resulted in the loss of textural
information. Only one channel was used in order to limit
the amount of data (a texture measure image take up
4.3 Gb). The red band was chosen because it shows a
good contrast in the DNs compared to the green and blue
channels. Fig. 4 shows the original DDO99 in true
greytones, the red band and the two calculated texture
measures for two surface types.
The texture measure images were generated in order
to include the spatial distribution of DN in the image
analysis as described by Haralick (1986) and Jensen
(1996). The spatial distribution of DN was investigated
because the field visits showed that the surface conditions varied over small distances of tidal flats with
identical sediment types. Such variability may result in
confusing spectral signatures from satellite images with
a moderate spatial resolution like Landsat ETM+. The
surface conditions were often related to the local topography as the lower lying tidal flats show more inhomogeneous surface conditions due to water pools and
biological activity at the surface, than higher lying tidal
flats. Adding the textural information to the sediment
map gives the reader an impression of the intertidal
topography in the study area.
3.4. Image classification and the surface type map
3.4.1. Sedimentological classification
Training areas were manually digitized around the
observation points from sediment groups based on a
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visual interpretation of a false colour composition of
bands 6, 5, and 3 from the Landsat ETM+ scene. The
class signature of bands 1, 3, 4, 5, and 6 was evaluated
and examined through a separability analysis. The
spectral information was used as input in a supervised
maximum likelihood algorithm (Jensen, 1996) as
suggested by Yates et al. (1993). The resulting
classification was smoothened by means of a mode filter
with a kernel size of 5 × 5 pixels. For evaluation of
classification accuracy, training areas for each sediment
group were digitized around an independent reference
data set of 16 randomly selected samples from the field
campaigns and samples from an earlier study of the
surface sediments in Grådyb tidal area by Thimm (2001).
3.4.2. Key surface type classification
Twelve key surface types were recognized in the
field campaigns. Training areas of 32 × 32 pixels were

Fig. 3. Mean value ± one standard deviation the 12 samples
representing key surface types calculated on the derived texture
measure images. X-axis refers to the DN of the derived texture
measure images. Y-axis refers to the key surface types in Appendix 1.
The dissimilarity (left) and homogeneity texture (right) allow the
samples to be allocated to 4 and 3 groups (A, B, C and D) respectively.
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manually digitized around the observation points from
12 key surfaces based on a true colour composition of
the DDO99 mosaic. At two sites the training areas were
smaller due to inhomogeneous surface conditions. The
12 key type signatures of the homogeneity and the
dissimilarity texture measure images were evaluated
through a calculation of the mean value and the
standard deviation of the DNs (Fig. 3). The signature
evaluation reveals that it was possible to identify 4
groupings (A–D) on the dissimilarity texture measure
image and 3 groupings (A, C, D) on the homogeneity
texture measure image. The texture measure image
information of 4 key surface types (group A–D) was
used as input to a minimum distance classification
(Jensen, 1996) performed on both texture measure
images. The map of the key surface types was
evaluated against the digital photos collected in the
field campaigns with the aim of supporting the
discrimination between sediment types. During this
process the surface types based on textural information
were reduced to 2 key surface types: key type 1 (lower
lying tidal flats with moist surface conditions) consisting
of groups A, B and C according to Fig. 3 and key type 2
(higher lying tidal flats with dry surface conditions)
consisting of group D according to Fig. 3. A clip of the
dissimilarity and the homogeneity texture measure

image for a low and a high sand surface is shown in
Fig. 4.
If the aim of the classification had been to identify a
wider range of surface types, the texture classification
could have added considerable information to this, for
example a discrimination between different types of
sand flats based on their microtopography. However, as
the primary purpose of this study was to distinguish
between sand flats, mixed flats and mud flats these
possibilities were not utilized in full scale.
3.4.3. The surface type map
The surface type map of the tidal flats was produced
from the two separate classifications mentioned above
as illustrated in the flowchart (Fig. 5). The resulting map
consists of the sedimentological classification based on
three main sediment groups and the classification of 2
key surface types. The surface type map was constructed
by a simple overlay analysis with equal weighted values,
and was performed in a Geographical Information
System (GIS). The resulting surface types were assigned
into surface types which were identified in the field (e.g
dry muddy surface was corrected to moist muddy surface as the field observations revealed no dry mudflats).
Some manual modifications of the surface sediment map
were performed due to tonal variations in the DDO99

Fig. 4. True greytone DDO99 image, red band DDO99 and texture measure images derived from the red channel of the DDO99 orthophoto mosaic for
a higher sandy tidal flat and a lower sandy tidal flat.
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Fig. 5. Flowchart illustrating the workflow producing the surface type map of the Danish Wadden Sea.

mosaic and classification errors identified on the basis of
local knowledge of the study area. This includes a
manual demarcation of the mudflat and the mixed tidal
flat in Ho Bugt performed on the basis of a visual interpretation of the DDO99 mosaic and bottom samples
from Pejrup (1981).

ated by the reference samples used in combination as
independent reference data were not available for all
training classes, and because the amount of independent reference samples was poor (16 samples). In
addition to this the sediment map was evaluated against
earlier work in the area.

3.4.4. Accuracy assessment
The classification accuracy was evaluated by means
of the input training areas as well as a crosscomparison on point level between ground truth data,
independent reference samples and the resulting
sedimentological mappings (Table 3). The general
performance of the classification methods was evalu-

4. Results
The surface type map of the Danish Wadden Sea (Fig. 6)
reveals that the tidal flats in the Danish Wadden Sea are
mainly sandy. The fine-grained tidal flats (mixed and
muddy sediment groups) show the greatest extent in the
Grådyb tidal area (Table 4). The fine-grained tidal flats are
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Table 3
Accuracy assessment concerning the maximum likelihood classification based on the Landsat ETM+scene
Input

Sand
Mixed
Mud
Total

Reference

Sand

Mixed

Mud

Total

% Correct

Sand

Mixed

Mud

Total

% Correct

93
5
0
98

31
13
0
44

6
2
6
14

130
20
6
156

71.5
65
100
72

8

2
4

1

8

6

11
4
1
16

72.7
100
100
81.3

1
2

Input refers to the ground truth samples used in the classification and reference to the independent reference samples.
Total number of sampling points = 156.
Total correspondence (no of points) = 112.
% Correspondence = 72.
Total no of sampling points = 16.
Total correspondence = 13.
% Correspondence = 81.3.

mainly located in the innermost parts of the tidal
catchments (e.g. Ho Bugt) and areas sheltered from the
North Sea (e.g. east of the island Fanø). This pattern reflects
the differences in energy level in the three mapped tidal
areas, as the Grådyb tidal area is more sheltered from the
North Sea than the Knudedyb and Juvre Dyb tidal areas.
The total mapped area corresponds to 397 km2,
excluding the outer area of the directly exposed sand flat
north of Juvre Dyb. Of this total area, 29% is mapped as
permanently water covered and 71% as tidal flats. The
tidal flats are distributed in four surface types as follows:
mud flats 2%, mixed flats 12%, low (wet) sand flat 46%,
and high (dry) sand flat 11%. The extent of the surface
types is shown in Table 4, where the three tidal basins
are subdivided into smaller units.
5. Discussion and conclusions
Similar studies have incorporated the analysis of
several satellite scenes in order to map a permanent
surface type as accurately as possible (e.g. Bartholdy
and Folving, 1986). Others have concentrated on one
set of satellite data collected at the same time as the
ground truth data in order to minimize the errors from
time gaps (e.g. Ryu et al., 2004). We have chosen to
use one satellite scene, and find this justified by its
extremely high quality (i.e. very clear weather
conditions with no clouds, and a low low-water
level) which would only be blurred by combining it
with other scenes. However, a single image approach
has some limitations as it is not possible to evaluate
consistent spectral signatures and thermal patterns of
different intertidal sediment as only one scene is
available for creation of relations between the ground
truth data and the satellite scene.

Tidal areas are highly dynamic and the tidal flats in
the Danish Wadden Sea experience short term
variation over a tidal cycle (Lund-Hansen et al.,
2003, Christiansen et al., 2006-this volume) as well as
seasonal variation with respect to hydrological,
biological and morphological conditions. This means
that ground truth data must ideally be collected in that
low water period when the satellite image is recorded
in order to achieve the most accurate classification.
Because of logistics problems related to the relatively
large area, it was not possible to collect the ground
truth data simultaneously with a satellite passage.
However, as the goal was to map the general
sedimentological pattern as background for constructing a sediment budget, this time gap is only important
in the relatively small areas fringing the mud flats,
where temporally mud can spread over otherwise
sandy tidal flats.
The present study reveals that the use of ETM+ bands
in the visible and the infrared spectra as well as the
thermal band 6 was useful for mapping intertidal sediments. The spectral bands that contributed the most
information to this study seem to be in line with findings
from earlier remote sensing studies based on Landsat
scenes (Bartholdy and Folving, 1986; Doerffer and
Murphy, 1989; Yates et al., 1993). The thermal band 6
is related to surface water or soil moisture content of
the surface sediment, which is influenced by the
exposure time and the intertidal topography (Ryu et al.,
2002). Yates et al. (1993) discuss the potential of the
thermal band 6 as a mean by which to avoid misclassifying sandy areas with a surface film of water as
muddy sediment.
An evaluation of the spectral signatures of the 12
key surface types (Fig. 2A and Appendix 1) shows
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Fig. 6. Surface type map of the Danish Wadden Sea based on Landsat ETM+ and DDO99land. The map discriminates four types of tidal flats 1) mud
flats, 2) mixed flats, 3) sand flats (lower) and 4) sand flats (higher).

an overall identical pattern of sandy, mixed and
muddy sediments. Fig. 2B shows that muddy
sediments tend to experience a higher temperature
than mixed flats and sand flats (except from the high
sand sample 020917-02). This indicates that the
thermal band 6 contributes information that improves
the discrimination between sandy, mixed and muddy
sediment. The thermal characteristics of estuarine
sediments are related to, among other variable
weather conditions, hydrography and water depth,
and will vary throughout the tidal period. However,
as the tidal flats were exposed to sunshine over a
period of approximately 4 h prior to the Landsat

passage, the thermal conditions of the surface are
regarded as primarily reflecting the ability of the
various sediment types to absorb and change radiation
into a thermal signature. These conditions will vary
from time to time, and can only be regarded as
related to the actual conditions of this particular
scene.
The spectral responses of tidal flat areas are highly
affected by local conditions (e.g. Paterson et al.,
1998; Rainey et al., 2000; Ryu et al., 2004), of which
the sediment type is only one. Furthermore the type
of sediment and surface conditions are rarely
completely homogeneously distributed over large
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Table 4
The mapping result of the 3 tidal areas according to: total extent, tidal flat extent, extent of the 4 tidal flat types and water-covered area
Morphological
sub area

Area total
(km2)

Tidal flats
(km2)

Sand flats high
(km2)

Sand flats low
(km2)

Mixed flats
(km2)

Mud flats
(km2)

Water-covered
(km2)

1 Ho Bugt
2 Hobo Dyb
3 Grådyb tidal inlet
4 Grådyb south
Grådyb total
5 Knudedyb north 1
6 Knudedyb north 2
7 Knudedyb inlet
8 Knudedyb south 2
9 Knudedyb south 1
Knudedyb total
10 Juvre Dyb north
11 Juvre Dyb south
Juvre Dyb total

42.39
11.92
12.41
63.43
130.15
34.94
40.25
20.08
19.64
26.91
141.82
62.06
62.28
124.34

24.83
10.64
5.63
36.50
77.60
29.92
28.35
12.98
14.69
22.92
108.87
45.76
46.20
91.97

0.16
0.40
1.57
0.08
2.21
3.23
0.41
8.22
1.03
7.79
20.68
12.16
7.57
19.73

7.34
9.38
4.06
21.10
41.88
18.28
20.98
4.76
11.70
14.13
69.85
32.91
34.87
67.78

12.25
0.78
0
14.24
27.27
7.36
6.92
0
1.93
1.00
17.21
0.61
3.56
4.17

5.08
0.08
0
1.08
6.24
1.06
0.04
0
0.03
0
1.13
0.08
0.20
0.28

17.56
1.28
6.78
26.93
52.55
5.02
11.90
7.10
4.95
3.99
32.95
16.30
16.08
32.37

areas. However, the field visits confirmed that the
vast majority of sites appeared homogeneous through
out much larger areas than the pixel size that was
used for the classification.
Having this in mind, the presented classification
could possibly be improved by including the water
content of the sediment, the surface conditions and the
biological parameters. A study by Mumby and Edwards
(2002) revealed an improvement of the overall classification accuracy of 12% by incorporating texture measures in the mapping of sand based on an IKONOS
image. However, using the spatial variability in reflectance requires image data with a high resolution (e.g.
corresponding to the airborne scanners) as the pixel
must be small enough to identify differences in reflectance because of features such as water pools at the
tidal flat bed.
A pixel in the resampled DDO99 mosaic corresponds
to an area of 1.44 m2, and features present at the tidal flat
surface with a smaller size are thus not recognizable. By
performing the texture measures on the original DDO99
mosaic a better result may be obtained, as the pixel size is
9 times smaller. However, we did not confirm this in the
present study.
The classification of the muddy tidal flats achieved
higher accuracy (100% for input and reference samples)
than the classification of the sandy and mixed areas (65–
100% for input and reference samples, respectively).
This indicates that muddy areas have relatively identical
spectral signatures generally unaffected by local conditions, and that this is not the case to the same degree for
the two other types. A related study from The Wash
shows a similar trend as muddy areas were classified
with a higher accuracy than sand (Yates et al., 1993).

The evaluation of the surface type map reveals that 72%
of the ground truth samples and 81% of the reference
samples were correctly represented in terms of sediment
type. The higher accuracy of the reference samples
compared to the ground truth samples may be due to the
relatively low amount of independent reference samples.
Based on the amount of correctly classified pixels,
earlier thematic mappings of intertidal areas show an
overall accuracy between 52% and 83% (e.g. Thomson
et al., 1998; Hunter and Power, 2002; Thomson et al.,
2003).
The percentage of permanently water-covered area
is larger in the Grådyb than in the Knudedyb and the
Juvre Dyb tidal areas (40%, 23%, and 26%, respectively). This may be caused by the difference in tidal
basin shape, and is probably also strongly influenced
by the above mentioned difference in exposure. The
Grådyb tidal area is narrow and sheltered from the
North Sea by the Skallingen Peninsula and the island
of Fanø, whereas the Knudedyb and Juvre Dyb tidal
areas are more exposed to the North Sea. Therefore,
mudflats are less abundant, and sand entering from the
North Sea has an easier access to these two latter areas.
This corresponds with the extent of sandy tidal flats,
which become smaller from south to north. The sandy
tidal flats occupy 96% of the Juvre Dyb tidal area and
57% of the Grådyb tidal area.
An assessment of the fine-gained sediment budget
for the three investigated tidal basins shows that they act
as net sinks for fine-grained material; however, the
accumulation in Grådyb tidal area is much larger than in
the Knudedyb and Juvre Dyb (Pedersen and Bartholdy,
2006-this volume). This is reflected in the distribution of
the mixed and muddy tidal flats. The greatest extent is in

T.H. Sørensen et al. / Marine Geology 235 (2006) 87–99

the Grådyb tidal area (6.24 km2), whereas fine-grained
tidal flats are rare in the Knudedyb and Juvre Dyb tidal
areas (1.13 km2 and 0.28 km2 respectively). The
location of the extensive mud flats in Ho Bugt reflects
the hydrodynamic factors that operate in shallow
estuarine areas thus resulting in the concentration of
fine-grained sediment towards the estuary head (e.g.
Van Straaten and Kuenen, 1958; Postma, 1967; Groen,
1967; Dronkers, 1986; Dyer, 1994; Bartholdy, 2000).
The classification of the surface types in the three
tidal areas reveals that tidal flats cover 71% and water
permanently covers 29% of the central and northern
part of the Danish Wadden Sea. The mapped intertidal
area covers 397 km2. Four tidal flat types could be
distinguished: mudflat 2%, mixed flat (wet/moist) 12%,
low (wet) sand flats 46%, and high (dry) sand flat 11%.
The fine-grained tidal flat types (mud and mixed flats)
are primarily located in the northern tidal area of
Grådyb (8.4%) with a decreasing southern trend
(Knudedyb, 4.6%; Juvre Dyb, 1.1%). The distribution
of fine-grained tidal flats in the present study is low
compared to an earlier mapping performed by Bartholdy
and Folving (1986) which until now has represented the
only overall surface type classification of the Danish
Wadden Sea. Based on Landsat2 data and a ground truth
data set from Ho Bugt, they found that about one third of
the tidal flats in the same area consisted of mixed or
muddy sediment. The success of remote-sensing-based
mapping in intertidal areas is among other things (e.g.
ground truth sampling strategy and classification
methodology) related to the spatial resolution of the
image data.
The reflectance stored in images with a moderate
spatial resolution as the Landsat ETM+ pixel (30 m) is
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therefore often mixed with more than sedimentological
information. Therefore an increase in classification accuracy is to be expected as the spatial resolution decreases
as more detail can be distinguished on the ground. This is
supported by Hunter and Power (2002) in a study of
intertidal habitats in the Thames estuary. The difference
between the mapping result created by Bartholdy and
Folving (1986) and the present classification is not
expected to represent a real change, but rather to reflect
the improved remote sensing techniques and more
adequate ground truth data related to the present
classification.
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