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[1] Coastline shape is among the basic geometric properties
of the Earth’s surface, yet defining and quantifying coastline
shape precisely remains challenging. Here we propose new
methods, based on the dilation and erosion operators of
mathematical morphology (MM), for the characterization of
delta shorelines, a class of open coasts. We demonstrate the
suitability of MM-based methods for noise removal and
shoreline identification from digital images of river deltas of
varying geometric complexity. We also show that a global,
a regional and a local shoreline parameter provide a first step
in distinguishing among river, wave, and tidal dominated
delta shapes. Citation: Geleynse, N., V. R. Voller, C. Paola,
and V. Ganti (2012), Characterization of river delta shorelines,
Geophys. Res. Lett., 39, L17402, doi:10.1029/2012GL052845.

1. Introduction

[2] Fundamentally, a shoreline is a geometric entity that
carries the signature of the processes that create it. The inter-
play of terrestrial and basinal processes that sculpt shorelines
is especially prominent in river deltas, of which hundreds of
striking examples are now accessible through the global
database of satellite images. Delta planform information,
although conditioned by the imaging process itself [Burrough
and McDonnell, 1998], is more than adequate to allow initial
analysis of quantitative shoreline geometry. Moreover, alti-
metric data of deltas, hence their shorelines, is yet limited,
underlining the need for methods to extract information from
gridded planform imagery [e.g., Geleynse et al., 2011]. In
addition, comparison between geometric digital data and
digital data on the spectral response of geometric surfaces of,
for example, different lithology, stratigraphy and vegetation,
will provide insights into the functioning of landscapes, hence
rendering development of techniques for object detection
highly relevant.
[3] In view of the dynamic nature of the land-water inter-

face, and its subtlety on low-gradient depositional coasts, the
definition of a shoreline remains challenging [Shaw et al.,
2008], even for a seemingly simple “closed” shoreline
[Aarninkhof et al., 2003], despite the common use of

shoreline as a marker for environmental change in engineer-
ing, geological and climatic studies as well as its importance
to society. This becomes even more evident for river delta
shorelines which, due to the presence of channels, are dis-
continuous, thus requiring objective criteria for their delin-
eation. This study proposes such criteria, providing an
alternative to the opening angle method (OAM) developed in
Shaw et al. [2008].

2. Mathematical Morphology

[4] Our main idea is to use the morphological closing
operator from mathematical morphology theory [Serra, 1982]
to define the wetted or open part of shorelines of river deltas by
effectively “closing” distributary channels that protrude the
otherwise continuous land-water interface. Moreover, the
proposed method allows for quantification of the range of
potential delta shoreline position, thereby characterizing the
shoreline roughness. This in turn leads to quantitative mea-
sures to differentiate among river deltas based on their exterior,
thereby enabling quantification of the classical wave-tide-river
classification system for river deltas [Galloway, 1975].
[5] Next, we briefly present the principles of mathematical

morphological operators relevant to the present study. Mathe-
matical morphology is established to the point where appro-
priate code for the elementary operations is available in software
packages; in the current work MATLAB was used in this role.
Previous application of MM include shoreline tracking along
the continuous Normandy coast based on multispectral imagery
[Puissant et al., 2008], water depth determination for synthetic
data sets of a wave crest field [Martín et al., 1999] and grain size
characterization of river bed samples [Graham et al., 2005]. To
our knowledge, this is the first study employing MM for
shoreline identification for river deltas.
[6] MM theory has different definitions [Serra and Vincent,

1992, and references therein]. For our purposes, it is a set of
filters based on set theory. In contrast to linear filters such as
convolution, morphological operations are nonlinear, and are
directly related to object shape. In MM, sets represent the
objects or shapes that are manifested on an image of any
dimension, e.g., the set of all white (foreground) pixels in a
black and white image. Though applicable to sets of any
dimension, MM transformations are most easily understood
for the two-dimensional binary case. Therefore, we first con-
sider their application to plan view binary images of deltas.

3. Delta Shorelines

3.1. Application of MM to a Schematized Delta

[7] The elementary operations in MM are dilation and
erosion [Serra, 1982] (Figures 1a–1d). In combination with
another operation, known as reconstruction [Vincent, 1993],
shorelines can be obtained. Here, we explain and illustrate
these three operations.
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[8] First, a shape S is defined as a set of contiguous pixels
with one pixel identified as the origin (Figure 1a). This shape,
also known as a structure element [Haralick et al., 1987], is
moved over a discrete two-dimensional space, Z2. In each
case that the origin coincides with a pixel i∈ I, where I is the
image (Figure 1b), we record the shape Si. The dilation of I is
then the union of all these shapes (Figure 1c);

I ⊕ S ¼
[

i∈I

Si ð1Þ

[9] Erosion is the morphological dual (counterpart) to
dilation [Haralick et al., 1987]. In contrast to dilation, this

operation, not to be confused with its geomorphological
meaning, essentially shrinks the objects in the image.
Analogous to dilation, a shape S is defined and then moved
over Z2. In each case that the origin coincides with a pixel
i ∈ I, it is assessed whether the shape S matches the shape
present in I at that pixel. If not, the pixel is excluded from
the set. Accordingly, the erosion of I is the intersection
of all translations of I by the pixels �s, where s ∈ S
(Figure 1d) and where the minus sign corresponds to
reflecting all pixels of S about its origin;

I ⊖ S ¼
\

s∈S

I�s ð2Þ

[10] Reconstruction refers to the operation of noise removal
such that natural large-scale objects can be segmented, here
deep water and the river delta. First, a shape S is defined
based on analyzing the shape and size of the noise in I
(Figures 1e–1f). I is then eroded by S (Figure 1g). The
shapes in this eroded image J are then restored to their orig-
inal shape in I by collecting all the neighboring pixels and
those that can be connected unobstructedly to them, for
which i ∈ I, for each j ∈ J (Figure 1h).
[11] To obtain a shoreline, it is not sufficient to merely

dilate the reconstructed image (Figure 1h), because of the
extensivity property of dilation [Haralick et al., 1987].
However, the sequential application of dilation and erosion
overcomes such arbitrary expansion of the land-water inter-
face. In fact, the dilation of an image I by S followed by
erosion of the resulting image is an operation referred to as
morphological closing;

I • S ¼ I ⊕ Sð Þ⊖ S ð3Þ

with its dual (counterpart) being known as opening [Haralick
et al., 1987].
[12] Application of the closing operator to our synthetic

river delta (Figure 1h), i.e., eroding the dilated image
(Figures 1i–1j) results in a continuous shoreline (Figure 1k).
Using a larger S yields a smoother shoreline (Figure 1l).
Generally, we suggest scaling S with channel size (and obvi-
ously with image resolution), pointing at the key physical
assumption of the method, namely that shoreline roughness is
slaved to the roughness of the channel network, a condition
that we expect is met for many natural cases. Further, we
propose a disk-shaped S to be most appropriate for deltas,
because of the typical curvilinear nature of their component
objects: channels, bars and islands.
[13] Finally, we note an important property of the closing

and opening transformations, namely its so-called idempo-
tency [Haralick et al., 1987], meaning that reapplication of
the transformation does not alter the previously obtained
(closed) image. Accordingly, an otherwise arbitrary choice
for the number of iterations vanishes.

3.2. Application of MM to Real-World Deltas

[14] While application of morphological operators to binary
imagery can be very effective, direct binarization of grayscale
or multispectral imagery is not always straightforward. The
problem becomes readily apparent for a radar image of the
modern tide-influenced Mahakam River Delta (Figure 2b)
where image corruption by noise complicates binarization.
However, binarization is not necessary per se, since the binary

Figure 1. Example of the basic operations of MM: (a) Struc-
ture element (S), (b) input image (I), (c) dilation of I by S, and
(d) erosion of I by S, and their use for shoreline extraction of a
binary image. (e) A hypothetical river delta, where colors
would correspond to colors or gray levels. (f) A binarized
version of Figure 1e. (g) Erosion of Figure 1f by shown S.
(h) Reconstruction of Figure 1g. (i) Dilation of Figure 1h
by shown S. (j) Erosion of Figure 1i by shown S. (k) Exam-
ple shoreline (black). (l) Example shoreline for a larger S in
Figures 1i and 1j. The larger S, the smoother the resulting
shoreline.
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morphological operators have their grayscale counterparts
[Haralick et al., 1987].
[15] In grayscale morphology, the elementary dilation and

erosion operations are extended to comprise a maximum and
minimum operation, respectively. Let F and H be the
domains of the grayscale image, f (x, y), and the grayscale
structure element, h(m, n), respectively, the grayscale dilation
of f by h is defined according to [Haralick et al., 1987]

f ⊕g h
� �

x; yð Þ ¼ max f x� m; y� nð Þ þ h m; nð Þf g ð4Þ

for all (m, n) ∈ H and (x � m, y � n) ∈ F with the grayscale
erosion being defined similarly;

f ⊖g h
� �

x; yð Þ ¼ min f xþ m; yþ nð Þ � h m; nð Þf g ð5Þ

for all (m, n) ∈ H and (x + m, y + n) ∈ F. For the present
study, we take a flat disk-shaped, h(m, n) = 0, accordingly,
equations (4) and (5) reduce to a maximum and minimum
operator, respectively. Informally, grayscale dilation of an
image with a flat disk-shaped structure element generally
results in the growth of bright regions which are surrounded
by dark regions, whereas darker regions will shrink, and vice
versa for grayscale erosion, depending on how the shapes and
sizes of geometric components relate to the structure element.
[16] Having expressions for grayscale dilation and erosion,

grayscale closing is defined analogously to the binary case
[Haralick et al., 1987]:

f •g h ¼ f ⊕g h
� �

⊖g h ð6Þ

[17] Figures 2a, 2b and 2c show a satellite image of the
river-dominated Wax Lake Delta, a radar image of the tide-
influenced Mahakam River Delta and a satellite image of the
modern wave-dominated Nile River Delta, respectively. For

Figure 3. (a) Wax, (b) Mahakam and (c) Nile shorelines
(colors) for different R (e.g., gray disks), and obtained as
outlined in Figure 2. Note that R can be even larger, however
requiring image resizing. Convex hulls (excluding segments
connecting delta shoreline ends) are indicated.

Figure 2. Shoreline extraction from grayscale images.
(a) A grayscale image (NIR band) of a satellite image of the
Wax Delta, 11/17/2005 (Credit: NASA/Landsat) (resolution
≈ 50 m); (b) radar image (C-band) of the Mahakam delta,
11/12/2009 (Credit: ESA/Chelys) (resolution ≈ 60 m); and
(c) satellite image (blue band) of the Nile delta, 10/13/2010
(Credit: NASA/Chelys) (resolution ≈ 200 m). All grayscale
images are mapped to the “jet”-colorspace for visualization.
(d–f) Reconstructed images from marker images that are
obtained by subtraction of a constant (50, 100 and 30 respec-
tively) from Figures 2a–2c, respectively. The inset in
Figure 2e highlights noise that is removed by reconstruction
of the above-reconstructed image from its eroded image (here
with a flat disk-shaped structure element of R = 5 pixels).
(g–i) Closing of Figures 2d–2f by flat disk-shaped structure
elements (radii of 15 pixels). ( j–l) Clustering of Figures 2g–2i
into “water”, “land-water” and “land” classes by Otsu
[1979]’s method. The extracted shorelines are indicated by
white lines.
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all cases, it can be seen that deep water is not represented by
a uniform gray-level (Figures 2a–2c). Generally, ignorance
of these local intensity fluctuations would lead to inclusion
of false shoreline paths. Accordingly, akin to the binary case
(Figure 1), application of a reconstruction operator is nec-
essary. First, the complement of the original grayscale image
f (Figures 2a–2c) is taken such that the intensity fluctuations
in deep water correspond to local maxima (with respect to
the entire image), where the background is a regional max-
imum. The resulting image is denoted by k. Next, we sub-
tract a constant, based on the intensity fluctuations from k to
result in an image p, the “marker” image [Vincent, 1993].
The reconstruction of k from p, denoted by q, is a dilation of
p, conditioned by k. For the mathematics involved, refer to
Vincent [1993, Figures 8 and 12]. Then, we take the com-
plement of q, denoted by r (Figures 2d–2f). The suitability of
the use of the reconstruction operator can be observed
(Figures 2d–2f) in that it suppresses or completely removes
(shore-detached) sediment plumes that are obviously not
part of the shoreline, however typically having a spectral
signature that is not easily distinguishable from that of
(wetted parts of) islands and bars.
[18] Subsequently, for the Mahakam case, clouds entail

noise which is manifested by local maxima in r (Figure 2e,
inset). Accordingly, we erode r with a flat h of which size
and shape matches the characteristic size and shape of these
noisy pixels, followed by a reconstruction of r from this
eroded image.
[19] For all three cases, the reconstructed image is closed

by a flat disk-shaped structure element of a given radius
(Figures 2g–2i). Subsequently, we use a well-known histogram-
based cluster method [Otsu, 1979], followed by a merging of
the resulting “land” and “land-water interface” (delta) classes
(Figures 2j–2l). The shoreline is then obtained by subtraction

of the eroded clustered binary image (with S of radius =
1 pixel) from the clustered binary image itself (white lines in
Figures 2j–2l). The delta shoreline pixels are listed based on
the Moore-Neighbor algorithm [Gonzalez et al., 2004] and
with manual selection of their ends.
[20] Finally, we note that available images are usually not

monochromatic, but contain more information, though the
contrast between land and water is often most pronounced

Figure 5. Plots of local change of tangent vector dq against
normalized arc length Nds/Lc, where N denotes the number
of arc lengths, for the (a) Wax, (b) Mahakam and (c) Nile
river delta shorelines based on fitted cubic splines. These
shorelines are obtained for the R-value next to the scaling
breaks in Figure 4a. For the Wax and Mahakam cases,
ds = 200 m, for the Nile delta, ds = 2000 m. Taking identical
ds for all cases does not alter the conclusions, but the Nile
shoreline likely contains low-amplitude (≈25�) noise at
small scales as can be inferred from its planform step-wise
structure (here not shown).

Figure 4. (a) Plot of normalized delta shoreline length Ls(R)/Lc against R/Lc (and regression lines with slopes, R2 and
corresponding p-values) for three cases and for three image resolutions (legend), obtained by bicubic interpolation, demon-
strating the consistency of our method. (b–d) Roughness objects for the Wax, Mahakam and Nile cases, defined by a shoreline
obtained for a mean R of all R before the scaling break in Figure 4a and a shoreline obtained for R just before the scaling break.
These objects, after filtering those smaller than 25% of their mean size, are approximated by ellipses (white lines) which have
the same second moment. Their centroids and longest principal axii are indicated. Shorelines’ convex hulls are also shown.
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for one of the spectral bands, such as NIR. Other approaches
employ arithmetic operations like division and subtraction
of spectral bands, yielding a “grayscale image”, e.g., the
Normalized Difference Vegetation Index for mapping desert-
ification. Alternatively, a grayscale image can be selected
based on the Hotelling Transform [Gonzalez et al., 2004],
then applying the closing operator to the component which
contains most of the energy.

4. Shoreline Characterization

[21] An important characteristic of delta shorelines is dis-
continuity associated with the presence of channels. Closing
images of deltas by structure elements of different radii (R)
provides a means to quantify geometric statistics of these
openings; distributary channel mouths, tidal channels, back-
barrier lagoons and embayments (Figure 3). As a first global
measure, we propose a delta shoreline sinuosity, defined as a
normalized shoreline length; Ls(R)/Lc, where Ls(R) is the
length of the delta shoreline (summed distances between
neighboring pixels) corresponding to R. We suggest taking
the length of the shoreline’s convex hull for Lc, i.e. using the
convex hull as a reference shoreline (Figure 3). The convex
hull is defined by the extreme shoreline points that are
potentially most exposed to basinal forcings, and it effec-
tively sets the maximum roughness of the delta shoreline.
Moreover, as can be readily deduced from Figure 3, the
convex hull is virtually invariant to R.
[22] The resulting plot of Ls(R)/Lc against R/Lc reveals

interesting scaling behaviour (Figure 4a). First, the windwave-
dominated shoreline of the Nile delta is most smooth at all
examined ranges of R, compared to the river and tide-
influenced river delta shorelines (cf. slopes in Figure 4a).
Further, it depicts a discontinuity which is directly related to
the existence of a backbarrier lagoon which is not entirely
disconnected from deeper water (Figures 3c and 4d). Accord-
ingly, we find a measure to formally define a transition from a
river-dominated to a wave-dominated delta shoreline or vice
versa. In the limit, a wave-dominated river delta would feature
a continuous barrier shoreline that fully encloses water bodies
(lagoons). In that case, the roughness of the shoreline is set by
cuspate-shaped river mouths, here the Rosetta and Damietta
promontories. In contrast, the river and tide-influenced delta
shorelines are rougher and also feature scaling breaks
(Figure 4a). These scaling breaks are related to characteristics
of the channel network, where meandering (Figure 3b) pro-
vides excess length as well as to topographic lows such as
patches of easily-flooded deltaplain (Figures 3a and 3b). Since
lengths of naturally-closed objects such as bar faces as well as
Lc do not significantly differ for R (Figure 3), the slope beyond
the scaling break in Figure 4a (Mahakam delta) directly pro-
vides a measure for the degree of funnelling (planform diver-
gence) of tide-influenced distributary and tidal channels.
[23] The scaling breaks allow for the definition and quan-

tification of roughness objects on a delta shoreline. Here, we
define objects by the space enclosed by a low-R shoreline and
a maximum-R shoreline (Figures 4b–4d), while inherent
uncertainty is incorporated in our shape descriptors by taking
different low-R. Having identified these regional objects, we
represent them by ellipses that have identical second
moments (Figures 4b–4d). The distributions of their eccen-
tricity, a, combined with the orientation of the longest prin-
cipal axis of these ellipses with respect to the nearest convex

hull segment, b, enable classification of river delta shor-
elines. For the Nile delta, only one object can be defined,
pointing at the fact that its shoreline is almost entirely con-
tinuous. The Wax and Mahakam delta shorelines can be
differentiated; the mean eccentricity of all ellipses
corresponding to all R before the scaling break (Figure 4a) is
about equal for both cases; �a = 0.81 � 0.015 and 0.81 �
0.026, respectively, however, �b = 23.5 � 7.3� and 49.8 �
10.4�, respectively, meaning that objects on the tidally-
influenced delta shoreline are relatively more oriented
perpendicular to the shoreline.
[24] Finally, we fit splines to the raster Wax, Mahakam

and Nile delta shorelines (Figure 5), which allows for their
differentiation based on a local measure. Analyzing the local
change of the tangent vector (dq) as a function of normalized
arc length (Nds/Lc), we refine our conclusions based on the
shoreline’s sinuosity (Figure 4a); the Wax shoreline depicts
the highest directional variability at relatively small scales,
while the Mahakam shoreline depicts significant direction-
ality at larger scales. The Nile shoreline is smooth at small
scales, however, it has large-scale directional variability
associated with the presence of abandoned delta lobes.
[25] Future work should focus on further testing and

expanding of these measures as well as including a detailed
comparison with the OAM [Shaw et al., 2008]. We do note,
however, that immediate advantages in the MM approach is
its efficient computation and the introduction of an explicit
length scale, S, allowing for a coupling between a delta’s
exterior and its interior geometry, e.g., the channel network.
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