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ABSTRACT: Underwater dunes are a morphological feature that are explored by marine scientists and coastal engineers alike. This
study presents new methodologies in order to simplify bedform identification and morphodynamic analyses. Specifically, subaque-
ous compound dunes are decomposed with a simple yet extensive tracking algorithm, which relies on a repeated evaluation of unfil-
tered bed elevation profiles according to five predefined length classes. In a second step, morphological trends are assessed in the
form of bed migration rates, bed slope asymmetries and net sediment changes, in which all parameters are referred to equidistant
sections of the examined fairway stretch. This integrated approach not only avoids the challenges in weighting the varying size
and abundance of dunes of different scales but also ensures comparability between dune-specific and areal parameters, which sig-
nificantly improves the interpretation of the morphological setting as a whole. The developed methods are applied to the Outer Jade
fairway, an anthropogenically influenced and regularly maintained waterway in the German Bight, and allow scrutiny of
spatio-temporal trends in this region.
Based on a unique data set of 100 sequential high-quality echo-sounding surveys, various types of bedforms are identified, compris-

ing large-scale primary as well as superimposing secondary dunes that are assumed to interfere with each other. Temporal trends show
a long-term rise of the troughs of major bedforms and constant maximum crest elevations near the official maintenance depth, which
matches the observed long-term aggradation of sediments. The spatial distribution of integrated morphodynamic parameters reflects a
previously described zone of primary dune convergence and facilitates the precise localization of this geophysical singularity. The
presented findings both confirm the robustness of the proposed methodologies and, in return, enhance the understanding of morpho-
logical processes in the Outer Jade. © 2020 The Authors. Earth Surface Processes and Landforms published by JohnWiley & Sons Ltd.
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Introduction

Motivation

Subaqueous dunes are a remarkable morphological feature that
can be found from the continental slopes (Reeder et al. 2011;
Valentine et al., 1984), over the bottom of tidal inlet channels
(Ernstsen et al., 2011; Zorndt et al., 2011) to the beds of inland
streams or rivers (Best, 2005; Parsons et al., 2005). For more
than a century, these bedforms have been the subject of scien-
tific interest (Cornish, 1901) and were investigated by diverse
working groups such as geologists, oceanographers and coastal
engineers (Ashley et al., 1990). By analogy with mutually inter-
fering carrier and riding waves in transient sea states
(Schlurmann, 2002), interaction of differing bedform types
can be observed at so-called compound dunes consisting of
large-scale primary and superimposing secondary dunes
(Ashley et al., 1990).

With regard to subaqueous dunes in estuarine settings, the
motivation for bathymetric studies can originate from multiple
objectives including the detection of unexploded ordnance
devices, mapping of biota distributions or palaeohydraulic
reconstructions, to name but a few. From an engineering per-
spective, understanding the prevailing morphological features
and trends is also required to ensure the ease and safety of ship-
ping in navigational channels. Accordingly, public authorities
routinely monitor the bed level of tidal inlet channels and thus
regularly observe sections that contain bedforms of all shapes
and sizes that are possibly subjected to dredging activities in
order to maintain fixed navigational depths. The corresponding
echo-sounding data sets are readily available and can be a
valuable basis for bedform-related studies as they comprise
homogeneous and quality-controlled information about
morphodynamic developments over a long period (e.g. Kubicki
and Bartholomä, 2011; Zorndt et al., 2011). Contrary to
approaches that scrutinize predefined components of a filtered
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bed profile (Aberle et al., 2010; Frings and Kleinhans, 2008;
Gehres et al., 2013; Knaapen, 2005; van der Mark and
Blom, 2007) or derive dune characteristics from spectral analy-
ses (e.g. Cazenave et al., 2013; Lefebvre et al., 2011; Lisimenka
and Kubicki, 2017; Winter and Ernstsen, 2007), the interest of
local authorities is rather concentrated on absolute naviga-
tional depths and the physical properties of the sea floor. This
comprises the existence of bedforms as well, since their growth
and migration to shallower waters may cause major impedi-
ments to the ease and safety of shipping. It is therefore of impor-
tance to identify dune migration, its orientation and pathways,
and other morphological trends to develop suitable sediment
management strategies to sustain the waterway. The perspec-
tive of local shipping authorities towards subaqueous dunes,
accordingly, can be summarized as a strictly phenomenologi-
cal interest in a robust description of morphological features
and trends, which is based on the raw sounding data of regu-
larly conducted fairway surveys. The paper at hand presents
and discusses results of such an engineering study that utilizes
a recently investigated morphological setting, the Jade tidal
inlet channel, to highlight the potential of two methodological
suggestions: (1) a novel approach for the decomposition of
compound dunes from unfiltered bed elevation profiles (BEPs)
and (2) an assessment of morphological trends, which is
decoupled from the dynamics of individual bedforms.
In particular, the newly developed dune identification algo-

rithm returns a detailed description of prevailing dunes and
their different heights and lengths, giving insight into the com-
position of compound dunes in the Jade tidal channel. The
available data set also allows an analysis of both temporal
and spatial trends regarding these dune dimensions and pro-
vides information for an attribution of the results. Furthermore,
general morphodynamic trends can be addressed by an inte-
grated assessment of predefined fairway sections. This
approach not only avoids the challenges in weighting the

different size and abundance of different bedforms but also
ensures comparability between dune-specific (asymmetry/
migration rate) and areal parameters (net sediment changes),
which significantly improves the interpretation of the morpho-
logical setting as a whole. In doing so, the precise location of
a postulated zone of dune convergence can be localized and
long-term migration rates readily quantified.

Study area

The Jade is a tidally influenced embayment that cuts approxi-
mately 50km into the marshland of Lower Saxony, a federal
state in northern Germany. Thewater body is usually segmented
into the Outer and the Inner Jade in the north as well as the Jade
Bay in the south, where an eponymous river without notable
freshwater discharge enters the tidal system (see Figure 1a,b).
Destabilized by drainage and peat cutting, the Jade region was
essentially formed during three consecutive extreme storm
surges between 1509 and 1511 (Waldemar, 1979). With the
Imperial Naval Port Act justifying the country’s still biggest naval
base in 1883, the Inner Jade was incrementally transformed into
a transshipment complex hosting critical port infrastructure of
national importance, creating the necessity for regular fairway
maintenance (Akkermann et al., 2015). The sedimentological
inventory comprises medium and fine sands forming the naviga-
tional as well as other tidal channels and their respective sand-
banks, while the intertidal flat areas contain silt (Valerius et al.,
2015). The morphological regime is governed by tides and
waves as well as anthropogenic changes through construction
and dredging activities. The semi-diurnal tides induce a tidal
range between 2.8m near Wangerooge at the northern end
and 3.8m at the narrow passage from the Inner Jade into the Jade
Bay near Wilhelmshaven with current magnitudes exceeding
1.5m s�1 (Grabemann et al., 2004; Malcherek, 2010;

Figure 1. Study area: (a) German Bight and location of the Jade–Weser Estuary; (b) Jade–Weser Estuary bathymetry based on a composite from 2012
with indicated focus and adjacent maintenance areas; (c) dune field in the focus area with segmented investigation polygons; (d) hillshade represen-
tation of the dune field in part (c). [Colour figure can be viewed at wileyonlinelibrary.com]
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Sündermann and Pohlmann, 2011). For the tidal channel, a net
sediment import is reported, which stems from a seaward
flood-dominated tidal asymmetry as well as from the negligible
fresh water discharge and the geometry of the Jade Bay
(Götschenberg and Kahlfeld, 2008; Lang, 2003). Owing to the
importance of ensuring trustworthy conditions in the fairway
channel, the existence of compound dunes is of particular inter-
est, since dune crests oftentimes exceed the minimum water
depth of -17.6m chart datum (CD) and thus impede safe naviga-
tion towards the Jade Weser Port (JWP) and other supporting
facilities. In caseswheremajor dunes reach into the navigational
channel and limit previously defined water depths, targeted
water injection measures are conducted to effectively disperse
their crest material into adjacent dune troughs. Far less often,
trailing suction hopper dredgers are employed to thoroughly
deepen sections of the fairway and deposit excess sediments at
one of seven dump sites along the Jade.
In order to test the robustness of the proposed methodolo-

gies, the Jade presents a well-fitting test site given its long his-
tory of morphological studies (Reineck and Singh, 1967;
Garrelts et al., 1973; McLean, 1983; Ernstsen et al., 2009;
Svenson et al., 2009). In particular, a dune field in the Outer
Jade offers ample information about the existence of compound
dunes that are known to contain bedforms of various sizes
(Lefebvre et al., 2011) and of a remarkable bathymetric feature,
which is described as dune convergence (Kubicki and
Bartholomä, 2011). Specifically, the combination of prevailing
hydrodynamic conditions and the sedimentological inventory
promote the formation of dunes that migrate on opposing tra-
jectories and collide head-on at a particular location inside
the navigational channel (Kubicki et al., 2017). This unique set-
ting is seen as a performance test for the aforementioned dune
identification approach and integrated morphodynamic analy-
ses. On the other hand, the introduced methodology enhances
the understanding of morphological trends in this specific site.

Material and Methods

Data set

The dune convergence zone documented by Kubicki and
Bartholomä (2011) is located in the northeastern German Bight
between the opposing islands of Minsener Oog and
Mellumplate comprising Jade fairway kilometres 29.0 and
32.0 (cf. Figure 1c). Monthly fairway soundings are available
from the Waterways and Shipping Office (WSA) Wilhelmsha-
ven with a regular resolution of 2m×2m. Vessel-borne surveys
are conducted with an Atlas Fansweep 20-200 multi-beam
echo-sounding (MBES) system that operates at a frequency of
200kHz and achieves a vertical accuracy better than 0.05m±
0.2% of the water depth. Typical measurement duration for
individual fairway sections spans 1–2 days and is tide indepen-
dent. In total, 100 sequential surveys acquired between January
2010 and December 2018 were processed and analysed. The
extent of the study site equals the intersection of all available
surveys that cover the dune convergence zone. Along a
fairway-parallel transect A–B (Figure 1d), BEPs with a
discretization of 1.0m were extracted from the survey data time
series to further investigate dimensions and dynamics of pre-
vailing bed features. The transect was chosen on the basis of
statistic bedform occurrences, revealing the swath from 150
to 250m (East–West) of the fairway to feature the highest num-
ber of bedforms.

Bedform identification

Prevailing bedforms were detected along the transects
employing a simple and robust dune tracking approach, which
was implemented in MATLAB (Versions: R2017a/R2019b,
https://www.mathworks.com). Unlike other dune tracking tools
(e.g. Gutierrez et al., 2018; van der Mark and Blom, 2007), the
algorithm employed in this study does not evaluate BEPs that
are detrended or filtered in any way. In order to make allow-
ance for the underlying, complex character of compound
dunes in the focus area, it is instead based on an iterative iden-
tification of local extremes spaced in accordance with a widely
accepted classification scheme proposed by (Ashley et al.,
1990). Depending on their length λ, bedforms can be catego-
rized into ripples (λ≤0.6m) as well as small (0.6m<λ≤5m),
medium (5m<λ≤10m), large (10m<λ≤100m) and very large
dunes (100m<λ). Respecting the available data resolution,
the proposed algorithm performs the following three steps for
each analysable length class: (1) find local extremes; (2) iden-
tify matching crest/trough pairs; (3) calculate dune dimensions:

1. The algorithm identifies local maxima along the bed
elevation profile that have a prominence greater than a
certain threshold value, while the identification of local
minima is achieved analogously utilizing the inverted
transect profile. To minimize subjectivity in the automated
algorithm, the prominence threshold is defined as a fixed
percentage of the theoretical mean dune height η at each
class boundary derived from global regression results
according to (Flemming, 1988).

2. In a second step, reasonable crest/trough pairs are assigned
from the deduced catalogue of local extremes. For each
tentatively tracked dune crest corresponding troughs are
found at the closest adjacent minima. In accordance with
thorough visual inspection, this methodology returns good
results given the defined (class-specific) prominence
thresholds. Critical exceptions to this approach occur
wherever crest/trough pairs are incomplete, especially at
the transect boundaries, which are therefore separated
from the subsequent analysis.

3. Finally, dune dimensions are computed from the absolute
position of crests and troughs for all echo-sounding
surveys. Dune length, in this context, is taken as the
absolute, i.e. in most cases not horizontal, distance
between the two troughs that define a bedform. This
procedure is necessary because no detrending of the BEPs
is done beforehand and thus inclined bedforms are
prevalent. Accordingly, dune heights have to be calculated
from absolute distances as well, utilizing orthogonal
trigonometric heights as proposed by (Wesseling and
Wilbers, 2000) (cf. definitions in Figure 2b).

Although variation of the (one) calibration parameter results
in partial changes regarding the total number of detected
bedforms, especially at lower range values, sensitivity studies
showed that spatial and statistical distributions remain qualita-
tively equal within the range of 5–25%. Higher values, in con-
trast, lead to an increasing neglect of small-scale bedforms and
may cause obvious artefacts such as discontinuities in the
resulting spectrum of bedform dimensions. For the present
analysis, it was therefore decided to apply a universal height
percentage of 15%, which represents a solid trade-off and
ensures thorough dune detection. Moreover, small dunes and
ripples were neglected within this study as a consequence of
the limited horizontal resolution of the underlying data set
(cf. Nyquist criterion) and the algorithm makes allowance for
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the limited vertical accuracy of the employed MBES device by
omitting dunes with heights η<0.05m.
The general reliability of the outlined methodology was val-

idated using a freely available MBES data set from Rio Paraná,
Argentina, which was originally investigated by Parsons
et al., (2005). After detecting prevailing bedforms along a total
of 150 longitudinal transects from a single (snapshot) bathyme-
try, dune dimensions and abundances were compared to
results obtained from an analysis in accordance with the wave-
let analysis tool developed by Gutierrez et al., (2018) and those
published in Cisneros et al., (2020). Especially regarding the
results of the former, the examination of this independent study
area reveals good resemblance between the proposed and at
least one established approach, except for the occurrence of
outlying ‘high small dunes’ and ‘low large or very large dunes’,
respectively, which are deemed critical by the authors.
Although the juxtaposition of detection results allowed a first
validation of the proposed methodology, it also raised ques-
tions regarding the comparability of available tools. A more
detailed description of the validation scheme and its results is
given as Supporting Information for this article.

Integrated morphodynamic parameters

Morphodynamics, on the other hand, were not computed for
distinct bedforms but on the basis of fixed transect sections.
This integrated methodology has several advantages over
established methods when describing the general morphologi-
cal setting of a study site, as the interpretation of dune-based
parameters usually neglects the diverse size, abundance and
dynamic behaviour of different bedform types. To make allow-
ance for this problem, the Jade navigation channel offered a
good opportunity to present an approach which is based on
the independent morphodynamic parameters of bed asymme-
try and bed migration rate.

For this purpose, the examined fairway segment was
subdivided into equally spaced polygons of 300m×300m each
(cf. Figure 1c). The migration of bed features was then deter-
mined by cross-correlating the ten 300m long profile sections
of consecutive surveys (cf. Duffy and Hughes-Clarke, 2005).
Figure 2b exemplifies the observed development of the fairway
bed for Polygons 4 and 9 as grey shading. Bed migration rates u
were derived from the relation between the average horizontal
displacement (positive from South to North) and the time span
elapsed between compared surveys.

Furthermore, bed asymmetries were analysed as a proxy for
morphodynamic activity as commonly suggested for distinct
dunes (e.g. Harris, 1991; Knaapen, 2005). The applied method-
ology is based on the following formula originally introduced
by Zorndt et al., (2011) for individual dunes:

A ¼ NðΔy=Δx ≤ 0Þ � NðΔy=Δx > 0Þ
NðΔy=ΔxÞ (1)

where x is the relative distance along the polygon,Δx is the inher-
ent discretization length of 1m, Δy/Δx is the y-gradient at each
discretization step andN is the number of steps greater/less than
0, respectively. Thedimensionless bed asymmetry valueA repre-
sents a dominance of positive bed inclinations (from South to
North) if it ranges between �1 and 0, whereas negative inclina-
tions are expressed in values 0<A<1. A visualization of this
approach is given in Figure 2c,d, where Polygon 9 exemplifies
a bed section which is dominated by negative inclinations, i.
e. relatively shorter southern slopes, and thus shows an asymme-
try greater than 0. In this manner, polygon-specific migration
rates and bed slope asymmetries were obtained for all surveys.
Finally, morphodynamic changes were computed by means of
a sediment volume balancing study for each polygon.

The obtained time series of class-related dune dimensions on
the one hand and integrated bed dynamics on the other form
the basis for a comprehensive analysis of the spatio-temporal

Figure 2. Applied methodology: (a) exemplary bed elevation profile along the transect A–B from July 2011 including number and position of iden-
tified bedform crests and troughs; (b) successive bed profiles within Polygon 4 and definition of dune dimension height and length; (c) migration of
bed features in Polygon 9 as derived from maximum cross-correlations; (d) computation of bed asymmetries based on the ratio of positive and neg-
ative increment gradients. [Colour figure can be viewed at wileyonlinelibrary.com]
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variation of bedforms in the Outer Jade navigation channel, as
presented in the following.

Results

Dune characteristics

Examining all available BEPs resulted in an average number of
about 92 detected bedforms along the 3000m long fairway
transect, ranging from medium to very large dunes. As can be
seen from the logarithmic scatter plot in Figure 3, the corre-
sponding dune dimensions reach values of up to 7.71m in
height and 260m in length. The overall mean values amount
to ηmean ¼ 1:58 respectively. The distribution of these dune
characteristics complies with maximum dimensions defined
by a logarithmic function introduced by Flemming (1988).
Comparing the average dune dimension ratio with these global
values, the present study principally shows slightly higher
dunes, which can be seen from a regression analysis depicted
as a dash-dotted red line in Figure 3. The respective function
for the Outer Jade reads as follows:

ηmean ¼ 0:080 · λ0:837 (2)

Apart from the general over-representation of fully developed
dunes, it is striking that dunes shorter than approximately 20m
do not reach their theoretical maximum heights. A second
restriction of dune growth can be seen in the fact that very
few bedforms exceed a height of 7.5m notwithstanding their
individual length. Moreover, sharp boundaries below 5.0m
length and 0.05m height, respectively, reflect the constraints
of data resolution, which preclude unambiguous identification
of smaller bedforms.
An analysis of the long-term development of dune dimen-

sions indicates that, throughout the analysed bedform classes,
average heights were gradually shrinking over the 9-year sur-
vey period at annual rates of decrease of �0.95%, �0.35%
and �3.1%, respectively (cf. trend lines in Figure 4a). Primary
dune growth, suspected to cause the frequent shallowing of
the Outer Jade fairway, could not be verified. Figure 4b con-
trasts the development of dune dimensions with an illustration
of morphodynamic changes in the study area. The mean bed

elevation of the examined fairway area covering 0.9km2 is
characterized by fairly steady sediment accumulation espe-
cially after 2012; the comparison of mean bed levels before
and after the survey period revealed an area-averaged aggrada-
tion of 0.955mm�2. In view of the described bedform develop-
ments, this finding suggests that sediment accumulation did not
take place uniformly but was more intense near primary dune
troughs, which resulted in a gradual levelling of the fairway
bed profile, since crests exceeding the maintenance depth
became subject to intervention. Figure 4b is complemented by
bar plots representing annually dredged sediment volumes.
Internal reports document that dredged mean volumes between
2013 and 2018 amounted to 6.3×106m3 for the comparably
long fairway section fkm 36.0 to 39.0 captioned Bypass of
Minsener Oog and 2.87×106m3 for fkm 18.0 to 24.0
(Störtebecker Bank), respectively. However, no dredging is
reported for the documentation period regarding the fairway
section examined within this study. Yellow bars, on the other
hand, illustrate sediments that were disposed at one of the three
nearest dump sites east of the focus area showing volumes up to
4.34 × 106 m3 in the year 2016 (Federal Institute for Hydrology
(BfG), 2020, Koblenz, Germany, in preparation). Overall, the
fairway sections north and south of the examined dune field
are continuously dredged, while dredged sediments, predomi-
nantly stemming from the Inner Jade, are dumped on spoil
grounds east of the dune field (cf. Figure 1b). The cumulative
dumping volume from these sites adds up to 15.54×106m3 for
the years 2013 and 2018; the sediments accreting in the exam-
ined fairway section, in contrast, amount to approximately
0.84×106m3 during the same period equalling about 5%.

With respect to inherent statistical variations, Figure 5a gives
an overview of the scatter of bedform heights within the applied
dune classes. In this visualization, data on the y-axis is normal-
ized using the individual mean heights ηmean as a reference for
each of the four classes. Co-domains and 25th/75th percentiles
are highlighted by light- and dark-blue shading in the back-
ground of each disintegrated dune class, respectively, and the
underlying box plot is complemented by individual sample
sizes. This methodology is repeated along the horizontal axis
for each of the 10 sections of the transect, thus allowing insight
into the spatial distribution of dune dimensions along the fair-
way. Figure 5b summarizes the average statistical variation
within the three classes in equally normalized histograms. At
first sight, this illustration suggests a relatively high probability

Figure 3. Dune dimensions: logarithmic scatter plot of dune dimension pairs identified by the dune tracking algorithm. The effective sampling sizes
N comprise all bedforms of a specific dune class in accordance with the length scales introduced by Ashley et al. (1990). The dash-dotted regression
line represents the mean height of dunes observed in the Outer Jade focus area, whereas the framing dashed lines are maximum and mean heights
according to global reference data reported by (Flemming, 1988). [Colour figure can be viewed at wileyonlinelibrary.com]
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of occurrence for large dunes. However, this effect is related to
the definition of this intermediate class rather than to the relative
frequency of lengths, since corresponding class boundaries
relate to �0.816·σ and +1.816·σ deviations from the overall
mean dune length, respectively. This peculiarity has some fur-
ther implications on the statistics of dune dimensions: whereas
very large dunes can be seen as almost normally distributed,
large dunes in the Outer Jade show a bimodal distribution. This
observation becomes clearer in view of the previous Figure 3.
With respect to heights, the majority of large dunes in this case
can be assigned to one of two groups, namely either fully devel-
oped (long) dunes, which appear to be normally distributed as
well, or shorter dunes, which are not fully developed. These lat-
ter dunes mostly show heights below 0.5m, hence densely
occupying the four smallest frequency bins. The interjacent
height range between 0.8 and 1.8m, in contrast, is sparsely rep-
resented. The remaining class of medium dunes is again

normally distributed, which is due to the exclusive occurrence
of not fully developed dunes, although the distribution exposes
a certain skewness as a result of the predefined minimum height
boundary. Among the analysed bedform classes, large dunes
show the broadest range of corresponding heights, with several
extremes reaching almost fourfold the reference value ηmean.
The highlighted percentiles are mainly bound to the boundaries
of ±50% of each specific height.

Also in consideration of the spatial variation of bedform
heights, it should be distinguished between large and very large
dunes on the one hand and medium dunes on the other. The
distributions of the two former types suggest a segmentation
of the fairway into a southern and a northern half, which is
reflected in the ranking of median dune heights: apparently
the highest large and very large dunes can be found in the sea-
ward direction. Given the relatively sheltered location of the
southern polygons behind the island of Minsener Oog,

Figure 4. Temporal trends: (a) evolution of mean dune heights, related to the four dune length classes, over the assessed period between January
2010 and December 2018 and complemented by colour-shaded standard deviations; (b) long-term mean bed elevation changes for the complete
focus area and annual dredging volumes for the adjacent fairway stretches. [Colour figure can be viewed at wileyonlinelibrary.com]

Figure 5. Spatial trends: distribution of bedform heights according to the length classification proposed by Ashley et al. (1990): (a) normalized height
variation within length classes versus spatial distribution along the fairway transect; (b) normalized histograms of dune heights within the four classes.
[Colour figure can be viewed at wileyonlinelibrary.com]
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this observation indicates the existence of two unequal hydro-
dynamic regimes. Medium dunes, in contrast, show a different
trend: these bedforms show both highest median values and
maximum abundance in the central third of the transect, which
suggests an increasingly complex character of compound
dunes in this area.

Morphodynamic developments

The Hovmöller diagram in Figure 6 illustrates the bed eleva-
tions along the fairway transect in a greyscale map. A graphical
composition of consecutive surveys along the y-axis allows
deeper insights into the development of these elevation profiles
in space and time. Apart from the faintly observable influence
of five major campaigns of fairway maintenance, highlighted
as dash-dotted lines in Figure 6, the general morphodynamic
trends of this fairway transect become evident when focusing
on the lightest grey contours, which can be interpreted as pri-
mary dune crests. In detail, Polygons 1–6 are characterized
by up to five large to very large dunes. The inclination of these
and smaller, interjacent bedforms demonstrates the northward
migration of this part of the channel bed. In contrast, the north-
ernmost sections of the transect, i.e. Polygons 8–10, comprise
between two and four primary dunes with reverse inclinations
and thus evidently migrate southward. The only part of the
examined fairway without clearly inclined crest levels appears
in Polygon 7, where almost no migration can be observed
throughout the complete time span of data acquisition. These
findings suggest that prevailing bed features between fkm
29.0 and 32.0 migrate head-on and that the region of dune
convergence can be detected close to the survey polygon 7.
Further support for this observation was derived from

cross-correlations and an examination of bed asymmetries. Fig-
ure 7 depicts the spatial distribution of these two
polygon-specific parameters along the fairway. Specifically,
overall mean values are represented by solid lines, whereas
dotted annual means indicate the corresponding temporal
range of values. For the analysed period, mean migration rates
vary between 4.6cmd�1 in Polygon 1 and �3.5cmd�1 in Poly-
gon 10, where positive signs epitomize northward and negative
signs southward migration, respectively. The corresponding
annual means show extreme values of 9.4cmd�1 and �6.7

cmd�1, respectively. An average bandwidth of ±3.1cmd�1

implies rather little variation between the individual years. In
general, the mean migration rates are steadily decreasing from
South to North with a zero-crossing at Polygon 7. South of this
change in direction, migration rates average out at +3.65cm
d�1 (¼̂13:3myr�1), north of the zero-crossing at �1.93cmd�1

(¼̂ � 7:1myr�1). As with the spatial distribution of dune char-
acteristics before, the fact that migration rates crucially differ
between southern and northern polygons, yielding a ratio of
nearly 1:�2, indicates the existence of residual currents oppos-
ing with equal magnitudes. This finding corroborates the pres-
ent understanding of a singular hydrodynamic setting causing
head-on dune collision in the Outer Jade.

With regard to bed slope asymmetries, annual and overall
means show an analogous trend with the difference of the
inverse definition of this parameter. The extremes of annual
mean bed asymmetries are found in Polygon 2 (A ¼ �0:33)
and Polygon 9 (A ¼ þ0:31), respectively. Overall mean values
vary between �0.24 (Polygon 4) and +0.14 (Polygon 9); the
average bandwidth amounts to ±0.11. Except for the two
boundary polygons, the overall mean asymmetries show
steadily increasing values from South to North.

In conclusion, both graphs profoundly underscore the
observations from Figure 6 and show mostly positive incli-
nations, i.e. presumably northward orientation, for the fair-
way reach between fkm 29.0 and 30.8. The northern part
of the study area (fkm 31.1 and 32.0), in contrast, is charac-
terized by dominating negative inclinations. Both parame-
ters change their orientation in Polygon 7, which can be
linked to the indicated zone of dune convergence. This
area, therefore, can be traced to the fairway section
between fkm 30.8 and 31.1. With respect to local
morphodynamics, this is also the region where net sediment
transport rates were minimal or even negative for the inves-
tigated survey period.

A temporal analysis of migration rates and bed asymmetries
does not exhibit any significant long-term trends. However, it
became apparent that major shifts in magnitude and even
direction of both parameters coincided with the cyclone sea-
son. Examples of such changes were observed in the aftermath
of recent European windstorms, such as ‘Xaver’ in December
2013 or the storm cluster ‘Elon & Felix’ in January 2015, but
not further scrutinized within this paper.

Figure 6. Hovmöller diagram: visualization of bed dynamics along the detrended fairway transect A–B between January 2010 and December 2018
in a Hovmöller diagram. Note the white profile from July 2011, which was introduced in Figure 2 before, as well as suspected occasions of water
injection measures highlighted by dash-dotted green lines. [Colour figure can be viewed at wileyonlinelibrary.com]
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Discussion

Recent studies have indicated a unique hydrodynamic setting
causing a head-on convergence of large-scale bedforms (Kubicki
and Bartholomä, 2011; Kubicki et al., 2017). This as well as a
general public interest in enhancing the current sediment man-
agement strategy presented an opportunity to apply newmethod-
ologies for both the decomposition and comprehensive
evaluation of compound dunes and an assessment of general
morphodynamic trends along a fairway-parallel transect.

Compound dunes in the Outer Jade

The iterative application of the newly developed algorithm
facilitated the identification of a broad and dense spectrum of
dune dimension tupels that are generally in line with global
mean data collected by Flemming (1988). The presented
double-logarithmic plot (Figure 3) also suggests that dunes in
the tidally influenced waters do not exceed a maximum relative
height of about 7.5m. Referring this length-independent value
to the local water depths that range from �25m to �20m
height/depth ratios yield 1:0.3–0.375, which matches a stan-
dard value of η<h/3 reported by Zanke (2013) (for a compila-
tion of historical ratios see also Zanke, 1982). It is therefore
concluded that the growth of very large dunes is limited by
the local water depth. However, this finding does not preclude
the artificial reduction of absolute dune heights in the context
of water injection measures, which could also be observed
especially in the central, shallower parts of the focus area.
In addition, the conducted analyses suggest that dunes in the

Outer Jade can be subdivided into two different types, namely fully
developed (mainly λ>20m) and not fully developed (λ<20m)
ones. Closer inspection of the evaluated BEPs confirms that the lat-
ter are in general independent bedforms and equivalent to those
instantly perceivable by eye (cf. Figure 2a). On the other hand,
shorter dunes are typically superimposed on the slopes of these
primary dunes and thus notably inclined by analogy with the
behaviour of carrier and riding waves (Schlurmann, 2002). These
geometric scales are generally in linewith compound dunes inves-
tigated in other estuarine settings (Dalrymple et al., 1978; Villard
and Kostaschuk, 1998). The suppressed development of second-
ary dunes, derived from a kink in the distribution of dune dimen-
sion ratios in Figure 3, is assumed to be a consequence of the
hydrodynamic boundary conditions affecting these superimposing

bedforms. Apart from their inclined alignment, this fact might be
connected to shadowing or wake effects behind larger primary
dunes.What is more, this type of bedform contains relatively small
sediment volumes and thus is more subjected to the impact of the
tidal currents (that reverse twice per day) than primary dunes,
which was described for secondary dune heights in the Inner Jade
(Ernstsen et al., 2009) or dune asymmetries in comparable tidal
environments (Winter et al., 2008) before. Secondary dune
heights, accordingly, seem to persist in a quasi-steady state here,
which is characterized by semi-diurnal fluctuations. Results
obtained for these dune classes are consequently highly depen-
dent on the precise tidal phase during which the bathymetric data
were obtained. Unfortunately, no such information is available for
the presented data set and therefore no well-founded interpreta-
tion can be given regarding the short-term reworking or hysteresis
of these dunes at the moment. Constraints also apply for spatial
scales, so that secondary dune dimensions currently convey a
mainly qualitative character. Nevertheless, the methodology is
generally applicable to all dune classes from smallest-scale ripples
to very large dunes provided that bathymetric data are available at
a sufficient temporal and spatial resolution.

The two described dune types can also be retraced statistically
within the three analysed length classes, in which the class of
large dunes is particularly noteworthy, since it contains both
types of dune as a kind of mode mixing effect. This results in a
bimodal height frequency distribution, which is perceptible in
other data sets as well but not interpreted as such
(e.g. Lisimenka and Kubicki, 2019; Van der Mark et al., 2007).
From the present analysis it is concluded that large dunes in the
Outer Jade are either large-scale primary dunes or superimposing
and relatively shorter secondary dunes riding on the carrying, i.
e. primary dunes. The bimodal probability density, hence, is
attributed to the prevailing hydrodynamic conditions on the
one hand and the choice of classification intervals on the other.

Although recent investigations suggest that sediment from
adjacent dump sites is continuously transported into the Outer
Jade fairway (Scheiber et al., 2019), linear regressions for the
temporal development of dune dimensions analytically attest
to the long-term reduction of mean dimensions for most dune
classes. This outcome has to be seen against the background
of recurring anthropogenic interference in this area. Local
authorities regularly disperse dune crests through water injec-
tion measures transferring bed material into the dune troughs
and thus artificially reducing the relative height of bedforms.
This effect could be observed in surface plots (3D) and transects

Figure 7. Migration convergence: spatial distribution of the morphodynamic parameters, bed migration rates and bed slope asymmetries. Solid lines
represent the overall mean values inside the 10 transect sections, whereas dotted lines and patches indicate the temporal variation between individual
years. [Colour figure can be viewed at wileyonlinelibrary.com]

485DECOMPOSITION AND INTERPRETATION OF COMPOUND DUNES

© 2020 The Authors. Earth Surface Processes and Landforms published by John Wiley & Sons Ltd Earth Surf. Process. Landforms, Vol. 46, 478–489 (2021)

http://wileyonlinelibrary.com


(2D) from successive soundings on several occasions (e.
g. Figure 6). In the long run, this practice results in an overall
aggradation and consequently in a reduction of the mean water
depth (until capital dredging activities become inevitable). Cur-
rent practices, therefore, are considered suitable on a
medium-term timescale, as they ensure safe navigational con-
ditions, but not sustainable in the long run.
Considering the spatial distribution of primary dune heights

along the transect, the fairway can be divided into two parts,
namely a southern part, where mostly moderate dune dimen-
sions prevail, and a morphologically more active northern part
with increased dune dimensions adjoining the open sea.
Complemented by results stemming from a sediment volume
balancing study, this finding corroborates the idea of two inde-
pendent and opposing residual currents in these areas, which
provoke a zone of dune convergence as presented by Kubicki
et al., (2017). Additionally, height distributions and probabilities
for medium dunes indicate an increasing complexity of com-
pound dunes in the central part of the transect with its centre in
Polygon 7. This observation supports the idea of an area, which
is characterized by the convergence of compound dunes.

Local morphodynamic trends

The broached assumption was further substantiated by an anal-
ysis of morphodynamic parameters using a Hovmöller diagram
to facilitate an initial evaluation of the complex spatio-temporal
development of bed features along the transect. The diametri-
cal inclination of major crests and troughs, herein, strikingly
reflects the suggested head-on migration converging between
fkm 30.8 and 31.1. This trend is even more pronounced for
the spatial distribution of morphodynamic parameters, which
both show a zero crossing in this area. Interestingly, this is the
very part of the fairway where net transport volumes were min-
imal or even negative during the sample period. Considering
previously published results of a simulation of residual current
patterns, this observation holds true given that the head-on
migration of bed features is driven by two independent currents
until the transported bed material is redirected by a
cross-fairway flow component, namely the superposition of
two counter-rotating net current vortices (Kubicki et al., 2017).

Bedform identification

The presented study develops and utilizes a novel bedform
tracking algorithm that allows the decomposition of subaque-
ous compound dunes and thus a comprehensive analysis of
their interfering components. Depending on the available data
resolution, identified bedforms can range from small-scale rip-
ples to very large dunes of several hundreds of metres in length.
Unlike other dune tracking approaches, the applied methodol-
ogy relies on an iterative evaluation of unfiltered BEPs accord-
ing to the established length classification proposed by Ashley
et al., (1990). The approach was applied for the following three
reasons: it is simple, unbiased and exhaustive.
The showcased algorithm successfully detected primary and

secondary bedforms along the Outer Jade fairway notwith-
standing their stacked alignment and the rather complex
hydro- and morphodynamic setting. Reducing the methodolog-
ical steps and resorting to basicMATLAB functions ensures that
the algorithm is easy to replicate and, what is more, employed
straightforwardly. The obtained locations and dimensions of
prevailing bedforms subsequently allow further analyses in
any systematic research study. As a consequence of the often-
times complex character of subaqueous dunes, many other

bedform identification routines demand certain assumptions
and require mathematical predefinitions, as to which range of
wavelengths is of interest. Once collected BEPs are then
detrended by the use of either moving average (van der Mark
and Blom, 2007) or bandpass filters (Gutierrez et al., 2018) in
order to isolate the signal component of interest, while altering
the original profile through the application of (subjective) filter
criteria. Even if the definition of a focus wavelength is carefully
chosen, this procedure necessarily entails an underestimation
of identified bedform heights, since absolute profile amplitudes
are systematically reduced. In this regard, the validation for
bedforms at the Paraná river showed that, although statistical
parameters like median and mean dune lengths corresponded
for the proposed and existing tracking algorithms, the respec-
tive dune heights were reduced by up to 50% (see Supporting
Information for more details). This becomes problematic, wher-
ever the exact height of compound dunes is more important
than their (theoretically inherent) components, for example
when monitoring the morphodynamic developments along a
fairway. For this reason, it was key to develop an algorithm that
processes unfiltered BEPs and avoids any user-induced bias,
which was realized in the form of a repeated search for local
extremes. The choice of a reasonable focus wavelength was
standardized by the global definition of five established dune
classes and the same number of evaluation runs for each bed
elevation profile. In this manner the entirety of comprised
bedforms can be identified even in the case of compound
dunes and without modifications, i.e. detrending or filtering,
to the original elevation profile. This is worth noting, as many
other approaches are not exhaustive, or at least it is unclear
under what circumstances these algorithms obtain a complete
spectrum of included bedforms without redundant identifica-
tion of dunes. The validation scheme also brought to light the
existence of certain artefacts, especially near the co-domain
boundaries, as a by-product of some alternative methodolo-
gies, whereas others showed questionable discontinuities. It
should be noted, though, that both external algorithms
employed for the comparison are currently still under develop-
ment. Given the multitude and diversity of existing dune track-
ing routines, it will be an essential objective for future studies to
systematically investigate the assets and drawbacks of all avail-
able approaches.

One potential shortcoming of the presented approach can be
seen in the mode mixing effects observed for the class of large
dunes. This length category represents a disproportionate per-
centage of the overall spectrum, which, for the Outer Jade data
set, results in a bimodal frequency distribution that combines
(physically different) primary and secondary dunes. Future
investigations should re-evaluate this point considering a sub-
division of this length class or investigating ways to determine
the natural (site-specific) boundary length between the two
dune types beforehand; the presented methodology provides
a good starting point for such objectives. Alternatively, it may
be expedient to formulate an independent set of bandpass
limits originating from the data set instinctively following the
methods known as ensemble empirical mode decomposition
(EEMD) (Dätig and Schlurmann, 2004; Huang et al., 1998;
Wu and Huang, 2009). Further limitations arise from the deci-
sion to focus on a single longitudinal section out of a
three-dimensional bathymetry: apart from the challenging defi-
nition of this representative transect, all cross-fairway compo-
nents are necessarily neglected by this approach. Although
homogeneous alignment of dune crests and mostly linear
migration allows this simplification in the Outer Jade (as it is
also applicable in many other areas), a refinement towards an
autonomous determination of an interrogation line, which is
based on the statistical orientation of crests, would crucially
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enhance the objectivity of the described algorithm; this feature
could also be used to allow for curved bathymetries. The reli-
ance on a proprietary MATLAB function for the computation
of local extreme values may be seen as a third shortcoming,
since it limits the domain of potential users and may obscure
full understanding of the underlying workflow. Nevertheless,
this cross-reference makes the described methodology compa-
rable and much easier to replicate, and this limitation is there-
fore accepted as a compromise until a more objective but still
simple approach is found.
In conclusion, systematically assessing BEPs with respect to

the suggested bedform length classes yields reasonable results
and allows a decomposition and comprehensive analysis of
compound dunes while keeping the unbiased MBES signal.
Although still subject to certain shortcomings, the introduced
methodology is expedient and ensures easy application and
replication.

Integrated morphodynamic analyses

After successfully describing the prevailing dunes along the
transect, morphodynamic trends were scrutinized by assessing
slope asymmetries and migration rates. Although typically
referring to individual bedforms, both parameters were
replaced by generalized values describing 10 equidistant sec-
tions of the fairway. The length of these sections was chosen
in excess of the maximum dune dimensions and in view of
the surveyed channel width. The resulting square polygons also
facilitate a comparison between volumetric sediment changes
on the one hand and section-specific parameters on the other,
which can be seen as representative given the mostly
cross-fairway alignment of bed features.
Classical, dune-specific migration rates are computed from

the displacement of critical points of a bedform that is observed
at two different time steps; this can be accomplished by calculat-
ing the displacement of peaks and troughs (Knaapen et al., 2005)
or cross-correlating the complete signal (Duffy and Hughes-
Clarke, 2005). This procedure fails wherever a correct attribu-
tion of corresponding dunes is not possible, i.e. with calving
and merging dunes or at the profile boundaries. Moreover, an
automation of this approach becomes critical if migration
between consecutive surveys exceeds the length of examined
bedforms (e.g. Masselink et al., 2009). In the present case, where
survey intervals can exceed 1 month and deformation of dunes
is ubiquitous, these flaws were avoided by conducting
cross-correlations for each of the fixed polygons and thereby
decoupling migration trends from distinct dunes. Although pre-
cise information about individual bedforms is neglected by this
approach, it still resembles a focus on large-scale primary dunes
as presented in other studies (e.g. Bartholdy et al., 2002; Kubicki
et al., 2017), albeit without the described attribution problems.
In fact, the proposed polygon or binning approach even sup-
ports the understanding of the examined dune field as a whole
and therefore qualifies for all study sites, at which general migra-
tion pathways are under consideration.
Replacing readily available dune asymmetries by bed slope

related values along the fairway sections shares several of the
aforementioned advantages/disadvantages, for instance, when
it comes to the weighting of dune-specific features. Small and
large dunes naturally show very different dynamics as a conse-
quence of their abundance, size and alignment (Ernstsen et al.,
2009). For the present data set, the volatility of small-scale
dunes causes significant attenuation of the general
morphodynamic trends, raising the question of which dune
classes reflect the overall setting best. The use of bed slope
asymmetries is employed to allow for this problem in an

objective way and, eventually, also ensures that migration, sed-
iment transport and bed inclination are comparable. The
approach can therefore be seen as a useful component of the
suggested analysis of general morphodynamic trends, as
required for the localization of dune convergence in the Outer
Jade and other locations, even if dune-specific information is
neglected.

Finally, it is again noted that strategic fairway maintenance in
regard to navigational depths or sediment balances does not
necessarily rely on the dynamics of individual bedforms, espe-
cially if they are part of a larger and complex system governed
by multiple stressors and anthropogenic influence, but on the
correct interpretation of trends. Morphodynamical develop-
ments, however, can also go beyond mere sediment accumula-
tion or erosion, and to this effect the introduced parameters
allow valuable insights into general migration rates and trajecto-
ries. Even if specific limitationsmay preclude their application in
more fundamental studies, several engineering objectives seem
virtually predestined for the presented methodology.

Conclusion

Subaqueous compound dunes are a remarkable bathymetric
feature that can be of importance to diverse research topics as
well as for engineering practice, such as the operation and
maintenance of public waterways. Based on a case in the Ger-
man North Sea, the paper at hand presents new methodologies
to interpret this phenomenon in a simple yet extensive way.
Specifically, a newly developed algorithm is showcased that
ensures a robust decomposition of compound dunes comprised
in an unfiltered bed elevation profile. The methodology was
validated beforehand by comparison with established dune
tracking approaches utilizing parallel transects of a single
(snapshot) bathymetry from Rio Paraná, Argentina. Secondly,
an approach is introduced that allows a generalized evaluation
of morphodynamic developments such as migration rates and
pathways inside the complex field of dunes.

The study site is located between fkm 29.0 and 32.0 of the
Outer Jade navigation channel, where previous surveys sug-
gested a zone of head-on dune migration. A unique
echo-sounding data set from 100 successive navigational safety
surveys conducted between January 2010 and December 2018
allowed a comprehensive analysis into the morphodynamic
processes in this area. Bed elevation profiles derived from a
3000m long transect along the available fairway section were
used to test the iterative application of the novel dune tracking
approach, which is based on a widely accepted categorization
of bedform lengths. A dense and continuous spectrum of dune
dimension tupels and their strong resemblance to global results
from the literature corroborates the robustness of the applied
methodology. On average, the semi-automated algorithm iden-
tified some 92 medium to very large dunes per survey along the
fairway transect. The respective dune dimensions range from
minimum values near the constraints of accuracy and resolu-
tion to maximum lengths of 260m and maximum heights of
7.71m, respectively, in which numerous very large dunes
appear to be height restricted by the available water depth.
Moreover, class-related mean dimensions show decreasing
trends over the assessed period at constant absolute crest levels
but rising troughs. This is explained by regular water injection
measures applied to excess dune crests resulting in a constant
levelling of the fairway bed and long-term aggradation.
Accordingly, the fairway bed inside the study area is character-
ized by extensive sediment accumulation amounting to +0.955
mm�2 over 9 years. Moreover, a previously discussed zone of
dune convergence is reflected in the spatial distribution of dune
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dimensions. This trend is even more pronounced with regard to
the morphodynamic characteristics of bed migration and bed
slope asymmetries, as both parameters show a change of direc-
tion between fkm 30.8 and 31.1. The average celerity of oppos-
ing bed features was computed as +13.3myr�1 from South to
North and �7.1myr�1 in the opposite direction. In this way,
the discussed zone of dune convergence could be verified
and precisely located within this study.
In conclusion, it was possible to confirm the robustness of

both the iterative application of a length class-related dune
tracking approach and the analysis of integrated
morphodynamic parameters on the basis of transect sections
by applying them to a dune field under complex
hydromorphological conditions and reproducing previous find-
ings. What is more, the introduced methodologies even
enhanced the understanding of morphodynamic processes in
the focus area and qualify for future employment, especially in
the field of applied coastal research.

Acknowledgements—The authors wish to thank the WSAWilhelmsha-
ven for providing the echo-sounding data sets forming the foundation
for this study. Furthermore, the authors are grateful for the collaboration
and support from the BAWon early-stage developments of the methods
presented here.

Conflicts of Interest

The authors declare that they do not have any conflicts of
interest.

Acronyms

BAW Federal Waterways Engineering and Research Institute
BEPs bed elevation profiles
BfG Federal Institute for Hydrology
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