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1 INTRODUCTION 

While the emergence and migration of 
subaqueous dunes in unidirectional flow are 
well understood, much less is known about 
the dynamics of tidal dunes. This is especially 
the case for estuarine systems, where the ve-
locity structure is complicated by baroclinic 
processes and asymmetries in mean tidal 
flow velocities.  

For example, Hendershot et al. (2016) 
studied the shape of low-angle dunes on the 
tidal timescale, looking specifically at lee 
side angles and bedform height. On a longer 
timescale, Prokicki et al. (2022) found dune 
orientation to change in response to a dis-
placement of the fluvial-tidal transition zone 
in the Lower Columbia River, US, during low 
discharge conditions. Lefebvre et al. (2021) 
described significant seasonal changes of 
steep slip face angles in the lower reaches of 

the Weser estuary. They indicated that dis-
charge has an impact on dune asymmetry also 
in the outer estuary and suggested to explore 
the underlying mechanisms.  

The Weser estuary does not exhibit a tidal-
fluvial transition zone but is characterized by 
increasing tidal range from roughly 2.5 m in 
the outer estuary to more than 4 m at the weir. 
The weir is located 10 km upstream of 
river km 0, as used in the figures below. See 
Lefebvre et al. (2021) for a more detailed de-
scription of the dune distribution along the 
estuary. 

2 DUNE PARAMETER EXTRACTION 

Parameters describing the dune shape 
were determined based on an extensive bath-
ymetric data set, acquired approximately 
every month by the local waterway and ship-
ping administration (WSV).  
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Available data cover the years from 2008 
to 2018. Altogether, 2190 grid files were pro-
vided and processed. The spatial resolution is 
2 x 2 m. To generate bed elevation profiles 
(BEPs) grids were interpolated along the 
thalweg and along several profiles parallel to 
the thalweg. The lateral distance between the 
parallel profiles is 10 m. The number of pro-
files was defined to laterally cover the meas-
ured across-channel width.  

Dunes in BEPs were identified by zero up 
and down crossing, roughly following Van 
der Mark et al. 2008. Bed elevations fluctua-
tions smaller than 10 m were removed apply-
ing an appropriate low pass filter. A length 
scale of 250 m was used for detrending. Dune 
height was calculated as the distance of the 
crest to a straight line connecting the two 
troughs. Not all trough-crest-trough succes-
sions represent valid bedforms. Those are re-
moved, using only feature heights between 
0.3 m and 5 m, feature length between 15 m 
and 250 m, and a height to length ration be-
tween 0.01 and 0.2.  

These steps work well for regular dunes. 
In case of irregular dunes, not all shapes are 
favorably detected and the zero crossing 
method introduced some typical cases of mis-
identified dunes, e.g. those with two local el-
evation maxima closer to the crest, or super-
imposed dunes. It is assumed that the use of 
parallel BEPs and the depiction of the same 
dune by several instances leads to statistically 
representative dune dimensions and direc-
tions. 

Each grid is then associated with the date 
of acquisition, and each dune retrieved from 
BEPs is associated with an along-channel lo-
cation in terms of river km. It occurred that 
the same location was measured twice with 
only a few days in between the two measure-
ments, often as a result of overlaps between 
adjacent areas to be mapped, which could not 
be covered on the same day. Then, some lo-
cations were not measured for several weeks 
or even months, generating gaps in the pre-
sumably monthly time series for each loca-
tion. Choosing a time interval of roughly one 
week (quarter month) combines data col-
lected closely in time, but preserves the men-
tioned gaps, which allows specific treatment 
of these in the subsequent analysis.  

Gaps in bathymetric data also exist spa-
tially, in along-channel direction, meaning 
that at a certain point in time not all locations 
along the estuary were measured. Mean or 
median dune parameters were determined us-
ing an along-channel distance of 500 m. This 
steps still preserves the spatial variability of 
dune shape on the estuarine scale, but also 
preserves gaps, which can then be specifi-
cally treated in the analysis, such as for gaps 
in time.  

Since each individual dune may be repre-
sented by many of the parallel BEPs, a mini-
mum number of 250 values per 500 m was 
defined in order to determine median or mean 
dune parameters. In case of a channel width 
of 250 m, 25 parallel BEPs are processed.  

If dunes crests reach across the entire 
channel, the same dune is found in all lines, 
and a minimum of 10 dunes must be located 
along the 500 m river stretch. Dunes in the 
Weser are irregularly distributed. Smaller 
dunes are abundant and should not be ne-
glected in the analysis. As a result, the thresh-
old of 250 values yields along-channel inter-
vals to exhibit dunes, which are not typical 
dune fields, but may only contain a stretch of 
smaller dunes at the side of the navigation 
channel.   

3 DUNE ORIENTATION 

Here, changes in dune shape are more im-
portant than changes in length and height. 
This is because dune asymmetry is related to 
the respective face angles, certainly depend-
ing on the direction of net bedload transport 
and therefore on the regime of the tidal flow, 
often characterized as ebb or flood dominant 
by basic features of the tidal flow, such as 
depth averaged or peak ebb and flood veloci-
ties. 

The spatial and temporal variability in 
dune asymmetry is shown in Figure 1. Asym-
metry is given in terms of the face length 
asymmetry, which is the ratio between up-
stream and downstream face length. A re-
markable number of dunes is in fact more 
symmetric than ebb-directed, as originally 
expected, especially in the regions up to 
km 10 and between km 55 and 105.
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Figure 1. Median face length asymmetry in relation to discharge. Values are given in terms of the ratio of upstream 
versus downstream face length (FL). Symmetrical dunes exhibit a value of 1. Values exceeding 1 are ebb-directed. 
Encircled are examples of the occurrence of more flood directed dunes. River km increase downstream. 
 
 

 
Figure 2. Face length asymmetry versus discharge, for each hydraulic year. Discharge is averaged for four weeks 
preceding the date associated with each data point of face length asymmetry. Results from km 25 (km 106) are 
shown in black (red). The typical discharge peak is missing in 2014, and dunes in the inner estuary are predomi-
nantly symmetric throughout the year. Note that no correlation line is given for km 25. 
 
 

Mainly flood directed dunes are found be-
tween km 10 to 20. In the region between 
km 20 and 35, changes in dune asymmetry 
are related to discharge peaks, causing a 

change from symmetric or flood-directed to 
ebb-directed shapes. The opposite behavior is 
found e.g. around km 107, where dunes de-
velop an ebb-directed shape during periods of 

Now, re-
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low discharge. The response of dune shape to 
discharge variations therefore depends on the 
location within the estuary. Such spatial var-
iations of dune shape response are expected 
to occur in a funnel-shaped, partially-mixed 
estuary with a strong barotropic tide. The 
tidal asymmetry might vary along the chan-
nel and in time, and it is presumed, as said, 
that dune shape reflects the effect of that tidal 
asymmetry on residual bed load transport. 

Dune parameter and discharge are corre-
lated for each hydraulic year separately. Fig-
ure 2 shows an example of two different 
along-channel locations. The slope of the cor-
responding linear regression is a first estima-
tion of the dune response to discharge varia-
tions, neglecting lag effects.  

The correlation coefficient in Figure 2 is 
consistently higher in the inner compared to 
the outer estuary, indicating the control of 
discharge on dune asymmetry to decrease 
downstream. Regression slopes determined 
for different hydraulic years are interpreted as 
the response of a parameter to change with 
discharge and averaged at each location. The 
regressions show the oppositional behavior 
of dune asymmetry in the inner and in the 
outer estuary. 

Clearly, low discharge causes dunes to de-
velop flood-directed shapes in the inner and 
ebb-directed shapes in the outer estuary. The 
contrary seems to occur during high dis-
charge conditions. It remains to determine in 
which particular way hydrodynamics change 
in response to high discharge in the outer es-
tuary. 

4 HYDRODYNAMIC MODEL 

The analysis of changes of the velocity 
structure in response to discharge is based on 
results from a 3D numerical model (UN-
TRIM2, BAW). The simulation period is 
from 2019 May to 2020 April. Model results 
are available for 16 cross-sections, located 
along the channel between km 30 and 
km 105, in along-channel steps of approxi-
mately 5 km. The vertical resolution is 0.5 m. 
Across-channel horizontal resolution and 
corresponding mesh cell size are variable. 
The number of across-channel mesh cells 

ranges from 8 (far upstream) to 52 (outer es-
tuary). 

The model was validated with respect to 
variations of the salt intrusion and the vertical 
density stratification, based on ship-based 
measurements during the simulation period 
and data from several stations of salinity, dis-
tributed along the estuary. Parameters used 
here, as obtained from model results, are the 
near-bed residual velocity, the salt flux, strat-
ification, and the tidal velocity asymmetry.  

The near-bed residual velocity was deter-
mined as the minimum value of the residual 
velocity profile. This profile is based on tidal 
velocities projected with respect to the ebb 
current direction. A negative, upstream-di-
rected near-bed velocity should indicate an 
estuarine exchange flow to effect the residual 
velocity profile, probably somewhere along 
the brackish zone. 

The salt flux was decomposed using the 
flux decomposition method of Becherer et al. 
(2016), there used to decompose fluxes of 
suspended sediment, here applied to salinity. 
To perform the decomposition, salinity and 
velocity were interpolated vertically on a 
sigma grid and corrected for the tidally vary-
ing vertical layer spacing, to preserve conti-
nuity of the flux. The decomposition then 
splits the subtidal or net salt flux into three 
components, taking into account intratidal 
variations of the vertical profiles of current 
velocity and salinity.  

It is arguable if the salt flux components, 
resulting from this decomposition, can be ad-
dressed as to represent the influences of dis-
tinct mechanisms, which would be the tidal 
pumping flux, the barotropic flux, and the 
contribution due to exchange flow (Becherer 
et al. 2016). These flux components have 
been addressed differently across literature 
(e.g. Geyer et al. 2001,  Burchard et al. 2017, 
Dijkstra et al. 2022). Here only the contribu-
tion due to the exchange flow is used.  

Stratification is quantified by the potential 
energy anomaly (Simpson et al. 1978, 
Burchard and Hofmeister 2008), as deter-
mined from the vertical density distribution 
and subsequently used to show variations of 
stratification in response to changes of dis-
charge. 
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Figure 3. Stratification, discharge, tidal range, wind, and surge during the simulation period. Stratification is plot-
ted in terms of the potential energy anomaly. In the top panel, wind speed is color coded with respect to wind 
direction, red colors indicate westerly winds. The surge was determined by harmonic analysis, subtracting the 
reconstructed tidal signal from the measured elevation (Pawlowicz, 2002). Wind and water level elevation (tidal 
range) are as measured in the Outer Weser, at lighthouse (LT) Alte Weser. Salinity at isohalines is indicated by 
y-axis labels on the right side of the bottom panel. X-axis labels indicate river km. 
 
 

 
Figure 4. Salt flux due to exchange flow, velocity asymmetry and near-bed velocity between the periods P2 and 
P4. See text and Figure 3 for explanation of the periods. The exchange flow component of the salt flux is given as 
its deviation from the annual average, normalized by that annual average. To show the along-channel variations 
during the simulation period, the annual average and the respective deviations are determined for each location 
along the river. Arrows point to two distinct discharge peaks during P4. Black vertical lines indicate two storm 
surges, which affected water levels in the German Bight and occurred during the main increase of discharge. 
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The tidal velocity asymmetry was calcu-
lated as follows. For each tidal phase the ve-
locity was depth and cross-sectionally aver-
aged, in the same flux-preserving way along 
sigma layers as applied to determine salt flux 
components. The average ebb velocity was 
then related to the sum of the ebb and flood 
velocity, which yields an asymmetry estimate 
around the value of 0.5. Values exceeding 0.5 
indicate ebb velocity dominance 

Figure 3 shows the salt intrusion and strat-
ification along the variations of environmen-
tal conditions during the simulation period. 
Stratification is based on the along-channel 
profile and averaged over two tidal cycles. 
Isohalines indicate how the salt intrusion 
changes on various time scales, mainly in re-
sponse to changes of the discharge.  

5 DISCHARGE AND CIRCULATION 

The time series is split into periods, each 
characterized by a certain stratification, dis-
charge and salt intrusion. The maximum of 
stratification is located around river km 70 
during low discharge. Stratification increases 
during neap tides, certainly in response to 
lower than average tidal current velocities 
and less mixing. Stratification increases sig-
nificantly during times of high discharge in 
March 2020, during P4 and P5. Then, the salt 
intrusion decreases and the brackish zone is 
displaced further downstream, such as the lo-
cation of maximum stratification. 

Figure 4 presents evidence for the change 
of the vertical velocity structure in the outer 
estuary, which occurs in response to the in-
creased discharge. While the mean velocity 
asymmetry indicates increased ebb-domi-
nance, the near-bed velocity is flood-di-
rected, downstream of km 85. In addition, the 
effect of the exchange flow on the salt flux 
increases substantially in the outer estuary, 
especially during the two discharge peaks. 
The implications are discussed, as follows. 

6 DISCUSSION 

To start it is noted that the mean velocity 
asymmetry downstream of km 85 does not 
reflect the velocity structure close to bed, and 

cannot be interpreted as to indicate any favor-
able direction of bed sediment transport. The 
deviation between the dominant directions 
inferred from the velocity asymmetry and the 
near-bed residual current are due to the nature 
of the estuarine tidal shear flow, which is 
shown to effect also the salt flux, by the ex-
change flow component. Here it is not ana-
lyzed, which particular process would then be 
responsible for the changes of the residual 
flow profile. Processes involved are complex 
and their understanding underwent substan-
tial corrections in the past decades (e.g. 
Dijkstra et al. 2020).  

However, results show a spatial correla-
tion between the along-channel location of 
the salt intrusion and stratification on one 
hand, and the change of the velocity structure 
on the other hand. Note that also the maxi-
mum along-channel density gradient is dis-
placed downstream, accordingly. This indi-
cates that the exchange flow profile, emerg-
ing in the outer estuary during high discharge, 
is controlled by processes related to and 
driven by the estuarine along-channel and 
vertical density structure, e.g. by the subtidal, 
gravitational circulation, by tidal straining 
and by associated tidal asymmetries in strati-
fication and mixing.  

The reversal of dune orientation requires 
at least a change of the bed load transport bal-
ance. Certainly, this change would be in-
duced by the altered direction of the near-bed 
residual velocity, as it is found in model re-
sults during high discharge conditions.  

Both the reversal of dune orientation as 
well as the change of the near-bed velocity 
occur downstream of km 85. It is concluded 
that effects due to estuarine circulation, or ra-
ther the displacement of its effective location, 
determine the shape of dunes in the outer We-
ser estuary. Similar conclusions were drawn 
by Berne et al. (1993) for the Gironde estu-
ary, who suggested that the migration direc-
tion of large dunes was influenced by estua-
rine circulation. Following up on the Gironde 
case, van der Sande et al. (2021) applied an 
analytical model of estuarine flow and linear 
stability analysis, diagnostically imposing an 
along-channel salinity gradient, which intro-
duced the development of gravitational circu-
lation in their model. There, a relatively low 
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eddy viscosity and low river flow was re-
quired to induce upstream dune migration. 
They, however, note that the migration direc-
tion of dunes was not necessarily the same as 
the direction of net sediment transport. In that 
sense, several aspects remain to be explored. 
The simulated bed shear stress and bed load 
sediment transport have not been analyzed, 
such as along-channel variations of the prop-
erties of bed sediments. Lateral processes af-
fecting the along-channel velocity structure 
were neglected. Lag-effects between dis-
charge, the salt intrusion and changes in dune 
shape were not considered.  

Here is to say that data processed for this 
study show no indications for week-long lags 
as reported by Allen (1976), who revisited 
data acquired by Nasner (1974) in the Weser 

estuary. It is expected that bed load transport 
responds relatively quickly to a change in dis-
charge and the corresponding change in cur-
rent velocity.  

How the new bed load transport then leads 
to a change in dune asymmetry and ulti-
mately in dune direction depends on the pre-
existing dune shape. This defines the mass of 
sediment required to be transported, which is 
essentially Allen’s "intrinsic resistance of in-
dividual bedforms to any kind of change". 
Note that in case of the Weser, all measured 
discharge peaks must have sufficiently al-
tered the transport balance, as they all in-
duced changes in dune asymmetry, not only 
in the Outer Weser, but all along the estuarine 
channel.  
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