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PossiBilities oF MiniMisinG 
sediMentation in HarBoUrs  
in a BracKisH tidal enVironMent
ABSTRACT

Sedimentation in harbour entrances at tidal 
and brackish rivers owing to tidal currents 
and turbulent mixing processes cannot be 
avoided. Reducing sedimentation in 
harbours can significantly decrease 
maintenance dredging costs. Different 
mechanisms of sediment movement into a 
harbour in a tidal and brackish environment 
are evaluated in a regional numerical 
3-dimensional-model of the Weser Estuary. 
In a parametric study, complex multi- 
dimensional boundary conditions were 
extracted from this regional model to run 
several detailed numerical 3-dimensional-
models with different geometries, tidal 
conditions and salinity. 

The influence of these parameters on 
sedimentation in harbours was determined. 
The results of this parametric study were 
used to develop solutions to reduce 
sedimentation in harbours in a brackish 
tidal environment.

The study was part of a joint research 
project financed by the german Federal 
Ministry of Education and Research 
(Bundesministerium für Bildung und 
Forschung, BMBF) and carried out at the 

Franzius Institut, University of Hannover. 
The author gratefully acknowledges the 
cooperation and provision of field data 
from Prof. H. Nasner, University of Applied 
Sciences, Bremen and the Federal 
Waterway Authority (WSA Bremerhaven). 
This article was presented at the Black Sea 
Coastal Association Conference (BSCA) on 
Port Development and Coastal Environment, 
September 2007, held in Varna, Bulgaria 
and is reprinted here with permission in  
a slightly adapted version.

INTRODUCTION

Harbours in sediment-laden rivers and 
estuaries with their changing flow velocities 
and directions and water levels owing to 
daily tides often show heavy sedimentation. 
To keep such vital facilities operational, 
costly removal of sediments is necessary 
either permanently or periodically. 
Sediment loads originate from bed and 
bank erosions or influx from the catchment 
areas upstream. Variation in sediment 
qualities and in quantities is considerable 
with the discharge varying over the year.  

In the downstream part of an estuary mixing 
of salt water from the sea with fresh river 
water results in density variation causing 
density currents near river beds and 
additional sediment transport caused by 
brackish water effects. 

The large quantities of often contaminated 
sediments to be removed from a harbour 
basin and the cost associated with such 
maintenance dredging and disposal create 
a strong stimulus and interest to under- 
stand the exchange processes between 
rivers and harbours and, upon such under- 
standing, find solutions for reduction or 
even prevention of sediment intrusion and 
deposition.

OBJEcTIVEs

The objectives of this study are to analyse 
the complex coherencies in a brackish tidal 
zone. For this reason the complex 3-dimen- 
sional currents were split into the different 
components to gain new knowledge on 
sedimentation in harbours. The complex 
situation in the brackish tidal zone of  
the River Weser was used to set up a 
conceptual model to investigate the effects 
of tidal and density induced currents on 

Above: Tugboats lined up at the entrance to the  

Kaiser-Lock, at the port of Bremenhaven.
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sedimentation in harbours. The results were 
used for investigations to reduce the 
sedimentation inside a harbour in the 
brackish tidal zone in Bremerhaven.

WATER AnD sEDIMEnT EXcHAngE

Numerous experimental investigations have 
been carried out on the exchange of waters 
between a river and a harbour basin for 
more than six decades to understand the 
basic processes. A first systematic approach 
by Rohr (1933) was limited to 2-dimen- 
sional horizontal flow fields, neglecting 
vertical velocity profiles. 

It could be shown that the so-called flow 
effect initiates one or more vertical large 
scale vortices in the harbour, depending 
upon the entrance width and harbour 
geometry as well as river flow velocities 
(Figure 1). Experiments and site observations 
confirmed that sedimentation is concentra- 
ted in the centres of such vortices with the 

gradation of sediment to the outside from 
fine to coarse. 

Reversing and unsteady river flows in an 
estuary during a tidal cycle change the 
directions of vortices while sediment influx 
from the river continues, depending upon 
sediment loads and variation of the river 
flow velocities (Langendoen, 1992). 
Additional water exchange during a tidal 
cycle from the so-called tide effect, which 
depends on the tidal range, increases 
sediment influx into the harbour.

In lower parts of an estuary inflow of salt 
water from the sea, stratification caused by 
density differences and the resulting 
initiation of density currents may occur, 

adding considerable complexity to the 
sedimentation problem (Figure 1). 
In addition, specific biogenic and cohesive 
flocs and their time dependent behaviour 
increase the complexities. In this study  
a 3-dimensional approach as applied by 
different researchers, e.g. Mehta (1986) 
and Langendoen (1992) gave better in- 
sights into the problem and some technical 
proposals for reduction of sediment influx 
and deposition. 

Only recently, detailed measurements with 
advanced instrumentation gave a basis for  
a detailed calibration of 3-dimensional 
simulations. With observations and data 
from the lower part of the Jade-Weser 
Estuary discharging into the southern North 

Figure 2. Weser Estuary around the port of Bremerhaven and model boundaries.

Figure 1. Density differences, flows, sediment and water exchange in a tidal harbour.
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Tides are semidiurnal and asymmetric.  
The mean tidal range is about 3.8 m at 
Bremerhaven. The long-term mean river 
discharge recorded about 30 km upstream 
from the tidal barrage at gauge “Intschede” 
is about 320 m³/s. Sediment discharges 

of 
the 

various contents and fractions. The model 
area is shown in Figure 2. The model 
resolution rages from 45 m in the outer 
regions to 5 m in the harbour area. In these 
detailed areas the numerical results will be 
compared with measurements. 

Sea extensive simulations for the Port of 
Bremerhaven and for similar harbours were 
made to extract the different effects. 
Based on these model results technical 
options for reduction of sedimentation in  
a tidal harbour were evaluated (Stoschek, 
2004; Stoschek et al., 2003).

MODEL AREA AnD BOUnDARY 
cOnDITIOns

The Port of Bremerhaven, located at the 
lower end of the Weser Estuary (Figure 2)  
at the southern North Sea coast is one of 
the major ports of germany with a 
throughput of 14 Mio tonnes annually. 
Navigation on the 60 km long lower River 
Weser, which has been continuously 
deepened and widened within the fairway 
for more than 110 years, allows ships to 
approach with a draft of up to 14.5 m at 
tidal low waters. Sediment intrusions into 
the various harbour basins require annual 
dredging of sediment, to be disposed on 
land after separation and specific treatment Figure 4. Water level differences and salinity variations at gauge station Bremerhaven for period A.

Salinity, suspended sediment and waterlevel at gauge “Bremerhaven”:
a) Spring Tide (Q

River
 = 210 m3/s)

b) Neap Tide (Q
River

 = 300 m3/s)
c) Spring Tide (Q

River
 = 800 m3/s)

d) Max. and min. suspended sediment and freshwater discharge (Q
river

)

Figure 3. Suspended sediment and salinity varying with tide and river discharge at Bremerhaven.
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in Table I. The comparison of the measured 
and computed salinity show differences of 
less than 3 g/l from a maximum of 21 g/l in 
salinity (Figure 4). good agreements could 
also be observed for the vertical salinity 
profile (Figure 5). Larger deviation between 
measurements and simulations are owing 
to the single location measurements in the 
River Weser, and mixing zones of sea and 
river water vary with tides and river 
discharges. 

Suspended sediment intrusion and 
sedimentation inside the harbour showed 

time and location of the measurement 
(Franzius-Institut, 2003). Flow velocities 
were averaged over MIKE 3 cells and trans- 
ferred to calculation nodes for each vertical 
ADCP measurement (spot). 

Flow velocities in the harbour entrance and 
in the River Weser differ with a maximum 
of 10 cm/s. Comparisons show that major 
eddy structures are reproduced (dimension, 
time of development, rotation, shape and 
movement through the harbour during 
tidal cycle). The resulting parameter set 
after the hydrodynamic calibration is shown 

from upstream vary from 10 kg/m³ to more 
than 500 kg/m³ and salt water concentra- 
tions vary from 0 to above 32 g/l (Figure 3).

MODELLIng TEcHnOLOgY

To set up this study a numerical finite 
differences model of DHI was used (MIKE 3): 
The programme was selected after com- 
parison and tests of various 3-dimensional 
programmes, considering the adequate 
modelling of turbulence, shear stress, mass 
exchange between bed layers of varying 
consolidation, settling of particles and flocs 
in cohesive sediments, sedimentation and 
erosion processes at and within the layer 
and density effects from varying salinity 
intrusions. It uses Finite Difference (FD) 
algorithms, solving the 3-dimensional non-
hydrostatic Navier-Stokes Equations. Small-
scale structures could be modelled with 
horizontally compacted grids (nesting). 
Vertical resolution was with equidistant 
layers, except for the bottom and top layer, 
to allow bottom and tidal variations (DHI 
2003 a, b). The theoretical background of 
MIKE 3 HD can be found in Vested et al. 
(1992) and Ekebjaerg and Justensen (1991).

MODEL AnD MODEL cALIBRATIOn

Calibration of the hydrodynamics and 
densities/salinities for gauge “Bremerhaven 
- Alter Leuchtturm” were made for two 
periods (Period A - spring tide: 13.09.2000 
02:00 to 14.09.2000 22:00 and Period B - 
neap tide: 14.05.2001 06:00 to 16.05.2001 
01:00). The calculated tidal water level 
showed maximum deviations of 0.08 m 
from the recorded tidal range of > 3.4 m 
(Figure 4). 

For additional calibration and verification of 
flow velocities, ADCP measurements from a 
harbour basin and some river profiles in 
front of the harbour of Bremerhaven North 
Lock (IWA-Bremen, 2003) were used. 
Comparison has to be done extremely 
careful, due to the necessary time to 
produce an area map of flow velocities from 
ADCP profiles. Thus, flow velocities were 
selected on a point-to-point basis and 
compared with model results at precise 

Figure 5. Measured and calculated salinity (left, point 4: 14.09.2000 8:35, around TLW) and suspended sediment 

concentration (right, point 6: 15.05.2001 08:44, 2.2h after THW).

Table I. Parameter set after hydrodynamic model calibration.

Bottom roughness for the whole model area: k=0.05 m
Turbulence Model: csm=0.5, cm=0.09, c1=1.44, c2=1.92, c3=0, sk=1, se=1.3, k=1e-7, e=5e-10

Table II. calibration parameter for sediment transport model.

Model Parameter Value

Dispersion Factor [-] 0.01

Settling Velocity [mm/s] 0.2

Maximum Concentration for Deposition [kg/m3] 3.0

Partial Shear Stress for Deposition [N/m3] 1.5

Critical Shear Stress for Deposition [N/m3] 0.06

Erosion Constant [-] 1.00E-05

Critical Shear Stress for Erosion (upper Layer) [N/m2] 0.3 (Harbour) / 2.0 (River)

Density of Bed Layer (upper Layer) [kg/m3] 1000 (Harbour) / 2000 (River)
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good agreement between measurement 
and simulation (Figure 5). Transport of 
suspended materials along the River Weser  
and, during certain tidal phases, the large 
tidal mud flats, its motion and fluctuation 
of concentration over the tidal cycles could 
be visualized (Stoschek, 2004). In Figure 5 
the calculated and the measured vertical 
distribution of the suspended sediment 
concentration 2.25 h after THW is shown. 
The calculated SSC underestimates the 
measurements. The calibration parameter 
are given in Table II. 

Model results show that sedimentation 
occurs mainly at the end of the flood 
period (last 30%). The maximum suspen- 
ded sediment concen tration can be found 
at the end of the flood period and at the 
end of the ebb period of spring tide. 
Consequently, the period of main sediment 
transport into the attached harbours of 
Bremerhaven is identified. 

EFFEcT OF HARBOUR gEOMETRY On 
sEDIMEnTATIOn

This model from a real estuary was taken to 
analyse the relation between flow effect, 
tide effect and density effects with syste- 
matic simulations of various harbour 
geometries, i.e. varying basin lengths, 
widths, entrance openings and diversion 
angles (Stoschek, 2004). For this reason  
the depth- and time-varying boundary 
conditions for a detailed harbour model 
with varying harbour geometries were 
extracted from this calibrated Weser model 
(Figure 6). 

A significant result is the importance of 
density currents on sediment intrusions, 
driven by varying salinities over the tide, 
initiating a two-layer counteracting vortex 
system in the harbour basin (Figure 7) over 
certain periods of a tidal cycle. During flood 
tide in the upper parts of the harbour with 
less salinity and sediment in suspension, 
flows are directed seawards. 

Near the bottom, velocities are directed 
into the harbour. These velocities are below 
critical bed shear stress that major parts of 
the suspended sediments can settle down. 

Sand sediments will settle near the harbour 
entrance while fine sediments will be trans- 
ported inside the harbour. Two different 
typical types of harbour were used for the 
systematic study. The first one (A) is a 

nearly quadratic type of harbour (width B
H
: 

450 m; length L
H
: 550 m). This harbour has 

a larger surface and, in general, a reduced 
entrance width. In this case the entrance 
width B

E
 was altered from 450 m to 50 m 

Figure 7. 3-dimensional exchange flows between a nearly rectangular harbour and a river showing differing vectors 

and directions from surface to bottom due to flood currents a) with density effects and b) without density effects 

(B
E
=B

H
; spring tide, mNN= german Reference Level).

Figure 6. Detailed model area and boundary conditions of a parametric study.
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(Table III). The second investigated harbour 
type (B) is a rectangular harbour basin. This 
basin has a significantly reduced width B

H
 

as well as a significantly reduced harbour 
surface.In general the angle a of the 
harbour axis to the river axis differs from 
90° due to nautical reasons. In this case the 
harbour length is L

H
=500 m. The harbour 

width is B
H
=120 m. The angle from the 

basin axis to the river axis a differs from 
30° to 150°. 

The entrance width is a function of the 
harbour width and the angle a (Table III).  
The systematic study shows that, together 
with the increased suspended sediment 
concentration in the lower part of the water 
body, the harbour basin fills with additional 
water by a factor up to 3.3 for the harbour 
A and up to 4.6 for the harbour B, 
compared to the situation without density 
gradients (Table III). The density effect is 
getting more important (proportional) due 
to smaller harbour entrances. The overall 
amount of exchanged water in a brackish 
tidal environment will be reduced nearly 
linearly to the width of the harbour 
entrance (Table III). The amount of 
sediment will be reduced significantly 
(Figure 8). 

The effect of the angle between basin and 
river axis, which for nautical reasons often 
deviate from 90°, results in increased 
inflows and intrusions of sediment loaded 

waters from the river (Table III). Here it has 
to be noted that in order to keep a 
constant basin area the entrance width 
becomes larger for geometrical reasons 
resulting in higher sedimentation. 

A summary of results in basin sedimen- 
tation is given in Table III. It shows that 
salinity driven currents clearly increase 
sedimentation. Without salinity gradient the 
inflowing sediment would be driven out of 

Table IV. Mean water exchange and sedimentation between harbour and 
Weser during 1 Tide for different harbour entrances.

Bremerhaven Mean water exchange
[m3/Tide]

Change
[%]

Mean edimentation
height [mm/Tide]

Change
[%]

Actual 3.751.676 3.04

40% reduced entrance width 2.860.040 -23.8% 2.91 -4.5%

CDW 3.382.488 -9.8% 2.90 -4.8%

Break line / level difference 3.613.193 -3.7% 2.81 -7.6%

CDW + break line 3.116.604 -16.9% 2.76 -9.1%

Table III. Water Exchange and sedimentation due to systematic simulations of 
various harbour geometries.

Water Exchange [m3/Tide] Sedimentation [m3/Tide]

Harbour
Type

Entrance 
width
[m]

Diversion 
Angle with 

River [o]

Harbour Area
[m2]

Spring Tide, 
DH=3.94m, 
with Flow + 
Tide Effects

Spring Tide, 
DH=3.94 m, 
with Density 

Effects

Neap Tide, 
DH=3.55 m, 
with Density 

Effects

Spring Tide, 
DH=3.94 m, 
with Flow + 
Tide Effects

Spring Tide, 
DH=3.94 m, 
with Density 

Effects

Neap Tide, 
DH=3.55 m, 
with Density 

Effects

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

1

2

A           3

4

5

450 90 247.500 4.917.391 10.513.386 8.338.120 -6,74 374,87 46,37

350 90 247.500 3.322.590 8.698.277 6.915.276 -7,41 368,13 44,46

250 90 247.500 2.178.146 6.651.345 5.262.207 -5,00 355,73 43,37

150 90 247.500 1.260.375 4.157.517 3.092.442 -2,58 276,22 35,46

50 90 247.500 1.060.565 1.679.478 1.339.391 1,42 134,87 12,65

1

2

3

4

B           5

6

7

8

9

240 30 60.000 2.457.937 4.352.531 3.659.360 -6,95 99,71 6,50

165 45 60.000 1.390.596 3.263.988 2.540.703 -3,72 100,38 10,67

135 60 60.000 1.057.531 2.787.299 2.204.052 -2,38 99,10 11,99

120 75 60.000 770.196 2.658.203 2.017.014 -1,89 107,09 12,13

120 90 60.000 666.495 2.633.147 1.920.268 0,30 123,97 12,23

120 105 60.000 581.919 2.700.524 1.927.273 -1,40 131,65 13,53

135 120 60.000 852.847 2.825.066 2.031.677 -1,16 134,94 14,00

165 135 60.000 1.144.178 3.262.983 2.345.280 -1,65 156,09 14,57

240 150 60.000 1.909.930 4.211.583 2.855.396 -4,88 166,15 12,39

Figure 8. Mean sedimentation height per tide in a nearly rectangular harbour with a) full entrance width (B
E
=1,0B

H
) and b) reduced entrance width (B

E
=0,11B

H
)
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the basin as indicated by the negative 
sedimentation in Table III.

cAsE sTUDY “BREMERHAVEn 
nORDscHLEUsE”

For harbour type A from 50% (small 
entrance) to 90% (B

E
=B

H
) of the water 

exchange result from density and flow 
effect. Water exchange in harbour type B  
is permanently larger than 90% with small 
variations owing to the angle a. Limitation 
on the reduction of one of both main 
effects will not result in optimised harbour 
geometry. 

For the Test Case “Bremerhaven Nord- 
schleuse” the calibrated model will be used 
to redesign the entrance of the harbour in 
front of the North Lock (Figure 2). Four 
different entrance variations were tested: 
1  The entrance width was reduces by 40%.
2  A Current Deflection Wall (CDW) was 

tested to reduce the flow effect 
(Leeuwen, Hofland, 1999; Figure 9).

3  Density currents were influenced by using 
a sill / bottom level difference in front of 
the complete entrance width.

4  The combination of the level difference 
and a CDW was tested.

The results are shown in Table IV. The water 
exchange between river and harbour was 
reduced significantly by reducing the 
entrance width. The sedimentation height 
was only notably reduced by a combination 
of two measures. A relation between water 
exchange and the mean sedimentation 
height could not be found.

CONCLUSIONS

Sediment intrusion from tide- and density-
driven estuaries into a diverting harbour 
basin will remain a major factor in operation 
and maintenance of harbours. For optimi- 
sation of orientation of the harbour axis and 
entrance width an effective method of 
significantly decreasing harbour sedimen- 
tation 3-dimensional simulations have 
reached a reliable standard for identification 
of the governing local processes, from flow, 
tide, density effects on sediment intrusion 
and deposition. Maintenance dredging, 
fluidisation measures or structures against 
sedimentation can be rationally supported.
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