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Abstract

[Nvanpwr, N. & FLemmine, B. W. (1995): A hydraulic model for the shore-normal energy gradient
in the East Frisian Wadden Sea (southern North Sea). — Senckenbergiana marit., 25 (4/6):
163171, 9 figs., 2 tabs.; Frankfurt a. M.]

Sediment distribution maps of the East Frisian Wadden Sea show a clear tendency of fine sedi-
ment deposition in the vicinity of the mainland coast. At the same time a general seaward coarsen-
ing in grain sizes is documented, indicating the existence of a shore-normal energy gradient. An
evaluation of the tidal prisms of EW oriented channels and the subsequent estimation of their tidal
discharges has allowed an estimation of the maximum attainable flow velocities of the individual
channels. The results show that the maximum flow velocities decrease the closer a channel is
situated to the mainland coast and that the velocity structure is controlled by the rate of rise of
the tidal stage in a given channel and the topography of its catchment area.

These hydraulic relationships explain the nature of the linear, shore-normal energy gradient
revealed in the grain size distribution patterns. The energy levels on the intertidal shoals between
any two channels are primarily controlled by the flow structure of the channel situated to the
north. By contrast, the flow in the adjacent southern channel is considerably weaker, thus in-
fluencing corresponding energy levels over a much shorter distance and time. This accounts for
the strong segmentation of the otherwise linear energy gradient revealed in the cross-shore grain
size patterns.

Introduction

The Wadden Sea is one of the most intensively studied
coastal environments in the world and published data
thus covers a wide range of topics and disciplines (e.g.
BoekscuoteN 1975; FLEMMING & HertwEck 1994). One
important feature that has been known at least since the
1950s is a general shoreward fining trend in the sediment
distribution patterns, often culminating in thick mud
deposits along the mainland coast of the Wadden Sea (e.g.
VAN STRAATEN & KUENEN 1957, 1958; Postma 1957, 1961:
FiGge et al. 1980; Ficee 1981; Racurzkr 1982; REINECK
et al. 1986).

The enrichment of mud along the mainland coast was
originally explained by the well-known settling lag /scour
lag model of vaN STraaTEN & KuEenen (1958; see also
Postma 1961). Initially it was thought that the relatively
low concentrations of suspended sediment in the inlet

mouths suggested a landward source. However, given the
strong tidal flushing of the Wadden Sea, Postma (1961)
concluded that a landward source was highly improbable
and that the observed trend was indeed better explained by
settling lag/scour lag effects. Some years later Groen
(1967) developed a model which showed that the landward
transport of mud could also be explained by the asym-
metry of the tidal flow. It is readily evident that the two
models are mutually complementary.

Whereas the mechanisms outlined above can explain
the landward transport and deposition of suspended
sediments, they do not per se account for the shore-normal
gradient observed in the coarser grain sizes on the basis of
which the existence of a pronounced energy gradient across
the backbarrier tidal flats was inferred (e.g. PosTma 1967;
FLEmMING & Davis 1994).
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The subtle nature of the grain size sorting patterns in
the backbarrier tidal flats of the Wadden Sea has recently
been documented by high-resolution settling velocity
analyses (BArTHOLOMK & FLEMMING 1994; FLEMMING &
Z1eGLER 1995). This data have also revealed that the ap-
parent depletion of fine-grained sediments in many parts
of the Wadden Sea is the result of human interventions, in-
duced by land reclamation and dike construction (FLEM-
MING & Nyanpwr 1994), a process that is likely to be ag-

gravated by the postulated acceleration in sea-level rise. In
order to develop scientifically based management strategies
these latest results urgently call for a hydraulic verification
of the energy gradient model.

In the present study a hydraulic explanation is offered
on the basis of spatial variations in flow velocities, coupled
with the settling velocity characteristics of the non-
cohesive component of the backbarrier sediments.

Geographic Setting

The East Frisian barrier island chain straddles the coast
of northwest Germany between the Ems river mouth in
the west and the outer Jade channel in the east. It forms
part of the Frisian Islands that span the countries of The
Netherlands, Germany and Denmark (e.g. BARTHOLDY &
Prjrur 1994; FrEmMminGg & Davis 1994; Oost & DE BoER
1994). The East Frisian island chain comprises seven major
islands and several minor sandbanks (Fig. 1). The body of

water separating the barrier islands from the mainland
coast is generally referred to as the Wadden Sea. It is
technically defined as that part of the coastal zone which
is intermittently submerged and exposed by the rise and
fall of the tides (e.g. BEuRE et al. 1979; Postma & Dykema
1982; Enrers 1988). The present study focusses on the
catchment of the Otzum Inlet which is situated between
the islands of Langeoog and Spiekeroog (Fig. 1).
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Fig. 1. Locality map of the East Frisian island chain, southern North Sea, showing the location of the study area.

Hydrographic Setting

The hydrodynamics of the Otzum catchment and the
Wadden Sea on the whole is directly linked to the North
Sea circulation regime which is mainly a result of the com-
bined effects of tidal currents, atmospheric pressure fields,
locally generated wind waves, and transmitted ocean swells
from outside the region. The tidal water movements in the
North Sea are driven by a system of three amphidromes
(HunTLEY 1980), one situated in the north along the
Norwegian coast, another in the central North Sea to the
north of the German Bight (Fig. 2), and a third within the

Southern North Sea Bight between The Netherlands and
England.

The tidal circulation along the East Frisian barrier
island chain is primarily controlled by the rotation of the
tidal wave around the amphidromic point in the central
North Sea, with a subordinate contribution of the sou-
therly amphidrome, together resulting in an anti-clockwise
motion of the M tide (FirzceraLD & PeNLAND 1987). In
this way the tidal wave propagates eastwards along the East
Frisian Islands and the more towards the east an island is
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Fig. 2. The tidal amphidrome of the central North Sea showing
corange and cotidal lines along the East Frisian islands. — After
FrLemminG 8 Davis (1994).

situated, the greater is the delay in the time of high water
(Fig. 2). Coupled with the orientation of the barrier island-
chain this hydrographic regime leads to an increase in tidal
range both from the north towards the islands and from
west to east into the inner German Bight. Tidal ranges
within the Wadden Sea basins, though much more modi-
fied by the local physiography, show a similar NW-SE in-
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crease in the tidal range as observed in the open North Sea
(Fig. 3).

Tidal current measurements carried out in the back-
barrier regions of Spiekeroog Island indicate velocities of
0.7-1.3 m 57" in major channels (e.g. Davis & FLEMMING
1989; BartHOLOMA & FrEMmING 1993) and upto 0.3 m
s over intertidal flats (BarTHoLomA 1993). Together
with the current data summarized by Frrzeirarp &
Pencanp (1987), published data from the island of Juist
(e.g. Kocn & Luck 1975), and unpublished data from the
island of Norderney some insights into the temporal struc-
ture and scale of the flows are obtained. In general the tidal
currents display a pronounced time-velocity asymmetry
characterized by a shorter and faster flood phase. Current
velocities are strongest near the inlet mouths and decrease
towards the tidal drainage divides (e.g. QosT 1995). The
larger eastern basins of the individual catchments are ebb-
dominated, whereas the subordinate western basins are
flood-dominated.

The tidal flows can be strongly modified by wind-
driven currents. Winds blowing in the direction of the
tidal current enhance the tidal flow and wvice versa, at the
same time causing substantial elevations or depressions of
water levels along the coast. Current measurements at
times of stormy weather reveal, among other things, an
amplification of the ebb-current velocities of up to 60%,
being coupled with a strong reduction in the duration of
individual tidal phases (Kocn & Niemeysxr 1978).

An analysis of meteorological records from Norderney
between 1965 and 1985 shows that 85% of the winds >10
Beaufort blow during the winter months, 30% of which oc-
cur in the month of November. These storm winds
generally blow from the west, the northwest quadrant con-
tributing 47%, followed by the western quadrant with 30%,
the southwestern quadrant with 19% and the northern
quadrant with 4% (AnTia 1993). The resulting currents
were shown to be strong enough to influence the mor-
phodynamics of the tidal flats (e.g. ExLErs 1988).
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Fig. 3. Corange lines at 10 cm increments along the East Frisian coastline, southern North Sea, illustrating
the southeastward increase in tidal range. — After Lassen (1989).
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Sediment Distribution

Sediment maps of the East Frisian Wadden Sea have,
over the years, been produced by a variety of federal and
state authorities and research institutions, e.g. the Federal
Geological Survey (SiNpowsk1 1966; BarckHAuSEN et al.
1973), the German Hydrographic Institute (FicGe 1981),
the Coastal Research Laboratory on Norderney (RacuTzkr
1982; GroTjanN 1990), and the Senckenberg Institute in
Wilhelmshaven (e.g. REINEcK et al. 1986; FLEmMMING &
Nyanpwr 1994; FLEMMING & ZiEGLER 1995).

These maps show that up to 60% of the sediment
consists of fine sand. The mud content (grain sizes
<0.063 mm or >4.0 phi) generally increases towards the
mainland coast but rarely exceeds 30%, except in local em-
bayments where values >50% can be recorded. Coarser
sediments are restricted to the deeper channels, gravel and
bedrock outcrops being only found in the Weser and Ems
estuaries. Unfortunately, most of the sediment maps are
not directly comparable with each other since different

methods of grain size analysis, as well as different classifica-
tion schemes have been used (FLEMMING & ZiEGLER 1995).

Based on petrographic and mineralogic analyses carried
out in the 1950s, it was concluded that most of the sedi-
ment found in the Wadden Sea probably originated from
the North Sea (vaN STRAATEN & Kuenen 1957). Never-
theless, sediment sources other than the North Sea have
also been considered. The fine-grained sediments found in
the inner German Bight, for example, are thought to have
been derived, at least in part, from the Weser and Elbe
rivers, as well as from the North Frisian Wadden Sea in the
course of storm surges (REINECK et al. 1967, 1968; Gapow
8 ReNeck 1969). For the purpose of the present study, the
sediment data of the Senckenberg Institute was used as it
is the only data derived from high-resolution settling
velocity analyses (FLeMMING & Davis 1994; FLemMInG &
ZI1EGLER 1995).

Results

The Energy Gradient

In order to better resolve the shore-normal energy gra-
dient, about 2000 sediment samples were collected on a
closely spaced grid (280 m x 280m) in the backbarrier
tidal flats of Spiekeroog Island (Fig. 4). The mud fraction
of the collected samples was removed and expressed as a

7°36' 7°42!

percentage of the bulk sample. The remaining sand frac-
tion was processed through a high-resolution settling tube
to obtain settling velocity distributions, equivalent sett-
ling diameters, as well as their respective statistical para-
meters.

The spatial distribution map of mean settling diameters
shows a distinct segregation of individual size classes, the
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Fig. 4. Sample grid and general drainage pattern of the Otzum tidal basin catchment, southern North Sea.
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Fig. 5. Spatial distribution of mean grain sizes in the study area of Spickeroog Island, southern North Sea.. — Note the cross-shore
grain size gradient reflecting a shore-normal energy gradient.
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Fig. 6. Spatial distribution of mean grain settling velocities. — Note the close resemblance with Fig. 5. — Spiekeroog Island area, southern

North Sea.
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sediment being finest (3.25-3.5 phi) near the dike and
coarsest along the seaward boundary of the study area
(Fig. 5). A similar differentiation is obtained when plotting
mean grain settling velocities (Fig. 6). Both patterns reflect
a shoreward decreasing energy gradient. This gradient can
be represented by plots of median grain sizes, mean grain
sizes, modal grain sizes, or mean settling velocities as a
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Fig. 7. Sequence of grain size frequency curves along N-S and EW
transects. — Note the systematic modal shift along the postulated
energy gradient for the N-§ transect and the absence of a clear
grain size sorting trend along the EW transect. — Spiekeroog
Island area, southern North Sea.

function of the shore-normal distance across the backbar-
rier tidal flats. A plot of successive high-resolution frequen-
cy curves, for example, clearly demonstrates the modal
shift along the N-S gradient (Fig. 7).

When plotting the progression of mean grain settling
velocities with distance along the cross-shore transect, a
highly correlated linear relationship is obtained (r = 0.83)
(Fig. 8), thus proving the existence of a corresponding
linear, shore-normal energy gradient. By contrast, the fre-
quency curves along shore-parallel transects do not reveal
an EW gradient, as the shape of the tidal basin and the EXW
orientation of some tidal channels might have suggested

(Fig. 7).

Tidal Prism, Basin Structure and Tidal Discharge

Tidal currents and wave action constitute the major
hydraulic forces in tidal environments. In the study area,
these forces must evidently change in a systematic manner
in correspondence to the shore-normal energy gradient in-
ferred from the grain size pattern (VAN STRAATEN &
Kuenen 1958). Considering the EW orientation of some
channels, the energy gradient would suggest that the
discharges of the subcatchments corresponding to these
channels should increase the farther a channel is situated
from the mainland coast. The associated flow strength,
however, is not only controlled by the tidal prism of a sub-
catchment, but also by the channel form and basin struc-
ture (topography).
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% 0.5 F E
[&]
B =
2 a0} 5
E &
5 E
-1.5 w
-2.0 =
(1}

LANDWARD DISTANCE FROM SPIEKEROOG (m)

Fig. 8. Mean grain serttling velocities as a function of cross-shore
distance. — The broken line segments represent descrete energy
zones along the general shore-normal energy gradient represented
by the thick regression line. — Zone I: near-dike flats; Zone II:
interchannel flats; Zone III: backbarrier shore and adjacent flats.
— Spiekeroog Island area, southern North Sea.



Tidal Discharge

The tidal filling process of the backbarrier basins can
be considered as a tidal pumping through the inlet and
subsequent tidal channels. The discharge of channels with
rectangular plan forms can be calculated on the basis of
equations representing the horizontal (Qn) and the ver-
tical discharge (Qv), respectively:

Qu=Acx V (1)
Qv = A, x dH/dT )]

where V is the flow velocity, A. is the cross-sectional area,
Ay is the basin surface area, and dH/dT is the rate of
rise of the tidal stage. Applying the law of continuity

(Qu = Qv), then
Ac x V=A, x dH/dT (3)

and

V = (Ap/A) x dH/dT (4)

Tidal Prism and Basin Structure

Because the shapes of the tidal channels do in reality
not correspond to rectangular basins and their banks do
not rise up to the high water mark, some of the flow is
actually overbank and the rate of water level rise (dH/dT)
and the surface area (A;) are, in addition, controlled by
the basin structure (topography). The channel cross-sec-
tional area is the only variable remaining constant at
bankfull discharge. The additional tidal water demand,
which is brought about by increasing tidal stages above the
channel banks, must thus be compensated by an increased
discharge. This results in velocity surges at the channel en-
trances.

In this case, the flow velocity (equation 4) has to be
calculated and summed at discrete time intervals, thus ac-
counting for the contributions to the tidal prism by dif-
ferent stage elevations. Taking A, to represent the surface
area of the channel at chart datum and Aj, the surface
area of any other level Hj, then
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ed. A number of tidal channels (numbered I-1V in Fig. 5)
occupying different grain size zones and having clearly
demarcated catchment areas were then selected and their
surface areas at chart datum measured. In addition, the sur-
face areas between selected contour intervals, i.e. NN + 0,
NN +0.25 and NN + 1.0m, as well as the mean high
water mark at NN + 1.3 m were evaluated. A time interval
(dT) of 6 hours was used, assuming a time symmetry of the
tides. The computational details and results are summaris-
ed in Tabs. 1-2.

From the computational results it can be seen that the
predicted flow velocities are highest in the northernmost
channel (I), followed in geographic sequence by channel II,
III and IV. The flow velocities and hence the energy levels
thus clearly increase along a shore-normal, i.e. N-S gra-
dient.

Table 1. Hydraulic parameters for the computation of
equlibrium flow velocities in local tidal channels. — Spiekercog
Island area, southern North Sea.

Channel No. I I 111 v
H, Ay Ay An Ay dH,/dT
(m) (km?) (km?) (km?) (km?) (mm s!)
-1.5 0.477 0.105 0.919 0.228 0.13
0 4.734 0.923 4.110 1.044 0.06
0.25 4,837 1.071 4.186 0.05
1.0 7.465 0.01

Table 2. Computed equilibrium flow velocities as a function of
cross-sectional channel area. — Spiekeroog Island area, southern
North Sea.

V = 1/A[Ap(dH/dT) + Z(Ajp x dHi/dT)]  (5)  Channel No. ~ X-Sectional area ~ V=1/A(ZA,; dH,/dT)
(m?) (m s1)
Maximum Flow Velocities 1 305.879 1.18
In order to calculate the flow velocities on the basis of . NI 0.78
equation (5) as accurately as possible, a large scale I 451.407 0.70
(1 : 25,000) topographic map of the study area was digitiz- v 125.504 0.69
Discussion

The agreement between the gradients of the estimated
maximum channel velocities and the mean grain settling
velocities (Fig. 9) clearly validates the proposed causal

relationship between the tidal flow velocity and surficial
sediment distribution. The velocity gradient implies that
overbank flow velocities between any two adjacent chan-
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Fig. 9. Correlation between the grain settling velocities and
predicted maximum flow velocites of EW oriented channel
systems (channel T lies in the north, channel IV in the south). —
The good correlation indicates a causal relationship. — Spiekeroog
Island area, southern North Sea.

nels will be influenced over a large distance by the velocity
structure of the channel situated to the north. The channel
situated to the south will therefore only be able to slightly
modify that effect, a feature that can explain the scatter in
the data points from the interchannel region of the energy
gradient (Fig. 8).

Whereas this interpretation is able to explain the
observed energy gradient and the resulting grain size pat-
tern, certain depositional features, e.g. the occurrence of
muds on intertidal flats away from the mainland dike
(FLemminG & Davis 1994; FLemmiNG & Nyanpwi 1994;
FLEMMING & ZIEGLER 1995) would seem to contradict the
energy gradient model. It has been demonstrated, however,
that the origin of these muds are mostly controlled by site
specific factors such as biosedimentation in and around
mussel beds (vaN STRAATEN & KUeNEN 1958; FLEMMING
1990; FLeMMING & DELAFONTAINE 1994) and topographic
effects (RemNECK et al. 1986).

Finally, short-lived events such as storms, or seasonal ef-
fects caused by temperature related differences in settling
velocities of the sediment, are expected to introduce a local
“noise factor” into the energy gradient and hence also the
sediment zonation pattern. This should be reflected in
slight variations of mean grain sizes when monitored over
seasonal time scales.

Conclusions

Mathematically derived hydraulic predictions have
been used to explain the actual cause of the shore-normal
energy gradient observed in the East Frisian Wadden Sea
on the basis of grain size distribution patterns.

Whereas the tidal inlets generally trend NW-SE, their
tributaries have EW to NE-SW orientations such that they
run more or less parallel to the trend of the coastline. The
size and structure of the subcatchments associated with
each of these shore-parallel channels determines the size of
their respective tidal prism and the rate of rise of the tidal
levels, thereby determining their maximum discharge
velocities.

The channel to channel variation of the tidal prism
results in a progressive southward decrease in discharge

velocities from one channel to the next, thereby defining
a general shore-normal energy gradient. This, in turn, ex-
plains the observed cross-shore grain size distribution pat-
tern, including its local segmentation.
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