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1 The flushing of inter tidal basins

The flushing of inter tidal basins with water from the adjacent North Sea affects a
wide spectrum of processes: physical, chemical, biological, geo-morphological. For
some constituents of sea water the tidal basins might act as a trap (sediments), for
others as a source (a variety of chemical elements originate from land sources and
some are locally produced in the Wadden Sea).

The flushing time 7' is defined as the time required to replace the existing fresh
water in the estuary at a rate of the river discharge (R). This is also known as the
residence time 7' = V}/R, where V; is the amount of river water accumulated in the
estuary. The prism method to calculate the flushing of estuaries (inlets) suggests that
T =T,V + P)/P, where T; is the tidal period, V' + P and P are the water volume
at high tide and the tidal prism, correspondingly. In most of the East Frisian inter
tidal basins (Figure 1) V' ~ P (see also Figure 3), thus the length of the tidal period
is the shortest time for flushing the basin.
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Fig. 1: Topography of the inter tidal basins (left) and individual basins (right). The identification of the basins is based
on topography only.

At present, the flushing times of individual inter tidal basins in the East Frisian
Wadden Sea are not well known, but there exist a number of estimates for the Dutch
Wadden Sea. According to Postma (1954), the flushing time of fresh water discharged
near Den Oever is 13 tidal periods. Van Bennekom et al. (1974) found flushing times
of ~ 14 and 26 tidal periods for, respectively, the western and eastern parts of the
Dutch Wadden Sea (for more details see Zimmerman, 1976).

The German Wadden Sea is much better mixed than the West Frisian Wadden Sea
and water mass analysis based on salinity data alone cannot give accurate estimates.
Transient tracer estimates (with much stronger signals than for salinity) give times,
which are substantially longer than one tidal period (Brumsack and Reuter, personal
communication). An alternative approach to estimate the flushing times, which we
present here, uses results of detailed numerical simulations.

2 The numerical model

The General Estuarine Transport Model (GETM, Burchard, 1998; Bolding and Bur-
chard, 2000) is used to simulate the circulation in the East Frisian Wadden Sea (Figure
1). The model grid has a horizontal resolution of 200 m and terrain following coordi-
nates in the vertical. The subgrid parameterizations are based on the k — € turbulent
closure scheme. The lateral boundaries of the model change with time representing
the continuous processes of flooding and drying.
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Fig. 2: Validation of the numerical model against observations. Left column: transport in the Accumer Ee during spring
(upper plot) and neap (lower plot) tide. Middle column: Sea surface elevation at the northern boundary of the model area
(forcing data) and the measured response in location with coordinates (27x12km, see Figure 1) during spring and ebb tide.
Right column: Simulated transports in Accumer Ee and observed current velocities (the same location as above).
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Fig. 3: Evolution of inter tidal volumes of the areas shown in the right panel of Figure 1 during spring (left) and neap
(right) tide. This figure demonstrates that the lower bound of T ~ T} (note that V ~ P). The numbers compare quite
well with the ones estimated by Ferk (1995).

3 The advective flushing

Horizontal dispersion in the natural system is enhanced by : (1) shear dispersion
(Okubo, 1968), and (2) Lagrangian chaos (Aref, 1984). While, in the first mechanism,
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the prerequisite of dispersion is the diffusion, in the second mechanism particle tra-
jectories might become random functions of time either by spatial randomness of the
Eulerian field, or by the deterministic chaos in the Eulerian-Lagrange transformation.
This means that the superposition of different Eulerian modes in the velocity field,
organized at different length and time scales may give rise to Lagrangian trajectories
that are chaotic functions in time.

Fig. 4: Lagrangian trajectories

4 Discussion

Figure 5 shows that, after one spring tidal cycle, a large number of particles left the
inter tidal areas (the comparison between upper right with lower patterns gives an
idea about the temporal variability). The exponential decay of the number of La-
grangian particles in the Wadden Sea allows to estimate the flushing time 7}, which
is due to advection only. For the basins of Wangerooge, Spickeroog, Langeoog and
Baltrum 7y, is 4.8, 3.7, 4.8 and 1.5 times T}, correspondingly. The deviation of the
particle positions from their initial location is a measure of diffusion due to periodical
oscillations of the velocity field.
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Fig. 5: Positions of Lagrangian particles. Upper left - initial time, upper right - after half a tidal period, lower left after
one tidal period. For clarity of representation the ocean particles are plotted in the first figure only.

The length scale r of a patch of Lagrangian tracers during one tidal period is ~ 5
km (see the above figure). Taking for the mixing coefficient K} ~ 10 — 10?2m?2s!,
gives for the diffusion time Tg;rf = 72/ K}, ~ 5-50 tidal periods. The the flushing time
due to diffusion can be calculated as Ty = T;(V + P)/dP, where d is the fraction
of particles from the patch lost for the intertidal basin. If we take Tyr; = 5T (fast
diffusion) and assume that V' ~ P (see Figure 3) and Ty;sy = Ty, then d = 2/5, that
is about half of particles are lost in one tidal cycle due to diffusion. Obviously, the
flushing time scale is subject to further reduction due to nonperiodicity in the forcing
and in particular to extreme storm events.

This model will be used in the near future as a tool to provide input to an ecological
model where the exchanges with the open ocean and between model compartments
are crucial for the behavior of the ecosystem.
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