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Abstract Stratiﬁcation and destratiﬁcation processes in a tidally energetic, weakly stratiﬁed inlet in the
Wadden Sea (south eastern North Sea) are investigated in this modeling study. Observations of current
velocity and vertical density structure show strain-induced periodic stratiﬁcation for the southern shoal of
the tidal channel. In contrast to this, in the nearby central region of the channel, increased stratiﬁcation is
already observed directly after full ﬂood. To investigate the processes leading to this different behavior, a
nested model system using GETM is set up and successfully validated against ﬁeld data. The simulated density development along a cross section that includes both stations shows that cross-channel stratiﬁcation is
strongly increasing during ﬂood, such that available potential energy is released in the deeper part of the
channel during ﬂood. An analysis of the potential energy anomaly budget conﬁrms that the early onset of
vertical stratiﬁcation during ﬂood at the deeper station is mainly controlled by the stratifying cross-channel
straining of the density ﬁeld. In contrast to this, in the shallow part of the channel, the relatively weak crosschannel straining is balanced by along-channel straining and vertical mixing. An idealized analytical model
conﬁrms the following hypothesis: The laterally convergent ﬂood current advecting laterally stratiﬁed water
masses from the shallow and wide ebb tidal delta to the deep and narrow tidal channel has the tendency
to substantially increase cross-channel density gradients in the tidal channel. This process leads to stratiﬁcation during ﬂood.

1. Introduction
In tidal estuaries, the major along-channel processes of vertical stratiﬁcation due to horizontal density gradients are closely related to generation mechanisms of estuarine circulation, such as gravitational circulation
[Pritchard, 1952, 1954; Hansen and Rattray, 1965] and tidal straining [Simpson et al., 1990; Jay and Musiak,
1994]. If the tidal energy is high enough to completely destratify the water column at a certain phase of the
tide, SIPS (strain-induced periodic stratiﬁcation) [Simpson et al., 1990] occurs. For estuaries with only small
cross-channel variation, this occurs typically at the end of ﬂood. Using a one-dimensional water column
model, Burchard and Hetland [2010] showed that for tidally energetic estuaries with SIPS occurrence, tidal
straining is the major mechanism generating estuarine circulation and thus stratiﬁcation. A suitable measure
for the competition between the stratifying process of tidal straining and the destratifying process of turbulent mixing is the Simpson number
Si5

h@x bihHi2
;
U2

(1)

with the depth-averaged tidal mean horizontal buoyancy gradient h@x bi, the tidal mean water depth hHi,
and the root mean square bed friction velocity scale U . Note that the buoyancy b52ðg=q0 Þðq2q0 Þ is a
scaled density with potential density q, reference density q0, and gravitational acceleration g. In estuaries
with relatively small cross-channel variation, SIPS may occur for low Si numbers in the range of 0:1  Si
 0:6 [see, e.g., Burchard et al., 2013]. Permanent stratiﬁcation would be expected for Si > 1 [Monismith
et al., 1996]. Estuarine convergence due to narrowing or widening of tidal channels may complicate this picture by increasing or decreasing estuarine circulation and thus stratiﬁcation [Ianniello, 1979; Burchard et al.,
2014].
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Nunes and Simpson [1985] realized that cross-channel bathymetric variation may play a
major role in estuarine physics,
simply because differential
advection between the deep
tidal channel with high ﬂow
velocity and the shoals with
reduced ﬂow velocity leads to
cross-channel density gradients that force cross-channel
exchange currents. The fundamental impact of cross-channel
dynamics on estuarine circulation was systematically investigated by Lerczak and Geyer
[2004] and by Burchard et al.
[2011] using idealized numerical models and by Huijts et al.
Figure 1. Map of the study site, with the eastern North Sea (inserted map) and details of the
Sylt-Rømø Bight (large map). The bathymetry values are color coded, with areas above
[2009] using an analytical
mean sea level marked in yellow. The two discrete freshwater sources are marked as black
model. All studies show that
dots, and the ﬁeld stations S1 and S2 are marked as red dots. The location of the List buoy is
the impact of cross-channel cirindicated as a black dot.
culation on estuarine circulation and stratiﬁcation can be signiﬁcant. Burchard and Schuttelaars [2012] showed that cross-channel
circulation directly results in enhanced along-channel tidal straining circulation, a residual circulation component driven by tidal straining as deﬁned by Burchard and Hetland [2010]. Numerical studies of the Hudson River estuary [Scully et al., 2009; Scully and Geyer, 2012] support the assumption of strong cross-channel
inﬂuences on estuarine stratiﬁcation and circulation. These authors explained the increased stratiﬁcation
during ﬂood by a balance between along-channel advection, cross-channel advection, and tidal asymmetries in turbulent mixing. For a tidally energetic inlet with laterally located freshwater discharge inside the
embayment, Buijsman and Ridderinkhof [2008] ﬁnd signiﬁcant generation of two-cell secondary circulation
which during ﬂood is driven by salinity with higher values in the channel center as compared to the channel
sides [see also Nunes and Simpson, 1985; Lerczak and Geyer, 2004]. In contrast to that, the lateral freshwater
sources drive an internal pressure gradient during ebb which results in a one-cell secondary circulation. Coriolis acceleration is assumed to be small but partially supporting the secondary circulation. Lacy et al. [2003]
reports observations in a tidal channel in San Francisco Bay showing increasing cross-channel density gradients during ﬂood tide with signiﬁcant impacts on stratiﬁcation and turbulent mixing.
The role of residual circulation in tidal estuaries in sediment transport has been documented in a number of
modeling [Festa and Hansen, 1978; Geyer, 1993; Burchard and Baumert, 1998; Chernetsky et al., 2010] and
ﬁeld studies [e.g., Lang et al., 1989; Jay and Musiak, 1994; Sanford et al., 2001]: at the landward end of the
salt intrusion, sediment is accumulating and results in the occurrence of an estuarine turbidity maximum.
In the Wadden Sea, the dynamics is different from macrotidal estuaries, with the horizontal density gradients being generated both by sources of freshwater (small rivers and groundwater) and differential heating and precipitation [Burchard et al., 2008] such that nonzero density gradients extend to the ends of the
tidal embayments. It has been postulated by Burchard et al. [2008] that these density gradients drive a sediment pumping mechanism into the Wadden Sea which might explain parts of the observed sediment
import [Postma, 1961]. Long-term observations of water velocity proﬁles and salinity in the North German
€ser et al., 2011]. Beusekom and de Jonge [2002] additionally highWadden Sea conﬁrm this hypothesis [Flo
lighted the importance of particulate organic matter import for nutrient cycling in the Wadden Sea.
During a ﬁeld campaign in a tidally energetic inlet in the Wadden Sea, it was observed that the stratiﬁcation
at the southern shoal of the channel (location S1; see Figure 1) is controlled by classical along-channel tidal
straining, as shown by Becherer et al. [2011], with a stratifying tendency during ebb and a destratifying tendency during ﬂood. In contrast to that, signiﬁcant stratiﬁcation at the nearby station S2 in the center of the
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channel is occurring directly after full ﬂood, a phenomenon which could not be explained by Becherer et al.
[2011]. These contrasting observations motivate our numerical model study which we designed to analyze
how in this tidal inlet the composition of stratiﬁcation and destratiﬁcation processes can vary signiﬁcantly
over such short distances. The environmental signiﬁcance of the water column stability is given by its
impact on residual circulation and transport of solutes and particulate matter.
In the present paper, we used a process-resolving (100 m 3 100 m horizontal resolution) three-dimensional
coastal ocean model to reproduce the observations that were collected during 15–17 April 2008 in the SyltRømø Bight (see Figure 1). Observations, model setup, and the method of analyzing the potential energy
anomaly are presented in section 2. The contrasting observations at both sites in the tidal inlet are presented and discussed in section 3 and used for model validation in section 4. The model data are then analyzed in section 5 to identify the relevant stratifying and destratifying processes, and in section 6, we
explain the sudden onset of ﬂood stratiﬁcation by an analytical model. Finally, some conclusions are drawn
in section 7.

2. Material and Methods
2.1. Site Description
The study area of the Sylt-Rømø Bight is located in the northern Wadden Sea between the islands of Sylt
and Rømø, situated in the southeastern part of the North Sea. The water is exchanged through the Lister
Dyb, a 2.5 km wide and up to 40 m deep tidal inlet connecting the back-barrier area of the islands with the
North Sea (Figure 1). On the seaward side of the deep channel, an ebb tidal delta with typical depths of 5–
10 m is present. The entire area of the Sylt-Rømø Bight is about 410 km2 including 190 km2 of intertidal
ﬂats. The total basin freshwater input includes two small rivers (Brede Å and Vidå, see the black dots in Figure 1) with seasonally varying discharges between 4 and 10 m3 s21 and an annual rainfall of 0.8 m. The tide
is semidiurnal with an average tidal range of about 1.8 m and a signiﬁcant diurnal inequality due to diurnal
tidal components. The tidal prism which is deﬁned as the water volume difference between mean high
water and mean low water is about 4:83108 m3. The tidal catchment is drained through the three tidal
channels Rømø Dyb, Højer Dyb, and Lister Ley (see Figure 1). The intersection of these three bended channels results in a complicated topography at the main inlet of the Sylt-Rømø Bight, the Lister Dyb. Both the
Sylt and Rømø islands are connected to the mainland by artiﬁcial dams. As a consequence of these constructions, the Sylt-Rømø Bight is semienclosed and thus an ideal natural laboratory for studying water circulation and sediment transport. A number of observational studies [Andersen et al., 2000; Andersen and
Pejrup, 2001; Becherer et al., 2011] and modeling studies [Lumborg and Windelin, 2003; Lumborg and Pejrup,
2005; Burchard et al., 2008] have been carried out in this region.
2.2. Numerical Model Description
For the model simulation in this study, the General Estuarine Transport Model (GETM, www.getm.eu) [Burchard and Bolding, 2002; Burchard et al., 2004] is applied. GETM is a three-dimensional baroclinic open source
model with hydrostatic and Boussinesq assumptions, especially developed for applications in shallow
coastal regions with substantial drying and ﬂooding of intertidal ﬂats. In this model, the three-dimensional
hydrostatic momentum equations are solved on a staggered C-grid, which is horizontally Cartesian in the
present application. To calculate vertical turbulent transports, GETM uses turbulence closure models from
the General Ocean Turbulence Model (GOTM, www.gotm.net) [Umlauf and Burchard, 2005], and in the present study, a k-e model is used with an algebraic second moment closure. In order to vertically discretize the
model equations, the water column is resolved with 25 equidistant r-layers. Higher-order positive-deﬁnite
advection schemes are used for the advective momentum, temperature, and salinity transports as well as
for the advective transports of the turbulent quantities k (turbulent kinetic energy) and e (dissipation of k
into heat). High-resolution coastal ocean simulations using GETM including drying and ﬂooding of intertidal
ﬂats have been carried out before by Stanev et al. [2003], Burchard et al. [2004], Banas et al. [2007], Burchard
et al. [2008], and Duran-Matute et al. [2014].
Due to the complex, small-scale bathymetry of the Lister Dyb, where data from the two nearby ﬁeld stations
showed substantially different dynamics, a high spatial resolution of at least 100 m is required. The gridded
bathymetry is shown in Figure 2 for the southern part of the Lister Dyb in comparison to data from highresolution multibeam soundings. It can be seen that the major larger-scale bathymetric features are
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Figure 2. (left) Observed and (right) gridded bathymetry in the southern part of the Lister Dyb. Exact locations of stations S1 (green dot)
and S2 (red dot) are indicated. Note that in the left ﬁgure the accurate positions are given for each observed hydrographic proﬁle.

resolved, but many differences are obvious on the smaller scales. To improve the comparison between
observed and simulated proﬁles, the locations for the extraction of station data from model results have
been shifted slightly within a small search radius of  200 m relative to the exact (but due to ship movement temporally varying) locations of the observed proﬁles (see Figure 2). In order to reproduce largerscale effects such as the tidal wave propagating along the Wadden Sea coast or the coast-to-sea density
gradient, a one-way nesting approach is followed here. The large-scale model for the German Bight has a
resolution of 1800 m and is laterally forced by surface elevation, temperature, and salinity obtained from
the operational model of the German Maritime and Hydrographic Agency (BSH). An intermediate resolution
(600 m) model for the northern Wadden Sea and the ﬁnest resolution model for the Sylt-Rømø Bight
(100 m) are nested into these coarser models. Meteorological forcing is provided for all three model
domains from the operational model of the German Weather Service Local Model (DWD-LM) with a horizontal resolution of 7 km. These data include wind velocity and direction at 10 m above the sea surface, air temperature, and dew point temperature at 2 m above sea level, air pressure, precipitation, and total cloud
cover every 3 h. The comparison of simulated wind velocity and observed local data during the campaign
shows good agreement. Air-sea ﬂuxes of momentum, heat, and freshwater are calculated inside GETM by
using the bulk formulae based on Kondo [1975]. The daily river discharge is speciﬁed as the freshwater input
at four different locations for the Elbe and Weser rivers (large model domain) and the Brede Å and Vidå rivers (small model domain). Since the medium-scale (coarse-resolution) northern Wadden Sea model does
not properly resolve the salinity and temperature gradients inside the Sylt-Rømø Bight, the initial conditions
for the high-resolution model are corrected within the embayment in such a way that average horizontal
temperature and salinity gradients result in a horizontal buoyancy gradient of @x b51026 s22, a value which
is roughly in agreement with the observations by Becherer et al. [2011]. Without this correction, the time to
dynamically generate the observed horizontal buoyancy gradient would take too long. To bring these initial
conditions into dynamical balance with the external forcing, the model simulation is initialized on 1 October
2007, and then continued until 30 April 2008 to cover the observational period. In the high-resolution
model, the barotropic time step is set to 2.5 s, whereas the baroclinic mode is integrated every 60 s. The
model setup is divided into 70 subdomains which are distributed on a computer cluster with 12 processors
for parallel computation.
2.3. Potential Energy Anomaly
As a tool for quantifying stratiﬁcation and destratiﬁcation processes in coastal regions, Simpson and Bowers
[1981] introduced the potential energy anomaly (PEA) as the amount of mechanical energy (per m3)
required to homogenize the entire water column with a given density stratiﬁcation:
ð
1 g
/5
gzð
q 2qÞdz;
(2)
D 2H
where z is the vertical coordinate from the bottom at z52H to the sea surface at z5g, and D5g1H is the
 is the depth-mean density. Based on this deﬁnition, /50 is
water depth, q is the density proﬁle, and q
obtained for a fully mixed water column, positive values indicate stable stratiﬁcation and negative values
represent unstable stratiﬁcation. Based on the budget equations for temperature and salinity, Burchard and
Hofmeister [2008] analytically derived a budget equation for the PEA, of which the terms most relevant for
the present study are:
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Figure 3. Long-term validation of model simulations against observations: (a) simulated (gray) versus observed (black) sea surface elevation at the tidal gauge in List/Sylt during 2–19
April 2008; the two campaign periods are indicated as gray bars; (b) scatterplot of simulated versus observed sea surface elevation in List/Sylt during the period shown in Figure 3a; (c)
simulated (gray) versus observed (black) sea surface temperature (SST) in List/Sylt; the two campaign periods are indicated as gray lines; (d) scatterplot of the SST data during the period
shown in Figure 3c; (e) simulated (gray) versus observed (black) depth-mean along-channel velocity at S1 during the campaign; (f) same as Figure 3e, but for S2. In Figures 3b and 3d, the
correlation coefﬁcient (CC) between observations and model results is given.
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(3)

E

where an overbar indicates depth-mean values and a tilde indicates deviation from the depth-mean value,
with the buoyancy production Pb, the horizontal velocity vector u, and the vertical velocity component w. In
equation (3), the ﬁrst term indicated by A is horizontal advection of / (Advx and Advy), B is the depthmean straining (Sx and Sy, i.e., the change in stratiﬁcation due to straining of the depth-mean horizontal
 by the sheared exchange ﬂow u~ ). Note that bold abbreviations denote terms in Figdensity gradient $h q
ures 12 and 13. C quantiﬁes changes in / due to straining resulting from deviations from the depth-mean
density gradient (nonmean straining, nSx and nSy, i.e., the correlation between horizontal currents and horizontal density gradients), D drives changes in / due to vertical advection, and E drives changes in / due to
the vertical mixing of density (Mix, causing reduction of / during stable stratiﬁcation). Terms for inner sources or sinks of / or effects of horizontal mixing are omitted (see Burchard and Hofmeister [2008] for further
details). Note that De Boer et al. [2008] derived a comparable budget equation for /.

3. Field Observations
Observations in the Lister Dyb tidal inlet were carried out during 15–17 April 2008. On 15 and 17 April,
measurements were taken from an anchored research vessel at stations S1 and S2 (Figure 1), with water
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Figure 4. (left) Observed and (right) simulated vertical proﬁles on 15 April 2008 at station S1 (shallow channel). (a and g) Along-channel current velocity; (b and h) cross-channel current
velocity; (c and i) potential temperature; (d and j) salinity; (e and k) buoyancy-frequency; and (f and l) dissipation rate. The white lines in each plot show isopycnals. Areas with missing
values are blanked.

depth of 14.8 and 23.2 m, respectively. The current velocity was measured by a vessel-mounted Acoustic
Doppler Current Proﬁler (ADCP), and data were averaged over 180 s to reduce noise. A multiprobe
Conductivity-Temperature-Depth (CTD) proﬁler was used to measure conductivity, temperature, pressure,
ﬂuorescence, and optical backscatter. Furthermore, several turbulent parameters were measured by a freefalling MSS90 microstructure proﬁler. Hydrographically, the typical spring situation was present, with salinity
being lower and temperature being higher in the Wadden Sea than further offshore, leading to a positive
buoyancy gradient into the Wadden Sea (see the climatology data by Burchard et al. [2008]). During the
observations in mid-April 2008, neap tide was present, with a tidal elevation amplitude of about 1 m and a
clear diurnal inequality due to the presence of diurnal tides amounting to an amplitude of about 0.2 m (Figure 3). A harmonic analysis of tidal gauge data from List harbor (not shown here in detail) identiﬁes
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Figure 5. (left) Observed and (right) simulated vertical proﬁles on 17 April 2008 at station S2 (deep channel). (a and g) Along-channel current velocity; (b and h) cross-channel current
velocity; (c and i) potential temperature; (d and j) salinity; (e and k) buoyancy-frequency; and (f and l) dissipation rate. The white lines in each plot show isopycnals. Areas with missing
values are blanked.

signiﬁcant values of the diurnal O1 (0.1 m) and K1 (0.07 m) tidal amplitudes. Wind was relatively weak and
thus with negligible dynamic effects during the campaign. For more details, see Becherer et al. [2011].
The station observations are shown in Figures 4 and 5, left. The data in S1, as already presented by Becherer
et al. [2011], reﬂect the tidal straining situation as discussed by Simpson et al. [1990] (see also the data by
Rippeth et al. [2001]). The water column is destratiﬁed during ﬂood (positive current velocity), when salinity
increases and temperature decreases. It becomes signiﬁcantly stratiﬁed during the slack after ﬂood
(N2  1023 s22) and remains marginally stratiﬁed (N2  1024 s22) during the subsequent ebb phase (Figures 4a–4e). The dissipation rate is therefore slightly higher during ﬂood than during ebb (Figure 4f).
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Although stratiﬁcation seems to be explained here by only the longitudinal dynamics [Becherer et al., 2011],
lateral circulation seems to play a role at S1 (Figure 4b). At slack after ﬂood and into the early ebb, a crosschannel exchange current with up to 0.15 m s21 is generated, indicating that buoyancy is increasing toward
the center of the channel. In Figure 6 the stability of the water column is shown using the PEA time series at
S1 (dotted black line): it is around zero during ﬂood, indicating a well-mixed water column, it has a distinct
peak during slack after ﬂood, and has marginally positive values during ebb. It should be noted that the signiﬁcant stratiﬁcation after ﬂood may already be an indication of a deviation from the classical situation. At
least the observations by Rippeth et al. [2001] of a situation without lateral stratiﬁcation and also the simulations of these data by Simpson et al. [2002] do not indicate stratiﬁcation during slack after ﬂood. It must
therefore be assumed that lateral stratiﬁcation plays a role in the Lister Dyb.
The proﬁle data at station S2 are presented in the left plots of Figure 5. At slack after ebb (6:00–7:00 h),
strong salinity and temperature stratiﬁcation develops over the entire water column see (Figures 5c and
5d), leading to peak values of N2  1023 s22 (Figure 5e). Tidal turbulence has almost ceased as seen in the
low dissipation rate data (Figure 5f). At the onset of the ﬂood (7:00–8:00 h), salinity and temperature stratiﬁcation gets eroded from the bottom upward, as turbulence increases. At full ﬂood (8:00–9:00 h), velocity,
salinity, and temperature proﬁles are almost vertically homogeneous through the entire water column,
allowing increased values of dissipation rate higher up into the water column. Until this moment, the situation is comparable to classical SIPS. But as ﬂood progresses (9:00–12:00 h), temperature and salinity proﬁles
become vertically stratiﬁed, a situation which lasts until the end of the observations at early ebb (14:00 h).
Together with this sudden onset of stratiﬁcation, a strong cross-channel exchange ﬂow develops at the end
of full ﬂood (Figure 5b), directed toward the north near the bottom, with a bottom to surface velocity difference of about 0.3 m s21, again indicating increasing buoyancy toward the north. It may already here be
speculated that this exchange current is generating the sudden ﬂood stratiﬁcation. This unexpected behavior is also reﬂected in the development of the PEA at station S2 (Figure 6) which already increases directly
after full ﬂood, after it has been eroded during the ﬁrst 2 h of ﬂood. This has already been shown by Becherer et al. [2011], who also used a number of single CTD proﬁles taken on 16 April along a transect to show
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that there is a smooth spatial transition from the more classical situation at S1 to the more complex behavior at S2.

4. Model Validation and Results
In order to validate the model results, long-term data of sea surface elevation and sea surface temperature
(SST) obtained from a monitoring buoy located within the Lister Dyb tidal channel (see Figure 1 for the position of the buoy) are used. Furthermore, campaign data for proﬁles of current velocity, temperature, salinity,
buoyancy frequency, and dissipation rate are compared to model results to assess the quality of the model
simulations during this period.
4.1. Long-Term Model Validation
The validation of the sea surface elevation in Figures 3a and 3b shows that model results closely follow the
observations with a correlation coefﬁcient (CC) of 0.97, resulting in a root mean square error (rmse) of
0.067 m between data and model result.
Also for the SST, the quantitative agreement between observational data and model results is excellent,
with a CC of 0.91 and an rmse of 0.68 K. Long-term salinity and velocity time series are not available, such
that we refer to the short-term validation data available for the campaign periods (see next section).
4.2. Process-Based Model Validation
The model results for the PEA (Figure 6) show that for both stations, the dynamics of stratiﬁcation and destratiﬁcation is well reproduced by the model: at S1, stratiﬁcation is slightly unstable during the last phase of
ﬂood, whereas at S2 stratiﬁcation strongly increases directly after full ﬂood. At S1, the maximum PEA is less
than half of the PEA at S2, probably mainly due to the deeper water at S2 which leads to an increased Simpson number which, in turn, is indicative for stronger stratiﬁcation.
Details of the simulated development of proﬁles of current velocity, temperature, salinity, buoyancy frequency, and dissipation rate are shown in Figures 4 and 5 of which the observations have already been discussed in section 3.
For station S1, the phase and amplitude of the along-channel and cross-channel current velocity is well
reproduced (Figures 4g and 4h). Also, for temperature and salinity, the agreement between model simulation and observations is acceptable (Figures 4i and 4j), although the observed proﬁles are more continuously stratiﬁed than the simulated proﬁles which show a distinct pycnocline at middepth. At slack after
ﬂood temperature and salinity become strongly stratiﬁed, as seen in the observations, but the model stratiﬁes about half an hour too late. During ebb, temperature increases and salinity decreases again, although in
a less gradual way than observed. It looks as if after full ebb, a water mass with slightly decreased temperature and increased salinity passes by, a feature which is not present in the observations at S1. This simulated
feature which is not occurring in the model simulations at other tidal periods has a weak impact on the PEA
only, because the pycnocline is simply pushed further up (and intensiﬁed) toward the surface by this different water mass. Since the overall dynamics of the inlet are seemingly not inﬂuenced by this singular event
which may have been generated by an eddy having branched off far upstream, we are not further considering this deviation between model and observations. In contrast to the observations, simulated stratiﬁcation
is more surface intensiﬁed during the ﬁrst phase of ebb and more bottom intensiﬁed during the second
phase of ebb, as seen in the values for N2 (Figure 4k), but the overall stratiﬁcation is comparable as seen in
the PEA values (Figure 6). As for the simulated dissipation rate (Figure 4l), some gross agreement with the
(relatively noisy) observations is seen with highest values at ﬂood, minimum values during slack after ﬂood
and increased level during ebb.
At the deep station S2, the agreement between model simulations and observations (Figure 5) is even better than at the nearshore and shallower station S1. Observed current velocity proﬁles are well reproduced
with the ﬂood currents lasting slightly longer at middepth than at the surface (Figure 5g), a process which is
indicative for the presence of estuarine circulation. The signiﬁcant lateral exchange ﬂow setting on after full
ﬂood is clearly present in the model simulations (Figure 5h). Both simulated temperature and salinity are
becoming strongly stratiﬁed already during full ﬂood, as in the observations (Figures 5i and 5j). The buoyancy frequency shows that also here the simulated stratiﬁcation (Figure 5k) is biased toward the upper half
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Figure 7. Surface velocity (arrows) and surface density anomaly rt (contours) in the southern part of the Lister Dyb (left) averaged over a ﬂood tide and (right) averaged over an ebb tide
on 17 April 2008. Station S1 is marked by an open circle, and station S2 is marked by a ﬁlled circle.

of the water column, although this effect is much weaker than at S1. The gross features of the observed dissipation rate (Figure 5l) are again reproduced by the model simulations.
The differences between model simulations and observations are most likely due to unresolved or underresolved topographical features (see section 2.2 and Figure 2) and chaotic eddying motion which in general
make model-data comparisons of vertical proﬁles a difﬁcult task. We do however conclude that the quantitative agreement is sufﬁcient for a model-based analysis of stratifying and destratifying processes.

5. Analysis of Model Results
In this section, model results are analyzed to explain the different behavior of the cycle of stratiﬁcation and
destratiﬁcation between the two stations S1 and S2. To obtain a consistent and synoptic comparison of the
dynamics between stations S1 and S2, the ﬂood-ebb cycle during 17 April (for parts of which observational
data are available for station S2) is mainly considered here.
5.1. Density Dynamics
To give an estimate for the local forcing conditions of tidal straining, Figure 7 shows for ﬂood and ebb surface velocity and surface density anomaly for a region around the two stations S1 and S2. Conditions are
shown for 17 April 2008 for which observations are not available at station S1, but the situation is comparable on 15 April (not shown). Highly variable along-channel and cross-channel density gradients are visible
such that complex tidal straining patterns are expected.
Density distribution during a tidal cycle is shown in Figure 8 for the reference transect through the stations
S1 and S2. At the onset of the ﬂood, a weakly stratiﬁed water column is present across the entire transect,
remaining from low turbulent mixing during slack after ebb (Figure 8a). As the ﬂood progresses, the entire
transect becomes vertically homogenized due to strong vertical mixing, with water in the thalweg showing
lower densities than at the slopes of the channel (Figure 8b). Then, after full ﬂood, the density on the southern shoal (left in the ﬁgure) has substantially increased the cross-channel density gradient with the consequence that cross-channel circulation (Figure 8g) which was already visible at full ﬂood triggers strong
stratiﬁcation in the center of the channel during late ﬂood (Figure 8c). While station S1 at the southern shoal
remains well mixed, station S2 becomes strongly stratiﬁed, which is consistent with the observations shown
in Figures 4 and 5. An inspection of Figure 7a shows that there seems to be an efﬁcient pathway for dense
water northward along the western shore of Sylt and around the northernmost point of the island toward
the southern part of the Lister Dyb. Figure 9 gives evidence for this efﬁcient pathway for dense water along
the northern coast of Sylt. The residual currents along almost the entire coast are ﬂood directed, due to the
curvature of the coast, which leads to two residual eddies, one west and one east of the northernmost point
of Sylt. The residual along-coast current is thus ﬂood dominated and transports water along the coast which
is denser than the water in the center of the tidal channel. The positive along-channel buoyancy gradient
(equivalent to negative density gradient) seen in Figure 9 reﬂects the classical density gradient for a spring
situation and the positive (increased buoyancy toward the channel center in the north) across-channel gradient is partially driven by the residual ﬂood-directed current along the coast, and partially due to the fact
that the major riverine freshwater supply is located in the northern part of the Sylt-Rømø Bight [Burchard
et al., 2008].
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Figure 8. Density and lateral velocity across a reference transect through stations S1 and S2 during a ﬂood tidal cycle on 17 April 2008. The left arrow marks station S1, and the right
arrow marks station S2.

The overall patterns in Figure 8 look similar to Figure 4 by Lacy et al. [2003] showing density across a tidal
channel in San Francisco Bay. Also, there during the ﬂood, salinity is highest at the southern shoal (with
ﬂood currents coming from the west) and salinities and their cross-channel gradients increasing in time,
leading to enhanced stratiﬁcation. There, the higher salinities at the southern shoal are due to the ﬂood currents entering from the south-west. Also, similar between our study site and the channel in San Francisco
Bay studied by Lacy et al. [2003] is the fact that the channel widens and shallows toward the west.
Further inspection of Figure 8d shows that at slack after ﬂood the entire channel is ﬁlled with stratiﬁed
water, which is slowly eroded during ebb ﬂow. Lateral density gradients are low during ebb, probably due
to relatively homogeneous water masses being advected from the Wadden Sea. However, during ebb some
marginal stability of the water column remains, as already shown for the proﬁle observations and model
data (Figures 4 and 5).

Figure 9. Tidally averaged depth-mean current (arrows) and density (contours) in the southern part of the Lister Dyb (left) on 15 April 2008 and (right) on 17 April 2008. Station S1 is
marked by an open circle, and station S2 is marked by a ﬁlled circle.
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Figure 10. Spatial and temporal dynamics of the potential energy anomaly / during different parts of the tidal cycle in the Lister Dyb. Station S1 is marked by an open circle, and station
S2 is marked by a ﬁlled circle. The black lines show the 10 and 20 m isobaths.

5.2. PEA Dynamics
At early ﬂood, the entire deep part of the channel shows relatively strong stratiﬁcation with values typically
larger than 10 J m23 (Figure 10a). During the course of the ﬂood tide, the stratiﬁcation is reduced due to the
impact of mixing such that values are below 3 J m23 with unstable stratiﬁcation in large areas (Figure 10b),
although cross-channel density gradients are already high in this phase of the tide (Figure 8). During late
ﬂood, due to the release of the built up available potential energy, stratiﬁcation increases again, mainly in the
center of the deep part of the channel, where station S2 is situated, with values larger than 8 J m23 (Figure
10c). These values are signiﬁcantly larger than the values at S2 during early ﬂood, as already seen in Figure 6.
In contrast to that, stratiﬁcation at S1 was stronger during early ﬂood than during late ﬂood, a result for which
observations were not available. The stratiﬁcation built up during late ﬂood is further increased during slack
after ﬂood, and then eroded again during ebb, however a marginal stability was still observed.
To quantitatively investigate which process is leading to the late ﬂood stratiﬁcation in the center of the tidal
channel, depth-mean along-channel and cross-channel straining terms (term B in (3)) for the potential energy
anomaly are calculated and displayed in Figure 11 for full ﬂood and full ebb. The discrimination between the
two components is made such that the along-channel straining Sx is deﬁned as the straining along the tidally
averaged depth-mean velocity. The cross-channel straining Sy is then orthogonal to the latter. As a result, during
ﬂood the generally positive (stratifying) cross-channel straining term is dominant over the generally negative
(destratifying) along-channel straining term. Together with the negative mixing term, along-channel straining is
not strong enough in the deep part of the channel (station S2) to dominate over the stratifying effect of crosschannel straining. In contrast to that, at station S1, destratifying along-channel straining and mixing are about
balancing stratifying cross-channel straining such that a signiﬁcant stratiﬁcation cannot develop.
During ebb, along-channel straining is largely positive (as expected), but cross-channel straining has a more
complex structure along the bathymetric slopes showing both signs. Interestingly, just at S1, the alongchannel straining is slightly negative, but marginal stratiﬁcation is still built up due to lateral straining.
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Figure 11. Simulated along-channel (Sx) and cross-channel (Sy) depth-mean straining, and mixing during ﬂood and during ebb in the southern part of Lister Dyb on 17 April 2008. The
black lines show the 10 and 20 m isobaths.

In Figures 12 and 13, time series of the major forcing terms for the potential energy anomaly equation (3)
are calculated to quantitatively understand the difference between the two stations. For both stations, the
sum of all calculated forcing terms is compared to the temporal change of / to check numerical consistency

Figure 12. Balance for potential energy anomaly according to equation (3) at station S1. (a) Along-channel and across-channel advection, Advx and Advy; (b) along-channel and acrosschannel straining, Sx and Sy; (c) vertical mixing, Mix, and nonmean across-channel straining, nSy; (d) comparison between tendency term and right-hand side of (3), /t and R(/-terms).
The gray-shaded area shows the observational period on 15 April at station S1.
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Figure 13. Balance for potential energy anomaly according to equation (3) at station S2. (a) Along-channel and across-channel advection, Advx and Advy; (b) along-channel and acrosschannel straining, Sx and Sy; (c) vertical mixing, Mix, and nonmean across-channel straining, nSy; (d) comparison between tendency term and right-hand side of (3), /t and R(/-terms).
The gray-shaded area shows the observational period on 17 April at station S2.

of the calculations (see Figures 12d and 13d). Since both curves agree well, it can be assumed that the calculations are sufﬁciently accurate.
During the ﬁrst tidal cycle at full ﬂood on 17 April at S1 (Figure 12), advection of / (Advx and Advy) is relatively small. In addition, the depth-mean along-channel straining Sx and depth-mean cross-channel straining Sy are balancing each other. Nonmean cross-channel straining is small (nSx is not shown because it is
negligible) and mixing changes between positive (unstable stratiﬁcation) and negative (stable stratiﬁcation)
contributions just to keep the potential energy anomaly at about neutral level. The overall sum of the forcing terms is thus relatively small at S1 (see Figure 12d), not leading to signiﬁcant stratiﬁcation (see above),
except for times of slack tides.
In contrast to that, the sum of the forcing terms is increasing during the course of every other ﬂood tide at
station S2 (ﬁrst ﬂood tides on 15–17 April; see Figure 13), due to the increasing dominance of depth-mean
cross-channel straining. During those ﬂood tides, along-channel and cross-channel advection are partially
balancing each other, nonmean cross-channel straining is almost zero and mixing is small, such that strong
stratiﬁcation develops during ﬂood at this station (see also the observations in Figure 5). An explanation for
this is the diurnal inequality of the tide which results in a weaker ﬁrst ﬂood tide and a stronger second ﬂood
tide during these days around neap ﬂood (see Figure 3). The weaker ﬂood current results in reduced vertical
mixing and thus earlier (already during ﬂood) stratiﬁcation due to cross-channel density gradients are generated. Since the difference in vertical mixing is not visible in Figure 13c it must be assumed that the major
difference in mixing happens further upstream.
It is thus concluded from the transect results for density (see section 5.1) and the analysis of the dynamics
of the potential energy anomaly (this section) that an increasing cross-channel density gradient during
ﬂood (which is supported by asymmetric freshwater runoff inside the bay) provides available potential
energy for generating stratiﬁcation. This energy is released in the deepest part of the channel, because
there the vertically integrated cross-channel density gradient is largest. It is hypothesized that this strong
cross-channel density gradient is generated by advection of laterally stratiﬁed water from the shallow and
wide ebb tidal delta into the deep and narrow Lister Dyb tidal channel where it is funneled due to horizontally convergent ﬂow (as seen in Figure 7a). This has the effect that the cross-channel density gradient is
increased until the potential energy is released through a cross-channel exchange current which suddenly
increases stratiﬁcation in the center of the tidal channel (see Figures 4, 5, and 8). It will be attempted in
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section 6 to conﬁrm this mechanism by
examining a simple linear model for
buoyancy advection in a horizontally
converging channel with constant
cross-sectional area.
5.3. Sensitivity to Freshwater Source
Location
Additional numerical experiments (not
shown) demonstrate the substantial
role of the location of freshwater sources within the Sylt-Rømø Bight for the
dynamics in the Lister Dyb. When shutting off the river runoff from the two rivers (see Figure 1) and distributing the
same amount of freshwater over the
entire surface within the Sylt-Rømø
Bight, the lateral buoyancy gradient in
the Lister Dyb is reduced in such a way
Figure 14. Sketch of the domain and coordinate system for the simple analytical
tidal channel in polar coordinates. The gray shading indicates the domain of
that stable ﬂood stratiﬁcation at S2 does
interest and the water depth increasing from the ebb tidal delta toward the narnot
occur. The same happens when
row deep channel.
moving the runoff from the northern
river (Brede Å) to the central river (Vidå).
It seems that preconditioning of lateral stratiﬁcation within the Sylt-Rømø Bight is essential for the dynamics
in the inlet.

6. Theory
In analogy to tidally averaged conditions where the tendency of the water column to stratify or destratify is
characterized by the Simpson number (1), one may also deﬁne instantaneous along-channel and crosschannel Simpson numbers
Siix 5

@x bH2
;
u2

Siiy 5

@y bH2
;
u2

(4)

respectively, with instantaneous values of horizontal buoyancy gradients, water depth, and bottom friction
velocity to indicate whether the water column instantaneously has a tendency to stratify or destratify. In
contrast to the Simpson number, Si where values of the order of unity indicate transition between tidally
averaged mixed and stratiﬁed conditions, the instantaneous Simpson numbers Siix and Siiy may be interpreted as measures for the acceleration of exchange currents.
To explain the observed sudden occurrence of stable stratiﬁcation during ﬂood in the center of the tidal
channel, we consider a simple analytical model reﬂecting the conditions for the transition between the
wide and shallow ebb tidal delta in the west and the narrow and deep tidal channel east of the tidal delta.
The southern half of a wedge-shaped tidal channel is represented with polar coordinates ðr; hÞ with r 5 0 at
the pole of the coordinate system and h 5 0 at the center of the channel (gray area in Figure 14, with
2rmax  r  2rmin , 0  h  a, and the opening angle a). The dimensional coordinate (in m) across the
channel along the arc of circle is denoted as s5WðrÞh=a, where WðrÞ52ra is the width of the channel. The
bathymetry between the ebb tidal delta and the tidal channel is reproduced by a depth distribution resulting in a constant cross-sectional area: A5WðrÞHðrÞ such that H52A=ðraÞ. The vertically averaged current
 , is assumed to be constant in time and space and
velocity along the radial axis (along-channel velocity), u
the velocity along the angular coordinate (cross-channel velocity) is zero. Under these conditions, the continuity equation is fulﬁlled for a constant and zero sea surface elevation. Distribution of vertically averaged
buoyancy at slack tide after ebb is approximated by a constant radial buoyancy gradient along the center b
 0  0 (h 5 0) and a constant angular buoyancy gradient @s b5
 b
 0  0 everywhere
line of the channel @r b5
r
s
(see Figure 9 and the discussion in section 5.3):
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Figure 15. Results from the analytical tidal channel model showing initial conditions (red), conditions after 1 h (green), and conditions after 2 h (blue) as function of the radial coordinate.
(left) Cross-channel buoyancy gradient. (right) Cross-channel instantaneous Simpson number.
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 2hb
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 5b
@r b
r
s

(6)

The budget equation for the buoyancy in polar coordinates reads as
1
@t b52 @r ðr
u bÞ2@z ðbwÞ1@z ðKv @z bÞ;
r

(7)

with the vertical velocity w and the eddy diffusivity Kv. Applying kinematic boundary conditions and no-ﬂux
conditions at the bottom and the surface and inserting the relation for H, the budget equation for the
 may be written as
depth-averaged buoyancy b


@t b52
u @r b;

(8)

meaning that buoyancy changes are proportional to the current velocity and the along-current buoyancy
gradient, with the analytical solution


 0 2hb
 0 t:
 b
 0 2
u b
b5
(9)
r
s
0

0

 the cross-channel buoyancy gradient increases with time as
 5b
With h5sa=W and @s b
s


t
 b
 0 11
@s b5
u
a
;
s
W

(10)

with the increase being reciprocal to the width of the channel. In contrast to that, the along-channel buoy remains constant. Assuming a constant bottom drag coefﬁcient with u2 5cd u
 2 , the instanancy gradient @r b

taneous cross-channel Simpson number evolves as
Siis 5


 0 A2  1
t
b
s
:
1
u
a
2 W2
W3
cd u

(11)

Inserting physical quantities roughly estimated from the observations in the Lister Dyb such as A523104

 0 5231026 s22 and a typical value for the bottom roughness parameter,
 51 m s21, b
m2, a530 , u
s
z0 5131023 m, the conditions shown in Figure 15 for the interval 28 km  r  22 km are obtained. Both
the cross-channel buoyancy gradient and the instantaneous cross-channel Simpson number increase linearly with time, with the highest rate in the deep channel at r 5 22 km. However, the rate of increase is
much higher for the Simpson number, leading after 2 h to values larger than 4 (given the numbers above),
values which are indicative for generation of strong exchange ﬂows and generation of stratiﬁcation. It is
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also clear that a nonzero value
 0 is essential, because othof b
s
erwise this mechanism would
not be active. Therefore, some
asymmetry of freshwater sources inside the Wadden Sea
must be given.
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−10

To estimate the strength of
lateral exchange ﬂows for the
−12
present situation, an analytical
−14
solution for gravitationally
t = 0hr
driven estuarine circulation,
t = 1hr
−16
t = 2hr
derived by Burchard and Het−18
land [2010] (their equations
(22) and (23)) is modiﬁed to
−0.09
−0.06
−0.03
0
0.03
0.06
v [ms−1]
represent lateral (instead of
longitudinal) ﬂow. This soluFigure 16. Analytical solution for lateral exchange velocity proﬁles v at r 5 22 km at 0, 1,
tion is based on the assumpand 2 h after the onset of the ﬂood current.
tion of a stationary pressuregradient driven ﬂow with parabolic eddy viscosity proﬁle. The potential lateral circulation is just diagnosed here and is not meant to advect longitudinal momentum, such that the original assumption of a
nonzero cross-channel velocity still holds. The results are shown in Figure 16. Given the values above, an
exchange ﬂow with about 60.05 m s21 is resulting at the narrowest part of the tidal inlet (r 5 22 km).
These values are somewhat lower than those observed (see Figures 4 and 5), a fact which may be
explained by the neglect of stratiﬁcation feedback to eddy viscosity in the analytical model. On the other
hand, the exchange ﬂow as calculated from the balance between pressure gradient and friction may be
slightly overestimated, since the consideration of the acceleration term would reduce the instantaneous
cross-channel ﬂow.
Since the cross sections of real tidal channels are not ﬂat, but have the deepest location somewhere in the
center, the effect should be enhanced away from the shoals. In this case there would of course also be the
compensating effect of higher ﬂood velocity in the deep part of the channel which may increase the bottom friction velocity or which may decrease the lateral density gradient, but the observations suggest that
such compensating effects are not dominant.

7. Conclusions
It has been shown during the last few years that the tidally energetic Wadden Sea is subject to a complex
thermohaline dynamics [Burchard et al., 2008; Becherer et al., 2011; Duran-Matute et al., 2014]. The results of
the present study conﬁrm this ﬁnding by proposing a new mechanism for enhancing ﬁrst cross-channel
stratiﬁcation, then cross-channel exchange ﬂow and consequently vertical stratiﬁcation in tidal inlets. Laterally weakly stratiﬁed conditions at slack after ebb are intensiﬁed by horizontally convergent ﬂood currents
moving from the wide and shallow ebb tidal delta to the narrow and deep tidal channel, where ﬂood-tide
stratiﬁcation is triggered at its deeper central parts. It seems that the preconditioning of these low-water lateral density gradients by asymmetric freshwater sources within the Wadden Sea is essential. To be efﬁcient,
this mechanism requires relatively small vertical mixing. At the present study site, such low mixing occurs
only during neap tide in each second tidal cycle. The work of Becherer et al. [2011] investigated the
observed conditions at the shallow station S1 and stated that these conditions were classical in the sense
that the dynamics could be explained by along-channel straining only. However, stabilizing cross-channel
straining was about as strong as destabilizing along-channel straining, such that a pure along-channel SIPS
[Simpson et al., 1990] was not present. Because the ﬁeld work at S2 happened during the weaker of the two
diurnal neap tides, it was possible to observe that the cross-channel straining can be a dominant mechanism that drives stratiﬁcation at this location. The completely different situation observed at station S2, with
substantial stratiﬁcation occurring already during ﬂood ﬁnally motivated this numerical study which
revealed the rich complexity of laterally driven dynamics.

PURKIANI ET AL.

C 2014. American Geophysical Union. All Rights Reserved.
V

241

Journal of Geophysical Research: Oceans

10.1002/2014JC010325

It can be assumed that similar processes are present at most other tidal inlets with ebb tidal deltas. The similarity of conditions between this study and the observational study by Lacy et al. [2003] in a tidal channel in
San Francisco Bay is striking (see the discussion in section 5 of this study). It depends on the exact geometry
and the intensity of the tides, whether or not these inlets will at times show distinct ﬂood stratiﬁcation.
Such ﬂood stratiﬁcation in turn will have strong impacts on estuarine circulation and net sediment transports in these inlet systems and thus deserves further scientiﬁc consideration.
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