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Results from measurements are presented that were collected during a full tidal cycle in the Ems estuary,
involving two landers and an anchored research vessel. The conditions were characterized by very weak winds,
no wave effects, and low river run-off, so that the state was close to tide-only. We find that the lateral (i.e., cross-
slope) transport of water and suspended particulate matter (SPM) much of the time shows a vertically layered
structure, which is however subject to sudden transitions. Moreover, even on the small spatial scale of these
measurements (i.e., within a distance of 200 m), a strong lateral variability is observed in the circulation pat-
terns. We analyze its dynamics by means of dimensionless parameters. In addition, near-bottom peaks in SPM
concentration are observed, notably during early flood. However, these episodic events have little effect on the
overall transport of SPM, which involves the whole water column: the measurements show a high vertically
integrated SPM signal during late ebb, resulting in an ebb-dominance in the transport at this position in the tidal

channel.

1. Introduction

Estuaries, connecting the riverine and marine environment, can be
efficient traps for marine and fluvial sediments, resulting in localized
regions of high suspended sediment concentrations, a so-called estuarine
turbidity maximum (ETM) (Burchard et al., 2018). The observed con-
centrations and specific trapping locations can be strongly influenced by
human interventions, such as land reclamation (Van Maren et al., 2016),
construction of weirs (Schuttelaars et al., 2013), dredging activities and
channel deepening (Chernetsky et al., 2010; De Jonge et al., 2014;
Dijkstra et al., 2019a), and water quality improvements (Cox et al.,
2019). These changes, especially when the observed concentrations
strongly increase, can adversely affect both the economic and ecological
value of estuaries: shipping channels have to be dredged to allow (ever
larger) vessels to reach ports, and light penetration and availability of
oxygen in the water are reduced, thus negatively impacting the ecology
(De Jonge and Schiickel, 2019). Therefore, insight into the effects of
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human interventions is essential for a proper management of the estu-
arine systems.

A system where such a regime shift from low to high sediment
concentrations was observed after deepening of the fairway is the Ems
River (upper estuary) (Dijkstra et al., 2019b), one of four distinct regions
that make up the Ems-Dollard estuary (see Fig. 1). Along with increasing
concentration, the ETM moved upstream and widened considerably
(Talke et al., 2009; De Jonge et al., 2014).

However, both the impact of the fairway deepening on the turbidity
levels in the lower and middle reaches and Dollard, and the influence of
land reclamation remain poorly understood. One of the main reasons is
the complexity of the three dimensional hydrodynamics and sediment
dynamics in the region where the Ems river (upper estuary), the Dollard
(a shallow region separated from the Ems river by the Geiseleitdamm)
and the middle reaches interact: the connection between these parts of
the system is poorly understood, as are the pathways of suspended
sediment.
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On August 28, 2018, the joint German-Dutch campaign EDoM'18
took place involving eight research vessels at different locations, be-
tween Eemshaven and Papenburg (not shown). As part of this effort, the
NIOZ research vessel Navicula was anchored at the position indicated in
Fig. 1 (red dot) to carry out 13-h measurements, involving two bottom
landers at both sides of the ship over the southwestern slope. These
observations are presented and analyzed here, with the central aim to
estimate the along-channel SPM transport at this location. Before and
during the campaign, the wind was very weak and hence there were no
wave effects; moreover, the river run-off is relatively low in this time of
year. So the conditions were close to tide-only and we expect the tides to
be the dominant factor in the dynamics.

In Section 2 we present the background information on the mea-
surement site, conditions during the measurements, and the in-
struments. In Section 3 we present the results, including a comparison
with nearby long-term data, an analysis of residual circulation and SPM
transport, near-bottom bursts of high SPM, and the spatial and temporal
variability of the lateral circulation. Finally, in Section 4 we present a
discussion and conclusions.

2. Setting of measurements

A map of the Ems estuary is shown in Fig. 1; measurements were
carried out on August 28, 2018, at the location indicated by the red dot.
In more detail, Fig. 2 shows the positions of the landers and the anchor
station.

2.1. Study area and background conditions

As visible in Fig. 3a, the survey campaign took place during very
calm conditions, with wind speeds below 4 m s. No wind waves were
present during the campaign, and air temperature ranged from 14 to
20°C (Fig. 3b). The survey coincided with spring tides (full moon was on
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26 August 2018). The river discharge from the Ems is, as typically in this
time of year, very low. The daily averaged discharge reported at the
monitoring station in Versen (100 km upstream of the measurement
location) on August 28 was 22 m3 s'l, which is much smaller than the
annual-mean daily discharge of 80 m® s (source: WasserstraBen-und
Schifffahrtsverwaltung des Bundes (WSV), provided by Bundesanstalt
fiir Gewasserkunde (BfG)). For an indication on how the discharge at
Versen relates to the overall discharge, in a long-term mean sense, we
refer to Van Beusekom and De Jonge (1998).

The measurements started and ended around low waters, but it is to
be noted that the first low water was 0.5 m higher than the second. This
considerable difference between successive low waters is not found in a
tidal reconstruction of the signal (not shown), and only weak winds were
present during the day. A possible explanation might be that westerly
winds during the previous day (see Fig. 3a) created higher water levels
and that our first low water is a holdover of this episode. More generally,
by examining water-level anomalies against wind strength and direction
for a longer period, we find that southwesterly to northwesterly winds
create higher water levels, while they are lower for northeasterly to
southeasterly winds.

2.2. Instrumentation

Two moorings were deployed in the early morning of August 28, one
on the southwestern channel-slope (at 53°18.996'N, 07°01.026’E,
referred to as “IOW mooring” in the following), and one further into the
channel (at 53°19.092’N, 07°01.086'E, “NIOZ mooring” in the
following). The ship was subsequently anchored between the two
moorings (each at about a 100 m distance) and 13 hours of measure-
ments were performed to sample a whole tidal cycle, before recovering
the moorings again in the evening. The exact positions of the moorings
and the ship are indicated in Fig. 2.

The NIOZ mooring was equipped with an Acoustic Doppler Current
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Fig. 1. Map of the Ems estuary with a subdivision in four main areas (lower reaches, middle reaches, Dollard and upper estuary/Ems River), adopted from De Jonge
et al. (2014). The red dot indicates the principal measurement site, the blue circle the approximate channel curvature with radius R at that position. The green dot
indicates another measurement site =~ 5 km upstream (used in Section 3.3). (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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Fig. 2. (a) Bathymetric map of the study area with positions of the IOW-moorings (red dot), the NIOZ-mooring (orange dot), and the drift track of the anchored ship
(green line) in-between. The yellow dot indicates the position of the long-term mooring. Coordinates are in UTM32 (UTM stands for Universal Transverse Mercator).
(b) Cross-channel transect (along the blue line in (a)), again with (short-term) mooring and ship positions indicated. (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Time series of (a) wind speed (solid line) and direction (gray circles),
and (b) air temperature, both measured at the DWD station in Emden. Red
patches mark the time of the ship survey. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of
this article.)

Profiler (ADCP), a turbidity sensor and a submersible laser-diffraction
based particle size analyzer (LISST-200X, Sequoia Scientific, Inc.). The
turbidity sensor (Infinity-Turbi, JFE) was mounted at a height of 0.34 m
above the bottom of the frame. Data was sampled at bursts of 5 min, with
295 samples per burst. After every burst, a mechanical wiper cleaned the
optical window. The instrument was also equipped with a temperature
Sensor.

Current velocity profiles were obtained with a bottom mounted
(upward facing) 1 MHz ADCP (Signature 1000 from Nortek AS),
measuring with a frequency of 8 Hz in bursts of 1 s. The bin size was set
to 0.2 m with a blanking distance of 0.1 m and a mounting height of
approximately 0.52 m. This allowed the ADCP to sample the water
column from 0.72 m above the bottom to the surface.

The LISST-200X was mounted horizontally on the NIOZ mooring at a
height of approximately 0.30 m above the seabed. A path reduction
module (PRM) was installed to reduce the optical path to 5 mm, as
highly turbid water was expected. The sampling rate was set to 60 s, for
each measurement 20 samples were averaged automatically.

The IOW mooring consisted of a stainless steel bottom frame with an
upward looking ADCP, a SBE37 thermosalinometer and a PME MiniDOT
oxygen optode. The 1.2 Mhz Workhorse-ADCP was used in mode 12 to
combine a high sampling frequency with high accuracy. Every 2 s a set of

nine subpings was averaged into a single profile and stored. The special
beam angle of 54° prevented a blind side lobe range at the surface, and
allowed the concurrent estimation of turbulent kinetic energy (TKE) and
its dissipation, using the variance method. Oxygen measurements were
taken 0.15 m above the bottom with 60 s sampling interval. The SBE37
was mounted 20 cm above the bottom. The sampling interval was 15 s.
All devices at the mooring were calibrated prior to the cruise in the IOW
calibration lab.

Ship based measurements included permanent profiling with a
microstructure probe, a vessel-mounted ADCP, and continuous surface
conductivity and temperature sampling. The Microstructure Profiler
(MSS 90-S) was used for simultaneous microstructure and precision
measurements of physical parameters in the entire water column. The
profiler was equipped with two velocity shear sensors, a fast tempera-
ture sensor (FP07), standard sensors for conductivity, temperature,
depth (CTD); oxygen and turbidity measurements. All sensors were
mounted at the head of the profiler. The sampling rate was 1024 Hz. The
profiler was used in free fall mode with a downward velocity of
approximately 0.6 m s~!. The TKE dissipation rate was calculated by
fitting the observed shear spectrum to the theoretical Nasmyth spectrum
in a wave number range from 2 to maximum 30 cycles per meter.

A Seabird SBE 19 plus CTD was mounted on a pole attached to the
ship, approximately 1 m below the water surface, sampling continuously
at a resolution of 4 Hz.

On the same pole, a downward-facing 1.2 kHz RDI Workhorse ADCP
was mounted. The bin size was set to 0.5 m, profiles were taken from 1.5
m below the surface (including the 0.25 m blanking distance) in in-
tervals of 3 s and afterwards averaged to 5 min intervals.

In addition to the short-term measurements (covering one tidal
cycle), a “long-term” mooring was placed at the position of the yellow
dot in Fig. 2 (53°19.730°N, 07°00.459'E), between August 8 and
September 5. On this mooring, an optical backscatter sensor (OBS) and
an upward-looking 600 kHz ADCP were mounted, at a height of 0.8 m
above the river bed. The ADCP bin size was 0.5 m. The ping rate was 0.2
Hz, with 6 sub-pings averaged. Beam velocities were converted to earth
coordinates during acquisition. For further processing, current velocities
were averaged in intervals of 1 min and projected onto the direction of
the flood current. Data close to (i.e. 1.2 m below) the water surface was
biased and omitted for calculating depth averaged velocity.

2.3. SPM calibration

To translate the optical backscatter data to values of SPM concen-
tration, two water samples using a Niskin bottle were taken approxi-
mately every 20 min, one near the surface and one near the bottom.
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Fig. 4. Scatter plot of turbidity (obtained with an OBS in a dark box) vs.
measured SPM concentration (obtained from filtration), and the linear fit ob-
tained with the Theil-Sen regression.

Subsamples were filtered on dried and pre-weighed GF/F filters, which
were subsequently rinsed and again dried and weighed to obtain the
concentration of SPM. Simultaneously, OBS values for the same water
sample were obtained using an OBS sensor in a dark box on board of the
ship. In total, 82 samples were taken. A linear regression between the
two data sets was obtained with the Theil-Sen method, which is less
sensitive to outliers and therefore more appropriate in this context than
the least squares fit (Gerkema et al., 2014; Schulz and Gerkema, 2018).
The data and regression are displayed in Fig. 4.

In a second step, the OBS in the dark box was inter-calibrated with
the turbidity sensors on the microstructure profiler (from IOW). For this
purpose, a dilution series of bottom water, sampled at peak turbidity
during ebb phase, was performed after the measurements on August 28.
The sampled water with high SPM concentration was concurrently
measured in a bucket with the MSS and the OBS, while the water was
stirred to maintain a uniform SPM concentration. After dilution with
pure water the measurement was repeated. In all cases, five dilution
steps were performed. After calibration of the OBS with the SPM sam-
ples, the MSS turbidity sensor readings were calibrated with the cor-
rected OBS values. The calculation of SPM concentration from the MSS
turbidity sensor readings was performed using the fit:

SPM_concentration[mg /1] = 1.60 x MSS_turbidity[NTU]*** .

An inter-calibration of the moored Infinity turbidity sensor (NIOZ
mooring) with the OBS in the dark box had been performed at a previous
occasion (in November 2017), resulting in the linear regression of
OBSpox = 0.0033 x FTU, — 0.12.

3. Results
3.1. Tidal characteristics over an extended period

The campaign results described in this paper encompass just one
tidal cycle, so naturally the question arises how representative the data
is for the typical state in that time of year. To examine this, we analyzed
data from the long-term mooring (see end of Section 2.2), deployed
approximately 1 km downstream from our position (yellow dot in
Fig. 2a) during the period 8 August - 5 September 2018, which includes
the tidal cycle of our campaign. In total, 45 full tidal cycles were
covered; they are all individually plotted in Fig. 5, with slack tides (from
ebb to flood) synchronized in each cycle and set at t = 0. The following
key quantities are shown: sea surface elevation (from a nearby tide
gauge, Knock, data courtesy of WSA, Wasserstrafen-und Schifffahrtsamt
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Emden) along-channel current velocity (U), and turbidity. Neap tides
(blue) and spring tides (red) are indicated; the mean of all cycles is
plotted in black.

A remarkable feature in the along-channel current is the very early
occurrence of maximum flood velocities: the flood current is (on
average) strongest approximately 1 h after slack tide (Fig. 5b). This early
maximum is most pronounced during spring tides, and is also reflected
in the turbidity record (Fig. 5c). For most of the recorded tidal cycles,
two local turbidity peaks (I and II in Fig. 5b) are visible during the first
hours of flood. This means that there is not a one-to-one relation with the
onset of flood (which has only one peak), suggesting that other mech-
anisms are at work besides local resuspension, e.g., lateral advection. It
should be stressed that these peaks were measured near the bottom (i.e.,
at a height of about 0.8 m). With regard to total mass transport of
sediment (i.e., integrated over the whole water column), these peaks
may be a ‘red herring’, in the sense that their near-bottom flood trans-
port, while locally high, contributes little to the overall vertically inte-
grated transport. This, at least, is suggested by the ship measurements
discussed below.

Subsequently, the turbidity decays and, on average, remains nearly
constant throughout the flood phase. During some tidal cycles, the
turbidity is again enhanced towards the end of the flood phase (peak III).
A clear drop in turbidity occurs during slack tides.

Peak ebb velocities also occur early in the tidal cycle, but the devi-
ation from a sinusoidal tide is much less pronounced than during flood
phase. A corresponding increase in turbidity can be observed (peak IV),
after which the level of turbidity is again constant. Strikingly, the
maximum turbidity during ebb is persistently recorded towards the end
of the ebb phase (peak V), when current velocities are already
decreasing. This suggests a source of sediment further upstream, that is
resuspended during full ebb flow and subsequently transported down-
stream. But, again, the full water column should be considered to war-
rant such conclusions, as further discussed below.

The cycle coinciding with our ship measurements is indicated by the
green line in Fig. 5. It is fairly close to the mean state (black line), but
with slightly higher current and turbidity values, as is to be expected
during spring-tide conditions. All in all, we can conclude that our
measurements are representative for the summer period covered by the
lander.

3.2. Stratification and mixing

Turning now to the measurements made on August 28, we first
consider the data from the NIOZ lander (Fig. 2b). From its ADCP, the
along and cross-channel current velocities are obtained, see Fig. 6a and
b. Like in Fig. 5, we find a clear peak at early flood (in red), while the ebb
phase (blue) is more uniform. The behavior of the cross-channel current
is much more intricate. Much of the time, a two-layer structure is
observed, with upslope currents (blue) on top and downslope current
(red) below — or vice versa. The transition between these states (or an
occasional state of vertical uniformity) is abrupt. In section 3.5 we
discuss the lateral circulation at more length.

Also shown are the isopycnals (black contours, Fig. 6, all panels).
They show the classical picture of a strain-induced periodic stratification
(Simpson et al., 1990): destratification in the course of flood, and a
built-up of stratification during ebb (Fig. 6a). These contours are ob-
tained from the high-resolution microstructure profiling, results of
which are shown in Fig. 6¢-f. The depth-mean salinity during flood and
ebb is roughly symmetric, with incoming saline water during flood and
outgoing fresher water during ebb. The behavior in temperature, in
contrast, shows a distinct asymmetry in an event that occurred between
7 and 8 h: a sudden rise in temperature, especially near the bottom.
Since water of this temperature arrives only hours later in the bulk of the
water column, which is then also much more saline, it must be
concluded that the earlier warm but relatively fresh peak belongs to
another water mass, originating from the shallow parts of the basin
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(probably from the harbour of Delfzijl) and advected to this spot by
lateral circulation.

The presence of a strain-induced periodic stratification is further
illustrated by the Brunt-Viiséld frequency N, here plotted as log;,N?
(Fig. 6e), along with turbulent dissipation ¢ in Fig. 6f. During slack tide
after ebb, stratification increases significantly as turbulence decreases.
The mid-water maximum stratification indicates a two-layer situation,
generated by lateral exchange flow (see Fig. 6b). During early flood, this
stratification is quickly eroded due to bottom-generated turbulence and
along-current differential advection, such that the water column is fully
mixed 2 h after slack tide. Later in the flood, the water column restra-
tifies and turbulence reduces, probably due to lateral circulation and a
weakening of the tidal current.

This flood-flow dynamics resembles the situation observed and
numerically reproduced by (Purkiani et al., 2015) for the site near the
channel slope of the Lister Deep. At slack water after ebb, the water
column is stratified, and turbulence levels are low for some time. During
flood, the stratification is subsequently eroded, but after a period of fully
mixed conditions, restratification and strong turbulence damping sets in
again. In the later flood phase, a balance between marginal stratification
due to longitudinal differential advection and turbulent mixing seems to
be established, a situation which is classically observed during ebb
(Becherer et al., 2015). Overall, stratification is strong in the course of
ebb till early flood, but weak in the course of flood till early ebb.
However, the levels of turbulence are low around both slacks and high in
the middle of both flood and ebb.

3.3. Suspended sediment concentrations

An overview of SPM concentrations through the tidal cycle is shown
in Fig. 7a. The outstanding feature is the period of high concentrations
during late ebb, which lasts about 2 h and involves the entire water
column. The high turbidity was even visually noticeable from the ship,
as ‘clouds’ of sediment were seen to drift towards the mouth of the es-
tuary (Fig. 8). This period of high turbidity comes well after peak ebb
velocities (about 2 h later), indicating the importance of advective ef-
fects in this region. The cloud of suspended sediment must originate
from resuspension events that occurred further upstream.

These observations are confirmed by concurrent measurements
carried out from another research vessel in the study area as part of
EDoM'18 (see Fig. 1, green dot): at this measurement site located 5 km
upstream from our location, vertical profiling was carried out using a
multisensor frame. The frame was (among others) equipped with a
Seapoint turbidity meter (STM), used to derive SPM concentrations. The
method to translate the optical backscatter data into SPM was compa-
rable to the method described in section 2.3. At this location, too, a peak
in SPM concentration peak during ebb is observed (Fig. 7c). There is also
a peak during early flood, but it is more confined to the lower layer.
Overall, the picture is qualitatively similar to the one at our site (Fig. 7a).

Some weaker peaks occur during early flood and early ebb, but they
are confined to the near-bottom layer (see Fig. 7a) and hence contribute
little to the overall suspended sediment mass. This is quantified by the
black curve, representing the vertically integrated concentration. Again,
the peak during late ebb stands out.

Zooming in on the near-bottom peaks, we show the data from the
turbidity sensor mounted on the NIOZ mooring at a height of 0.34 m
above the seabed (Fig. 7b). Here concentrations reach values as high as
2000 g m>. Interestingly, on the basis of this figure alone, one would
expect a dominance of flood (since the peak during early flood is much
higher than the one during late ebb), but we know from the ship-based
measurements (Fig. 7a) that the opposite is the case if we consider the
whole water column. (Incidentally, it should be noticed that the values
occurring very close to the bottom are generally missed in ship-borne
measurements, as the sensors do not quite get to this depth when low-
ered from the ship, because they are positioned higher on the frame. The
samples from Niskin bottles, too, are typically obtained from a height of
a few meters above the bottom.)

The onset of high turbidity at early flood in Fig. 7b is accompanied by
a sudden rise in temperature, and by intense downslope currents Fig. 6b.
This suggests the turbid water was originating from the channel to the
port of Delfzijl; the sudden change in temperature was also recorded in
the profiling data and the other mooring, within a time span of a few
minutes.

Before turning to the tidally integrated transports of SPM, we first
look at instantaneous fluxes by multiplying the current speed and the
SPM concentration. The result is shown in Fig. 9, both for the along and
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cross-slope directions. In the latter, a few periods with noticeable
transport can be observed, namely at early flood and late ebb. In the
along-slope direction, the ebb phase clearly is dominant, as already
expected on the basis of the results in Fig. 7a.

3.4. Residual currents and SPM transport

Residual (i.e., tidally averaged) fluxes of water and SPM were
calculated following (Klingbeil et al., 2019). This method takes into
account the varying thickness of the water column and thus properly
assigns a net value to each vertical position. For this, the current velocity
from each ADCP as well as the SPM data were interpolated to 40 c-co-
ordinates (i.e., the water column is divided into 40 layers whose thick-
ness deflates or inflates according to the movement of the free surface),
keeping the constant time step of each individual ADCP.

For the calculation of the residual fluxes of water, we have three
adjacent data sets available: the upward looking ADCPs on the two
landers and the downward looking ship-borne ADCP (Fig. 2). They give
similar results (Fig. 10a and b), allowing for the fact that the water depth
at their deployment positions differs, which results in a vertical shift
when plotting data with respect to height above bottom. Overall, there is

a flood dominance in the lower part and a slight ebb dominance in the
upper part (except for the ship-borne ADCP, which did not capture the
near surface region). This is in line with the picture of the classical
estuarine circulation. In the lateral (i.e., cross-channel) direction, there
is a residual downslope current in the lower part, a counteracting re-
sidual flux in the middle of the water column, and another downslope
component near the surface in the IOW mooring (the special beam angle
of the ADCP deployed at the IOW mooring allowed for profiling up to the
water surface, see section 2.2).

Turning now to residual SPM fluxes, it is no surprise (given the result
from Fig. 9a) that they are overwhelmingly ebb dominant. All in all, a
clear export of SPM is observed. The transport in the lateral direction is
dominated by the combination of the steady two-layered lateral ex-
change flow in the second half of the ebb phase (Fig. 6b), when SPM
concentrations were high throughout the water column: a cross-channel
downslope transport of SPM in the lower part is compensated by a
counteracting transport above.

3.5. Finer details in the lateral circulation

As described in the previous section, the tidally averaged lateral
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Fig. 8. Photograph made from the ship (at 16:52 UTC), showing clouds of
sediment at the surface during the late-ebb turbidity peak.

circulation has mostly a two-layered structure, and is directed towards
the deeper channel near the bottom, and towards the river bank near the
surface (except closest to the river bank, where a near-surface flow to-
wards the center of the channel is present; notice also that we cannot
completely exclude the possibility that there is a three-layer structure in
some cases that is not visible because of missing data at the top). A two-
layered structure with this orientation is typical for the lateral circula-
tion in curvature-dominated channels, but the intratidal variability ap-
pears to be more complex, and is investigated in detail in this section.
We already noticed abrupt temporal changes in the lateral circulation in
Fig. 6b. Now we add to this the spatial picture, which reveals small-scale

differences in the patterns.

3.5.1. Descriptive overview

Representative lateral current structures for three phases of the tide
(labeled I, III, V - note that these are not the same roman numerals as
used to identify the SPM peaks in the context of Fig. 5) at the slope (red),
central (green), and deep (orange) positions have been selected in
Fig. 11.

Phase I (Fig. 11a) comprises the second half of ebb, during which the
current is slackening. A two-layered circulation is visible throughout the
sampled transect, directed towards the river bank at the surface and
towards the deeper channel near the bottom. Maximum current veloc-
ities are in the order of 0.1 m s,

At full flood, the lateral circulation becomes more variable and
intermittent (phase II, not shown). After this, a steady circulation
pattern is established after peak flood, labeled as state III. It is charac-
terized by two circulation cells: the one on the slope is directed clock-
wise, the one at the deepest position counterclockwise. The lateral
current at the central position is more variable, but mostly oriented as
displayed in Fig. 11b.

Phase III is followed by a transitional phase, coinciding with the
change from flood to ebb, where the lateral current structure is not
persistent and shows strong spatial and temporal variability (phase IV,
not shown). Finally, around peak ebb, we can identify a third steady
state, referred to as phase V (Fig. 11c). It is characterized by spatially
opposite circulation patterns.

To close the cycle, the transition between phases V and I happens
abruptly. Over the slope, a bottom current directed towards the deeper
channel evolves, followed by an acceleration of the along-channel ebb
current at this position; right after that, the pattern of phase I is estab-
lished again.

3.5.2. Characterization by nondimensional numbers
The dynamics in estuaries can be interpreted with the help of
nondimensional numbers that quantify the relative importance of
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different processes involved. We introduce these parameters here, as a
guide to the interpretation of the various states of lateral circulation
outlined in the previous section.

From U, the instantaneous water depth d and the instantaneous top-

to-bottom buoyancy difference Ab, we calculate the (time-dependent)
internal Froude number,

U
Fr=—— 1
Abd m

(Seim and Gregg, 1997). For Froude numbers below a certain threshold
(depending on vertical shear, radius of curvature and channel width,
this threshold is approximately Fr = 5 in our case), stratification should
suppress secondary circulation (Seim and Gregg, 1997). High Froude
numbers up to Fr > 20 are present between approximately 08:30 and
09:50, i.e. during full flood when the water column is vertically homo-
geneous (see Fig. 6).

In well-mixed and weakly stratified estuaries, the lateral circulation
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is restricted by frictional forces rather than by vertical stratification. The
nondimensional radius of curvature,

vV CdK R

R=—r—+ (2)

with x = 0.41 being the von Karman constant, D the (mean) water depth,
and using a typical radius of curvature of R = 6 km as indicated in Fig. 1
and a (nondimensional) drag coefficient of C; = 3 x 1072, is a measure
for the relative importance of centrifugal and frictional forcing (Bech-
erer et al., 2015). The relatively large value of R = 3 calculated for our

data indicates a slight dominance of tidal mixing over curvature-induced
lateral circulation.

The curvature Rossby number

2uy

Ro. = I3 3)

where uy, is the amplitude of the tidal current velocity and f the Coriolis
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Fig. 9. SPM fluxes in the along and cross-slope directions through the tidal cycle. Based on the profiling and ship-borne ADCP data. Notice that the ranges differ in

the colorbars. In (a), the black curve represents the vertically integrated SPM flux.
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Fig. 12. (a) Depth-averaged along-channel current U (positives values = flood, black line), lateral shear 0, U (green line, positive = higher at channel center), lateral
density gradient between IOW mooring and ship (positive = higher values at mooring, purple line), Froude number (yellow line), relative pressure difference be-
tween the moorings (blue line). All data is normalized for better visibility. (b) Brunt-Vaiséla frequency (reprint from Fig. 6). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

frequency (Geyer, 1993), represents the relative importance of curva-
ture compared to Coriolis effects (for smaller Ro, curvature effects
become relatively less important). We find a value of Ro, = 2.6, sug-
gesting that curvature effects slightly dominate. In our case, curvature is

expected to generate a lateral circulation directed towards the center of
the channel near the bottom and towards the bank near the surface
regardless of the tidal phase. However, we observe this kind of circu-
lation only during the second half of ebb (phase I, Fig. 11a), and in the
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deeper parts of the channel during phase III (Fig. 11b), suggesting that
other mechanisms dominate during other phases of the tide. Lateral
circulation patterns induced by Coriolis effects - which are expected to
enhance the circulation pattern induced by curvature during flood, and
counteract them during ebb phase - are not observed in the presented
data set.

The importance of curvature effects for the generation of the lateral
circulation at the measurement site is further supported by the tidally-
averaged lateral current structure, which generally indicates a circula-
tion oriented towards the center of the channel near the bottom, and
towards the bank in the region above (Fig. 10b), typical for the lateral
circulation in curvature-dominated channels (Einstein, 1926).

However, the Rossby number only indicates a slight dominance of
centrifugal over Coriolis forcing, and the large nondimensional radius of
curvature and the high Froude number indicate that tidal mixing has
considerable impact on the lateral circulation, at least during some
phases of the tidal cycle. In the following, the interplay between the
lateral circulation and the vertical stratification will be analyzed.

To understand the temporal evolution of the lateral circulation,
available lateral gradients and other helpful data are displayed in
Fig. 12a: The along-channel current U, averaged over all three available
ADCPs; the difference in depth-averaged along-channel flow between
the ADCP on the IOW mooring (closest to the river bank) and the
average over all ADCPs, labeled d,U, as a measure for the strength of
cross-channel shear; the Froude number; the relative pressure difference
between the ADCPs in both moorings An; and the horizontal density
difference between the CTD on the IOW mooring and the ship-based
measurements at the same depth. As all moorings and the ship were
located within a radius of less than 200 m, gradients are generally small
and might not represent the overall cross-channel gradients well, as they
can be affected by small scale processes: The near bottom density
gradient Ap, for example, is created not only by differential advection,
but also mirrors the effect of the lateral circulation on the redistribution
of buoyancy. Due to the different offset in the pressure sensors between
the respective ADCPs and the uncertainty of the real bottom depth, the
lateral pressure gradient Ay can only be regarded as the relative change
of the lateral sea level slope, not the absolute difference.

The spatial proximity of the moorings and the very small and
therefore less accurate gradients make a quantitative analysis uncertain.
All quantities displayed in Fig. 12a are therefore normalized for a better
qualitative comparison.

In Fig. 12, representative lateral current structures for three phases of
the tide are indicated as L, III, and V (as in Fig. 11), with intermediate
transitional phases II and IV.

Starting with phase I (at the end of the measurement period,
Fig. 12a), which comprises the second half of ebb, when the current
magnitude is decreasing again after full ebb: A steady exchange flow in
the orientation as expected for curved channels (directed towards the
river bank at the surface and towards the deeper channel near the bot-
tom) has developed (Fig. 11a). Slightly enhanced lateral shear in the
along-channel direction (green line) causes a decrease in near-bottom
density at the ship position, while the density at the IOW mooring re-
mains approximately constant. Assuming that this lateral baroclinic
density gradient is established over a greater cross-channel distance, it
would reinforce the lateral circulation pattern driven by centrifugal
forces. The lateral circulation pattern is, however, present before the rise
of the lateral density gradient, indicating that the main driving force
during this phase is the channel curvature, reinforced by differential
advection.

At the beginning of phase II, after slack tide, a lateral surface return
flow towards the channel center develops at the position of the IOW
mooring, which might also be present but not captured by the other two
current profilers, which do not cover the very near surface area. Vertical
stratification (Fig. 12b) is eroded due to enhanced turbulence (see sec-
tion 3.2) starting from the sea bed. The lateral surface return flow from
the bank toward the channel might advect less dense water and help to
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maintain the surface stratification in the first half of phase II. A lateral
pressure gradient is established at 7:30 h, potentially driven by curva-
ture and amplifying Coriolis effect during the increasing flood current.
The pattern of the lateral circulation changes drastically when the
Froude number increases at 8:30 h: the water column is now well-mixed,
and the flow becomes more unsteady. Still small but enhanced vari-
ability in the main flow direction might indicate the presence of
advected small scale eddies that modify the tidal current.

During phase III, when the flood current is slowly decelerating, the
upper part of the water column is restratified, and the Froude number as
well the barotropic pressure gradient decrease. Two circulation cells are
formed: the one on the slope is directed clockwise, the one at the deepest
position counterclockwise. The lateral current at the ship position is
more variable, but mostly oriented as displayed in Fig. 11b. From the
ship, which was positioned approximately in the convergence zone of
these two cells at the surface, a restratification of the upper water layer
from the top is observed, while turbulence is still comparably high. The
surface convergence of the two cells could be an explanation for this
restratification. The immediate stop of the deepening of the stratified
surface zone that coincides with the breakdown of the cell convergence
at the end of phase III supports this hypothesis.

While the counterclockwise circulation in the deeper part can be
explained by curvature effects, the observed density gradient (Fig. 12a,
purple line) is close to zero and does therefore not support the formation
of the clockwise circulation cell on the slope. However, the slope and
central position are less than 100 m apart, and the lower part of the
water column (where the measurements were performed) is still well-
mixed; and a stronger salinity gradient further up the slope could be
formed by differential advection. In this case, the resulting baroclinic
pressure gradient may trigger the formation of the observed two-layered
current near the slope. By lack of corroborating evidence, this is of
course speculative. Lateral shear in the along-channel flow (flood cur-
rent deceleration is first observed at the NIOZ mooring, then at the ship,
and last at the IOW mooring closer to the bank) drives the subsequent
rise of the lateral pressure gradient at 11:15 h.

The peak of the lateral barotropic pressure gradient marks the
beginning of phase IV. Triggered by the high pressure gradient, the
exchange flow at the position of the NIOZ mooring changes orientation,
so that (temporarily) one clockwise circulation cell is formed. During the
transition from flood to ebb phase, the lateral barotropic pressure
gradient decreases (or is even reversed), suggesting that Coriolis forcing
during ebb now counteracts the pressure gradient induced up by cur-
vature effects.

During phase V (full ebb), the lateral shear in along-channel flow is
high, as the along-channel current at the IOW mooring is not acceler-
ating along with the ebb current further into the channel during phase V.
A strong exchange flow - directed towards the bank near the bottom and
towards the channel near the surface, possibly caused by Coriolis effects
- is present at the IOW mooring near the bank and less pronounced at the
ship position, and a weaker counterclockwise circulation is observed at
the NIOZ mooring side (Fig. 11c). Even though the along-channel ve-
locities near the center of the channel are higher, the lateral density
gradient is decreasing (as the density at the IOW mooring is decreasing
faster than at the ship), opposite to the behaviour expected for the
observed lateral shear and for differential advection during ebb current
in general. The (faster) decrease in density observed at the IOW mooring
is therefore rather caused by the strong lateral near bottom current,
which transports denser water from the deeper center of the channel up
the slope towards the shoal.

At the end of phase V, the circulation pattern observed at the NIOZ
mooring changes direction and the lateral circulation pattern typical for
phase I is established.

4. Discussion and conclusions

The measurement campaign described in this article took place on a
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day with very weak winds and low river run-off. Thus, the state was as
close as one may practically get to “tides-only”. Previously, such a state
was modelled by Ridderinkhof (1997). He found a net import of sus-
pended sediment due to tidal asymmetries formed by the combination of
the tidal constituents M2, M4 and M6. We find the opposite (i.e., a net
export), but this contradiction can be traced back to an assumption in
the model, namely spatial uniformity in the availability of sediment. In
reality, areas of high turbidity are found more inward in the basin,
which acts as a source region for transport.

We describe the conditions of our campaign as nearly “tides-only’’,
but with the proviso that there may be a memory in the system. This is
suggested by the fact that the first low water was half a meter higher
than the second; the first one is possibly an anomaly due to westerly
winds on the previous day (see end of Section 2.1). Stronger winds
would not only cause wave-induced resuspension, but (depending on the
direction) may also create higher water levels implying that tidal flats
remain inundated and subject to erosion for a longer period. The wind
was previously pointed to as an important factor in SPM transport in the
Ems estuary by De Jonge et al. (1995) and De Jonge and Van Beusekom
(1995).

The site of our campaign was at the southern part of the channel and
we cannot infer from our measurements whether a net export of SPM
also occurred elsewhere across the channel (see, e.g., Becherer et al.
(2016), who also found an export during calm periods, due to tidal
pumping, while asymmetries may occur in the curved channel). Yet,
visual evidence of high SPM concentrations during ebb (as in Fig. 8)
stretched well beyond our measurement site, strongly suggesting that
this was not just a local phenomenon.

Based on a comparison with a nearby lander, located there during a
month, we conclude that the general characteristics of our measure-
ments during one tidal cycle are in line with those during the rest of the
month. During other parts of the year (not covered here), conditions are
of course very different, with stronger winds and more run-off much of
the time. Only by repeating the measurement campaign can their effect
on sediment transport be assessed. We expect that high run-off condi-
tions, implying enhanced estuarine circulation, may be more favorable
to import of sediment. In any case, there must be periods of import
(compensating the export observed here) or else there would be no
turbidity problem in the Ems. Like in other parts of the Wadden Sea (see,
e.g. Sassi et al. (2015)), the picture that arises is one of high variability in
the tidally-averaged SPM transports, even in direction, depending on
wind conditions or fresh-water run-off. The challenge remains to eval-
uate the long-term cumulative effect of these variable transports in es-
tuaries. The variability includes tidal asymmetries associated with
stratification and sediment resuspension, as studied by McSweeney et al.
(2016) in deployments across Delaware Estuary and continued for
several months. In this respect, even an intensive campaign as the pre-
sent one cannot be conclusive as it covered only one tidal cycle.

In the interpretation of the data from our measurement campaign,
we can distinguish between the overall picture and the finer details. The
overall picture is dominated by the pronounced high concentrations of
SPM during late ebb (Fig. 7a) and a resulting net export (Fig. 10c), which
occurs throughout the water column and consistently during the course
of several hours. Based on the data at our location, it cannot be
concluded whether the SPM actually leaves the estuary further down-
stream or stays in the basin, as a relocation of a turbidity peak adjusting
to the present (tide-only) conditions.

This stands in contrast to what we may call the “finer details”, which
are seemingly momentous but actually have little effect on the overall
picture. One of these phenomena is the occurrence of occasional high
turbidity peaks observed in the bottom landers (Fig. 7b). For the overall
transport, they are insignificant because the high concentrations are
present only in a very small portion of the water column, and hence
involve a comparatively small sediment mass. Moreover, being very
close to the bottom, they occur at a place where currents are weak,
which further diminishes their role in the overall sediment transport.
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Another finding is the extraordinarily complex nature of the lateral
circulation. It is characterized not only by abrupt transitions during a
tidal cycle, but also involves a large degree of spatial variability, even
within the small distance between our deployments, which were less
than 200 m apart. This small-scale variability, revealed in Fig. 11, poses
a challenge for both fieldwork campaigns and numerical modelling
work. The high spatial resolution we had at our measurement location
can of course not be sustained when one covers wider areas (e.g., a full
cross-channel transect). But this inevitably means that the high spatial
variability is no longer covered, and, more seriously, that the mea-
surements one does have are unlikely to be representative for the cross
section as a whole. For numerical modelling, too, it poses a formidable
challenge to resolve the dynamics at such a small spatial scale (we note
that lateral dynamics at the full cross-channel scale can be captured by
models, as in, e.g., Zhou et al. (2020), who identified a new mechanism
for tidal straining circulation). The reassuring aspect, though, is that the
overall transport of SPM in the along-channel direction was robust and
did not show such a spatial and temporal variability.
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