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ARTICLE INFO ABSTRACT

Keywords: Around the world, estuaries have been partially or completely closed-off from the sea and their number may

Salt Intrusion increase with rising sea levels. Concurrently, there is a trend to reintroduce seawater inflow into enclosed former

Esi“a“es estuaries for ecosystem improvement. This is also the case in the Haringvliet, a former estuary in the Rhine-
axes Meuse Delta, closed-off in 1970 with floodgates blocking seawater inflow and regulating outflow. As the rein-

Circulations . . ) R . X

Stratification troduced salt water inflow can threaten fresh water intake, inflow, flushing and dispersion need to be well

Transport understood and carefully managed.

Here we investigate stratification, flow circulation and salt transport in the Haringvliet by analyzing ADCP
data collected in two former tidal channels, together with salinity time series and profiles. The profiles show that
the incoming water reaches the deeper parts and that the system tends to be strongly stratified. Over time, the
interface levels deepen in steps, mainly coinciding with floodgate discharge events, which are strongly correlated
with the primary current velocities in the channels. However, even floodgate discharges for above average Rhine
discharge conditions were insufficient to quickly flush or mix the salt out of the channels. This is consistent with
calculated gradient Richardson numbers, which barely get in the range of critical values.

For closed floodgates with no outward discharge, we found considerable depth-averaged upwind currents in
the channels for axial winds. This reveals a dominant horizontal circulation, with downwind currents over the
shallow parts and upwind currents over the deep parts of the system, explained by a local imbalance between the
wind stress and pressure gradient force at both shoals and channels. This horizontal circulation is an important
driver for inland salt transport, as increased salinity values were found at landward locations for seaward wind.
This implies this is a condition with increased risks for fresh water availability. Analytical calculations confirmed
the upwind currents in the channels can become sufficiently strong to transport salt mixed up at one side of the
system to the other within the duration of a wind event. However, the current-related shear is likely not strong
enough to induce interfacial mixing directly above the deep parts, and we hypothesize mixing mostly occurs
when salt water reaches less deep areas after tilting of the pycnocline.

The insights from this study are relevant for other formerly enclosed estuaries for which reintroduction of
seawater inflow is considered, as well as presently open systems for which (partial) closure is discussed.

1. Introduction which is the former Southern Sea, and the Grevelingen and Haringvliet

(Tonis et al., 2002), both former estuaries in the Rhine-Meuse delta

Around the world, numerous estuaries and tidal lagoons have been
partially or completely closed-off from the sea by dams, storm surge
barriers, sluices and floodgates. In South Korea, for instance, this con-
cerns about half of the country’s estuaries (Lee et al., 2011; Figueroa
et al., 2021), and hundreds of estuarine dams have been built in China
(Zhu et al., 2017). Examples in The Netherlands are the Lake IJssel,
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closed-off as part of the Deltaworks after a major flooding in 1953
(Watson and Finkl, 1990). Besides flood risk reduction through short-
ening of the coastline, estuarine closures have been directed at claiming
land, creating freshwater reservoirs or generating electricity (Morris,
2013). Although the attention for adverse environmental impacts of
hydraulic structures is increasing and the focus in coastal engineering is
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shifting towards more nature based solutions, barriers and floodgates
remain cost-effective measures for flood risk management (Delta-
commissie, 2008) and hard structures are likely to become increasingly
important to reduce coastal flood risk in densely populated areas (Na-
tional Research Council, 2014). In this way, climate change and rising
sea levels may lead to even more estuary closures in the future. How-
ever, for estuaries formerly closed-off with dams and floodgates, there is
also a trend to partially re-open them again for limited seawater inflow,
to reduce the adverse impacts of the earlier closures on water quality
and ecology. In the Netherlands, the latter is apparent in plans and
measures for the Lake IJssel (Project Afsluitdijk; fishmigrationriver Af
sluitdijk), the Grevelingen (Project Tide Grevelingen) and the Har-
ingvliet (Project Haringvlietsluizen). An example from South Korea is
the Nakdong estuary (Jun et al., 2019). As many of these systems
nowadays also function as a freshwater resource, relevant questions
from a management perspective are: how far will inflowing salt spread
through a system? And what measures and operational strategies are
available to control the extent of the salt intrusion to safeguard fresh-
water availability? Against this background this study investigates the
circulation, stratification and salt transport in the Haringvliet system
after reintroduction of seawater inflow through the floodgates to
enhance fish migration into the Rhine river.

Generally, in estuaries, with open connection to the sea, salinity
intrusion and dispersion through the system are the result of a contin-
uously changing competition between (net) inward transporting mech-
anisms like the estuarine circulation and tidal dispersion, and the
outward transport due to the river related net outward flow (Fischer,
1972; Fischer et al., 1979). The most important contribution to the
estuarine circulation is the gravitational circulation (Hansen and Rat-
tray, 1965; Chatwin, 1976; Geyer and MacCready, 2014), the
density-driven exchange flow directed inward near the bed and outward
near the surface due to the sea-river salinity difference. This mechanism
also generates stratification, competing with mixing primarily generated
by the tidal motion. The result is a wide range of estuaries with varying
levels of stratification. This is reflected in stratification-based classifi-
cations of estuaries (e.g. Valle-Levinson, 2010). An increase in fresh-
water discharge leads to increased outward fluxes, pushing salt outward.
Simultaneously, it shortens the fresh-salt transition, thus contributing to
increased baroclinic pressure gradients, gravitational circulation and
stratification. A decrease in tidal energy may also lead to increased
stratification and gravitational circulation, inducing increased salt
intrusion if the circulation is the dominant inward transport mechanism
(Geyer et al., 2000; Bowen and Geyer, 2003).

In lakes, circulation, mixing and transport are often dominated by
atmospheric forcing. Wind over basins with homogeneous density and a
uniform depth will initiate a water level tilting until a barotropic pres-
sure force has developed that balances the wind force (Imberger and
Hamblin, 1982). In this case, a vertical circulation will develop with
downwind flow at the surface and upwind flow near the bed (Officer,
1976). For lakes with a two-layer stratification also the pycnocline will
tilt, but with an opposite direction and a much larger steepness than the
surface slope (Mortimer, 1953), while two vertical circulation cells will
develop, the one in the lowest layer being weak as the shear stress at the
interface is small. Whether a tilted pycnocline can surface at the upwind
end of a lake (upwelling) is indicated by the Wedderburn number
(Thompson and Imberger, 1980), which links the characteristics of the
system to the ratio of the pressure force from the tilted interface and the
wind force.! Release and time-variation of the forcing results in internal
seiches (Mortimer, 1953). For basins with a homogeneous density but a
shallow and a deep side, wind can drive a horizontal circulation, with
(depth-averaged) downwind currents on the shallow side and upwind
currents on the deep side of the basin for axial winds (Csanady, 1975;

1 Note that — interestingly — in literature on wind in estuaries, the Wedder-
burn number is generally inversely defined as wind force over buoyancy force.
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Fischer, 1976; Wong, 1994). Wind may also cause deepening of a mixed
layer by turbulent entrainment mixing (Kato and Phillips, 1969; Price,
1979; Wiiest and Lorke, 2003).

The circulation, stratification and mixing in estuaries can also be
affected by wind. Down-estuary wind can enhance the estuarine circu-
lation and salt intrusion and strengthen the stratification (Hansen and
Rattray, 1965; Weisberg, 1976), as the down-estuary wind can enhance
the subtidal vertical shear, leading to straining of the density profile
(Scully et al., 2005). Up-estuary wind has the opposite effect: it inhibits
and can even reverse the direction of the estuarine circulation (Purkiani
et al., 2016; Coogan and Dzwonkowski, 2018; Lange et al., 2020).
However, for strong down-estuary winds or moderate down-estuary
winds acting on shallow water, stratification can also be reduced
(Goodrich et al., 1987; Geyer, 1997). Chen and Sanford (2009)
addressed this increase-then-decrease transition in the effect of
down-estuary wind on stratification in their numerical study on the
competition between wind straining and direct wind mixing, summari-
zing their results in a regime diagram spanned by the Wedderburn
number and the entrainment depth to water depth ratio. Lateral and
longitudinal effects of wind may also interact. Including rotational ef-
fects, Li and Li (2011) found that lateral straining of the density field by
wind-driven lateral circulation offsets the longitudinal straining effect
and reduces the asymmetry between the down- and up-estuary winds.
Wind-driven lateral exchange can be important for transport as well:
studying oxygen levels in Chesapeake bay, Scully (2010) found this to be
more important for oxygen renewal than direct turbulent mixing
through the pycnocline. Wind may also influence the exchange with
coastal oceans through its influence on the estuary plume (Xia et al.,
2011; Kang et al., 2017).

The system studied here, the Haringvliet, is a former estuary, with a
bathymetry still reflecting the estuarine features of ebb and flood
channels and shoals, closed-off for seawater inflow in 1970 (Ferguson,
1971), but recently reopened again for limited seawater inflow. Pres-
ently, the system also functions as fresh water resource. As the salt can
threaten the freshwater availability, the inflow, flushing and dispersion
of the salt water need to be well understood and carefully managed. In
this paper, we study field data gathered around the experimental
opening of the floodgates for seawater inflow in winter 2019-2020,
aiming to answer the question when and how salt water that has entered
the Haringvliet after opening the floodgates for seawater inflow is
flushed out, mixed up and/or spreads through the system. Because of the
related management risk, we focus particularly on the latter.

The set-up of this paper is as follows: In section 2, we describe the
field site, instrumentation and data processing. Section 3 describes the
results for stratification, interface displacement, depth-averaged and
depth-dependent current velocities and salinity at various locations in
the system and explores their relationship with the floodgate flushing
discharge and the wind. To verify our interpretation of the observations,
we further analyze and discuss the dynamics of the system in section 4.
This is followed by a brief discussion on the implications for manage-
ment of the system and points of attention for upcoming experiments.
The conclusions are summarized in section 5.

2. Methods
2.1. Field site

The Haringvliet is a former estuary in the Rhine-Meuse delta (Fig. 1),
closed-off with floodgates in 1970 as part of the Deltaworks to protect
the South-West of the Netherlands against flooding. It presently func-
tions as one of the two main conduits in the West of the Netherlands for
the discharge of the Rhine and the Meuse towards the North Sea, the
other being the Rotterdam Waterway, which has an open connection
with the sea. The Haringvliet floodgates are used to regulate the seaward
outflow, while keeping the seawater out. So basically, there is no flood
inflow, and only a regulated outflow during ebb. For low river


https://theafsluitdijk.com/wp-content/uploads/sites/3/2021/01/19038-RWS-Afsluitdijk_brochure_ENG_DIGI_DEF_DV.pdf
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Fig. 1. The Haringvliet and the Rhine-Meuse Delta. a) Haringvliet floodgates, picture Rijkswaterstaat; b) position of Rhine-Meuse Delta in North-West Europe; c¢) The
network of rivers and channels in the Rhine-Meuse Delta, with the Haringvliet and Rotterdam Waterway, the two main conduits of Rhine and Meuse water to the
North Sea (blue shades for visualisation purposes only); d) The western part of the Haringvliet system, with bathymetry and location of instruments in the fall and
winter 2019-2020. Bathymetry scale in meters with respect to reference level (NAP, the ‘Normaal Amsterdams Peil’, with NAP 0 m a level close to the average sea
level at the North Sea). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

discharges, the gates are fully closed also during ebb, and the water is
directed to the Rotterdam Waterway to avoid salt intrusion there. After
years of discussion, it was decided on the highest Dutch political levels
to reintroduce a limited seawater inflow into the Haringvliet, to improve
fish migration towards upriver spawning grounds. This managed
seawater inflow is realized by slightly opening some of the gates during
flood tides. The responsible Dutch governemental agency, Rijkswater-
staat, started experimenting with very small openings in 2018, with the
idea to gradually increase the seawater inflow during the experiments to
gain an understanding of the dynamics and experience in controlling the
extent of the salt water intrusion. This control is important, as it was
agreed upon that the sea water reintroduction will be managed in such a
way that no salt will arrive in the eastern part of the system (indicated by
red line in Fig. 1). This should guarantee that the opening of the gates
will not affect the functioning of a major fresh water intake, which was
displaced eastward specifically for the purpose of this project (location
indicated in Fig. 1).

On average, the Haringvliet is about 7 m deep, but the depth varia-
tion is strong. The bathymetry, plotted in Fig. 1d for the western part of
the Haringvliet, shows a big shoal and several deep channels and pits.
These deep areas are the result of past tidal influence, scour near jetties
and other constructions and, for areas B and C, sand mining. The deepest
depression is about 45 m deep (pit H). The barrier separates the Har-
ingvliet from the sea at the north-west side of the system by means of 17
double-door floodgates which can be lifted from the sill depth at 5.50 m
below reference level (the ‘Normaal Amsterdams Peil’, NAP, with NAP 0
m a level close to the average sea level at the North Sea). The fresh water

from the Rhine and the Meuse enters the Haringvliet via the Hollandsch
Diep at the south-eastern side of the system (Fig. 1c). Besides the Hol-
landsch Diep, the Haringvliet is also connected to the rest of the Rhine-
Meuse delta via the Spui at its northern side. Through these two con-
nections, there is a tidal influence on the Haringvliet causing a water
level fluctuation with a range up to 0.50 m, maximum (tidal range at
entrance of Rotterdam Waterway is 1.0 m for the smallest neap tides up
to 2.3 m for the greatest spring tides, and up to 3.0 m at the seaward side
of the floodgates). Via these connections, the Haringvliet water levels
can also be influenced by wind set-up at sea. During strong set-up events,
the combined tide and wind set-up induced flow towards the Haringvliet
via Rotterdam Waterway and Spui occasionally leads to salt water
reaching the Haringvliet from the north side (called ‘backward salini-
zation’) (Huismans, 2016). Here, we focus on the fate of salt coming in
via the Haringvliet floodgates.

2.2. Experiment set-up and instrumentation

Up to now, the experiments on seawater inflow take place in the fall
and winter season, with generally moderate to high river discharges.
This is done to avoid the situation that no fresh water is available
anymore for flushing in case salt inadvertently spreads too far east. In
this paper, we focus on data from the 2019-2020 season. On October 9,
2019, seawater was allowed to enter the Haringvliet. This was followed
by periods of active flushing and periods with closed gates.

During this period, salinity and temperature were monitored with
arrays of conductivity-temperature sensors beneath floating platforms at
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multiple locations in the western part of the Haringvliet. This included
measurements in channel D (Fig. 1d) at 2, 8 and 13 m and at 10, 11 and
12 m (from a second array close by), in channel F at 2, 7 and 15 m and in
pit H at 2, 8 and 15 m beneath the (moving) water level, all with a
sampling interval of 10 min. At these locations, also vertical profiles of
salinity and temperature were measured about once every two to three
weeks. From August 20, 2019, until March 10, 2020, two Nortek ADCP’s
were deployed on bottom frames, one in channel D and one in channel F,
measuring upward with bins of 50 cm and intervals of 10 and 12 min
(Fig. 1d). Halfway through the deployment, at December 12, 2019, the
ADCP’s were recovered, cleaned, reprogrammed and redeployed. For
the measurements in channel F, unfortunately only the redeployment
provided useful data.

Continuous time series measurement of permanent stations included
in this study are measurements of water level elevations at stations
Hellevoetsluis and Stellendam-buiten, the latter on the offshore side of
the floodgates (Fig. 1d), and measurements of wind speed and direction
at station Haringvlietsluizen Schl, all providing data with 10-min in-
tervals. Also the gate operation was recorded by registering the opening
height of each of the 17 gates with a 10-min interval. An overview of the
data used in this study is given in Table 1.

2.3. Data processing

As a first processing step, all time series were projected on an iden-
tical time axis with 10-min intervals, spanning the period August 20,
2019, 00:00 until March 11, 2020, 00:00. For the ADCP data, this does
include time interpolation, as these recordings did not start at rounded
10 min and were partly done with 12-min intervals.

Subsequently, floodgate discharges were calculated from the water
level measurements seaward and landward of the floodgates and the
recordings of the floodgate openings, using the weir relation:

0 =mA+\/2gAh (0.1)

where Q is the discharge through the floodgates, A the total floodgates
opening, g the gravitational acceleration, Ah the water level difference
between upstream and downstream side of the floodgates and m a tuned
coefficient accounting for flow contraction, energy losses from

Table 1
Overview of data used in the analysis.
#  Data-series Source Interval Location
1 Water levels LMW(*) 10 min Station Hellevoetsluis &
Station Stellendam-
buiten
2 Floodgate 10 min Haringvlietsluizen (gate
openings 1-17)
3 Windspeed & LMW 10 min Station
direction Haringvlietsluizen Schl
4 Horizontal ADCP- 10-12 ADCP1 in channel F;
velocities measurements min, 50 ADCP2 in channel D
cm
5 Acoustic ADCP- 10-12 ADCP1 in channel F;
backscatter measurements min, 50 ADCP2 in channel D
cm
6 Salinity time CT-arrays below 10 min Platform in pit H
series moored platforms (‘Middhnsmb’)
Platform in channel F
(‘Kier1’)
Platforms in channel D
(‘Harvwt’® & ‘Kier3’)
7 Salinity Shipboard 2-3 Location in channel F
profiles measurements weeks (2.3)
Location in channel D
(1.6)
Both right next to
platforms

" LMW is ‘Landelijk Meetnet Water’, see also https://waterinfo.rws.nl.
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deceleration and friction and inaccuracies from differences between the
upstream and downstream water levels and the actual upstream and
downstream energy head. Here, m = 0.78 is used, both for outflow and
inflow, following the practice in our organisations for calculating the
outflow discharge. This value is based on laboratory scale experiments
and calibration for outward currents in the design and construction
phase of the floodgates. (However, we have not been able to identify the
original reference). The resulting discharge times series contained
multiple smaller and larger gaps. Small gaps of only one or two data
points were filled through linear interpolation. A few larger in-
terruptions, related to gaps in the time series of the water levels at the
seaside of the construction, have been filled up with floodgate discharge
estimates based on operational water level predictions for those dates
(Matroos) or hindcasts using those operational models.

For the velocity data from the ADCP’s, the data in the most upper
part of the water column, generally 1.0-1.5 m, were removed to get rid
of the influence of reflection by the water surface. The primary current
directions over the full record were determined by finding the direction
with maximum variance, and the eastward and northward velocities
were projected on axes in the primary (m-) and counterclockwise
perpendicular secondary (n-) horizontal directions. After the axis rota-
tion, the ADCP data were slightly smoothened with a boxcar filter, using
7 points in time and 3 in space. Sometimes in such analyses, the profiles
are extended towards the bed and the water surface using e.g. a loga-
rithmic and a parabolic profile, with a certain bed roughness height z,
and a no-shear boundary condition at the surface. This is not done here,
as we expect the profiles to be influenced by wind. Note that, because of
this, so called ‘depth-averaged velocities’ are actually velocities aver-
aged over the available part of the profile. Like the velocity profiles, also
the ADCP backscatter profiles were cut off and filtered. These were used
to identify strong density interfaces and to estimate the time develop-
ment of the interface level. This was done by determining the local
maxima in the profile of the backscatter. This can provide information
on density transitions as the acoustic signal of the ADCP reflects on
density interfaces due to the changes in acoustic properties. The back-
scatter may also be enhanced by local maxima in suspended sediment
concentrations, which can occur around density interfaces due to effects
of density gradients on vertical mixing. Though the 50 cm bin-size and
the large scatter over time do not allow for a very accurate determina-
tion, the estimates provide insight into the interface development in the
time between subsequent shipboard salinity profile measurements.

For the salinity time series, measured at fixed distances below the
water level, the vertical positions of the sensors with respect to reference
level were determined using the water level measurements at Helle-
voetsluis. The same was done for the vertical positions of the profile
measurements. Like the velocity data, salinity and wind time series have
been slightly smoothened for further presentation and analysis (with
filter lengths of 7 points in time, unless stated otherwise with the
figures).

3. Results
3.1. Forcing conditions

3.1.1. Floodgate discharges

The calculated floodgate discharges (Fig. 2b) show a major inflow
event in October 2019, followed by periods of flushing and of closed
gates. Describing the discharge conditions in more detail, from the
beginning of our measurement period (August 20) until October 8, the
outward discharge was zero or at maximum 50 m>/s, as the gates were
closed to keep fresh water in and only slightly opened occasionally to
allow a minimal flushing. On October 9, 2019, the gates were opened
during flood and about 25 x 10 m® of salty seawater was allowed to
enter the system. This inflow event was followed by periods of moderate
flushing (e.g. 10/10-10/21 and 11/29-12/02), with periods of closed
gates in between (e.g. 10/21-11/1 with one interpution, and 11/5-11/


https://www.helpdeskwater.nl/onderwerpen/applicaties-modellen/applicaties-per/watermanagement/watermanagement/matroos/
https://waterinfo.rws.nl
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14; after November 14, some limited flushing was needed as the salt was
intruding too far East). December 12 forms the start of a new period, in
which significantly higher floodgate discharges occur, related to a
strong increase in the Rhine discharge. In this period, a limited addi-
tional seawater inflow into the system did occur. This happened because
the gates were sometimes opened some time before the moment of zero
water level gradient over the gates during falling tide, or closed some
time after this moment during rising tide. Between 01/13-01/18 and
01/29-02/02, experiments were carried with peak flushing rates, while
the gates were closed from 01/19-01/29. An chronological overview of
the floodgate discharge conditions is given in Table 2.

3.1.2. Wind

The wind speed during the measurement period (Fig. 2a) was on
average 6.7 m/s, with a standard deviation of 3.4 m/s for the hourly
average wind. The dominant wind direction was from the South-West.
Stronger winds tend to come from westerly directions, and events
with wind speeds exceeding 15 m/s have occurred at e.g. 10/01, 12/12,
02/12 and 02/26. More general information on the wind statistics for
the Haringvliet based on a two year record can be found in figure Al in
the appendix.

3.2. Stratification

3.2.1. Salinity profiles and timeseries
At the start of the experiment, there was no salt present in the system

Table 2
Overview of floodgate discharge conditions.

Period Characterization

08/20-10/08
10/09

10/10-10/21
10/21-11/01

Floodgate discharge ~ 0 m®/s

Inflow event, volume ~ 25 x 10° m®

Moderate outward floodgate discharges

Closed gates, floodgate discharge = 0 m®/s (with one
interuption)

Moderate outward floodgate discharges

Closed gates, floodgate discharge = 0 m®/s

Limited flushing since salt is too far east

Moderate outward floodgate discharges

Limited flushing

High outward discharges, including 3 distinct peaks; some
limited seawater inflow

Moderate outward floodgate discharges

Moderat outward floodgate discharges; Experiments with 3
isolated flushing events

Closed gates, floodgate discharge = 0 m®/s

Two more experiments with isolated flushing events
Outward floodgate discharges quickly increased because of
increasing river discharge

11/01-11/05
11/05-11/14
11/14-11/29
11/29-12/02
12/02-12/12
12/12-01/03

01/03-01/13
01/13-01/18

01/19-01/29
01/29-02/02
02/02 onward

except for the background salinity of the rivers Rhine and Meuse. The
salinity profile measurements (Fig. 3 a,b) show that the salty seawater
that came in during the inflow event on October 9 reached the deep parts
of channel D as well as the more south-eastern channel F. The profiles
reveal a very strong salinity stratification and sharp interfaces, with for
profiles in channel D up to 20 PSU difference over just about 2 m. The
interface levels are observed to deepen over time. The observations from
the profiles are consistent with the time series of the deepest salinity
measurements, which show a continuous presence of high salinity water
from the inflow event on October 9 until January 31 for channel F
(Fig. 3d) and until January 17 for channel D (Fig. 3c) at respectively 15
and 13 m below the water surface. After these moments, for a period of
several days strong fluctuations are observed in the salinity time series.
We explain this from the upward and downward motion of the sensors
moored to the floating platforms due to the water level variation
induced by the tide and wind-induced set-up at sea, which influence the
Haringvliet water level through the open connection with the sea via the
northern part of the Rhine Meuse Delta (Fig. 1c). The sensors move up
and down through the much steadier interface with strong vertical
salinity gradient, causing strong fluctuations in time. In pit H (Fig. 3e),
the high salinity water is not found down to at least 15 m below the
water surface. Instead, the upper 15 m are rather well-mixed, showing
salinity variations of the order of but generally somewhat smaller than
the near surface variations in channel F. Even though the salinity is
much lower than observed in the deep pits, these observations are
relevant. They indicate that salt from the reintroduced seawater inflow
can end up near the surface in the eastern part of the system. This could
affect fresh water availability if this water would also reach the fresh
water intake. Norms for freshwater intake in The Netherlands are very
strict, sometimes only allowing a chlorosity (right y-axis) of just 150 mg/
1 maximum, which equals a salinity of just 0.27 PSU.

3.2.2. Interface displacement

The low frequency of the salinity profile measurements makes it
difficult to directly relate changes in the salinity profiles to floodgate
discharge and wind conditions. However, some additional insights into
the behavior of the salinity profile in the time between subsequent
shipboard profile measurements — though with limited quantitative ac-
curacy - can be obtained from the backscatter-based interface level es-
timates (Fig. 4d). The time development of the estimated interface level
shows that the deepening takes place in steps. Not too surprisingly, these
steps can to a large extent be related to high floodgate discharge events
(Fig. 4b), e.g. the peaks at December 21 and 31 and January 3, 12, 16
and 19. What is more surprising, is that ebb currents/flushing events
with peak discharges of 5000 and even 7000 m3/s were not sufficient to
flush out all the salt from the deeper parts of the pits and channels
(Fig. 4d, compare also with Fig. 3). Note that these peak discharges for
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the outflow during ebb are equivalent to respectively a tide average
discharge of about 1600 and 2200 m>/s. The yearly averaged discharge
of Rhine and Meuse together equals about 2400 m®/s, of which under
averaged conditions about 1000 m?/s is flowing seaward via the Har-
ingvliet (equal to ebb peak discharges of about 3100 m®/s). This means
that salt water that has reached the deep pits and channels is difficult to
remove: above averaged discharges are needed to mix or flush the salt
from the deeper parts. For the lower discharges, the interface level just
seemed not to be affected. This need for above average discharge con-
ditions to remove the salt has implications for the management of the
seawater inflow, which we will get back to in the discussion in section
4.2,

3.3. Current velocities

3.3.1. Currents during floodgate discharge

The depth-averaged current velocities in the primary direction
(Fig. 4c) show a clear correlation with the floodgate discharges, and
peaks in the floodgate discharges (Fig. 4b) are strongly reflected in peaks
in the depth-averaged velocities. A correlation analysis showed that for
channel F the correlation would slightly improve with a small time shift
of the velocity signal of just over 10 min (see Figure A2 in the appendix).
This small delay between the calculated floodgate discharges and the
current velocities more upstream is consistent with the progression of a
barotropic wave with a propagation speed of about 10 m/s (6000 m in
10 min), close to an estimated propagation speed c = \/ (gh) = \/ (10*12)
~ 11 m/s for the tidal channels in the Haringvliet. Note that the current
velocities in the secondary flow direction (Uy) are very small compared
to the currents in primary direction, consistent with a strong directional
preference for currents in a channel.

The discharge related flow mainly takes place in the part of the
profile above the interface. The current velocities below the interface are

generally only very weak. A small current in opposite direction is
observed to develop below the interface towards the end of the ebb flow,
so while the flow above the interface is still flowing outward (Fig. 4d).
This might be return flow related to relaxation of interface tilt induced
by the shear of the outflow, starting as soon as the shear diminishes.

To relate these current observations to the observed interface
behavior, we estimate the gradient Richardson number Ri, wich gives an
indication of the stability of a density interface by relating the shear
production and buoyancy damping of turbulence, with:

_ & /% 0.2)
P (0u/oz)

where g is the gravitational acceleration, p the density and u the vector
velocity. We calculated Ri using the maximum shear in the current ve-
locities around the estimated interface level and a salinity gradient of 10
PSU/m, estimated from Fig. 3 (a,b) and applied as representative value
for the full time span stratification is present in the channels. The results
(Fig. 4e) indeed indicate that only the greatest discharge and wind
events will generate enough shear to start mixing salt upward, as indi-
cated by the values in the range of the critical Richardson number
(0.25-1).

Returning to the depth-averaged currents (Fig. 4c), it is also observed
that the greatest floodgate discharges do not necessarily result in the
greatest depth-averaged currents in the former tidal channels. The
floodgate discharge at 01/03 for instance is more than 20% smaller than
the discharge peak at 12/31, the velocity however is more than 10%
higher and is the greatest observed velocity in the record. This is an
indication the depth-averaged currents in this channel are influenced by
other factors beyond just the floodgate discharge, most likely the wind,
with north-westerly wind (as occurred during the 01/03 discharge peak)
apparently strengthening the current towards the North-West.



W.M. Kranenburg et al.

Estuarine, Coastal and Shelf Science 282 (2023) 108221

North
o— 20 o T T T T T =
g NW-wind ev nl\A West
< 10 \AMWW South
£ A ,,ﬂ East
z : : ! North
0
2
L E
5 =
g%
g5
= 5
L
°
T T T T T T T T T
EO4V(C) (€ mexy Um -
E —u,
202
o
o
§ 0
1 1 1 1 1 1 1 1 1
[m/s]
i TN 111
6 I currents in primary direction 03
— e stimated interface level
0.2
8 |
0.1
E 10} 0
N
| iy
12 H
-0.2
14 + -0.3
S — 1
§ o 10 Ri
g o £ minima
g 'g 1 Eré"i =T o
¥ 2 N0 it Pttt et R Ri=025
12/16 12/21 12/26 12/31 01/05 01/10 01/15 01/20 01/25
date

Fig. 4. Currents in channel F. Panel a) wind; b) floodgate discharge (seaward positive); c¢) depth-averaged currents in primary and secondary direction (Up,
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estimated gradient Richardson number.

3.3.2. Currents under influence of wind

To better understand the wind-influence, velocity profiles are stud-
ied for situations with wind, but with no (or almost zero) discharge
through the floodgates (Fig. 5). In cases of wind more or less along the
main direction of the Haringvliet (NW-SE), for both ADCPs upwind
directed currents are observed over a major part of the vertical profile,
and the depth-averaged current velocity is clearly non-zero. Further-
more, except maybe for ADCP1 on December 13, the profiles do not
show the vertical circulations which we may expect for a two-layer
system forced by wind, related to the tilting of the interface and baro-
clinic pressure forces (see introduction). As a steady non-zero depth
averaged current can only exist with a compensating flow elsewhere,
these observations may indicate the generation of a horizontal circula-
tion in the system in the case of along directional wind, which also
dominates over potential vertical circulations related to the presence of
the density interface.

Further studying the depth-averaged velocities at times of closed
floodgates, we found both for channel D and F a negative correlation
between the primary component of the depth-averaged currents (di-
rection respectively 308 and 303° with respect to North, which is about
the longitudinal direction of the Haringvliet) and the component of the
wind in this same direction. This clearly indicates the presence of a net
upwind current for wind in axial direction of the system. This correlation
became even stronger with the current signal shifted in time or using the
wind averaged over the preceding 3 or 6 h. It also improves when using
the wind component in a slightly shifted direction (see correlation
graphs in appendix, Figure A2). Summarizing these observations, Fig. 6a
shows for channel F the relation between the primary component of the
depth-averaged current and the component of the wind over the 3

preceeding hours in a direction 10° shifted with respect to the primary
flow direction. Data points for north-westerly and south-easterly winds
have been highlighted, further illustrating the observation of upwind
currents, one of the key results of this study.

These observations on the depth-averaged currents in channel F
point at a horizontal circulation in the Haringvliet system, which can be
explained in line with Csanady (1975) and Fischer (1976): the wind
leads to wind shear stress and a water level set-up at the downwind side
of the lake. However, in the deeper parts the stress divergence will be too
small to balance the pressure gradient, generating an upwind current in
the former tidal channels which increases until the bottom stress has
become sufficient (while meanwhile the set-up is also decreasing a bit)
to establish a balance. Over the shoals, the forcing by the wind stress
wins out over the forcing by the pressure gradient, driving a downwind
current over the shoals. This is schematically shown in Fig. 8 (topview).
The large portion of shallow area then explains the significant magni-
tude of the wind-induced currents in the channels. This relation is
particularly strong for the deep and relatively narrow channel F, where
axial winds of only 8 m/s can already generate currents of 0.1 m/s. For
channel D, the relation is less strong, but the behavior is similar.

To see how this current might be affected by vertical circulations or
might be different for situations with or without salt water present in the
channels, we also study the current at 6.0 m depth (Fig. 6b). This level is
chosen such that it is always above the interface level if salt is present in
the system, but otherwise quite arbitrary. At this level the observations
are very similar, and also during the time strong stratification is present
in channels D and F (purple dots, data acquired between October 9 and
January 30), the behavior of the current velocities at this level does not
significantly differ from the behavior of the depth-averaged current.
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Internal seiches and vertical circulations might occur in the system, but
this observation underlines that the horizontal circulation is strongly
dominant.

Finally, the wind-induced upwind current contribution also affects
the flow velocities when the floodgates are open. In Fig. 6¢ we see wind
from the North-West enhancing currents towards the North-West and
wind from the South-East reducing the north-westward currents, in line
with the observation from Fig. 4c.

3.4. Near-surface salinity

We study the behavior of the near-surface salinity and its relation
with wind forcing by looking into the rate of change of the salinity for
the part of the time record with both closed gates and salt present in the
deeper parts of (at least) channel F. As mentioned in the introduction, we
do this to get insight in the dispersion of salt still present in the system
after gate closure at times of low river discharge, so when no water is
available for flushing. This is relevant, as the salt may threaten fresh
water availability if it is transported too far eastward, towards the
freshwater intake (see Fig. 1).



W.M. Kranenburg et al.

The analysis builds upon an earlier analysis of near-surface
chlorosity signals by Fioole (2020). Firstly, using time series of salinity
with moving averages over 740 min, we generated 10-min interval time
series for the rate of change of the salinity. Using the 10-min interval
time series of the wind averaged over the preceeding 3 h, we assigned
each sample to a wind bin based on wind speed and direction. Subse-
quently, we determined the average rate of change for each bin.

The results for average change per wind bin are shown in Fig. 7a and
b for near-surface salinity in channel F and pit H. From these figures, it
can be observed that both in channel F and pit H, south-easterly winds
tend to lead to an increasing salinity. This increase is the strongest for pit
H. For this pit also easterly and north-easterly wind contribute to
increasing salinity. For channel F, we generally find northerly and north-
westerly winds leading to decreasing salinity, especially when the wind
is moderate. These observations indicates that the wind-induced upwind
current towards the South-East during south-easterly wind is an
important driver for inland transport of salt mixed up elsewhere. This is
the second most important result of this study. The wind-current-
transport relation is further illustrated in Fig. 7c for the period of
closed floodgates between November 6 and 15. For this figure we use the
depth-averaged currents in channel D, as no flow velocity measurements
are available for channel F for this moment, and did apply some further
smoothing to obtain a more clear visualisation. Firstly, we see again that
the component of the wind in primary flow direction clearly correlates
with currents in the opposite direction (uw,m correlated with -Up).
Secondly, the periods this current is directed to the South-East (so when
-Up, is positive) coincide rather well with periods of increasing near-
surface salinity in pit H, see for instance November 7 and 14. This is
also the case for most of the instances of increasing salinity in channel F.
However, it is interesting to observe the increasing salinity in channel F
on November 9, which coincides with rather strong absolute wind
speeds, but does not translate in an major increase of the salinity in pit H.
Apparently, salt is being mixed up under influence of the north-westerly
wind but hindered from transport towards pit H by the increasingly
strong flow velocity in north-westward direction in the channels.
Finally, note that an average increase of the near-surface salinity of only
3 x 1073 PSU/hour or in terms of chlorosity 1.7 mg/l, as found for
southeasterly wind of 10 m/s (Fig. 7b), might seem small. However, this
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means a wind event of a day may well cause an increase of over 40 mg/1.
Considering the background chlorosity due to the salt content of river
water can be around 100 mg/l, an event of southeasterly wind could
quickly cause the near-surface salinity in pit H to exceed the drinking
water norms. This is also what happened on November 14 (see Fig. 3e),
which is why the responsible water management agency initiated a
limited flushing directly after this event (see Fig. 2).

4. Discussion
4.1. Evaluation of the system dynamics

4.1.1. Wind-induced currents

Combining the observations, we explain the increase in near-surface
salinity in the landward, more south-eastern part of the Haringvliet
system for conditions with south-easterly winds, from inland directed
transport by a wind-driven horizontal circulation with upwind currents
over the deeper parts of the system for seaward wind. This horizontal
circulation is then explained by a local imbalance between the influence
of wind stress and set-up and the presence of large areas with shallow
water depths.

To verify this explanation, we now analyze elements of these dy-
namics quantitatively. The first question is: can we indeed explain the
south-eastward currents with magnitudes as observed in channel F from
the local imbalance between wind stress and pressure gradient influ-
ence? To answer this, we consider the momentum balance in longitu-
dinal direction of the system, simplified to a depth-averaged balance
neglecting advective acceleration, Coriolis and baroclinic effects:

ag Twm — Tom

0=—p.85, + H+C (0.3)

with ¢ the water level elevation, m the coordinate in longitudinal
direction, 7,y the wind stress, 7}, the bottom stress, H the averaged water
depth, py the density of water, g the gravitational acceleration and the
stresses at the surface and the bed given by respectively:
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Fig. 8. Conceptual figure with topview (top left),
lateral crossection AA’ (top right) and longitudinal
crosssection BB’ (bottom). Wind in longitudinal di-
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rection drives a horizontal circulation with downwind
currents over the shallow part in the middle and up-
wind currents over the deeper parts, in particular the
deep channel on the south side. When salt is present
in the system, these currents can induce upwind salt

L C transport, as observed in this study. For this, salt

needs to be mixed upward from the deepest parts of
the channel. We hypothesize the mixing mostly oc-
curs when salt water — due to tilting of the pycnocline
— reaches less deep parts of the channel, where it is
subsequently more easily entrained by the wind-

induced circulation.

with p, the air density, Cp the wind friction coefficient, Uy the wind
velocity at 10 m height, c¢ the bottom friction coefficient and U the
depth-averaged flow velocity. With this, we can estimate the current in a
channel and over a shallow shoal by applying the momentum balance
for both. For this we assume the water level and its gradient laterally
uniform, so identical in the channel and over the adjacent shoal. With
one channel and one shoal, this yields three unknowns ((%i; Uni;Uns2),

where Uy, 1 and Up, » are respectively the depth-averaged velocity in the
channel and above the shoal. Additional information is provided by a
continuity equation stating that the joint longitudinal volume flux over
the shoal(s) and through the channel(s) equals zero:

0=UyiAs + UpoAs (0.5)
where A; and A; are the cross-sectional areas above the deep and the
shallow part. Using this, we estimate the flow velocities for a cross
section over channel F, the shoal and the northern channel (so three
parts) perpendicular to the primary flow direction in channel F. A
schematic picture of the situation is given in Fig. 8. For our calculation,
we schematize channel F as a rectangular channel of 0.5 km wide and 14
m deep, the shoal as 2.5 km wide and 2 m deep and the northern channel
as 1.5 km wide and 10 m deep. With p, = 1.2 kg/m®, p,y = 1000 kg/m5,
Cp =1.5 x 1073 (Wiiest and Lorke, 2003), ¢f = 3 x 1073 (a common
value in estuarine literature) and a 10 m/s wind towards the north-west,
this yields currents of —0.15 m/s in channel F, 0.22 m/s over the shoal
and —0.01 m/s in the northern channel and a water level gradient of 1.8
mm/km. Although the wind-current relation of Uy, = —0.015 Uy, that
in this way can be determined for channel F is somewhat steeper than
the relation found from the data (Uy, = —0.0127 Uy, m, see Fig. 6), and
assumptions and estimates made for this calculation are simplifications,
the calculated and observed flow velocity are of the same order of
magnitude, which supports the earlier explanation on the wind-driven
horizontal circulation. Also the observed increase of the (absolute)
wind-current correlation with a time shift related to averaging over
multiple preceeding hours, fits in the picture, as the pressure gradient
driving the upwind currents needs time to build up.

Note that the strength of the horizontal circulation would increase
with increasing difference between shoal and channel depth. This is in
line with Hunter and Hearn (1987), Hearn et al. (1987) and Signell et al.
(1990), who studied the contribution of depth-variation-related hori-
zontal circulation to the total wind-driven circulation for elongated

10

water bodies with uniform density. Using an analytical model, more
elaborate than our approach above, and also considering vertical pro-
files of the horizontal flow velocity for various eddy viscosity profiles,
Hunter and Hearn (1987) found that the relative importance of the
depth-integrated, horizontal circulation over the vertically varying
(overturning) circulation increases with increasing variance of the depth
distribution of the water body and with decreasing bottom roughness. In
line with this, Signell et al. (1990) found that the wind-driven circula-
tion decreases under influence of waves due to wave-induced increase of
the bottom drag. Hunter and Hearn (1987) also found that for natural
bathymetries, the horizontal circulation is generally dominant and did
account for over 85% of the total circulation in the examples they
investigated. So, a strong horizontal circulation in this elongated former
estuary with strong depth variation is in line with literature.

Concerning vertical circulation, note the measurements were taken
at locations near the deepest parts of channel/pit D, F and H, which are
separated from each other by sills at around 9 m (D to F) and 4.5 m (F to
H) depth. As a result, even though the measurements show a significant
salinity gradient at 15 m depth between F and H, there is no large scale
baroclinic exchange flow taking place in the system. Baroclinic flows
will play a role when the salt water initially enters and spreads through
the system. They also do when salt water may flow to another channel
after reaching the sill level due to tilting of the pycnocline. Within the
channels, vertical circulations from baroclinic effects may be present,
but are significantly smaller than the wind-induced horizontal circula-
tions, as observed in section 3.3.

4.1.2. Current induced transport

The next question is whether the wind-driven current would be able
to transport salt mixed up from channel D and F towards area H in the
time span of a wind event. With a flow velocity of 0.1 m/s for 8 m/s
south-easterly wind and a distance from the CTD locations in channel F
and D to area H of 5 respectively 9 km, salt mixed up from channel F and
D could arrive in area H within 14 (from F) to 25 (from D) hours. As this
is in the range of the duration of a wind event, the answer is positive.

4.1.3. Mixing

A more complicated question is: how and under what conditions is
the salt that is transported south-eastward by the upwind current priorly
transported upward from the larger depths? Does that happen through
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mixing related to the wind-driven current, or rather through direct
mixed layer deepening by wind-induced turbulence or other mecha-
nisms? Clearly in this data record neither of these processes is able to
fully mix the water column, as stratification persists also beyond strong
axial wind events like on December 13, 2019. However, note that the
observed upper layer salinity increase is only small, and even though the
stratification is very strong, the direct or indirect wind-induced turbu-
lence might be able to start entraining some salt from the lower layer.

Increasing near-surface salinity found in channel D for situations
without a distinct current suggest mixing directly caused by wind-
induced turbulence. Also exploratory estimates made using a 1D-vertical
numerical model and the expression by Price (1979) for growth of the
mixed layer depth suggest that, even for this case of strong stratification
of over 15 PSU at 15 m depth, winds of only 8 m/s with a duration of a
day would be able to start eating into the lower layer and mix a limited
amount of salt upward. However, preliminary results from a 3D nu-
merical model under development indicate that during closed gates,
upward mixing mostly coincides with events of moderate to strong
wind-induced horizontal circulation. In those cases mixing mainly seems
to occur when water from the deepest parts of the channels is reaching
less deep parts, in particular the shallower saddle points between two
channels or pits, as a result of tilting of the pycnocline against the wind
direction. Although the interface/upwelling never reaches the surface,
the salt seems to be easily entrained at these shallower locations by the
wind-induced current, which presumably also experiences significantly
more bottom induced turbulence at these shallower locations. This
explanation also makes sense in the light of the results for the
Richardson number in Fig. 4e, which suggest that flow velocities of
about 0.15 m/s (as may be induced by wind around 10 m/s) are not
strong enough to destabilize the interface directly through
shear-induced interfacial mixing right above the deepest part of the
channel. We therefore hypothesize mixing mainly takes place when a
thin layer of salt water is generated on slopes or saddle points after
tilting of the pycnocline. This hypothesis is also indicated in the sche-
matic of Fig. 8. Clearly, to further pinpoint the most risky conditions for
salt dispersion, the exact mechanism of mixing deserves further atten-
tion, and the hypothesis might be tested with salinity data from the
saddle points and an in-depth modelling study.

4.2. Implications of the findings

4.2.1. Effectiveness of flushing

The findings on flushing indicate that large discharges are needed to
flush the channels and pits, and complete removal of the saline water
from deeper parts of the basin in a single flush-event does not occur. A
floodgate peak discharge of 7000 m>/s results in significant water mo-
tion far into the basin with current velocities of up to 0.4 m/s in channel
F. However, even for this condition there is only a limited lowering of
the pycnocline of several decimeters (Fig. 4). Furthermore, 7000 m®/s is
a relatively large peak floodgate discharge and belongs to river dis-
charges well above average. In the Haringvliet, such a large discharge is
not readily available at the end of the winter season. However, originally
intense flushing was the expected management strategy to get rid of the
saltwater at the start of the growing season (springtime). As observed in
sections 3.2, the salinity can be flushed out over a longer period of time,
with help of both discharge and wind. However, this is likely to gener-
ally take weeks to months, as was the case here. The consequence would
be that the operator would need to start flushing well before closing the
gates for a period of low river discharge, and that during this period no
or very limited additional saline water can be allowed to enter the sys-
tem. This would hamper the possibility for fish migration, the actual aim
of the gate opening. Therefore, it has been concluded that this flushing is
not a very suitable approach and the strategy-explorations are shifting
on one side to how to manage saline water that remains in the Har-
ingvliet during the summer period, and on the other side to finding
‘dynamic equilibria’, i.e. floodgate operations in which from the
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beginning of the gate open season, inward salt transport during sluice
opening equals the outward transport during the subsequent ebb flow.
For the first strategy, the key process question is how salt water spreads
through the system as a result of various forcing conditions. The related
management question is which risks this provides for the freshwater
intakes and how too much transport in their direction could be
managed/mitigated.

4.2.2. Risk imposed by wind-induced flow and transport

This dataset provides evidence of horizontal wind-induced currents
that can result in signficant transport of saline water. At times of closed
gates, south-easterly winds can cause an increase of near-surface salinity
at the locations in the south-east part of the system. As there is a fresh
water intake near the most south-eastern CTD-location to supply fresh
water for agriculture and industry, this is unwanted and a main risk, as
periods of moderate easterly winds are not uncommon during periods of
low river discharge and large fresh water demands. It is however a
complicated and challenging situation to manage, as the primary means
of managing such a situation would be to open the Haringvliet flood-
gates during ebb, discharge water from the Haringvliet into the North
Sea, and push back the saline water from the south-eastern part towards
the north-western part of the former estuary. However, this requires a
certain fresh water discharge, which — especially during dry and summer
conditions — is not always available. On the other hand, the problem
concerns only salt mixed up to the upper layer, which is much more
easily flushed than the deeper layer. So from a management perspective
it is now relevant to determine, focused on the upper layer, how much
discharge would be needed to compensate the wind-induced current, or
how quickly salt that has arrived in the upper layer near the fresh water
intake can be flushed out again with a given discharge after periods of
south-easterly wind. This is especially relevant in light of the finding on
flushing, which makes it highly unlikely that the Haringvliet will be
devoid of saline water in the deeper parts of the former estuary at the
start of the growing season.

4.2.3. Further needs for future management strategies

The future strategy is likely to evolve towards a more dynamic
management during the entire yearly cycle of discharge rates and water
demands, which might mean an adaptive approach regarding floodgate
operation, dependent on local salt intrusion conditions in combination
with occurring or expected changes in river discharge and wind. This
requires a further enhanced understanding of the relations between
forcing of the system (through wind, discharge, floodgate opening and
salinity at the seaside) and its response. Next to the questions mentioned
above, this also concerns the relations at the Haringvliet floodgates
themselves. Although the relation between floodgate openings and
outgoing discharge rates have been validated in the past, for this com-
plex structure they are not necessarily the same for the inward
discharge. Furthermore, in the presence of stratification, the relation
between floodgate discharge and salinity flux is not straightforward.
Therefore, the dynamics around the structure itself and determination of
the amount of salt transported inward during gate opening are a point of
attention towards the future.

4.2.4. Wider relevance

This paper focused on salt dispersion in a former estuary after rein-
troducing limited seawater inflow. This reintroduction fits in a trend of
discussions to partially re-open former estuaries, closed-off in the past by
dams and barriers, to reduce the adverse impacts of the earlier closures
on water quality and ecology and potentially even restore ecosystems.
From that perspective, this project in the Haringvliet has a wider rele-
vance. It may also be relevant for other enclosed former estuaries, fresh
water lakes or channels experiencing salt intrusion, through seepage,
locks or any other cause.

Firstly, note that this very limited reopening reintroduces the inflow
of salt into this system, but is not nearly enough to reintroduce the tidal
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energy that can mix the water column facilitating outward transport.
The result is a system with a strong stratification. In combination with
the bathymetry of a former estuary with deep channels and shallow
shoals, this leads to a pathway of relatively plain inland directed
transport. For systems for which reintroduction of seawater inflow is
being discussed, it is relevant to find out if tipping points exist after
which salt intrusion will decrease with increasing seawater inflow. For
the matter, such effects on salt intrusion are also relevant for systems for
which partial closure is being discussed, like the Hudson (see Orton and
Ralston, 2018; Ralston, 2022; Chen and Orton, under revision).
Considering the effects of a storm surge barrier for New York Harbor,
Ralston (2022) found increased drag and tidal velocities through the
barrier opening. This locally enhances the salinity mixing, but it also
reduces the tidal amplitudes upstream of the barrier, which results in
decreasing salinity mixing, increasing stratification and increasing salt
intrusion length inside the estuary. So considering either partial
reopening or closure of a system, in both cases not only the volume
exchange but also the energy exchange is effected, and these two may
have opposite effects on the salt intrusion.

Secondly, the limited reopening, in this case improving fish migra-
tion, might also have less favourable ecological effects, for instance
generation of anaerobic conditions in deeper parts related to stratifica-
tion, or potentially high stress levels for bentic organisms related
through strong variations of the salinity levels over time. Finally, note
that from a management perspective the presence of salt is primarily an
issue because of the fresh water storage function of the system. Although
the main reason for closing-off this estuary was coastal safety, this has
been an important function eversince. Functions of systems change over
time, sometimes steering, sometimes following developments.

5. Conclusions

We investigated the stratification, current patterns and salt transport
in a former estuary after reintroduction of a limited seawater inflow.
This salt water enters the system through floodgates that usually block
seawater inflow and are used to regulate the fresh water outflow. For
this study, velocity measurements from ADCPs in two former tidal
channels were analyzed, together with salinity time series and profiles.

We found that the inflowing salt water reaches the deeper parts of
the system and causes a strong stratification. Following the inflow event,
the interface levels deepen over time in steps, which mainly coincide
with floodgate discharge events. The floodgate discharges are strongly
correlated to the current velocities in the channels. However, even
floodgate discharges for above average Rhine discharge conditions are
insufficient to quickly flush or mix the salt out of the channels and pits.
This is consistent with calculated gradient Richardson numbers, which
barely get in the range of critical values, indicating that even for high
discharges the shear production of turbulence is insufficient to quickly
break down the stratification.

For closed gates, the flow velocities are mainly determined by the
wind, and considerable upwind (depth-averaged) currents are found in
the former tidal channels for wind in the system’s longitudinal direction.
These observations indicate the presence of a relatively strong hori-
zontal circulation in the Haringvliet system, dominant over potential
vertical circulations in two layer systems forced by wind. This horizontal
circulation is explained by the combined presence of large shallow areas
in the system and a local imbalance between the influence of wind stress
and set-up both in the channels and over the shoals, leading to down-
wind currents over the shallow parts and considerable upwind currents
through the deep and narrow channels. These upwind currents are an
important mechanism for inland salt transport, as near-surface salinity
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values at landward locations increase during seaward wind. We verified
our explanation of the observations with analytical calculations, which
confirmed that the wind-driven currents in the channels can indeed
become sufficiently strong to transport salt mixed up from the deep
channels and pits towards the landward locations in the time span of a
wind event. However, the current-related shear is not likely to be strong
enough to induce interfacial mixing directly above the deepest parts of
the channels. We hypothesize mixing mainly takes place when a thin
layer of salt water is generated on slopes or saddle points after tilting of
the pycnocline.

The management implications of the findings on flushing are that the
water manager cannot relly on the possibility to quickly flush the system
in times of decreasing river discharges to get rid of the salt in preparation
of a period of low river discharge and closed gates. The findings on the
upwind currents in the channels for axial wind and its role in salt
transport imply that in case salt is still present in the deeper parts of the
system at times of low river discharge and closed gates, seaward wind
conditions compose a significant risk for unwanted landward transport
of saline water, threathening the fresh water intakes at the inland side of
the system.

Reintroduction of seawater inflow for ecosystem restoration is
considered for more enclosed former estuaries. At the same time more
estuaries may be partially or completely closed-off from the sea in
response to sea level rise. In that perspective, this seawater reintro-
duction project in the former Haringvliet estuary and the results of this
study are expected to be relevant for other systems as well.
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Appendix
A.1 Wind statistics

Wind statistics for the Haringvliet based on a two year record show a dominant wind direction from south-west to west-south-west (figure A1).
Stronger winds tend to come from the west-south-west to north-westerly directions.

A.2 Correlations

Studying the relations between currents in primary direction, floodgate discharges and wind, we investigated how correlations between the time
series would change with time shifts of the velocity signal, the use of wind speed averaged over the preceeding 1, 3 or 6 h instead of 10 min (which
basically also includes a time shift), or projection of the wind on an axis for various direction. The results are shown in (figure A2).

W20-24
B 16- 20
d12-16
Ms-12
W4-8
HWo-4

Fig. A1. Wind rose based on a two year wind record for station Haringvlietsluizen Schl. The legend shows wind speed bins in m/s.
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Fig. A2. Correlation coefficients for the correlation between depth-averaged currents in primary flow direction and floodgate discharges (a) respectively wind
component in primary flow direction (b-d) and their dependency on shifts in time (a-c) and wind direction (d). The wind-current correlation figure (b) is for ADCP1 in
channel F, figure (c) is for ADCP2 in channel D. The wind-current correlation has been investigated using wind averaged over the preceeding 10 min, 1 h, 3h and 6 h.
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