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Abstract The Volkerak-Zoom Lake is an enclosed part of the estuarine delta
in the southwest of the Netherlands and exists as such since 1987. The current
freshwater lake experienced a deterioration in water and ecological quality. Espe-
cially cyanobacteria are a serious problem. To solve this problem it is proposed to
reintroduce salt water and tidal dynamics in the Volkerak-Zoom Lake. However,
this will affect the water quality of the Mark-Vliet River system that drains into the
lake. Each of the two branches of the Mark-Vliet River system is separated from
the Volkerak-Zoom Lake by a lock and drainage sluice. Salt intrusion via the locks
may hamper the intake of freshwater by the surrounding polders. Salt intrusion can
be reduced by increasing the discharge in the river system. In this study we used the
hydrodynamic SOBEK model to run different strategies with the aim to minimize
the additional discharge needed to reduce chloride concentrations. Dynamic control
of the sluices downstream and a water inlet upstream based on real-time chloride
concentrations is able to generate the desired discharges required to maintain the
chloride concentrations at the polder intake locations below the threshold level and
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to reduce the amount of water required by more than 50% compared to a situation
with a constant discharge. Other effective measures consist of relocating the most
downstream polder intakes more upstream, reducing the downstream cross section of
the Vliet to increase flow velocities and measures that reduce the inflow of salt water
via the locks. This study shows that dynamic control is a promising technique in regu-
lated streams to alleviate water quality problems by controlled flushing of the system.

Keywords Salt intrusion - Dynamic control - Locks - Hydrodynamic modelling -
Flushing

1 Introduction

After the devastating floods of 1953, the Dutch government decided to construct the
Delta Works. The Delta Works closed off and compartmentalized the estuarine delta
in the southwest of the Netherlands to make it safer and more accessible. As a result
several freshwater lakes were created, the Volkerak-Zoom Lake being one of them
(Fig. 1). Since its completion in 1987 the water and ecological quality of the Volkerak-
Zoom Lake has deteriorated (Breukers et al. 1997). Especially the presence of toxic
cyanobacteria is an indication of a disturbed ecosystem and causes problems for
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Fig. 1 Location of the Volkerak-Zoom Lake and Mark-Vliet River system. The squares mark the
locations of the locks and sluices, the triangle represents the location of the inlet near Oosterhout.
The dots indicate polder intake locations. The dots numbered 1 and 2 are the most downstream
intake locations in the Dintel and Vliet, respectively
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Dynamic Control of Salt Intrusion in the Mark-Vliet River System 1007

water supply and recreation. Reintroduction of salt water and estuarine dynamics
is seen as an important solution to this problem (Verspagen et al. 2006). This fits
the current policy of re-establishing salt-freshwater gradients and estuarine dynamics
in the region. This policy is partly initiated by the European Water Framework
Directive that requires all water bodies to have a good chemical and ecological status
by the year 2015 (EC 2000). The plans intend to improve the water quality and
ecologic quality of the Volkerak-Zoom Lake, however, it will also have an adverse
impact on the freshwater supply for drinking water and agriculture in the region
making it a challenging water management issue (Hommes et al. 2009).

The Mark-Vliet River system drains into the Volkerak-Zoom Lake via two
branches: Dintel and Vliet (Fig. 1). The Mark-Vliet River system is highly regulated
and adjacent agricultural polders rely on it for their water supply in times of water
shortages. Both the Dintel and Vliet river branches are connected to the Volkerak-
Zoom Lake by a lock and a drainage sluice. Shipping requires the operation of
the locks. When the Volkerak-Zoom Lake becomes salt again, salt water will enter
the river system through the locks. The larger fluctuations in water level caused
by the tidal dynamics will affect salt water intrusion via the locks and the possibility
of draining water from the Mark-Vliet River system into the Volkerak-Zoom Lake.
Especially during the summer when the shipping intensity is high and the discharge
is low, the potential for salt-water intrusion is large. An effective solution to reduce
salt intrusion is to increase the discharge, because the extent of salt water intrusion
mainly depends on the discharge (Sierra et al. 2004; Nguyen et al. 2008; An et al.
2009). Currently additional water is already supplied via an inlet near Oosterhout
(Fig. 1) to maintain sufficient flow velocities and desired water levels during dry
periods. A previous model study showed that an increase in discharge indeed reduces
salt intrusion in the Mark-Vliet River system (Witteveen+Bos 2008), however, this
requires a considerable amount of water that may not be available via the inlet
near Oosterhout. A new or additional inlet via the Roode Vaart (Fig. 1) has been
suggested. Currently, this inlet could provide a sufficient amount of freshwater from
the Hollandsch Diep, however, this could diminish in time due to climate change
(Kwadijk et al. 2008).

The objective of this study is to minimize the additional discharge required to
manage salt intrusion by dynamic control of hydraulic structures based on real-
time chloride concentrations. The hydrodynamic model SOBEK (www.sobek.nl)
is used to analyze the dynamic control of the drainage sluices and the upstream
inlets (Oosterhout and/or Roode Vaart) in order to maintain chloride concentrations
below a certain threshold level near the polder intake locations along the Mark-
Vliet River system. Dynamic or real-time control methods have been described
for water management as well as urban waste water management (Lobbrecht 1997,
Schiitze et al. 2002), however, examples of dynamic control in surface water quality
management are limited (Xu et al. 2010).

2 Mark-Vliet River System
The Mark-Vliet River system is situated in the west of the Province Noord-

Brabant, the Netherlands. The catchment area of the Mark-Vliet River system covers
140,000 ha. The Mark-Vliet River system drains into the Volkerak-Zoom Lake via
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two branches, the Dintel in the north and the Vliet about 9 km to the southwest. The
two branches are connected by the Mark-Vliet Canal. Upstream of the bifurcation
the river is called the Mark which is formed in the city of Breda by two smaller
tributaries that originate in Belgium. The Mark-Vliet River system has two important
functions: water supply for water level management in the adjacent polders and
shipping (mainly recreational). The total polder area that uses water from the Mark-
Vliet River system is about 20,000 ha. The main land uses in these polders are arable
land, pastures, fruit trees and horticulture. Since 1987, when the Volkerak-Zoom
Lake was established, agricultural activities in the region have intensified due to
the increased availability of freshwater. The dominant soil type is clay of marine
origin. The area is flat and partly below sea level. The polders receive seepage water
that originates from elevated terrain near the Dutch-Belgian border as well as the
Volkerak-Zoom Lake. When the Volkerak-Zoom Lake becomes salt again this will
have an adverse impact on the groundwater quality in these polders. Currently,
groundwater near the Volkerak-Zoom Lake is still saline as a heritage of the salty
conditions before 1987. Seepage of saline groundwater can be reduced by increasing
the water level in the polders and the effects can be limited by regular flushing of
the drainage ditches in the polders. Both measures require an additional intake of
freshwater from the Mark-Vliet River system. During the summer water is let in from
the Mark-Vliet River system via a number of (free-flow) inlets and pumping stations.
Altogether these inlets and pumping stations abstract an average of 2 - 10° m3 per
month (approximately 10 mm) from the Mark-Vliet River system during the growing
season, when the water demand is large. When water levels in the Mark-Vliet River
system drop below a certain level, it is possible to supply extra water from the
Wilhelmina Canal into the Mark via a culvert near Oosterhout. This is only done
when the availability and quality of the canal water is sufficient. Sometimes the water
in the Wilhelmina Canal is contaminated by cyanobacteria or the bacteria Ralstonia
solanacearum that causes plant diseases known as potato brown rot or bacterial wilt,
which makes the water unsuitable for water supply to the polders.

When estuarine conditions are reintroduced in the Volkerak-Zoom Lake, intru-
sion of salt water will take place via the locks. During the summer months, when
agriculture is most vulnerable to salt, the number of lock operations is highest
because of the recreational season. The drainage sluices are used to regulate the
water level in the Mark-Vliet River system. The estimated amount of salt water
entering the system via the locks is based on an exchange percentage. This exchange
percentage depends on the size of the lock gates compared to the chamber volume,
the time the gates are opened, the density difference between salt and freshwater,
the water level difference and water displacement by passing ships (Jongeling 2007).
For the lock in the Dintel the exchange percentage has been estimated to be 54%,
for the lock in the Vliet 12.5%, which means that for each lock operation this
percentage of the volume of the lock is entering the river system. Given the volumes
of the locks (being 6,000 m? and 10,000 m?, respectively), and an estimated chloride
concentration of 12,500 mg/1 in the chamber of the locks, the chloride load entering
the Mark-Vliet River system amounts 40 - 10° and 16 - 10° kg per lock operation,
respectively. Since salt water is heavier than freshwater a salt water wedge may
develop. Whether stratification will occur depends on the level of mixing during
lock operation, and the influence of ship movements and wind which is relatively
important in shallow water systems such as the Dintel and Vliet (3-5 m deep).
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Besides vertical stratification, lateral concentration gradients may also develop near
the locks because the size of the locks is smaller than the width of the river branches.
Although salt and freshwater mixing in and near a lock is a very complex process, it is
assumed here that the intrusion of salt can be described by a simple one dimensional
(1D) dispersion process. This assumption is analyzed in the discussion.

3 Modelling Approach

To model the Mark-Vliet River system, SOBEK version 2.11c (www.sobek.nl)
was used. In this study the rainfall-runoff, channel-flow, water quality and real-
time control module were used. The rainfall-runoff modules calculates the runoff
and drainage into the watercourses based on a simple water balance for separate
elements. The channel-flow module calculates flow velocities and water depths in
1D based on the Saint Venant equations. The water quality module calculates the
transport of substances based on the advection-dispersion equation and reactive
processes. The real-time control module was used to simulate strategies with dynamic
control. For the rainfall-runoff module daily data of rainfall and evaporation of one
weather station in the study area have been used. The river branches depicted in
Fig. 1 were schematized in the channel-flow module with a spatial resolution of 50 m.
The output of the rainfall-runoff module is used as upstream boundary condition
of the river branches and as lateral inflows where non-modelled branches enter the
system. The intake or outflow of the adjacent polders is calculated by the rainfall-
runoff module based on the water balance and a desired water level in the polders.
The water quality module was used to calculate chloride concentrations in the Mark-
Vliet River system. For the boundary condition at the Volkerak-Zoom Lake scenario
N15, variant 1_100% (Meijers et al. 2008) was used. In this scenario the water level
in the Volkerak-Zoom Lake near the lock in the Dintel varies between —0.3 m and
+0.3 m NAP! and near the lock in the Vliet between —0.35 m and +0.35 m NAP
due to tidal dynamics, wind effects are neglected. The chloride concentrations in the
Volkerak-Zoom Lake also vary over time, in the summer the chloride concentrations
are approximately 13,000 mg/l. Water levels are given for every hour, chloride
concentrations in general every 6 h. The calculation method consists of a fully implicit
iterative method, with a time step of 5 min.

Salt intrusion is determined by the number of lock operations, the total salt load
per operation, the dispersion coefficient and the flow velocity in the watercourses.
The latter is most variable over the year. During dry periods there is hardly any
flow in the Mark-Vliet River system, allowing chloride to penetrate further upstream
into the system. The extent of the dry period and subsequent drop in discharge, is
therefore normative for the salt intrusion. Because 1996 had a long dry period the
meteorological data for this year were taken as a realistic case for a situation with a
high potential for salt intrusion.

In summer (June-October) both locks are operated 56 times per day in the week-
end and 20 times during weekdays. The operations are evenly distributed over day

INAP is Normaal Amsterdams Peil (Amsterdam Ordnance Datum) and is used as an equivalent of
mean sea level.
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time. In winter the number of lock operations is much lower. For each lock operation,
the gates are opened 5 min. The locks are modelled as a lateral inflow having a certain
chloride concentration based on the exchange coefficients. To compensate for the
inflow of saline water an outflow of the same volume is defined 200 m downstream
of the lock. The upstream inlet is modelled as a lateral inflow near Oosterhout

The model has been calibrated for the years 1994, 2003 and 2006 (Witteveen+Bos
2008). For calibration of the rainfall-runoff module the soil drainage, soil storage and
average initial groundwater levels were varied. The flow module was calibrated by
varying the Manning roughness (n = 33 m'/3/s) and the discharge coefficient over
the weirs (C; = 1.23). The results showed good agreement with measured discharges
and water levels, especially during the dryer summer months. This is also the period
for which salt intrusion is most crucial.

The objective of this study is to develop a dynamic control strategy that minimizes
the additional discharge required to prevent adverse effects from salt intrusion.
Adverse effects may occur when chloride concentrations of the water admitted
into the polders exceed the salt tolerance of crops, hence reducing the yield. The
threshold concentration for chloride in irrigation water varies per crop from 16 mg/1
for some flowers cultivated in greenhouses to over a 1,000 mg/l (Van Dam et al.
2007). In this study a value of 300 mg/l is taken as a limit.

4 Chloride Control Strategies

Different strategies have been modelled, all based on the data for 1996, to evaluate
the effect on the additional discharge required to prevent adverse effects of salt
intrusion in the Mark-Vliet River system.

The first strategy is without any measures. It simulates the hydrological situation
of 1996, including the measured inflow near Oosterhout, however with a saline
Volkerak-Zoom Lake. The drainage sluices are operating when the water level
exceeds the desired water level of +0.15 m NAP on the Mark-Vliet River system. The
essential difference with the current situation is a saline Volkerak-Zoom Lake and
the operation of the locks. In the current situation with a freshwater Volkerak-Zoom
Lake the locks remain open most of time, while in the simulated case with a saline
Volkerak-Zoom Lake the locks will be closed each time a ship has passed through.

The second strategy has been developed in a previous study (Witteveen+Bos
2008), i.e. the first strategy with a continuous additional discharge of 15 m3/s, unless
the natural discharge was sufficient.

The third strategy includes dynamic control of the drainage sluices and inlet based
on real-time chloride concentrations. This strategy was developed in several steps.
First the discharge at the inlet near Oosterhout was controlled on the basis of the
mean chloride concentration of the most downstream polder intakes in the Dintel
and the Vliet (intake locations 1 and 2 in Fig. 1). Here the chloride concentrations will
be the highest. When the mean chloride concentration of the two locations exceeded
250 mg/l the upstream inlet was gradually opened allowing more water to enter
the Mark with increasing chloride concentrations. The reaction time of the system
appeared too slow to sufficiently reduce the chloride concentrations near the most
downstream intakes. Lowering the concentration of 250 mg/l at which the additional
discharge is initiated introduces an uncertainty, if the chloride concentration does not
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further increase water may be wasted. Hence, controlling the inlet near Oosterhout
based on real-time chloride concentrations at the downstream polder intakes is by
itself not adequate.

Since salt intrusion strongly depends on the discharge in the Vliet and Dintel, the
next step was to search for an optimal distribution of the discharge over the two
branches using SOBEK. A continuous discharge of 3 m?/s in the Dintel and 7 m%/s
in the Vliet appears to be sufficient to maintain the chloride concentration below the
limit of 300 mg/l under the given conditions. Hence, the maximum discharge at the
upstream inlet does not need to exceed 10 m?/s. The discharge in the Vliet needs
to be larger because the cross sectional area of the last two kilometers of the Vliet is
much larger than the Dintel (720 m? vs. 180 m?), causing a significant reduction of the
flow velocity in the downstream reach of the Vliet where intake location 2 is situated.

In the third step the drainage sluices are used to divide the discharge in the desired
ratio over the two river branches. In the model, the discharge of the drainage sluices
is schematized as an orifice flow. To generate the desired discharge in the Dintel
and the Vliet, the opening of the sluices can be calculated based on the following
equation:

O = uWdy/2g (hy — hy) ey

where Q is the discharge through the gate, i the contraction coefficient (0.63), W
the width of the gate, d the opening height of the gate, g the gravity acceleration

—— Dintel
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Fig. 2 Discharge generated by opening of the drainage sluices in the Dintel and Vliet as a function
of the chloride concentration 200 m downstream of polder intake location 1 and 2 in Fig. 1 according
to strategy 3 (dynamic control). The discharge of the inlet near Oosterhout equals the sum of the
discharges generated by the sluices in Dintel and Vliet
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(9.81 m?/s), h; the water level upstream of the gate (Dintel or Vliet) and 4, the water
level downstream of the gate (Volkerak-Zoom Lake). The drainage sluice in the
Dintel is opened as soon as the chloride concentration, simulated in a calculation-
node 200 m downstream of intake location 1 in the Dintel, exceeds half the intake
concentration limit of 300 mg/l, i.e. 150 mg/l. This value was determined by trial and
error and appeared an effective threshold. The gate of the sluice is controlled in
such a way that the discharge, calculated by Eq. 1, increases linearly with increasing
chloride concentrations up to a maximum of 3 m*/s at a concentration of 300 mg/l.
Above this concentration the discharge remains 3 m?/s. The same strategy is applied
to the sluice in the Vliet, only in this case the controlled discharge increases linearly
up to a maximum of 7 m3/s (Fig. 2). The inlet near Oosterhout is operated in such
a way that the inflow of water equals the sum of the discharges generated by the
sluices in the Dintel and the Vliet. When the water level in the Dintel or Vliet
exceeds a level of +0.2 m NAP the drainage sluice in the particular branch is opened
further to control the water level. The additional discharge generated in this way is
not compensated for by the inlet. A MATLAB (www.mathworks.com) script was
written to perform the real-time control algorithm in SOBEK.

5 Results

When no measures are taken in case of a salt Volkerak-Zoom Lake (strategy 1) the
chloride concentration exceeds a value of 8,000 mg/l for a period of three months
near intake location 1 in the Dintel. In the Vliet the concentrations are lower, but
still exceed 7,000 mg/1 in July and August. These months were extremely dry in 1996
and with the locks closed the simulated water level in the Mark dropped below —1 m
NAP, where +0.15 m NAP is the target. In reality the water level did not drop in
1996, because the lock gates remained open most of the time establishing a direct
connection between the Volkerak-Zoom Lake and the Mark-Vliet River system.
The ‘natural’ discharge in this strategy reduced to zero. The chloride concentration
decreases with distance to the locks and sluices, however, even in the Mark the max-
imum concentration still exceeds 1,000 mg/1. This corresponds to the situation before
1987 when high chloride concentrations also reached the Mark. The total amount
of excess chloride (i.e. the cumulative amount of chloride above a concentration of
300 mg/l) entering the polders is in the order of 7 - 10° kg (Table 1). This makes clear
that when no measures are taken serious problems for agriculture in the western part
of the Province Noord-Brabant will arise when estuarine conditions are reintroduced
in the Volkerak-Zoom Lake.

In the situation with a continuous additional supply of 15 m?/s (strategy 2), the
chloride concentration in the Dintel remains below 150 mg/l, however, at the most
downstream intake location in the Vliet the daily average chloride concentration
varies between 400 and 700 mg/l from June until September. This is because only
a small portion (approximately 4 m?/s) of the additional discharge reaches the
Vliet. The routing towards the Volkerak-Zoom Lake via the Vliet is much longer,
compared to the routing via the Dintel (Fig. 1). The flow resistance in the Vliet
is further increased by a detrimental lay-out of the bifurcations, the smaller cross
section and the presence of two abandoned parallel locks halfway the branch of
which one is filled with sand. The total amount of excess chloride entering the polders
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in this strategy is 0.2 - 10® kg. This is a significant decrease compared to strategy 1
(no measures), however the target chloride concentration is still exceeded in the
Vliet and a large amount of water is required that cannot be supplied by the inlet
near Oosterhout in the current situation.

Figures 3, 4 and 5 show the simulation results for strategy 3 with dynamic control
of the drainage sluices based on chloride concentrations and the complementary
supply upstream. The results are plotted as daily averages. Figure 3 illustrates that the
chloride concentration remains around or below the target concentration of 300 mg/1
at the most downstream polder intake locations (indicated by the numbers 1 and 2 in
Fig. 1).

In winter the discharge is large and water levels are high (Figs. 4 and 5). At the
end of the winter, the runoff and groundwater discharge towards the Mark-Vliet
River system decreases due to increasing evapotranspiration. Starting in March the
discharge reduces to a level that allows chloride concentrations to rise above 150 mg/1
at the downstream intakes in the Dintel and Vliet. At that time the drainage sluices
are opened to generate a flow and the inlet near Oosterhout is opened to complement
the discharge. Since the concentrations do not exceed the 300 mg/l yet, the inlet is
less than the maximum discharge of 10 m3/s. During this time the discharge in the
Dintel is around 3 m3/s and in the Vliet around 2 m?/s. Initially, these discharges
are sufficient to counteract the salt intrusion. In the beginning of June the chloride
concentrations in both the Dintel and Vliet first exceed the threshold level of 300 mg/1
because of the increasing lock operations during the summer. The discharge of 3 m%/s
is still sufficient for the Dintel, however, the discharge in the Vliet has to increase
to 7 m%/s, and subsequently the inlet near Oosterhout to 10 m?/s. To attract more
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Fig.3 Variations in chloride concentration for strategy 3 (dynamic control) at polder intake location
1 and 2 in Dintel and Vliet
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Fig. 4 Variations in water level in the Mark, Dintel and Vliet for strategy 3 (dynamic control)
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Fig. 5 Variations in discharge in the Mark, Dintel, Vliet and inlet near Oosterhout for strategy 3
(dynamic control)
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Table 1 Summary of model results for the three strategies?

No measures Continuous discharge Dynamic control
Excess chloride load (10° kg)® 7,200 221 0.8
Total inlet of water (10° m?) 28 255 120
Maximum inlet (m?/s) 11 15 10

2Given the uncertainties in some of the model assumptions numbers are indicative
bTotal mass of chloride entering the polders in water with a chloride concentration above 300 mg/l

water to the Vliet the water level gradient is increased by opening the sluice gates
further, resulting in a lower water level near the mouth of the Vliet. The water levels
and discharge fluctuate because drainage is temporarily hampered during high tides
(sluices closed). The concentrations also fluctuate due to the lock operations. In the
weekends the frequency of lock operation is larger, resulting in higher concentrations
compared to midweek. For the same reason chloride penetrates further upstream
into the system during the day and is pushed back at night. The inlet near Oosterhout
follows the fluctuations in the controlled discharges in the Dintel and Vliet. At the
end of August a large rainfall event increased the discharge and water level in the
Mark-Vliet River system, as a consequence the chloride concentrations decrease and
the flow through the inlet is reduced. After this event less additional water is required
to control the salt intrusion, however, the natural discharge remains insufficient until
the end of October.

Table 1 compares the model results for the three strategies based on the load of
excess chloride to the polders, the total flow through the inlet and the maximum
discharge at the inlet. In strategy 1 (no measures) a minimum amount of additional
water is let in just to control the water levels. In this strategy the actual inflow near
Oosterhout, as was the case in 1996, was used. Because in the simulation the locks
are closed in between ship passages, the water level in the Mark-Vliet River system
dropped by more than 1 m. If was compensated for this effect, the discharge at
the inlet would have been much higher. With dynamic control (strategy 3) the least
amount of salt enters the polders. The total amount of excess chloride in this strategy
is 800 kg, which is significantly less compared to the other strategies. It is also the only
strategy in which the chloride concentrations at the polder intakes remain around or
below 300 mg/l. The amount of additional water required is half the amount needed
in the situation with a continuous discharge of 15 m*/s (strategy 2) and the maximum
discharge at the inlet is a third lower.

It can be concluded that dynamic control of the sluices and upstream inlet, based
on chloride concentrations, is an effective and efficient measure to reduce salt
intrusion. It is able to maintain the chloride concentrations below the desired levels at
the intakes of the polders and requires significantly less water compared to a situation
with a continuous discharge supplied by the upstream inlet.

6 Discussion
Currently the Volkerak-Zoom Lake is a freshwater lake, hence the model results
cannot be verified. By applying the SOBEK model several assumptions were made

that lead to uncertainties in the presented results. In Sections 6.1 and 6.2 two
important assumptions will be discussed: the assumption that salt intrusion can be
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1016 D.C.M. Augustijn et al.

described by the advection-dispersion equation and the salt water exchange between
Volkerak-Zoom Lake and Mark-Vliet River system.

In this study three strategies for reducing salt intrusion have been analysed,
however, other measures may also be effective in mitigating adverse effects. In
Section 6.3 some alternative or complementary measures will be discussed. In Sec-
tion 6.4 some remarks will be made about the implementation of the dynamic control
measure.

6.1 Uncertainty in Dispersion Coefficient

The SOBEK model could be used because the assumption was made that salt
intrusion can be described by the 1D advection-dispersion equation. It was argued
that the opening and closing of the lock gates, together with ship movements and
wind effects, causes enough turbulence in the shallow Dintel and Vliet that well
mixed conditions could be assumed. This assumption may not be very realistic. Water
of different densities does not mix easily. In addition, due to the limited size of
the locks compared to the cross section of the river branches lateral concentration
differences may develop as well. Even though the 1D advection-dispersion equation
may not describe the density driven flow of a salt water wedge or a mixing zone
physically correct, it can still be used as an approach to describe the cross sectional-
averaged chloride concentration. An uncertainty that remains is the value of the
longitudinal dispersion coefficient, which will be different in case of a well mixed
system compared to a poorly mixed or stratified system. The value used for the
dispersion coefficient in this study was 3 m?/s. This value is independent of the
flow velocity. Due to the discretization of the system also a numerical dispersion
is introduced. The numerical dispersion coefficient (D,,,,,) for an implicit numerical
scheme is equal to (Chapra 1997):

D, = %u (Ax + uAt) (2)

where u is the flow velocity, Ax the spatial resolution (50 m) and At the time step
(5 min). With a discharge of 10 m?®/s, a width of 50 m and a depth of 4 m, D,
equals approximately 2 m?/s. Numerical dispersion increases with flow velocities,
like dispersion in reality. The total dispersion coefficient is the sum of the defined
longitudinal dispersion coefficient and the numerical dispersion coefficient. A value
of 3-5 m?/s for the dispersion coefficient is common for small streams with low
velocities (Kashefipour and Falconer 2002). The model result is rather sensitive for
the dispersion coefficient. For larger dispersion coefficients the amount of water
required to counteract salt intrusion increases; this is true for all strategies.

6.2 Uncertainty in Estimated Salt Water Exchange

Besides the dispersion coefficient also the amount of salt water that will enter the
Mark-Vliet River system is difficult to estimate. In the model, the amount of salt
water entering the system depends on the number of lock operations, the exchange
percentage and the salt concentration in the Volkerak-Zoom Lake. An increase
in these parameters will increase the salt concentration in the river branches and
hence the additional discharge required to reduce these concentrations to the desired
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level. These parameters have been estimated with care based on real data and other
studies, but an uncertainty remains.

Given the uncertainties in the dispersion coefficient and estimated salt water
exchange, the absolute values presented in Table 1 should be regarded as an
indication, and not as the real amount of additional water required. Nevertheless,
the relative effects of the three strategies can still be considered reliable. When
estuarine conditions are reintroduced in the Volkerak-Zoom Lake, the intrusion of
salt water into the Mark-Vliet River system needs to be monitored carefully to be
able to optimize the discharge regime.

6.3 Alternative Measures

The total amount of water that is taken in by the polders amounts on average 0.8 m*/s
during summertime, which is a relatively small component in the water balance.
The Mark-Vliet water will be diluted by the water already present in the polders.
Therefore higher chloride concentrations may be allowed in the intake water. On
the other hand, a saline Volkerak-Zoom Lake will in time influence the salinity of
groundwater and more freshwater may be required to flush the drainage ditches
in the polders situated in the vicinity of the lake. A measure that is considered is
to relocate the most downstream intakes more upstream. This allows for more salt
intrusion and hence the additional discharge can be reduced.

It is also possible to take measures in or near the locks to reduce salt water
intrusion, e.g. by a (movable) sill that blocks the propagation of a salt water wedge
upstream, by flushing of the lock chambers during operation or by air-bubble screens
(Van der Kuur 1985; Mausshardt and Singleton 1995). If the exchange percentage
can be reduced significantly in this way, less inflow from upstream will be required to
prevent salt intrusion. However, these measures may require significant investments
around the locks. In addition, a reduction in the discharge through the Mark-Vliet
River system reduces the flow velocities. Some flow through the river branches is
favourable for the water quality as it flushes the system.

In the Vliet a larger discharge is required to counteract salt water intrusion. This
is due to the larger resistance caused by the indirect routing, the presence of a closed
lock in the middle reach of the Vliet forcing the water through a narrow parallel
branch and the fact that the cross section of the Vliet widens at the downstream
reach causing a sudden drop in the flow velocity. By opening the closed lock in the
middle reach of the Vliet the resistance will decrease and flow velocities will increase
at a given discharge. Narrowing the downstream cross section, e.g. by groynes, may
facilitate the salt water to intrude further into the system; on the other hand it
will also increase the flow velocities pushing the salt water back. Given the large
sensitivity of the intrusion length to flow velocities it is expected that narrowing the
downstream reach of the Vliet will result in a positive effect. All these measures will
reduce the required discharge in the Vliet, and hence the total amount of additional
inflow required from the upstream inlet.

The proposed dynamic control strategy may be improved by anticipating to con-
ditions in the near future using model predictive control (Van Overloop et al. 2008).
When the intake by the polders and the extent of salt intrusion can be predicted, the
operation of the sluices and inlets can be optimized further to the specific require-
ments. Although model predictive control should be able to save water by a more
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gradual control of the hydraulic structures, it is expected not to make a big difference
compared to the dynamic control strategy evaluated in this study. During the summer
months some minimum discharge (in this study calculated to be 10 m?/s) will always
be required to impede salt intrusion effectively, independent of the strategy.

6.4 Implementation

In this model study only the inlet near Oosterhout is considered. Currently the
capacity of this inlet is 7 m?/s, which is insufficient to deliver the maximum discharge
required for the strategy with dynamic control. The inlet needs to be upgraded to a
capacity of at least 10 m?/s, but preferably larger, given the uncertainties. Another
problem with the inlet near Oosterhout is that water may not always be available
and sometimes contains bacteria that can cause potato brown rot. To guarantee a
sufficient supply of freshwater, the Roode Vaart could be used to convey water from
the Hollandsch Diep to the Mark, however, this requires a much larger investment
than upgrading the inlet near Oosterhout (Witteveen+Bos 2008). On the other hand,
the Roode Vaart could also be used to drain excess water in times of peak discharges
on the Mark-Vliet River, making the system more resilient for future developments.
In this study the chloride concentration is used to control the sluices and upstream
inlet. In reality it is difficult to measure the chloride concentration directly. As an
alternative, the electrical conductivity (EC) can easily be measured in situ by an
electrode and is a reliable indicator of the chloride concentration. In the field sensors
(electrodes) need to be installed at multiple locations to measure the EC near the
polder intakes and locks in the Dintel and Vliet. In case of incomplete mixing (verti-
cal or lateral) more sensors may be required to obtain a representative concentration.
The signal of the sensor(s) is continuously recorded by a computer. When the EC
exceeds a certain threshold level, an algorithm as proposed in this study can be used
to calculate the opening height of the sluice gate to generate the desired discharge in
the particular branch. In this way the sluices in the Dintel and the Vliet can operate
automatically and independently based on real-time EC-values. The regulation of the
upstream inlet is based on the opening sequence of the sluices in order to balance the
upstream inflow with the sum of the discharges generated by the two sluices.

7 Conclusions

The reintroduction of salt water into the Volkerak-Zoom Lake in the southwest
delta of the Netherlands for improving its water quality will have consequences
for the Mark-Vliet River system that drains into this lake. When no measures are
implemented chloride concentrations downstream in the Mark-Vliet River system
may increase to over 8,000 mg/l near the locations where water is taken in by adjacent
polders to control the water levels, while the tolerance level for crops is around
300 mg/l. To reduce salt intrusion, the Mark-Vliet River system can be flushed by
increasing its discharge. In a previous study a continuous additional discharge of ap-
proximately 15 m3/s via the upstream inlet near Oosterhout and/or the Roode Vaart
was proposed to counteract downstream salt intrusion. This additional flow reduces
the chloride concentrations in the Dintel to desired levels, however, in the Vliet the
concentrations still exceeded 300 mg/l for more than 3 months in a dry year such as
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1996. This model study demonstrates that dynamic control of the downstream sluices
and upstream inlet(s), based on real-time chloride concentrations in the downstream
end of the river branches, enables to reduce the concentrations at the polder intake
locations below the threshold level with a maximum additional discharge of 10 m?/s.
For the Dintel a required discharge of 3 m3/s was determined, and for the Vliet 7 m?%/s.
For the Vliet the discharge is larger because of a higher hydraulic resistance and a
wider downstream cross section. The absolute values of required discharges may be
different given the uncertainties. Especially the dispersion coefficient is uncertain
and should be verified experimentally. Measures can also be implemented in or near
the locks to reduce salt intrusion, reducing the amount of additional water required.

Although this study describes a very specific case in the Netherlands, it shows
that dynamic control based on chloride concentrations (or electrical conductivity)
is a promising technique to control the adverse effects of salt intrusion in regulated
delta regions. The technique can also be applied to other water quality problems
that can be alleviated by flushing. It was found that flushing of the system is most
effective if the required discharge is generated downstream and balanced by an
inflow upstream. To apply this type of control, hydraulic structures need to be in
place that can be operated precisely to generate the required discharges. At the
upstream inlet enough water should be available of sufficient quality. The algorithm
of the dynamic control can be optimized to minimize the operational costs. As shown
in this study, complementary measures can often be taken to increase the efficiency
of a proposed solution. It is therefore important to understand the system and look
for integrated solutions.

Acknowledgements The authors would like to thank prof. Eelco van Beek of Deltares and
University of Twente, Klaas-jan Douben of Waterboard Brabantse Delta and Ebbing van Tuinen
of Witteveen + Bos for their valuable input during the project.

Open Access This article is distributed under the terms of the Creative Commons Attribution
Noncommercial License which permits any noncommercial use, distribution, and reproduction in
any medium, provided the original author(s) and source are credited.

References

An Q, Wu Y, Taylor S, Zhao B (2009) Influence of the Three Gorges Project on saltwater intrusion
in the Yangtze River Estuary. Environ Geol 56:1679-1686. doi:10.1007/s00254-008-1266-4

Breukers CPM, Van Dam EM, De Jong SA (1997) Lake Volkerak-Zoom: a lake shifting from the
clear to the turbid state. Hydrobiologia 342/343:367-376. doi:10.1023/A:1017043524394

Chapra SC (1997) Surface water-quality modeling. McGraw-Hill, Boston

EC (2000) Directive 2000/60/EC, European Commission, Brussels, Belgium. http://ec.europa.eu/
environment/water/water-framework/index_en.html. Accessed 8 July 2010

Hommes S, Vinke-de Kruijf J, Otter HS, Bouma G (2009) Knowledge and perception in participa-
tory policy processes: lessons from the Delta-region in the Netherlands. Water Resour Manag
23:1641-1663. doi:10.1007/s11269-008-9345-6

Jongeling THG (2007) Memo: Volkerak-Zoommeer; Effectiviteit zoutbestrijdingsmaatregelen bij
sluizen; Effect op capaciteit Volkeraksluizen. WL |Delft Hydraulics Q4493. In Dutch

Kashefipour SM, Falconer RA (2002) Longitudinal dispersion coefficients in natural channels. Water
Res 36:1596-1608. doi:10.1016/S0043-1354(01)00351-7

Kwadijk J, Jeuken A, Van Waveren H (2008) De klimaatbestendigheid van Nederland Waterland.
Deltares/Rijkswaterstaat. In Dutch

Lobbrecht AH (1997) Dynamic water-system control; Design and operation of regional water-
resources systems. Balkema, Rotterdam

@ Springer


http://dx.doi.org/10.1007/s00254-008-1266-4
http://dx.doi.org/10.1023/A:1017043524394
http://ec.europa.eu/environment/water/water-framework/index_en.html
http://ec.europa.eu/environment/water/water-framework/index_en.html
http://dx.doi.org/10.1007/s11269-008-9345-6
http://dx.doi.org/10.1016/S0043-1354(01)00351-7

1020 D.C.M. Augustijn et al.

Mausshardt S, Singleton G (1995) Mitigating salt water intrusion through Hiram M. Chittenden
locks. J Waterw Port Coast Ocean Eng 121:224-227. doi:10.1061/(ASCE)0733-950X(1995)121:
4(224)

Meijers EM, Groot S, Haasnoot M, Van Wesenbeeck B (2008) Waterkwaliteit en ecotopen in een
zout Volkerak-Zoommeer. Deltares, Q4448. In Dutch

Nguyen AD, Savenije HHG, Pham DN, Tang DT (2008) Using salt intrusion measurements to
determine the freshwater discharge distribution over the branches of a multi-channel estuary:
the Mekong Delta case. Estuar Coast Shelf Sci 77:433-445. doi:10.1016/j.ecss.2007.10.010

Schiitze MR, Butler D, Beck MB (2002) Modelling, simulation and control of urban wastewater
systems. Springer, London

Sierra JP, Sanchez-Arcilla A, Figueras PA, Conzdles del Rio J, Rassmussen EK, Mosso C (2004)
Effects of discharge reductions on salt wedge dynamics of the Ebro River. River Res Appl 20:51—
77. doi:10.1002/rra.721

Van Dam AM, Clevering OA, Voogt W, Aendekerk ThGL, Van der Maas MP (2007) Leven met
zout water. Deelrapport: Zouttolerantie van landbouwgewassen. Praktijkonderzoek Plant &
Omgeving 32 340194 00. In Dutch

Van der Kuur P (1985) Locks with devices to reduce salt intrusion. ] Waterw Port Coast Ocean Eng
111:1009-1021. doi:10.1061/(ASCE)0733-950X(1985)111:6(1009)

Van Overloop P-J, Weijs S, Dijkstra S (2008) Multiple model predictive control on a drainage canal
system. Control Eng Pract 16:531-540. doi:10.1016/j.conengprac.2007.06.002

Verspagen JMH, Passarge J, Johnk KD, Visser PM, Peperzak L, Boers P, Laanbroek HJ, Huisman
J (2006) Water management strategies against toxic microcystis blooms in the Dutch Delta. Ecol
Appl 16:313-327

Witteveen+Bos (2008) Effecten van een zout Volkerak-Zoommeer op de West-Brabantse rivieren,
vaststelling zoutindringing Mark-Vliet en mitigerende maatregelen. In Dutch

Xu M, Van Overloop PJ, Van de Giesen NC, Stelling GS (2010) Real-time control of combined
surface water quantity and quality: polder flushing. Water Sci Technol 61:869-878

@ Springer


http://dx.doi.org/10.1061/(ASCE)0733-950X(1995)121:4(224)
http://dx.doi.org/10.1061/(ASCE)0733-950X(1995)121:4(224)
http://dx.doi.org/10.1016/j.ecss.2007.10.010
http://dx.doi.org/10.1002/rra.721
http://dx.doi.org/10.1061/(ASCE)0733-950X(1985)111:6(1009)
http://dx.doi.org/10.1016/j.conengprac.2007.06.002

	Dynamic Control of Salt Intrusion in the Mark-Vliet River System, The Netherlands
	Abstract
	Introduction
	Mark-Vliet River System
	Modelling Approach
	Chloride Control Strategies
	Results
	Discussion
	Uncertainty in Dispersion Coefficient
	Uncertainty in Estimated Salt Water Exchange
	Alternative Measures
	Implementation

	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


