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ARTICLE INFO ABSTRACT

Salinization threatens coastal freshwater bodies, but little is known about this phenomenon in man-made
canals. Here, salt intrusion and effective longitudinal dispersion in such canals are investigated, where the
Ghent-Terneuzen Canal in Belgium-the Netherlands is used as a prototype example. A calibrated, width-
averaged model is employed to quantify the sensitivity of these quantities to forcing conditions. This model
performs better than a calibrated, cross-sectionally averaged model with a constant longitudinal dispersion
coefficient, because density-driven advection of salt, which turns out to be important in man-made canals,
is explicitly resolved. It is found that, in equilibrium, discharge at the upstream boundary is more important
than exterior salinity for salt intrusion and effective longitudinal dispersion. Furthermore, the time-dependent
salinity response to an increase in freshwater discharge is faster than that to a decrease in discharge. In
contrast, the time it takes the system to adjust to a change in the exterior salinity does not depend on the
sign of that change. From these results, a parametrization of the effective longitudinal dispersion coefficient is
developed, which explicitly accounts for the horizontal salt transport by the density-driven current. A cross-
sectionally averaged model that uses this effective longitudinal dispersion coefficient successfully simulates the
salt dynamics of the width-averaged model.
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1. Introduction

Many coastal regions all over the world are facing increases in salt
intrusion (Eslami et al., 2021; Bellafiore et al., 2021), due to climate
change and man-made interventions. This poses threats to e.g. reliable
intake of fresh water, agriculture and the ecology of these regions. Salt
water enters rivers and other waterways through open connections to
the sea, thereby forming estuaries where the sea water mixes with the
fresh water from the river. Salinization also occurs in coastal aquifers
through groundwater flows. Salt intrusion in these systems has been
extensively studied and the underlying physical mechanisms are rather
well known (Bear et al., 1999; Barlow and Reichard, 2010; MacCready
and Geyer, 2010; Geyer and MacCready, 2014). Less attention has been
paid to salt intrusion in man-made shipping canals. The latter have
been constructed to accommodate transport of goods to harbors that
are situated at some distance from the sea, or to shorten trading routes.
In this study, the focus is on canals which are separated from the open
sea by locks; examples are the North Sea Canal (from the North Sea
to Amsterdam, the Netherlands), the Kiel Canal (from the North Sea to
the Baltic Sea, Germany), the Boudewijnkanaal (from the North Sea to
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Brugge, Belgium), and the Ghent-Terneuzen Canal (from the Western
Scheldt to the city of Ghent, Belgium).

These man-made canals resemble estuaries, but there are several dif-
ferences. One of them, which is particularly relevant for salt intrusion,
is the presence of locks, that serve to accommodate and control the
water level difference between the sea and the canal. Locks obstruct the
tides and limit the salt from entering the channel. A second difference
concerns the aspect ratio, i.e. width divided by depth, which is usually
much smaller in these canals than in natural estuaries. This is a con-
sequence of the fact that morphological processes in natural estuaries
tend to form wide and shallow systems (Friedrichs and Aubrey, 1994),
while in man-made canals the bathymetry is maintained by anthro-
pogenic measures. The aim is to create a narrow and deep channel,
because the depth is the limiting factor for the size of ships. A third
difference is that discharge in these canals is often small and controlled
by human actions.

Only a few studies have focused on the salt dynamics of man-
made canals. Augustijn et al. (2011) found that for the Mark-Vliet
river system (the Netherlands), which also has locks at its downstream
boundary, discharge is an effective measure to control salinity. Stein-
hagen et al. (2019) reported that salinity in the Kiel Canal typically
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Fig. 1. A map of the Ghent-Terneuzen Canal. The red dots indicate the locations of
the TSO measurements.

increases from 3 psu at its connection to the North Sea to 16 psu at
the locks near the Baltic Sea, mainly as a consequence of the mean
flow direction in this canal. Bertels and Willems (2022) concluded that
salinity in the Campine Canal system (Belgium) is increasing due to
climate change.

To develop an effective management strategy to prevent salinization
of man-made canals, hydrodynamic models are used (Augustijn et al.,
2011; Bertels and Willems, 2022; Wijsman, 2013; Verbruggen and van
der Baan, 2020). The types of available models range in complexity
from simple box models (e.g. Bertels and Willems (2022)) to full-blown
three-dimensional numerical models (e.g. Lesser et al., 2004; Shchep-
etkin and McWilliams, 2005). One-dimensional (1D) models, in which
the salt intrusion is described by a simple cross-sectionally averaged
advection—diffusion equation, are popular for estuaries (Zhang et al.,
2013; Haddout and Maslouhi, 2018), because of their simplicity and
because little computational resources are required for model simula-
tions. The skill of this type of model in simulating salinity depends
strongly on the formulation of the longitudinal dispersion coefficient
K, 1 p» which parametrizes all the unresolved physics responsible for the
salt import. In a 1D model this longitudinal coefficient is equivalent to
the effective longitudinal dispersion coefficient K, ,,,, defined as the
dispersion coefficient that represents all down-gradient salt fluxes as
a one-dimensional dispersive flux. Observations show that in nature
Kp.rs is mot constant in time and space, but depends on the forc-
ing conditions, local bathymetry and on the flow and salinity field
itself (Austin, 2004; Geyer et al., 2008; Diez-Minguito et al., 2013).
For estuaries, parametrizations of K, have been presented that are
calibrated against observations (Savenije, 2005; Kuijper and Van Rijn,
2011; Gisen et al., 2015). However, for man-made canals, such a cali-
brated parametrization does not exist, and K, ;, has to be determined
by heuristic methods. More knowledge on the dependence of effective
longitudinal dispersion in man-made canals on forcing conditions and
their consequences for salt intrusion is required to develop a suitable
parametrization.
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To this end, the overall goal of this study is to better understand
salt intrusion and effective longitudinal salt dispersion in man-made
canals. A width-averaged (2DV) model will be used to calculate the salt
intrusion and effective longitudinal dispersion coefficient. This type of
model is appropriate since in man-made canals the main variations in
velocity and salinity are expected to occur over the depth. Our specific
aims are threefold. The first is to compare the skills of both a calibrated
1D model with constant longitudinal dispersion coefficient K, ; 5, and a
calibrated 2DV model with constant longitudinal dispersion coefficient
K p- This is done to verify the hypothesis that the 2DV model will
perform better, as the assumption of a constant K, ; , does not properly
account for salt transport that results from vertical variations in velocity
and salinity. The second aim is to understand and quantify how equilib-
rium and time-dependent responses of salt intrusion and the effective
longitudinal dispersion coefficient in these canals depend on forcing
conditions, i.e. the discharge and the salinity outside the downstream
lock system. The third aim is to find a parametrization for the effective
longitudinal dispersion coefficient, which can potentially be used in
one-dimensional models. The Ghent-Terneuzen Canal (see Fig. 1) is
used as a prototype example. Freshwater discharge in this canal orig-
inates from multiple sources around the city of Ghent, indicated with
green arrows in Fig. 1: the Moervaart, the locks and weir at Evergem,
and the Tolhuis weir. At its downstream boundary in Terneuzen (the
Netherlands) a lock complex, which is operated multiple times a day,
separates the canal from the Western Scheldt Estuary. The fact that
the canal water flows into an estuary results in a fluctuating salinity
at the downstream boundary. Detailed salinity measurements in the
canal have been done over a multi-year period, and long (multi-yearly)
time series for forcing conditions, i.e. discharge and exterior salinity,
are available.

Section 2 introduces the available observations in the Ghent-Tern
euzen Canal, the one- and two-dimensional models, the formulation
and parametrization of the effective longitudinal dispersion coefficient,
and the design of the simulations. Section 3 describes the results of the
model calibration and simulations. Here, also the performance of the
model with the parametrization of K}, |, is assessed. Finally, Section 4
contains a discussion and Section 5 the conclusions.

2. Material and methods
2.1. Field data

Three datasets for the Ghent-Terneuzen Canal were used: exterior
salinity, discharge, and salinity inside the canal. The study period spans
the years 2014-2021. The data of exterior salinity were obtained by
Rijkswaterstaat (the Dutch water agency) with a fixed conductivity—
temperature-depth sensor in the outer harbour of Terneuzen at a
10 min interval at two depths. These data were averaged over depth
and long-pass filtered in time, to obtain daily depth-averaged salinity
values. The data of the discharge were constructed as the sum of the
different contributions around Ghent. Flow velocities in the Moervaart
were measured with an acoustic Doppler current profiler and multiplied
with the cross-section of the channel to obtain the discharges. For the
locks at Evergem the discharge was estimated based on the operation
of the locks. The largest contribution of the discharge is from the
weir at Evergem, where an acoustic discharge meter is employed.
Discharge is measured each hour. Discharges from the Tolhuis weir are
not measured, but are believed to be small, i.e. lower than 2 m? s71.
Furthermore, salinity data measured with a shipborne conductivity—
temperature-depth sensor (type YSI EXO-3) at 11 positions in the canal
(for locations see Fig. 1) were used for calibration purposes. These
measurements were performed by Rijkswaterstaat as part of campaigns
that take place about six times a year (https://waterberichtgeving.
rws.nl/monitoring/tso-metingen/kanaal-gent-terneuzen). We will refer
hereafter to this data as TSO measurements.


https://waterberichtgeving.rws.nl/monitoring/tso-metingen/kanaal-gent-terneuzen
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The area between x =0 and x = L, comprises the lock. The salinity s,,., is computed from a weighted sum of s, and the imposed salinity s,. on the outer side of the lock.

2.2. One-dimensional model

The cross-sectionally averaged one-dimensional (1D) model solves
the one-dimensional salinity balance (Chatwin and Allen, 1985; Taylor,
1954):

03

g+$%(bH(&5—KMD$))=O. @

In this equation, s is salinity and a bar denotes a cross-sectional
average, 7 is time and x is along-channel coordinate, which runs from
x = —L to x = 0, as is indicated in the model domain sketch in
Fig. 2. The horizontal longitudinal dispersion coefficient is denoted by
K} 1p- The cross-sectionally averaged current & = 92 where Q is the
discharge, H is the depth, and b is the width of the canal. Both H
and b are assumed to be constant in the canal. This formulation of
the currents assumes that the hydrodynamics are always in equilibrium
with the forcing and that variations in the water level of the canal
are thus neglected. No salt transport is allowed through the upstream
boundary.

To set salinity conditions at the downstream side of the canal
x = 0, where a lock complex is situated, a parametrization of the
salt transport in this structure is required. One way to include the
locks is to use a submodel, that takes into account the operation of
the locks to calculate the boundary conditions for salinity. However,
this approach is cumbersome, as models of salt intrusion through
locks are not easily employed, detailed information about the lock
operation is required, and in the case of the Ghent-Terneuzen canal
there are multiple locks which connect the canal to the Western Scheldt
Estuary. Instead, a more pragmatic approach is chosen: comparable
to what is done in Biemond et al. (2022), at the downstream side of
the canal an extension of the computational domain is added, that
serves as a parametrization of the dynamics inside the lock complex.
In this additional domain the horizontal coordinate runs from x = 0
to x = L, (see also Fig. 2) and the width of the channel increases
exponentially, i.e., b = b(x = 0)exp(x/L,), with L, a given length scale.
Eq. (1) is subsequently used to solve for salinity in this domain, where
now K, ;p = K, p(x=0) - bb)ff() , i.e. the longitudinal dispersion co-
efficient increases exponentially with distance to the canal. To account
for the limited exchange induced by the locks, we assume that salinity
at x = L;,., is given by:

Stock = Cexchangesoc + (1 - Cexchange)scanal’ (2)

where s,,., is the salinity value at x = L., s, is the prescribed
exterior salinity, s.,,, is the salinity at x = 0, and C,y pnge IS an
exchange coefficient. To account for the fact that when the discharge is
higher, more fresh water will flow through the locks and thus less salt
will enter the canal, C,yj4,. is expected to increase when Q decreases,

and vice versa. This relation is modeled using a hyperbolic tangent
function, which reads

CEXEhange(Q) = % (Cl + 02) + % (Cl — C2) tanh <Q — C3> ) 3)

€4

in which the constants ¢|,c¢,,c; and ¢, are determined through cali-
bration. Quantities ¢, and ¢, are the maximum and minimum value
of C, respectively. Furthermore, the function is anti-symmetric

exchange>
in Q around c¢; and ¢, controls how sensitive C, is to changes in

exchange

Q. Eq. (1) with boundary conditions Eq. (2) at x = L,,., and the no-
flux condition at x = —L is numerically solved using central differences
for horizontal discretization and a Crank-Nicolson scheme (Crank and
Nicolson, 1947) for the time integration.

2.3. Two-dimensional model

The width-averaged two-dimensional (2DV) model consists of equa-
tions for flow and salinity that are identical to those presented in
Biemond et al. (2022). The difference here is that they are solved
on a different domain, viz. that of Fig. 2, with different boundary
conditions. Below, only its main characteristics are presented. The
horizontal and vertical velocity components for a straight channel are
analytical functions of salinity and read

__ 0 . ds .. d’s . .
i= u' = aP (%) +aa P(3), w= aHﬁPS(z), with 4)
N~ ——
u’Q u’D
P2 = % - %zz, P2 = % - %22 -82%, Pz =22+ %823 - gz.

Here, w is vertical velocity, z is the vertical coordinate, z = 0 is

the mean sea level and Z = ﬁ A bar indicates a cross-sectionally-

averaged value and a prime the deviation from this value. The vertical
_ _ gpH?

shear associated with & is indicated by u’Q. Parameter o = S is
v

a coefficient, and u’D = a% Py(2) is the density-driven flow, where
g = 9.81 m s~2 is gravitational acceleration, § = 7.6 - 10~* g kg~!
is the isohaline contraction coefficient and A, is the constant vertical
viscosity coefficient.

For salinity, a two-dimensional advection-diffusion equation is
solved, which reads
5t aw (P(r =Ko 0)) + 5 (we- K, 32) =0 ®
where K, ,, and K, are the longitudinal and vertical dispersion coeffi-
cients, respectively.

The horizontal boundary conditions are identical to those of the
1D model, but additional conditions are needed because of the 2DV

configuration. For the vertical profiles of salinity at the upstream
s’

boundary x = —L we impose = =0, which prevents formation of a
diffusive boundary layer, and at the downstream boundary x = L,
we assume s’ = 0, which imposes absence of stratification at the

ocean boundary, that is at the downstream side of the lock domain. At
x = 0 we impose continuity of salinity and salt transport. The vertical
eddy viscosity A,, vertical dispersion coefficient K, and longitudinal
dispersion coefficient K, ,p, are in Biemond et al. (2022) linked to the
amplitude of the tidal current. That is not possible in the man-made
canal case, as no tides exist in this system. Sources of dispersion in
these systems are wind, shear of velocity and eddies produced by large
ships, which are not straightforward to parametrize. We therefore treat
these values as calibration parameters.

A formulation for the effective longitudinal dispersion coefficient in
the 2DV model is obtained as follows. The cross-sectionally averaged
along-channel salt flux F in the 2DV model context reads
F = _§+M,S,—Kh!21)g_i, ©)
where i5 represents downstream salt flux because of the cross-sectionally
averaged current, u’s’' is a down-gradient salt flux induced by the
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vertical shear of i and the density-driven flow, and —Kh,zz)g is the
down-gradient salt flux due to longitudinal dispersion. Now, consider
the salt flux «'s’ due to the density driven flow /). As the latter is
proportional to salinity gradlent ~ (see Eq. (4)), it induces a salt flux
-Kj4 ai’ where K, = —aPz(z)s’, the contribution to the effective
longitudinal dispersion coefficient from the density-driven flow. The
values of K, , follow from output of the 2DV model. There is also a
contribution to the salt flux «’s’ due to «,. As «, is not proportional to
the mean salinity gradient, this flux cannot be straightforwardly written
as a diffusive flux, and therefore this flux is not considered. This is
also justified because «/, < u’ . All in all, it means that the effective

Q D’
longitudinal dispersion coefficient derived from the 2DV model reads

Kporr=—aPy(2)s" + Kjyp. (@]

2.4. Parametrization of the one-dimensional longitudinal dispersion coeffi-
cient

A parametrization for K, | is constructed from Eq. (7), with the
purpose of it to be used in a 1D model. To this end, s’ has to be
calculated from quantities available in a 1D model. Here, we adopt
the relation between the horizontal salinity gradient and the depar-
ture of the salinity s’ from its depth-averaged value, as is presented
in MacCready (2004) in the context of a more simplified, steady model:

s = :— g_s (uP3(z) + a—P4(z)) with 8)

I DS DR < INP ISR SO I
BO=30+ 107 "0 BO=55T5F T 5

This expression also holds for unsteady conditions, provided that
7 < Q for which a justification is given in Appendix A. More-
over, MacCready (2007) also uses Eq. (8) for unsteady conditions. Since
our 2DV model is an extension of this model, Eq. (8) is expected to give

a first-order approximation of s’. Substitution of Eq. (8) in Eq. (7) yields

aH as
Kpip = (

0018u+0112a3—)+1<h121), ©)

which is the proposed parametrization of K, ;, in man-made canals.
This expression contains three calibration parameters: A,, which is
contained in @, K, and K}, ;p, similar to the 2DV model.

2.5. Design of simulations

Quantification of the differences in skill (regarding salt intrusion)
between the 1D model with constant K, and the 2DV model is
performed by calibrating both models using the TSO data. For this,
the models are forced with observed discharge in Ghent and salinity
outside the locks in Terneuzen during the period 2014-2021. The
model domain is a straight 27.2 km long channel, 13.5 m deep and
150 m wide. The horizontal step size is 200 m, the number of vertical
modes is 10 in the 2DV model, and time steps of one day are used.

To calibrate the models, salinity values are extracted from the
models at the times and locations at which observational data are
available. We then determine for each model the minimum of a score
function, which is defined as the root-mean-squared error between
the depth-averaged modeled and measured salinity, while varying the
dispersion coefficients and the coefficients of the downstream lock
boundary condition. In the 2DV model also the value of the vertical
viscosity coefficient is varied. All calibration parameters are assumed
to be constant in time and space. The minimum of the score function
is found by employing a gradient descent algorithm. Note that in this
manner we find different values for both the longitudinal dispersion
coefficients and the coefficients of the downstream lock boundary
condition of the 1D and 2DV models. The model skill after calibration
is quantified by calculating the root-mean-squared error RMSE of the
depth-averaged salinity and the normalized root-mean-squared error
NRMSE.
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Table 1

Values of the calibrated parameters.
Parameter Unit 1D model 2DV model
Vertical eddy viscosity 4, m? 57! - 6.75-107*
Vertical dispersion coefficient K, m? s7! - 3.07-107*
Longitudinal dispersion coefficient K, m? s7! 475 25
Minimum exchange coefficient c, - 0.027 0.035
Maximum exchange coefficient ¢, - 0.028 0.042
Coefficient ¢, m’ s7! 20.2 20
Coefficient c, m’ st 4.65 5

To quantify how the salt intrusion and the effective longitudinal
dispersion coefficient in man-made canals depend on forcing condi-
tions, equilibrium and time-dependent simulations with the calibrated
2DV model are performed. For the equilibrium simulations, the two
forcing parameters, freshwater discharge O and exterior salinity s,., are
varied over the same range as their observed values in 2014-2021. For
each combination of these parameters, the equilibrium salinity field,
and from this also the effective longitudinal dispersion coefficient, is
determined.

The time-dependent response of salinity in the canal to changes in
discharge at the upstream boundary is investigated by performing two
simulations, in which we impose a sudden change from a representative
value for the winter discharge (75 m? s~1) to a representative value for
the summer discharge (15 m? s~1) and vice versa. For exterior salinity,
23 g kg~! is used. The time-dependent response to changes in exterior
salinity is investigated in the same manner as for changes to discharge.
Representative values for exterior salinity in the summer are 28 g kg~!
and for the winter 18 g kg~!, while the discharge is 25 m? s~1.

The performance of the new parametrization of K, ;p in man-
made canals is quantified in the following manner. The parametrization
Eq. (9) is implemented in the 1D model. The model is subsequently
recalibrated in the same way as the other two models. Afterwards, the
longitudinal dispersion coefficient in the 1D model is compared to the
effective longitudinal dispersion coefficient in the 2DV model. Finally,
the skill of the model in hindcasting the salinity is compared to the 1D
model with constant longitudinal dispersion coefficient.

3. Results
3.1. Model calibration

The values for the calibrated dispersion coefficients, eddy viscosity
and downstream lock parametrization coefficients for the two models
are given in Table 1. The values for A, and K,, are smaller than those
used for estuarine environments, e.g. A, = 1.1 - 1073 m? s7! for the
Delaware (MacCready, 2004). This is expected because canal flows are
less turbulent than flows in estuaries due to the absence of tides. The
fact that K, is small compared to K}, p, indicates that in the 2DV
model another process is responsible for the major part of the salt
import, which is the density-driven flow (see Eq. (7)). The values of
the coefficients of the downstream lock boundary condition imply that
in the 1D model the dependence of C,.p4, On discharge is weak,
because the difference between the value of ¢, and ¢, is small. In the
2DV model, this dependence is stronger, and the mean value of C,g.
is larger, because the value of ¢, is larger than that of the 1D model.
Consequently, in the 2DV model more salt enters the canal through
the locks than in the 1D model. The time series of the observed and
modeled discharge, exterior salinity and salinity (Fig. 3, see Fig. S2 for
a comparison at all the observations points) reveal that the variability
of the salinity is fairly well simulated with both models. Compared
to the 1D model, the minimum salinity values in winter are better
resolved in the 2DV model. It is further visible in Fig S2a that at the
measurement point close to the locks, the model underestimates the
salinity. This is because the lock parametrization not only represents
the flow and salinity in the locks themselves, but also those in a larger
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Fig. 3. (a) Observed discharge at Ghent (in blue) and exterior salinity in Terneuzen
(in red) versus time. (b) Salinity at 10 km from the downstream boundary in the one-
dimensional model (in yellow), in the two-dimensional model (in green) and for the
spatially interpolated TSO measurements (black dots), versus time. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

area, which also contains the complex bathymetry and flows close to
the locks. Regarding the skill of the 1D model, RMSE = 1.20 g kg~!
and NMRSE = 0.22, and for the 2DV model RMSE = 0.89 g kg~! and
NMRSE = 0.16. The skill of the 2DV model is better than that of the
1D model, indicating that solving for the vertical structure increases
the model skill in hindcasting the depth-averaged salinity in the canal.

To visualize to what extent the 2DV model mimics the vertical
structure of the salinity field, three examples of salinity contours in
the canal from the TSO measurements and the 2DV model are shown
in Fig. 4. Panels a and b show a situation in a summer with little
salt intrusion, panels ¢ and d show the situation in a winter, and
panels e and f the situation in a summer with intense salt intrusion.
The observed salinity field has a two-layer structure: a bottom layer,
which is characterized by a large vertical gradient in salinity, but a
small horizontal gradient, and a surface layer, which has a smaller
vertical salinity gradient but a larger horizontal one. Further upstream,
the vertical stratification decreases. In panels ¢ and e, close to the
bottom near x = 0, i.e. the locks in Terneuzen, large salinity values are
observed. In the model, the increase of stratification from the surface
to mid-depth is well modeled. Also, the values for horizontal salinity
gradient in the upper half of the water column compare well with the
observations. However, stratification close to the bottom decreases in
the model, which is not seen in the observations. This difference does
however not lead to large differences in the salinity field in the upper
part of the water column, which suggests that the salinity in the bottom
layer is only weakly dynamically active.

3.2. Dependence of salinity and effective longitudinal dispersion coefficient
on forcing conditions

3.2.1. Sensitivity to discharge and exterior salinity

Fig. 5 displays the sensitivity of equilibrium depth-averaged salinity
at two locations in the canal to discharge and exterior salinity. Panels
a and b show that the salinity in the canal in most of the parameter
space stronger depends on discharge than on exterior salinity. However,
high values of discharge are not capable to prevent salt intrusion in the
downstream part of the canal if the salinity at the locks is high. For
instance, for exterior salinities of 15 g kg~!, a discharge of 30 m3 s~!
is enough to prevent that salt intrusion in the canal exceeds 5 km,
but for a exterior salinity of 30 g kg=!, 100 m? s~! is required. The
salinity upstream in the canal is more sensitive to discharge than
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bottom and does not represent a time-varying bed level. (b) As (a), but as simulated
with the two-dimensional model. (c)-(d) As (a)-(b), but on 2018-01-09. (e)-(f) As
(a)-(b), but on 2019-09-18.
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Fig. 5. Depth-averaged salinity from equilibrium simulations versus exterior salinity
and discharge. (a) At 5 km from the downstream boundary. (b) At 25 km from the
downstream boundary. (c¢) As (a), but zoomed in on low discharges. (d) As (b), but
zoomed in on low discharges.



B. Biemond et al.

x=—5km x= —25km

Discharge [m3s71]

0@ @

Discharge [m3s™1]

15 20 25 30 15 20 25 30
Exterior salinity [g kg™!] Exterior salinity [g kg™1]

0 120 240 360 480 600
Effective dispersion coefficient [m2s™1]

Fig. 6. As Fig. 5, but for the effective longitudinal dispersion coefficient K, instead
of depth-averaged salinity.

salinity downstream. A zoom-in for low discharge is presented in panels
c and d. It is visible that in this parameter regime, the value of exterior
salinity also imposes an important constraint on salinity in the canal.
Regarding the effective longitudinal dispersion coefficient K, ,
it appears that it is small for high discharge and low exterior salinity
(Fig. 6). For a larger exterior salinity, K, , increases, because horizon-
tal and vertical salinity gradients are larger and thus the dispersion due
to density-driven flow becomes stronger. This sensitivity is larger for
large discharges, and is almost absent when discharge is low. For high
discharges, there is little salt in the canal. This restricts the maximum
salinity gradient and thus the effective longitudinal dispersion. In this
parameter regime, decreasing discharge is associated with increasing
K .rr> because more salt will be present in the canal. However, for
low discharges, K, ., decreases with decreasing discharge, because a
smaller discharge decreases the horizontal and vertical salinity gradi-
ents in the canal, and thereby K}, , . The separation between the high
and low discharge regime is around Q = 20 m? s~!, but the precise
value depends on the location in the canal. Further downstream, K, .,
is always larger, but for low discharge, this difference becomes small.

3.2.2. Response to changes in discharge

The response of the depth-averaged salinity at two locations in the
canal to a sudden increase in discharge is shown in Fig. 7a. It takes
about 21 days before the downstream point is in equilibrium with the
new forcing conditions and 14 days for the upstream point, which
becomes completely fresh. The effective longitudinal dispersion K,
during this simulation is shown in Fig. 7b. Directly after the change
in discharge, K}, ., increases and becomes homogeneous in the entire
canal, a feature not captured by the equilibrium simulations (for high
discharge). When the salinity in the canal decreases after the change
in discharge, K, ,;, also decreases, eventually to smaller values than
it had before the change in discharge, until equilibrium is reached.
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Further upstream, K, , -, decreases faster, because this region becomes
completely fresh.

In the case of a sudden decrease of fresh water discharge, it turns out
(Fig. 7c) that it takes about 60 days before salinity reaches equilibrium
in the canal, three times as long as after an increase in discharge. Now
the downstream point reaches equilibrium earlier, but the difference
is small (4 days) with respect to the total response time. The effective
longitudinal dispersion coefficient (panel d) at the downstream location
of the canal increases just after the change in discharge, but then
decreases again. The increase just after the change is due to the fact that
the salt export is suddenly reduced, but the salt import responds slower,
which causes an increase in salinity gradients and thus in K, /.
As more salt enters the canal, the salinity gradients and thus K,/
decrease again. In the upstream part of the canal, K, increases as
salt reaches this location, until the salinity gradient is strong enough
that the import of salt balances the export of salt by the discharge.

3.2.3. Response to changes in exterior salinity

Fig. 8a shows the response of the salinity to an increase in exterior
salinity. It takes a few days before salinity at the upstream point starts
to increase after the change at the boundary is imposed. Apart from
that, the time evolution of salinity at both locations is similar and
both reach equilibrium after about 50 days. The effective longitudinal
dispersion coefficient K, ., (Fig. 8b) rapidly increases in the down-
stream part of the canal after the increase in exterior salinity, due to
the increase of the salinity gradient, and remains almost constant after
about a week, while salinity keeps increasing. This indicates that the
salinity gradient at this point responds faster to the change in forcing
than the salinity itself. Further upstream in the canal, K}, ,,, increases
slower, and reaches equilibrium at the same time as the salinity at
this location. Panels ¢ and d of Fig. 8 display the response in salinity
and K,,,, to a decrease in exterior salinity. The response time is
around 50 days, similar as that for an increase in exterior salinity.
The effective longitudinal dispersion coefficient decreases fast at the
downstream location, as the salinity gradient is suddenly reduced, but
further upstream, its decrease is slower.

3.3. Performance of the parametrization of the effective longitudinal disper-
sion coefficient

The effective longitudinal dispersion coefficient in the 2DV model
for the 2014-2021 simulation is shown in Fig. 9a. Substantial variations
in space and time are visible. Values of K}, , ; » are larger in autumn than
in spring, and further downstream. Fig. 9b shows the time-averaged
profiles and the standard deviation of K,,,,, as a function of x. The
variability increases upstream, which is related to the fact that salinity
becomes more variable further from the salinity source, and thus
variability in effective longitudinal dispersion also increases.

The longitudinal dispersion coefficient in the recalibrated 1D model,
using parametrization Eq. (9), is presented in Fig. 9c-d. In most of
the domain, a good agreement is found between K, from the 2DV
model and K p, but the values for K, close to the downstream
boundary are larger than those calculated with the 2DV model. This
is in line with what is found in Biemond et al. (2022): the MacCready
(2004) model overestimates the stratification close to the downstream
boundary for high river discharges, which leads to an overestimation
of the effective longitudinal dispersion coefficient. However, on the
domain scale the difference in effective longitudinal dispersion is small
(RMSE = 29.6 m? s}, NMRSE = 0.08), which indicates that this
parametrization accounts for the physics of the 2DV model in an
appropriate manner.

The error measures for hindcasting the depth-averaged salinity in
the canal compared to observations are RMSE = 1.07 g kg~! and a
NMRSE = 0.19. These are lower than those of the 1D model with
constant eddy diffusion coefficient, indicating that our parametrization
of K, p improves the performance of the 1D model in simulating
salinity in man-made canals.
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Fig. 7. (a) Discharge (in black) and depth-averaged salinity (in red) at two locations in the canal versus time during an increase in discharge. The red squares indicate where
90% of the total change has passed. (b) As (), but for the effective longitudinal dispersion coefficient K, (in black), the longitudinal dispersion coefficient K;,,, (in yellow)
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4. Discussion
4.1. Main findings and comparison with literature

We have used 1D and 2DV models to study salt intrusion and
effective longitudinal dispersion in man-made canals, where the canal
from Ghent to Terneuzen was used as a prototype example. When
assuming constant viscosity and dispersion coefficients, both models,
after calibration, successfully hindcasted the depth-averaged salinities
in a multi-year period. However, the skill of the 2DV model is higher
than that of the 1D model. This is consistent with our hypothesis,
which is that a constant K}, |, cannot properly account for unresolved
processes, for example those related to vertical variations of flow and
salinity, as the latter depend on the state of the system.

The equilibrium simulations showed that the salt intrusion in canals
depends stronger on discharge QO than on exterior salinity s,.. Note
however that this conclusion is based on simulations in which the

values of both Q and s, are kept fixed. In reality, O and s, vary on a
timescale that is shorter than the timescale at which salinity in the canal
responds to changes in forcing. Moreover, as Fig. 3 already suggests, O
and s, are not fully independent. Analysis of the time series reveals
that they are anti-correlated at lags between 10 and 80 days (Fig. S1).
The largest anti-correlation is at a lag of 45 days (correlation coefficient
of —0.43). This means for example that when Q and s, both have high
values, and Q would keep its constant high value, then s, is expected to
decrease after about 10 days. This implies that, for this case, in Figs. 5
and 6 the associated equilibrium state is lower in the diagram.

Lee and Lwiza (2008) found, using regression analysis on salinity
time series in Chesapeake Bay, that exterior salinity is more important
than discharge for this estuary. The reason for this difference is the low
value of the exchange coefficient, which makes that salinity inside the
locks s, only varies between 1.2 and 13.8 g kg~ when s,, varies from
15 to 30 g kg~! and Q is between 10 and 100 m? s~!. Regarding the
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Fig. 9. (a) Effective longitudinal dispersion coefficient K,,,, versus along-channel
coordinate and time in the two-dimensional model. (b) Along-channel profile of the
time-averaged K, , (thick black line) and the standard deviation (shaded area). (c)
As (a), but for the effective longitudinal dispersion coefficient in a one-dimensional
model simulation using Eq. (9). (d) The blue line indicates the longitudinal profile
of K, ;, from a one-dimensional model simulation using Eq. (9) for the longitudinal
dispersion coefficient, and the shaded area indicates the standard deviation. The black
line is the same as in (b). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

longitudinal dispersion coefficient, Augustijn et al. (2011) use a liter-
ature value for small streams of 3 m? s~ (Kashefipour and Falconer,
2002), which is two orders of magnitude smaller than what we find.
This difference is attributed to the fact that they analyze the response
of a fresh water body to a sudden intrusion of salt. In this setting,
the density-driven circulation is not established yet and hence does
not contribute to longitudinal dispersion. The calibration procedure
of Bertels and Willems (2022) yields 50-150 m? s~! for the Campine
Canals, which is a smaller than what we find for the Ghent-Terneuzen
Canal. In this case, the depth of their system (5 m versus 13.5 m) is
probably responsible for this.

Time-dependent simulations revealed that the response time to
changes in discharge is shorter for an increase in discharge than for
a decrease, which is a known property of salt intrusion in many
estuaries (Chen, 2015; Gong and Shen, 2011; Monismith, 2017). This
indicates that the presence of locks does not change this fundamental
property of the unsteadiness of salt intrusion. The response times of
the canal for an increase or a decrease in exterior salinity are similar.
For other coastal water bodies where the exterior salinity fluctuates
in comparable magnitudes as in the Ghent-Terneuzen Canal, Floser
et al. (2011) and Lange et al. (2020) have shown that reverse estuarine
circulation develops as a response to a decrease in exterior salinity.
This is not observed in the Ghent-Terneuzen Canal, due to the low
value of the exchange coefficient, which slows down the response. Tests
with the 2DV model (not shown) indicates that this reversed circulation
occurs when the exchange coefficient would be larger, which also has
consequences for the response times.

4.2. Parametrization of longitudinal dispersion

The parametrization that is presented of the effective longitudi-
nal dispersion coefficient, when implemented in the 1D model and
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after recalibration, is successful in reproducing the effective longitu-
dinal dispersion of the 2DV model in the Ghent-Terneuzen canal. This
parametrization is based on approximate analytical solutions of the salt
and momentum balances for the flow and vertical salinity profiles that
take into account the horizontal salt transport by the density-driven
flow, and thus has a solid physical basis. A similar approach can be
found in Wei et al. (2016), who used approximate solutions of tidal
flow and salinity. Other parametrizations of the longitudinal dispersion
coefficient in estuaries (Savenije, 2005; Kuijper and Van Rijn, 2011;
Gisen et al., 2015) are based on dimensional analysis of the relevant
(mostly tidal) quantities. This precludes a direct comparison between
these different formulations, as they are based on dissimilar ways of
physical reasoning.

Close to the downstream boundary, the effective longitudinal dis-
persion coefficient is overestimated by our parametrization. The error
originates from a mismatch between the salinity in the 2DV model and
the salinity calculated with Eq. (8), which shows the largest difference
in the downstream part of the canal (See Fig. S3). To resolve this, a
correction to the effective longitudinal dispersion coefficient can be
introduced. As vertical advection of salt is the major missing component
in the salt balance (Biemond et al., 2022), this is added and the
equation we have to solve for s’ becomes

PPN os' 0 os’

u(z)$+w(z)g =3 <KU£>. (10)
The solution for s’ and a calculation of K, ,,, are presented in Ap-
pendix B. This formulation resolves the effective longitudinal dispersion
close to the downstream boundary better. However, solving the 1D
advection-diffusion equation with this parametrization of K, ,;, using
standard numerical techniques, i.e. spatial discretization with central
differences and time integration with Crank-Nicholson, appeared to
be difficult, because of the extreme sensitivity of K, on the second
derivative of the salt field, and therefore this formulation of K, ; , was
not implemented.

4.3. Model limitations

Limitations of the 2DV model include the representation of the
strongly stratified salinity field in the lower part of the water column
in the canal, inclusion of local complex bathymetry and the pragmatic
parametrization for salinity at the lock complex at the downstream
boundary. The stratification in the lower part of the canal is not well
simulated because the vertical viscosity and diffusivity are independent
of stratification. Also, unlike in the rest of the canal, close to the locks in
Terneuzen the bathymetry is rather complex and the width-averaging
procedure in our model is a crude approximation. The model is there-
fore not capable of accurately representing the physical processes in
this part of the domain. These model aspects can be improved, but since
their effects are mostly confined to the region close to the downstream
locks, and part of these effects are parametrized with Eq. (3), it will
not affect our main conclusions. Additionally, our model does not offer
the opportunity to study effects of different lock operation strategies on
salt intrusion, as lock operation is not included in Eq. (3). For this, a
different method to take the locks into account should be applied, but
that is beyond the scope of this work.

Our parametrization of the effective longitudinal dispersion co-
efficient is expected to be successful provided that (1) the channel
is sufficiently narrow, i.e. lateral processes can be neglected. Lateral
processes occur e.g. when, due to differences in depth, salt intrudes
further in the center of the canal than close to the embankments, and
the associated lateral density difference induces a horizontal circula-
tion (Lerczak and Geyer, 2004). (2) The width and depth of the channel
are approximately constant, and (3) the stratification-turbulence inter-
action, i.e. the fact that stratification inhibits turbulence, which affects
the salt field and thereby stratification (Nunes Vaz et al., 1989; Haas,
1977), is weak. The latter is the case if variations of the Richardson
number in time and space are relatively small with respect to its mean
value.
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4.4. Management strategies

From the model results, the effect of management strategies on
salinity in the Ghent-Terneuzen Canal can be estimated. For high
discharges (Q > 20 m? s71), increasing the discharge is the most
effective way to remove the salinity from the canal. For low dis-
charges (Q < 20 m? s71), decreasing the exterior salinity, which could
be accomplished by limiting the water exchange in the locks or in-
creasing the discharge through the Western Scheldt Estuary, which is
less feasible, is also effective. Two specific management strategies are
proposed to decrease the salinity of the canal: Firstly, in winter, when
large resources of freshwater are available, the discharge through the
canal could be increased, in order to reduce salt intrusion in summer.
According to the 2DV model, this measure would have an effect up
to two months after the increased discharge. This means that in this
way it is possible to reduce salinity in the early summer, but that
it is not effective in reducing the salinity in late summer, when salt
intrusion is usually the most severe. Secondly, when due to rainfall in
summer, freshwater is available at the upstream boundary, a ‘pulse’
of fresh water could be used to flush the canal. The model indicates
that about 20 days of increased freshwater discharge are required to
reach a new equilibrium. Since the change in salt intrusion length due
to an increase in river discharge is to a good approximation linear in
time (Biemond et al., 2022), a few days of increased discharge will
remove about 10%-20% of the salinity from the canal if the discharge
is strong enough. The effect on the salinity field will subsequently
remain in the canal for about one to two months, indicating that in
this manner it is possible to reduce salinity in the canal in summer.
Other specific scenarios could be carried out with the models presented
in this study. For this, the 1D model with the new parametrization of
the longitudinal dispersion coefficient is the recommended tool, as this
model requires less computational resources than the 2DV model, but
has a better agreement with the data than the 1D model with a constant
longitudinal dispersion coefficient.

There are other options to mitigate salt intrusion, e.g. setting re-
strictions to the opening time of locks, which limits the water exchange
with the exterior water body. In some locks in the Netherlands, e.g. in
those of the North Sea Canal bubble screens are employed, to enhance
vertical mixing and in this way reduce salt intrusion (Keetels et al.,
2011). Here we showed that when freshwater is available, temporary
increasing the discharge can also reduce salt intrusion. This may be
a more cost-effective management strategy than restricting the lock
opening time or the use of a bubble screen. The availability of these
instruments to manage salt intrusion means that the effects of climate
change (rising sea levels, longer periods of low discharge) in man-made
canals can be more effectively mitigated than in estuaries.

5. Conclusions

This study investigated salt intrusion and effective longitudinal salt
dispersion in man-made canals. The main findings are that accounting
for salt transport by the density-driven current in models is crucial to
properly model salinity in man-made canals. Salinity is mostly affected
by discharge, while variations in exterior salinity have a smaller effect,
because locks limit the water exchange with the external body of water.
This indicates that managing the freshwater discharge is an effective
measure to control the salinity of man-made canals. The effective lon-
gitudinal dispersion coefficient varies an order of magnitude in space
and time, i.e. from 25 to 726 m? s~!. A new parametrization of the
effective longitudinal dispersion coefficient in man-made canals, which
is developed using known relations between along-channel quantities
and the vertical structure of flow and salinity, captures the variability of
the effective longitudinal dispersion coefficient well. This is a promising
tool to be used in 1D models for salt intrusion in man-made canals that
e.g. account for more sophisticated descriptions of the lock systems.
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Appendix A. Justification that da_sz’ <u %

p -

We prove that ‘% < g—i by estimation of the magnitude of the two
terms. For the first term we use a maximum vertical salinity difference
of 10 g kg1, from Fig. 4, and a response time of one month from Figs. 7

and 8. This gives % ~4-107% g kg~1s~1. The magnitude of the second

: : 1905, gBH3 95\ ; 5
term is estimated as u o ® s ( dx) . The magnitude of 5 s the
average exterior salinity s,, ~ 20 g kg~ divided by the length of the

canal, which is 27.2 km. Inserting all the numbers gives v’ ? ~3-10™

g kg~1s71, which is two orders of magnitude larger than ‘%.

Appendix B. Derivation of an expression for the effective longitu-
dinal dispersion coefficient with vertical velocity included in the
vertical salt balance

In this section, a parametrization for K, |, is derived, by using a
more complex formulation of the vertical salinity profile than what
is done in Section 2.4. To this end, Eq. (10) is solved for s/, with
one modification: the vertical velocity w is multiplied with y, a factor
with a value between 0 and 1, to account for the effect of neglected
processes. Note that the old solution can be obtained by setting u = 0.
The new solution will lead to weaker vertical variation of s’, because
the vertical current transports salt upwards, which, in turn, leads to a
weaker effective longitudinal dispersion coefficient, because the term
W's' in Eq. (7) decreases. This solution for s’ reads

H?2
K

03

/(%) = _—
s@= ox

(Po@ - ¥R, @)+ 292 Pa(2)

v

exp(P' Py(2)) - (c —i

05 = o, 1 .
—a(ﬁf (P13(Z) - ¥ Pu(2)+ §W2P15(Z))>~ (B.1)
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Fig. B.1. As Fig. 9c—d, but the effective longitudinal dispersion coefficient is calculated
with Eq. (7), using Eq. (B.1) with u = 0.5 for s’, where the salt field from the 2DV
simulation is used for the calculation.

In this equation, ¢ is a constant, chosen such that f OH s'dz = 0,
Y = ’“;(HZ(% and P(%), with i = 10,11,... 15, are polynomials.
Fig. B.1 shows the effective longitudinal dlsperswn calculated with
Eq. (7), using Eq. (B.1) with u = 0.5 for s/, where the salt field from
the 2DV simulation is used for the calculation. This parametrization
captures, even without recalibration, the spatio-temporal variability
and the along-channel mean value of K, well (RMSE = 43.1 m? 571,
NRMSE = 0.12).

To obtain this solution for s’, we solve Eq. (10), with the velocities
as presented in Eq. (4). As a first step, we integrate Eq. (10) from a
depth z = Z’ to the surface, and apply the boundary conditions at the
surface (no flux), which gives

@H&@+wﬂfm@y——wmn+K%i=a (B.2)
Z

with Py(2) = —( %+ 23). This is an inhomogeneous ordinary differential
equation. To proceed we find the homogeneous solution s/ | which

reads

hom

uaH? 925
K, ox2

= ¢y exp( —— P1(2)) = ¢; exp(¥ P;(2)), (B.3)

!
Shom
where P;(2) = ——z + 27 # 4+ %25. We seek a particular solution
by variation of constants Inserting the homogeneous solution in the
inhomogeneous equation, and allowing ¢, = ¢, to vary in z, gives
& aH 05

3z =—K— (,(Z)—eXp( ‘1’P7(Z))——(—)2P5(Z)eXP( -¥YP,(2). (B.4)

No analytical solutions for this equation exist. To proceed, we approx-
imate the exponential with

empwm@nu—wg@+%wggw. (B.5)
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When using this approximation, we solve Eq. (B.4) by straightforward
integration. The result is

¢,(2) = ”Ilj ZS (P - TP11(2)+%¥’2P12(2))
_ﬂiﬂﬁﬂaﬂpwm@H-Wﬂ#» (B.6)
where

P10(2)=/P6(2)d2, P11(2)=/P6(Z)P7(2)d5,
Py(2) = / Py(D)Py(2)*dz, Pj3(2) = / Py(2)dz,

m@:/g@g@m m@:/g@m#ﬁ

The total solution is found by adding the homogeneous solution and
the particular solution and is presented in Eq. (B.1).

Appendix C. Supplementary data

Supplementary material related to this article can be found online
at https://doi.org/10.1016/j.ecss.2024.108654.
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