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Abstract. Many deltas in the world consist of a network of
connected channels. We identify and quantify the charac-
teristics of salt intrusion in such systems using an idealised
model. The Rhine—-Meuse Delta is selected as a prototype ex-
ample of a complex network with many channels. The model
is able to capture the characteristics of the tide-dominated
water level variations due to the main tidal component and
the salinity time series for 1 year of observations. Quantifi-
cation of tidally averaged salt transport components shows
that transport related to exchange flow is dominant in the sea-
ward, deep parts of the network, but tidal dispersion is dom-
inant in shallower channels further inland. Close to the net-
work junctions, a tidally averaged downgradient salt trans-
port is generated by the tidal currents, which is explained by
the phase differences between the tidal currents in the differ-
ent channels. Salt overspill is confined to the most seaward
part of the Rhine—Meuse Delta. The magnitudes of the re-
sponse times of different channels to changes in discharge
increase with the distance to the estuary mouth and with de-
creasing net water transport through the channel. In channels
without a subtidal discharge, response times are a factor of 2—
4 larger than in the other channels. The effect of changes in
the depth on the extent of salt intrusion strongly depends on
where the change takes place. If the change is within the salt
intrusion range, deepening will locally increase salt intrusion
due to an increase in salt transport by the exchange flow. If
the change is outside the salt intrusion range, changes to the
net water transport dominate the response of the salt intru-
sion.

1 Introduction

The extent of salt intrusion into estuaries is changing world-
wide as a result of climate change and anthropogenic activi-
ties. Climate change includes, for example, sea level rise (Qiu
and Zhu, 2015) and changes in freshwater discharge (Bel-
lafiore et al., 2021). Examples of anthropogenic activities are
dam construction on rivers for water storage and hydropower
generation (Qiu and Zhu, 2013), channel deepening for ship
navigation, and construction of polders (Liu et al., 2019). The
availability of theoretical frameworks to explain and of suit-
able models to simulate salt intrusion is crucial to predict
how these changes affect the extent of salt intrusion.

For single-channel estuaries, relationships between estuar-
ine geometry, forcing conditions, and salt intrusion are exten-
sively studied. For this, theoretical frameworks (Geyer and
MacCready, 2014), semi-empirical models (Savenije, 1993),
idealised models (MacCready, 2004; Wei et al., 2022), mod-
els of intermediate complexity (Dijkstra and Schuttelaars,
2021), and detailed numerical models (Ralston et al., 2010;
Martyr-Koller et al., 2017; Liu et al., 2024) are being used.

However, a number of estuaries consist of multiple chan-
nels. For these systems, also referred to as estuarine net-
works, the theories developed for single-channel estuaries
need to be extended, as they behave differently in several
ways. Observations show (Gong et al., 2014) that tidally av-
eraged salt transport between channels through the junctions,
a phenomenon known as salt overspill, occurs. Second, the
phasing of tidal currents in estuarine networks creates local
minima in the salt field (Warner et al., 2002; Garcia et al.,
2022), which challenges the traditional view that salt trans-

Published by Copernicus Publications on behalf of the European Geosciences Union.



262

port by tides can be considered a dispersive process (Win-
terwerp, 1983). The implications of these phenomena for the
large-scale salt dynamics are hard to determine from obser-
vations. Furthermore, unsteadiness of the salt field is known
to be important in single-channel estuaries (e.g. Bowen and
Geyer, 2003; Banas et al., 2004). For estuarine networks,
Biemond et al. (2023) find that the interaction between chan-
nels depends on forcing conditions. Observations show that
salt intrusion in some channels in the Mekong Delta changes
substantially due to variation in tidal forcing over the spring—
neap cycle, while other channels are less sensitive (Eslami
et al., 2021). Using a 3D model, they explained this from
differences in depth and stratification, but the interaction be-
tween the channels was not explicitly quantified. Next, the
theory about the effect of changes to the geometry of estu-
aries does not contain all the relevant processes in estuar-
ine networks. For example, Wu et al. (2016) suggest that the
deepening of the North Passage, one of the channels of the
Yangtze River Estuary, may have contributed to the salinity
of the other channels. Liu et al. (2019) mention that chan-
nel deepening changed the amount of discharge reaching the
Modaomen Waterway in the Pearl River Delta but that local
channel deepening was more important to the salt intrusion.

Salt intrusion in estuarine networks has been studied us-
ing 1D models, for example, by Nguyen and Savenije (2006)
and Zhang et al. (2011). Such models, when calibrated, have
proven to be successful at predicting salt intrusion into estu-
aries, but their simplified nature does not allow the identifica-
tion of the mechanisms of salt intrusion. On the other hand,
3D models have been used (e.g. Xue et al., 2009; Bricheno
et al., 2021; Bellafiore et al., 2021), and while these mod-
els typically include realistic geometry and a wide range of
physical processes that affect the salt transport, their high
computational costs make extensive sensitivity studies com-
putationally unfeasible. To fill the gap between simple 1D
models and 3D numerical models of estuarine networks, we
develop here an idealised, partly analytical, width-averaged
(2DV) model. This model is suitable for a process-based
analysis of salt intrusion mechanisms, as the model solves
separately for different components of currents and salinity,
which makes the computation of different components of the
salt transport straightforward. Furthermore, it has lower com-
putational costs than a 3D numerical model and it is easier to
implement features such as estuarine network geometry.

To study the characteristics of salt intrusion in estuarine
networks, the model will be applied to the Rhine-Meuse
Delta (the Netherlands) (RMD), which is formed by the out-
flow of the Rhine and Meuse rivers discharging into the
North Sea (Fig. 1). The current geometry of the delta is to a
large extent anthropogenically determined (Cox et al., 2021),
with the large harbour of Rotterdam situated in the seaward
part. Earlier research on salt intrusion into this system by de
Nijs and Pietrzak (2012) using measurements and 3D model
simulations revealed that intertidal transport of salt between
the channels occurs, but the effects of this transport on the
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tidally averaged salinity were not quantified. Recently, salt
intrusion into the RMD has received increased attention. Kra-
nenburg et al. (2022) showed that upstream salt transport is
dominated by exchange flow in the seaward part and by tidal
currents in the landward part of one of the major branches
but that during storm surges, the relative importance of the
different mechanisms changes. Wullems et al. (2023) point
to the dependency of salinity on water level at one location
in the network, using a data-driven method. None of these
studies provide a network-wide analysis of salt intrusion.

To systematically investigate the dynamics of salt intru-
sion in estuarine networks, we formulate four specific aims:

1. to show that a calibrated, idealised 2DV model success-
fully hindcasts hydrodynamics and salinity in an estuar-
ine network;

2. to identify and quantify the different salt transport pro-
cesses in an estuarine network and highlight the differ-
ences from single-channel estuaries;

3. to quantify the time-dependent response to changes in
discharge in an estuarine network;

4. to quantify the effects of changes in the depth of indi-
vidual channels on salt intrusion into the major branches
of an estuarine network.

The remainder of this paper is organised as follows. In
Sect. 2, the model, its implementation in the RMD, and the
set-up of the simulations are described. Section 3 presents
results focused on the four specific aims. Section 4 discusses
the results, and Sect. 5 presents the conclusions.

2 Model formulation
2.1 Model approach

The model chosen to address the research questions is an ex-
ploratory model. This type of model is simplified where pos-
sible, such that it only contains the essential ingredients to
describe the relevant physics (Murray, 2003). The simplifi-
cations aim to isolate poorly understood phenomena, in this
case, salt intrusion into estuarine networks. An additional ad-
vantage is that due to the lower computational demand, pa-
rameter sensitivity studies are easy to perform. Successful
examples of this approach in the context of salt intrusion can
be found in, for example, MacCready (2004), Chen (2015),
and Wei et al. (2016). Detailed quantitative agreement with
observations is not the primary goal of this type of models.
However, to assure that the right part of the parameter space
is investigated, we will calibrate the model parameters us-
ing a model-observation comparison. The simplifications in
the model primarily concern the geometry, concern the tur-
bulence closure, and disregarded physical processes. In the
model description in the remainder of this section, simple
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Figure 1. Map of the Rhine-Meuse Delta. The inset shows the location in Europe. The bed level is indicated in Normaal Amsterdams
Peil (NAP), which is a measure of the mean sea level. The yellow crosses indicate salinity observation points (aj—ag) and the red crosses
water level observation points (bj—b1g). Locations where both these quantities are measured or when these observation points are very close

together are indicated by both colours.

formulations of these aspects will be used. The consequences
of the assumptions on which these formulations are built will
be addressed in the discussion section.

2.2 Domain

The domain mimics an estuarine network that has a num-
ber of width-averaged channels, which are connected to each
other through a set of junctions. As a specific example, Fig. 2
shows the representation of the RMD network. There are four
types of horizontal boundaries for the channels: river bound-
aries, weir boundaries, sea boundaries (estuary mouths), and
junctions. Salt enters through the sea boundaries. Fresh water
enters (or leaves, for example, in the case of the Haringvliet
sluices) through the river and weir boundaries. The junctions
provide the connections between the channels.

Each channel i is divided into a number of segments j,
which have different constant depths H;;. Locations in the
segments are characterised by a horizontal coordinate x;;,
which runs from —L;; to 0, and by a vertical coordinate
zij that runs from the bottom z;; = —H;; to the water sur-
face z;j = n;;, while the undisturbed water level is at z;; = 0.
By convention, x;; increases in the direction of the time-
and cross-sectionally averaged flow for yearly averaged dis-
charge conditions (indicated by arrows in Fig. 2). For clarity,
the subscript ij will be left out from now on, and the equa-
tions shown are valid for each segment. The width of each

https://doi.org/10.5194/0s-21-261-2025

segment is described as
b(x) = b(x = —L)eW /e, (1)

where L, is an e-folding length scale that describes the width
convergence. The width is continuous at the boundaries of
the segments but not necessarily at the junctions.

2.3 Equations of motion

The governing equations for hydrodynamics and salinity are
described in Biemond et al. (2024a). The model is width av-
eraged, and in this domain, momentum and continuity bal-
ances are solved for hydrodynamics, and a mass balance is
solved for salinity. Water level 5, horizontal and vertical ve-
locity u and w, and salinity s are decomposed into tidally
varying (indicated by the subscript ti) and subtidal (indicated
by the subscript st) components. Subtidal horizontal velocity
and salinity are further decomposed into a depth-averaged
component (indicated by an overbar) and a depth-dependent
component (indicated by a prime). This yields

-_— /
U= Ug + Uy + Uy,

§ = St + 8¢ + Si- 2)

n = Nst + N,

w = wgt + Wy,

Analytical solutions to the dominant tidally averaged mo-
mentum and mass balances are found, which yield expres-
sions for the subtidal water level gradient 33'7;‘, the depth-
averaged and depth-varying components of the subtidal hor-
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Figure 2. Representation of the RMD channel network in the model. Black lines indicate channels, blue arrows indicate the direction of the
local x axis, red dots indicate junctions, yellow dots indicate weir boundaries, green dots indicate river boundaries, and blue dots indicate sea
boundaries. Table A1 provides the meaning of the acronyms for the channels.

izontal velocity ug and vertical velocity wg. They read

0Mst _ _6 Ay Q

i =5 ghH G0
= (3b)
uly = %Pl @+ ff A}i %Pz@ (3¢)

Here, Q is net water transport, g =9.81 ms~2 is gravita-
tional acceleration, 8 = 7.6 x 107* (gkg~")~! is the isoha-
line contraction coefficient, and Ay g is the vertical eddy vis-
cosity acting on the subtidal flow. The quantity 33";‘ is re-
quired to calculate the water distribution in the channels,
and similarly, wyg; is required for the vertical structure of the
subtidal salinity field s{. Note that we have neglected the
contribution of salinity to the subtidal water level gradient
because taking it into account would introduce a strong re-
lationship between salinity and net water transport, which
is not realistic (Buschman et al., 2010; Maicu et al., 2018;
Wang et al., 2021). Polynomials Py, P,, and P,, describe the
vertical structure of the flow and depend on the normalised
vertical coordinate Z = ;. They are defined as

R (8 54,
P = _—— — N P = —_——— — —8 N
1(2) (5 3¢ ) 2(2) <5 52 Z )

18, 8

= ~4 -° _ 2
Pw(Z)—<2Z +52 5z>. )
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The water level 7, horizontal velocity component u;, and
vertical velocity component wy; of the tidally varying flow
field read

(04> ugi, wi) = M{ (A, U, W) exp(iot)}, (5a)
. (x+1L)

(Crexp(k(x + L)) + Caexp(—k(x + L))), (5b)
ﬁti:%%(Bcosh(SAg)—o, (5¢)
Wy = iwhg — i (dZﬁti + idiAu)

iow\ dx2 L dx
(E sinh(84 ) — z) . (5d)
Sa H

Here, w is the angular frequency of the tidal constituent
that is considered, ¢ is time, L is the length of a channel
segment, I denotes the real part of a complex variable, and
C1 and C; are determined by the horizontal boundary con-
ditions and represent tidal waves that travel downstream and
upstream, respectively. The other parameters are defined as

. —1
1+i)H 8
5= LEDH (cosh(aA) n —Asinh(cSA)) ,
[2Ay 1 2
w
1 2 B -1
k= ——+ 2 (————1) | ©6)
(2Lp)?  gH \ 84sinh(84)

in which Ay 4 is the vertical eddy viscosity acting on the tidal
flow. Note that we split subtidal horizontal velocity into a

https://doi.org/10.5194/0s-21-261-2025
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depth-averaged and a depth-dependent component but do not
make this separation for tidal velocity. Furthermore, Ay 1 and
therefore u; do not depend on salinity.

For salinity, no analytical expressions are obtained, but the
decomposition from Eq. (2) is substituted in the 2DV mass
balance for salinity, which reads

()

— | ws

0z

_labK83+8K8s )
Thoax U Mox ) T oz \Maz )

Here, Ky, is the horizontal dispersion coefficient, and Ky
is the vertical eddy diffusivity coefficient. To obtain an equa-
tion for subtidal depth-averaged salinity s, we average this
equation over depth and the tidal timescale, which gives

stt _ BESt , 8S;t _ 8Eti / ast/i
ar Gy ey TG s‘t+ "o t
b S

19 X
= -2 bk 2. 8
b8x< b st 8x> ®)

In this expression, Kp g is the horizontal dispersion coeffi-
cient acting on the subtidal salinity. The equation for the ver-
tically varying part of the subtidal salinity s/, obtained from
subtracting Eq. (8) from the tidally averaged mass balance,
reads

s 10
E-Fga(bus)-i-

Osy o, 0Ss o 0sy o, Osy 95}
—4u u. —ul Wy
ax  Mtax  tax Mox 9z

() (4 2), ()
() (),

/

; 38 (b » a;“) + aa—z (K%‘) . ©)
Here, Ky 4 is the vertical eddy diffusivity coefficient act-
ing on the subtidal salinity. An equation for tidally vary-
ing salinity sy is obtained by subtracting the tidally aver-
aged mass balance from the full mass balance. Addition-
ally, only the dominant tidal constituent is considered, i.e.
si =N [Sgexp(—iwr) +c.c.], and a scaling analysis is ap-
plied to select the most important terms. The equation gov-

erning the dynamics of §; is

s + 4 05t T 3S§t bl K 85 (10)
—lwSti + Ut WH— = — i— ],
t t 9x t1 aZ BZ v,t1 aZ

sl
ot

Ust

in which K,y is the vertical eddy diffusivity coefficient act-
ing on the tidally varying salinity. This equation has an an-
alytical solution (i.e. §; can be expressed as a function of
sst), but this expression is very lengthy and therefore not pre-

sented here. To numerically solve for 5y and sj;, a Galerkin
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method is used in the vertical and central differences in the
horizontal. For time integration, a backward Euler scheme is
employed.

The values of the vertical eddy viscosity, vertical eddy dif-
fusivity, and horizontal dispersion coefficients are assumed
to be constant throughout the entire domain. For bottom fric-
tion, a partial slip condition is applied at the bed, with a fric-
tion coefficient Sf = ZSV, where Ay is the vertical eddy vis-
cosity, and H is the water depth. Note that the values of the
coefficients used for eddy viscosity, eddy diffusivity, disper-
sion, and friction depend on whether they act on the tidal or
subtidal current and salinity, as is explained in, for example,
Godin (1991, 1999).

2.4 Salt transport

The horizontal salt transport 7' in the model (which follows
from the decomposition of currents and salinity as in Eq. 2),
integrated over the tidal cycle and cross-section and after ne-
glecting terms that contain 1 (see Biemond et al., 2024a),
reads

_ 5,

T = Q5+ bHul sl + bH (ugsq)s — bHKp a;
—_—  ——
To Te Tr Tp

(1)

The component T is the salt transport due to advection
by the depth-averaged subtidal current, 7g is the salt trans-
port by the exchange flow, Tt is the salt transport due to the
time correlation of tidal flow and salinity, and 7p is the salt
transport due to horizontal dispersion. In our model, unre-
solved upstream salt transport processes are parametrised by
the last term. Note that 7t could be further decomposed into
a contribution that involves only the depth-averaged tidal cur-
rent and a contribution that is due to the departure of the tidal
current from its depth-averaged value.

2.5 Boundary conditions

Regarding the boundary conditions at river boundaries, sub-
tidal discharge is prescribed, tides are assumed to dissipate
in the river beyond the boundary (without reflection at a hor-
izontal boundary), and the subtidal salinity is set to the river
salinity. Hence,

bHug = Qry, C1=0, 5y =S, S/t =0. (12)

S

Here, Qriy and syiy are the river discharge and salinity, respec-
tively, which are generally non-zero. The condition C; =0
means that there is no downstream travelling tidal wave.

At the weir boundaries, we prescribe subtidal discharge
and use a reflecting boundary condition for the tidal flow
such that the water transport vanishes at such boundaries. For
salinity, we impose conditions on the salt transport. When
the discharge at the weir is into the domain (which is usu-
ally the case), the depth-averaged transport equals the pre-
scribed salinity syejr multiplied by the discharge. When the
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discharge at the weir is out of the domain (which is the case
for the Haringvliet sluices in the RMD, for example), the
depth-averaged transport is set to the calculated salinity at
the weir multiplied by the discharge. The vertical variations
in the dispersive salt flux are set to zero to avoid the forma-
tion of a dispersive boundary layer (Biemond et al., 2024b).
In summary, the boundary conditions read

0

bHus = Qvweir, / uydz =0,
—H

95

ox

in which Qyeir is the discharge at the weir, and syjr 1S pre-
scribed in the case of the discharge being from the weir and is
the local (depth-averaged) salinity in the case of a discharge
towards the weir.

Water levels ng and 5y are prescribed at sea boundaries
(estuary mouths). To obtain the conditions for salinity, ad-
ditional segments are added that extend seaward from the
mouths. These segments are characterised by strongly in-
creasing widths away from the mouths. At the outer sea
boundaries of these segments, salinity is set to the sea salin-
ity. Furthermore, the assumption that there is only an incom-
ing tidal wave at these locations (i.e. travelling from sea to
estuary) allows us to compute the water levels and tidal flow
in these segments. The assumption made here is reasonable
because of the strongly increasing width of these segments.

At the junctions, continuity of discharge and water level is
imposed. These conditions apply to the subtidal quantities as
well as to the tidally varying quantities. Regarding salinity,
continuity of salt transport and salinity is used at every verti-
cal level. To apply conditions to the tidal salinity, a boundary
layer correction is employed. At the boundaries between the
channel segments, the same conditions are applied. The spe-
cific expressions for these boundary conditions are described
in Appendix B, and the boundary layer correction for tidal
salinity is described in Appendix C.

T = QOweirSweir; Kh,st =0, (13)

2.6 Model implementation for the RMD

The implementation of the domain of the RMD in the model,
as sketched in Fig. 2, consists of 21 channels, 12 junctions, 1
sea boundary, 3 weir boundaries, and 2 river boundaries. The
channels consist of one or two segments. The division into
multiple segments is based on the desired horizontal grid size
and does not affect the physics. The Haringvliet sluices con-
nect the Haringvliet to the open sea and are only opened to
release water from the Haringvliet such that no salt intrudes
through this boundary. The widths and depths of each chan-
nel are presented in Table Al. Note that a coarse representa-
tion of the geometry is used, so geometrical details (e.g. the
harbour basins) are not resolved. In the following, we will
refer to the different channels by the acronyms specified in
Fig. 2.

Ocean Sci., 21, 261-281, 2025
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Figure 3. (a) Observed (in blue) and modelled (in red) amplitudes
of the M, water level for different points in the RMD, the locations
of which are indicated in Fig. 1. (b) As (a), but for the tidal phase
of the water level.

The horizontal grid size is around a few hundred metres
but differs per channel and is finer in regions where larger
salinity gradients are expected. In the vertical, five Fourier
modes are used for the Galerkin projection, and the model
time step (which only applies to subtidal quantities) is 24 h.

The model is forced with prescribed time series of dis-
charge at the two river and the three weir boundaries and
with the water level amplitude and phase of the dominant
tidal constituent, which is the semi-diurnal lunar M, tide
(period 12h, 25 m) for the RMD at the North Sea boundary
(note that the water level amplitude of the M, component at
the station at the mouth (b;) is 4 times larger than that of
the second-largest component; Walters, 1987). For salinity,
time-independent values are used, which are 0.15gkg™! at
the river and weir boundaries and 33 gkg ™! at the North Sea
boundary.

3 Results
3.1 Model-observation comparison
3.1.1 Method

To address the first aim (model-observation comparison),
suitable values of eddy viscosity, eddy diffusivity, and dis-
persion coefficients are needed. This is achieved by means of
calibration: the modelled tidal water levels and salinities are
compared to observed tidal water levels and salinities. There
are 19 water level stations in the RMD, indicated by b;—big

https://doi.org/10.5194/0s-21-261-2025
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in Fig. 1, and 7 salinity observation points, indicated by a;—ay
in this figure. At a number of these locations, salinity obser-
vations are available at two or three depths. There are only
a few permanent current measurement stations available in
the RMD, and therefore currents are not evaluated. The dis-
charge, water level, and salinity data of the RMD are accessi-
ble at https://waterinfo.rws.nl, last access: 31 January 2024.
The year 2022 is used as calibration period since this is a year
with a low Rhine discharge, which is a situation in which salt
intrusion is relevant. For the hydrodynamic module, the ver-
tical eddy viscosity component acting on the tidal flow Ay 4
is calibrated. An optimisation procedure is employed for this
variable to find the minimum error between the modelled and
the observed M, water level variations, using the skill score
as used by Davies and Jones (1996), which computes a cost
function f as

f= Iﬁ \/(ﬁ](;bs _ ;’]r(nod)2 + zﬁzbs;]]r(nod <1 — cos (é]?bs _ é]inod)) (14)

Here, N is the number of observations; ﬁ,‘gbs and ﬁ,ﬂmd

are the observed and modelled amplitudes of the water level
of the dominant tidal constituent, respectively; and é,?bs and
é,i“‘)d are the observed and modelled phases of the tidal water
level, respectively.

The coefficients for subtidal vertical eddy viscosity Ay g,
subtidal vertical eddy diffusivity K g, horizontal dispersion
K st, and tidal vertical eddy diffusivity Ky i are calibrated
by minimising the root-mean-squared error (RMSE) between
observed and modelled time series of subtidal salinity at
the observations points. A gradient descent algorithm is em-
ployed to find the optimal values of these parameters. Af-
ter the calibration, the model performance regarding subtidal
salinity is quantified by calculating the Nash—Sutcliffe effi-
ciency (NSE) (Nash and Sutcliffe, 1970), which reads

ZII<V=1 (Sl(c)bs - Sircn()d)Z

NSE=1-— N - VA (15)
iz (07— < 5™ >)
where s,?bs and s,r{“"d are the observed and modelled salinity,

respectively, and < - > indicates a time-averaged quantity. A
score of NSE = 1 indicates perfect agreement, while NSE =
0 means that the model error is equal to the variance of the
observed time series, and finally NSE < 0 indicates that the
observed mean is a better predictor than the model.

3.1.2 Tides

The amplitudes and phases of the M; component of the
water level in observations and of the calibrated model are
shown in Fig. 3. A minimum for f is obtained with Ay ; =
0.025m?s~!. The amplitude in the main channels is well-
resolved (bj—b7, bjo—bj4). At observation point by (the LE
channel), the amplitude is underestimated by 27 %, and in
the southern part (bjg—bj9), the amplitude is overestimated
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by 55 % averaged over the four points. There are two outliers
in terms of tidal phases (at points bs and bj¢e). The observed
phase at point bs differs in such a way from the phase at the
neighbouring points that an error in the raw data is probably
responsible for the mismatch here. At point bye, the tides are
affected by the operation of the Haringvliet sluices, which is
not resolved in the model.

3.1.3 Salinity

The NSE (Eq. 15) for the modelled and observed salin-
ity after calibration is 0.67, which classifies the model per-
formance as satisfactory (Moriasi et al., 2015). This result
is found for Ay ¢ = 0.0024 m?s~!, an order of magnitude
lower than the vertical eddy viscosity for tidal flow. Regard-
ing vertical eddy diffusivities for tidal and subtidal salin-
ity, the best agreement is found when using K g = st

and Ky = %, with Sc, the Schmidt number, equal to
2.2. The horizontal subtidal dispersion coefficient is Ky, ¢ =
275m? s~ !, which is rather high compared to what was found
for single-channel estuaries (Biemond et al., 2024a). The rea-
sons for and implications of this will be discussed in Sect. 4.

Modelled and observed salinity in the RMD at four se-
lected observation points is shown in Fig. 4. We refer to
Fig. S1 for the comparison at the other observations points.
Differences between the model and observations primarily
concern an underestimation of the variability in the salt field.
This is due to the fact that our model does not account for the
spring—neap tidal cycle, overtides, and subtidal and intratidal
water level fluctuations at the sea boundary driven by remote
winds, which have a strong influence on the variability in the
salinity. The model-data agreement is consistent at different
depths for most stations where observations are available at
multiple depths (Fig. S1), but the salinity at station a; is un-
derestimated by 3.0 gkg™! at z = —9.0 m averaged over first
2 months of the year (i.e. during high-discharge conditions),
while at z = —2.5m, no bias is present (compare Fig. S1b
with Fig. S1d). This indicates that the relation between dis-
charge and vertical salinity gradients in the model is not well
resolved, which is probably due to the use of a constant verti-
cal eddy viscosity and vertical eddy diffusivity. In Fig. 4b, we
see an underestimation of 0.6 gkg~! averaged over the sum-
mer months, while in Fig. 4d, which is only a few kilometres
from this location, the salinity is overestimated by 0.4 gkg ™!
during this period. This probably originates from the large
value of Kp g, which reduces horizontal salinity gradients,
but the exclusion of other tidal constituents besides M, also
plays a role, as tidal flow is very important to salinity at point
a4, which will be shown in the next section.
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Figure 4. Observed (in blue) and modelled (in red) tidally averaged salinity time series for 2022 at four locations in the RMD: (a) a;
(z=-9.0m), (b) a3 (z =—2.5m), (¢) ag (z = —2.5m), and (d) a4 (z = —4.0m).

3.2 Salt intrusion mechanisms
3.2.1 Method

To quantify the mechanisms of salt transport in an estuarine
network (the second research aim), an equilibrium simula-
tion is performed with the calibrated model. To this end, the
model is forced with discharges that represent low-discharge
conditions, as this is the situation in which salt intrusion is the
most relevant. For the Haringvliet sluices and the Hollandse
IJssel and Lek rivers, we set the discharge to zero, while for
the Waal River, we use Q = 650 m3s~! and for the Maas
River, Q = 50m> s~!. These values equal approximately the
minimum observed discharges in the summer of 2022.

The distribution of net water transport and subtidal salinity
in different channels in the RMD is presented in Fig. S2; the
associated components of the salt transport in different chan-
nels in the RMD for low-discharge conditions are shown in
Fig. 5.

Ocean Sci., 21, 261-281, 2025

3.2.2 Main channels

It turns out that close to the sea boundary (BD, RW), salt
transport related to the exchange flow Tg is the most im-
portant contribution to the salt transport, while further in-
land its relative contribution decreases. This spatial pattern
is explained by the fact that close to the sea boundary, depth
is large, but further inland, the RMD becomes shallower
(e.g. H=16m for BD and RW but H = 11 m for NM1 and
H = 10.2 m for OM3). The strength of the exchange flow u,
scales with H> (Eq. 3c), and the variable ¢ which is mainly
generated by this flow, thus decreases when depth decreases
(Fig. S3). The salt transport component 7 is the product of
those two and therefore strongly depends on depth.

The salt transport component due to horizontal disper-
sion Tp becomes dominant in most areas where Tg declines
(e.g. NM1, SP, OM3). This is because the dependence of Tp
on depth is weaker (only through a decrease in the cross-
section).
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Figure 5. The centre panel shows depth and tidally averaged salinity in the RMD for low-discharge conditions. The red bars in this figure in-
dicate the location of the 2 g kg_1 isohaline. (a-h) The different components of the salt transport in equilibrium, following the decomposition
of Eq. (11), versus x or x*, where we have defined x* = —x for plotting purposes.

3.2.3 Tidal transport

The component due to tides (7t) is small in most of the
network. To explain this, we compute the phase difference
between depth-averaged tidally varying flow and salinity,
which is very important to the magnitude of 7t (see Eq. 11).
A phase difference of more (less) than 90° is associated
with upstream (downstream) salt transport. In our model con-
text, this phase difference is generated by two mechanisms:
vertical advection of subtidal salinity within the tidal cy-
cle (Biemond et al., 2024a) and interaction with other chan-
nels around junctions. The first mechanism requires the pres-
ence of tidally averaged vertical salinity gradients, which are
mainly are created by the exchange flow. This gives, for ex-
ample, a phase difference of about 95° in the RW (Fig. S4),
which yields Tt ~ 500kgs™!, about 15 times smaller than
Tg. Note that a T1 of this strength would be the dominant
salt transport in channels further upstream (e.g. OM3). In the
channels where exchange flow is weaker, the phase differ-
ence that is induced is also smaller, and therefore 77 is a
subdominant component of the salt transport except around
some junctions. The net salt transport due to vertical varia-
tions in the tidally varying flow and salinity is not considered
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for this explanation because its contribution to salt transport
is negligible, as explained in Biemond et al. (2024a).

3.2.4 Transport in the vicinity of junctions

Near junctions such as the SP-OM2-OM3 or the BD-RW-
HK, the distortion of the phase difference from 90° increases
strongly, for example, around the seaward boundary of the
HK, NM1, and HY, where the minimum phase difference is
about 60° (Fig. S4). Here, Tt also reverses sign (i.e. it turns
seaward) along the salinity gradient. Note that for each junc-
tion in only one connected channel is the phase difference
below 90°. To illustrate this behaviour, we study the case of
the junction of the HY, NM1, and NM2 in detail, but sim-
ilar reasoning applies to the other junctions. Figure 6 visu-
alises tidal currents and salinity around this junction. Fig-
ure 6a shows that u; in the HY leads the currents in the other
two channels by about 1.5h. The consequences for the salt
transport are made clear by studying the different phases of
the tide. When the currents in all channels are positive (i.e.
the red shaded area and panel 1), relatively fresh water from
upstream is transported downstream, and salinity at the junc-
tion decreases (Fig. 6b). At some point, the current in the HY
will change direction before the currents in the other chan-
nels change direction (the blue shaded area and panel 2). In
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this phase, the HY will receive freshwater from upstream,
i.e. from the NM2. After about 1.5h, currents in the other
channels will also change direction (the light blue area and
panel 3), and saline water from downstream is imported into
the channels. However, when salinity at the junction reaches
its maximum value, u; in the HY has already changed di-
rection (the yellow area and panel 4), and this salinity does
not reach the HY. The tidally averaged transport 7t is up-
stream in the main channels (NM1 and NM2), while it is
downstream in the side channel (HY).

3.2.5 Minor channels

The HY (and also the LE) is a special case in the sense
that it does not receive discharge from upstream, and there-
fore Tg is zero throughout this channel. The absence of dis-
charge, which is the main source of buoyancy, also implies
that (tidally averaged) vertical salinity gradients are almost
absent: the top—bottom salinity difference is 0.09 g kg~! at
1 km from the junction in the HY. This implies that Tg is
weak (i.e. % =5 x 10~%) at this location.

A similar situation occurs in the HK, which is shallower
than its neighbouring channels: it receives less discharge
(71 m3 s~!; about 9 times smaller than the RW) and is conse-
quently less stratified, and the channel-averaged contribution
of Tg to the upstream salt transport in the HK is only 4 %

(Fig. 5d).

3.2.6 Overspill

The absolute value of the total salt transport |T| is 80 kg s™!

in the HK, OM1, and RW, indicating the presence of salt
overspill in these channels. Overspill occurs when salt origi-
nating from one channel is transported downstream with the
subtidal current uy through another channel. In Fig. S2, the
direction of this transport is indicated. For the range of values
of the parameters investigated in this study, this only occurs
in the RW-OM1-HK channel system in the RMD. Under the
low-discharge conditions studied here, its contribution to the
total salt transport in the HK is 13 %.

3.3 Response to changes in discharge
3.3.1 Method

To examine the response of salinity in the network to changes
in discharge (the third research aim), the model is forced with
discharge time series that represent the transition from refer-
ence discharge conditions to low-discharge conditions and
vice versa. For the Haringvliet sluices and the Hollandse 1Js-
sel River, discharge is set to zero. In the reference situation,
the Lek, Waal, and Maas rivers are forced with their yearly
average discharge, which is 490, 1500, and 230 m3 s~ re-
spectively. To simulate the response to a transition to low-
discharge conditions, the reference discharges are multiplied
by a factor ranging from 0.95 to 0.2 for the different scenar-
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ios. In this way, the fraction of the total discharge received
per channel does not change. The simulation is continued un-
til equilibrium has been reached. To simulate the response to
an increase in river discharge, discharge is increased from
the lowered value to the yearly average values, and again the
simulation is continued until equilibrium has been obtained.
Note that these simulations do not reproduce the current wa-
ter distribution in the RMD during a drought because dis-
charge into the three rivers does not change according to the
same ratio due to water management and local differences
in drought intensity. Moreover, the Haringvliet sluices are
opened when the discharge is high, closed for low discharge,
and partially opened in between.

To quantify the salinity response to a change in discharge,
studies of single-channel estuaries have analysed the evo-
lution of a certain isohaline, typically the 2 gkg™! isoha-
line (Chen, 2015; Monismith, 2017). However, in a network
this is not generally possible, as isohalines are not bound
to a certain channel. Therefore, an alternative measure for
the salt intrusion into a channel is used for response times,
which is based on the channel-averaged salinity S, defined as

S= f"s%v, where V is the volume of the channel. The re-
sponse time is then defined as when 90 % of the change in S
has occurred (note that S becomes constant after the change
in discharge). We indicate the time it takes to respond to a
low discharge as t4ry and the time it takes to respond to a
high (i.e. the reference) discharge as Tyet.

3.3.2 General behaviour

The changes in mean salinity and the response times of in-
dividual channels in the RMD after an increase or decrease
in the discharge of the Lek, Waal, and Maas rivers are shown
in Fig. 7. A larger change in discharge is associated with a
larger change in mean salinity, as was expected. The abso-
lute changes in salinity are larger for channels close to the
sea (RW, HK) but smaller for channels close to the limit of
the salt intrusion (SP, HY, OM3). Regarding response times,
Tary increases for larger changes in discharge (the t4ry associ-
ated with an 80 % change in discharge is 61 % larger than the
Tary Of a 5 % change for the channels considered in Fig. 7),
but Ty iS not sensitive to the magnitude of the change in
discharge (the Ty associated with an 80 % change in dis-
charge is only 9 % larger than the tye of a 5% change for
the channels considered in Fig. 7). This implies that 4,y and
Tye differ little for small changes in discharge but that gy
exceeds Ty for larger changes in discharge.

Following Biemond et al. (2022), who also found this
result for single-channel estuaries, the explanation is that
Tary equals the change in salt content, which scales with the
change in salinity, divided by salt import due to 7g and Tp,
which depend on the salinity gradient during the adjustment.
The change in salinity and salinity gradient are in a different
manner related to the change in discharge, and therefore gy
depends on the change in discharge. On the other hand, Ty
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Figure 6. (a) Depth-averaged tidal velocity u;; within a tidal cycle at the junction of the Hollandse IJssel (in blue), Nieuwe Maas 1 (in
orange), and Nieuwe Maas 2 (in green). (b) As (a), but for depth-averaged tidal salinity ;. Panels 1-4 show the visualisation of the situation
during different phases of the tide. The background colours correspond to the colours of panels (a) and (b). The arrows indicate the direction
of the current, and the colour indicates whether the water is relatively fresh (blue) or relatively saline (red).

is mostly determined by the change in salt content divided
by the export of salt due to Tp, which both scale linearly
with salinity, and therefore their ratio does not depend on the
change in discharge.

The channels closer to the estuary mouth, i.e. those with
high salinity (RW, NM1), have a smaller 74y than the chan-
nels with low salinity (HY, SP). This is because channels
with higher salinity also have larger horizontal and vertical
salinity gradients (Figs. S3 and S5), which increases the mag-
nitude of the salt import by 7Tg and Tp.

3.3.3 Minor channels

The HK and HY have larger response times than their neigh-
bouring channels. We focus first on the HK, for which 74y is
a factor of 2 higher than in the RW, despite the salinity and
salinity gradients being comparable. To explain this, we cal-
culate the total change in salt content in this channel, which
equals the channel volume V multiplied by the change in
its average salinity, A S, divided by its salt import in equi-
librium at the downstream boundary (7, = %), which
is a lower bound of tq;y. The salt exchange at the upstream
boundary is a factor of 6 smaller in this channel (Fig. 5d) and
therefore is not taken into account here. We find 7, = 18.4h
for the HK, 7, =4.0h for the NM1, and 7. = 3.0h for the
OM?2, for comparison. Thus, the ratio of salt exchange with
the neighbouring channels to the total change in salt content
in the HK is smaller than for neighbouring channels, which
is because this channel receives little discharge, and this ex-
plains the larger z4ry. The same reasoning holds for the fact
that the 7y, of this channel is larger than in its neighbours,
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as in equilibrium the salt import equals the salt export, and
therefore the salt export is also relatively small.

3.3.4 Closed channels

In the HY, 741y is about a factor of 2 higher than that of
the other channels. In channels without net water transport
like the HY, equilibrium with the forcing conditions will be
reached when the horizontal salinity gradient is zero in the
channel interior, i.e. when the salinity at the upstream bound-
ary equals the salinity just outside the boundary layer around
the junction. This means that the salt front has to intrude over
the full length of the channel, which makes the response time
larger than for channels with net water transport. Moreover,
only the salt transport component Tp (see Sect. 3.2) imports
salt into this channel during the adjustment process, while Tt
exports salt around the junction (Fig. 5¢). The high 74,y of the
HY and more generally of channels without discharge is thus
explained by the fact that salt import by Tg is absent and that
salt has to intrude over the full length of the channel.

Figure 7c shows that Ty is also high in the HY. This is be-
cause there is no discharge through the channel that flushes
the salinity (through Tp). Instead, salt is removed by Tp and
Tt. As for the other channels, Twet is smaller than 74y in
the HY, but different mechanisms than in most other chan-
nels play a role here. First, 7T has the same sign as Tp in
the boundary layer around the junction when salinity in the
channel decreases, so salt export during a decrease in salinity
is faster than salt import during an increase in salinity. Sec-
ond, the salinity in the channels that the HY is connected to
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Figure 7. (a) Absolute value of the change in channel-averaged
salinity AS of different channels as a function of the change in
discharge AQ = Q'ef;?dry, where Qqef is the yearly average dis-
charge and Qgry the gé%reased discharge. Note that AS is indepen-
dent of the sign of the change in discharge because absolute values
are considered. (b) As (a), but for the response time 74ry due to
a decrease in river discharge, i.e. a transition from Qref t0 Qqry-
(c) As (b), but for the response time twet due to an increase in river
discharge, i.e. a transition from Qgry t0 Qref-

responds faster to an increase in discharge than to a decrease
in discharge (compare Twet and 7qry of NM1).

3.4 Response to changes in depth
34.1 Method

Effects of changes to the depth of individual channels on salt
intrusion in the major branches (the fourth research aim) are
quantified by analysing the output of a set of equilibrium
simulations that have the same forcing conditions as the sim-
ulation for the second research aim. In each of these simu-
lations, the depth of one of the channels in the network is
increased or decreased by 25 %. The impact on the salt intru-
sion is quantified by means of the distance X, from the RW—
NM1-OMI1 junction to the subtidal 2 gkg ™! isohaline in the
Nieuwe Maas (consisting of channels NM1 and NM2) and
in the Oude Maas (consisting of channels OM1, OM2, OM3,
and OM4), the two major branches of the network. The lo-
cations of these isohalines are shown in the centre panel of
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Fig. 5. These quantities can be converted into the distance to
the sea boundary by adding the length of the BD and of the
RW, which is 19.3 km in total.

Salt intrusion lengths X, of the Oude Maas and Nieuwe
Maas for changes in the depth of individual channels are
shown in Fig. 8a. In contrast to the simulations for Sect. 3.3,
the net water transport distribution changes when the depth
changes, and the values for the major branches are presented
in Fig. 8b. The responses of the salt intrusion lengths range
from no detectable change in X, to a maximum change of
12 km. In the following, we will explain the mechanisms that
are responsible for the different responses.

3.4.2 Seaward channels

Changes in the depth of the most seaward channels (BD and
RW) affect the extent of the salt intrusion (increases when
deepening, decreases when shoaling) because upstream salt
transport in these channels is dominated by Tg (Fig. 5a),
which depends strongly on the local depth (Sect. 3.2). Chang-
ing the depth of the RW has a larger effect on X» than chang-
ing the depth of the BD because the RW is longer.

The magnitude of the change in X, due to a decrease
+AH in depth exceeds the change after an increase —AH.
Scaling relations between the depth and extent of the salt in-
trusion in single-channel estuaries (Monismith et al., 2002)
predict a scaling with H> when Tg is the dominant salt im-
port mechanism, which implies that, in contrast to what we
find, an increase in depth would result in a larger absolute
change in X, rather than a decrease.

To understand why the scaling is different in a network, a
simple model for the RW is constructed, which mimics the
RW as a single-channel estuary but with two segments and
assumes a balance between Ty and Tg (the Chatwin, 1976,
balance), which are the dominant salt transport components
in the RW (Fig. 5b). The details of the model are in Ap-
pendix D. In this case, analytical solutions for the salt intru-
sion length as a function of depth are obtained. Two scenarios
are considered: in the first, the depth of the entire channel is
changed. In the second, only the depth of the downstream
20km long segment of the channel is changed. The results
are shown in Fig. 8c. When the depth of the entire channel
is changed (the green line), an increase in depth has a larger
impact than a decrease in depth, which follows from the pre-
viously mentioned H? scaling (Eq. D2). However, when the
depth of only the downstream part of the channel is changed
(the purple line), a deepening +A H has a smaller effect than
shoaling —A H. This is because when the depth is increased,
the salt intrusion length increases, and only a limited part of
the salt intrusion experiences a larger depth and the associ-
ated increase in salt transport. In the case of shoaling, the
salt intrusion length decreases, and a relatively large part of
the salt intrusion experiences a smaller depth and the related
decrease in salt transport. As the RW and BD are within the
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Figure 8. (a) The salt intrusion length X», defined as distance from the RW—-NM1-OM1 junction to the 2 gkg_1 isohaline in the Oude
Maas (yellow) or Nieuwe Maas (red) versus the changes in depth of different channels. The dots indicate a decrease in depth, and the plus
markers indicate an increase in depth. The lines indicate X, with the current geometry. (b) As (a), but for the net water transport through
OM1 (yellow) and NM1 (red). (¢) Salt intrusion length X, of a single-channel estuary that consists of two segments as a function of change
in depth A H of the entire estuary (green) or change in depth of the downstream 20 km (purple) around a reference depth of 16 m (the depth
of the RW), using Eqgs. (D4) and (D5). (d) As Fig. 5g, but for a shallower HD1 (dashed line) or a deeper HD1 (dotted line) and zoomed in on

the 5 km of the channel adjacent to the SP-OM2-OM3 junction.

range of salt intrusion, increasing their depth has a smaller
effect than decreasing their depth.

3.4.3 Main channels

For changes to the depth of channels that are a part of the ma-
jor branches Oude Maas and Nieuwe Maas, two competing
mechanisms play a role. The first is that deepening increases
the magnitude of Tg. The second mechanism is that, simul-
taneously, the net water transport through the branch will in-
crease due to a decrease in friction, causing an increase in
To. Because of volume conservation, the magnitude of the
change in net water transport is equal to that of the other
major branch but with the opposite sign. The change in fric-
tion when changing the depth also affects the tidal currents,
but the changes in the salt transport component 7T are neg-
ligible. The interplay of these mechanisms means that when
deepening channels that are part of the major branches and
are within the limit of the salt intrusion (i.e. the NM1, OM1,
and OM2), salt intrusion increases. This is because locally
the magnitude of Tg increases, which dominates the increase
in Tg. In the other major branch, salt intrusion increases as
well because net water transport decreases (Fig. 8b). On the
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other hand, changing the depth of the channels that are part
of the major branches but outside the limit of the salt intru-
sion (NM2, OM3) does not affect Tg directly but only Tp.
This means that an increase in depth decreases salt intrusion
into the major branch that the channel is part of and simulta-
neously increases salt intrusion into the other major branch.
Note that the statements in this section are given for deep-
ening. For shoaling, we find the opposite effect. Changes in
net water transport also explain the response of channels that
are important for the distribution of the Waal River discharge
(i.e. the NO, BM, OM4, and NM). The NO in particular has
a large effect on salt intrusion into the Nieuwe Maas, as this
channel exerts a strong control on the amount of discharge
from the Waal River that reaches the Nieuwe Maas. The salt
intrusion into the Nieuwe Maas is more sensitive to changes
in net water transport than that into the Oude Maas because
the net water transport through the Nieuwe Maas is about 2.5
times smaller than that through the Oude Maas (Fig. 8bf).

3.4.4 Other channels

Changes in the depth of the other channels in the RMD (HY
in Fig. 8a and all channels to its right) have little impact on
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X5 in the Nieuwe Maas and Oude Maas (changes are less
than 1km). There are, however, two cases that have an inter-
esting local effect. The first concerns a change in depth in the
HK. In the reference simulation, salt overspill occurs in the
HK (T = 80kgs™!), and salt from the Oude Maas is trans-
ported seawards through the HK (Figs. 5d and S2). When de-
creasing its depth, the magnitude of the salt transport due to
salt overspill increases (T = 540kg s~ 1), but when increas-
ing the depth, the sign of T reverses, and the HK becomes
a source of salt for the Oude Maas (T = —250kg s~1). The
consequence of this change in salt transport for the salt in-
trusion length is only a few hundred metres because this salt
transport is relatively weak compared to the amount of salt
transported from the RW into the Oude Maas. The second
interesting behaviour concerns an increase or decrease in the
depth of the HD1. These have little impact on X5 in the Oude
Maas and Nieuwe Maas but affect the extent of the salt in-
trusion into the SP. The distance of the 0.5 gkg™! isohaline
in the SP from the junction with the OM2 and OM3 is 6.3,
5.2, and 4.8 km for the shallow, reference, and deep HDI,
respectively, so shoaling the HD1 affects salt intrusion more
than deepening. To understand this, we calculate the change
in salt transport components T and 7t (the flow associated
with these components of the salt transport directly changes
in the SP due to a change in the depth of the HD1). The dif-
ference in T is about 30kg s~! between the shallow and
deep HD1. Figure 5g shows that for the reference depth, Tt
in the SP close to its seaward boundary is positive; in other
words, the salt transport due to tidal currents is directed to-
wards the SP-OM2-OM3 junction. Figure 8d shows that this
situation persists for a deep HD1, but when decreasing the
depth of HD1, the magnitude of 7T decreases due to a shift in
phases of the tidal currents of the different channels around
this junction. The difference in 7t at the junction is about
90kgs~!, 3 times larger than the change in Tp, indicating
that the change in tidal currents dominates the change in salt
intrusion into the SP when deepening the HD1.

4 Discussion
4.1 Comparison with observations

When our idealised network model is applied to the RMD
and calibrated against observations, it has a Nash—Sutcliffe
efficiency of 0.67. This indicates that the model performance
with regard to simulating salinity is satisfactory despite the
fact that the descriptions of the physics, forcing conditions,
and bathymetry are rather simple. The gradient descent algo-
rithm to find optimal values of the calibration coefficients is
crucial to obtain satisfactory model performance.

The effects of the non-resolved aspects of the salinity dy-
namics on the salt transport are via the calibration mostly
projected onto horizontal salt dispersion. A value of Kp ¢ =
275m?s~! is found, and with this value Tp, the tidal dis-
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persion, is the dominant salt transport component in parts
of the RMD, in particular around the limit of the salt intru-
sion. However, since most of the observation points are in the
larger channels of the network, this value of tidal dispersion
mainly represents the unresolved salt transport in these chan-
nels. A hint that in the smaller channels of the network this
constant value is too large follows from the described differ-
ence in model—data agreement between points az and a4 (see
Sect. 3.1). Model extensions that could possibly resolve this
disagreement are discussed in Sect. 4.4.

4.2 Changes in discharge

We found that response times vary between the channels and
attributed this to differences in the salinity gradients, the vol-
ume/transport ratios of the channels, and the presence of
net water transport in the channels. Observations show that
response times to changes in forcing are 10-14d for the
HY (Laan et al., 2021), in line with what we find. In an-
other estuarine network, the Po Delta, differences in response
times between the channels are minor (Bellafiore et al., 2021,
Fig. 5a). This is because in that delta, all channels receive a
considerable fraction of the river discharge, and differences
in channel depth are also relatively small compared to those
in the RMD. Therefore, dynamics of features such as the side
branches, like the HY in the RMD, do not play a role in the
Po Delta. Certain aspects of the theory of the response of
single-channel estuaries to changes in river discharge can be
transferred to estuarine networks, for example, the reason for
the asymmetry in the response to an increase or decrease in
discharge. However, a direct comparison with single-channel
estuaries is hindered by factors such as differences in defini-
tions of response times, for reasons that were explained in
Sect. 3.3.

4.3 Changes in depth

We showed that in a network, the response of the salt in-
trusion to changes in depth is sensitive to which channel is
changed. Salt intrusion can decrease locally when parts of
an estuarine network are deepened due to a redistribution of
the river water. This is different for single-channel estuar-
ies, for which it is found that salt intrusion increases when
the depth increases (Ralston and Geyer, 2019; Siles-Ajamil
etal., 2019; Kolb et al., 2022). Liu et al. (2019) also reported
effects on salt intrusion when discharge changes upstream in
a network (the Pearl River Delta) due to alterations in the
depth. For the Yangtze Estuary, Zhu et al. (2006) reported
that salt intrusion increased in multiple channels when the
depth of one the channels was increased, in line with what
we find for the RMD. Huismans and Plieger (2019) showed,
using a 3D model of the RMD, that a shallower Oude Maas
leads to a decrease in salt intrusion in the Nieuwe Maas as
well as in the Oude Maas. However, when winds and storm
surges are accounted for, a more complicated response to
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changes in depth occurs. They hypothesised that changes in
phases of the currents around the junction could be important
to the response to changes in depth; we showed that they in-
deed can play an important role. For a deepening of the RW,
Laan et al. (2023) found that salt intrusion in the entire RMD
changes, but when deepening the LE, the effect remains lo-
cal, which is again in line with what we find.

4.4 Future research

As explained in Sect. 2.1, certain model aspects are highly
simplified, which limits the range of simulated salt dynamics
in estuarine networks. The fact that only one tidal constituent
is considered and that the balances for tidal flow and salin-
ity are simplified implies that not all processes contributing
to salt transport by the tidal current are included. Also, the
vertical eddy viscosity, vertical eddy diffusivity, and hori-
zontal dispersion coefficients are assumed to be constant in
space and time in our model. Varying these coefficients with
bathymetry would lead to a different response to changes in
bathymetry.

We present here recommendations on how to improve
these model aspects, to gain more insight into the salt dy-
namics in estuarine networks. To improve the description
of tidal salt transport, additional mechanisms that generate
a phase difference between tidal currents and salinity, for ex-
ample, multiple tidal constituents (externally forced and in-
ternally generated), lateral effects (Scully and Geyer, 2012),
or tidal trapping in side embayments (Okubo, 1973; Geyer
and Signell, 1992; MacVean and Stacey, 2011), could be in-
cluded. However, finding a suitable description of these pro-
cesses in the simplified model may not be straightforward.
Next, more realistic parametrisations of vertical eddy viscos-
ity, vertical eddy diffusivity, and horizontal dispersion coef-
ficients could be employed. Other studies argue that the ver-
tical eddy viscosity and vertical eddy diffusivity coefficients
increase with the strength of the tidal currents and with in-
creasing depth of the channels and decrease with increas-
ing stratification (Monismith et al., 2002; MacCready, 2007).
These effects could be included to improve the description of
the turbulence closure of the model. For the horizontal dis-
persion coefficient, different parametrisations are proposed
(Banas et al., 2004; MacCready, 2007; Aristizabal and Chant,
2015). However, the use of these formulations in our model
is hindered by the fact that we explicitly resolve part of the
salt transport by the tidal current.

Another direction for future research is the inclusion of ad-
ditional forcing conditions, for example, water level fluctua-
tions at subtidal and intratidal timescales at the sea boundary
(Kranenburg et al., 2022) and water extractions, which are on
the order of 100 m3 s~! (Huismans et al., 2024), about one-
seventh of the total discharge in dry conditions.
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5 Conclusions

The main findings, based on simulations with our idealised,
partly analytical, 2DV model of an estuarine network, are the
following:

1. The network model, when calibrated, has satisfactory
agreement with observations, despite missing poten-
tially important aspects of the salinity dynamics. The
reason for this is that the salt transport associated with
these aspects projects well onto the calibrated pro-
cesses, especially onto the horizontal salt dispersion. A
consequence is that local variations in the salt transport
due to tidal currents are only crudely resolved.

2. Salt transport components related to different mecha-
nisms vary in relative importance within a network due
to differences in water depth, discharge, phases of the
tidal currents, and characteristics of the salt field it-
self. In the deeper channels of the RMD, upstream salt
transport by exchange flow is dominant, but in the shal-
lower parts, tidal dispersion takes over. Salt transport by
tidal currents can be directed seawards around a junc-
tion when the currents of the different channels are out
of phase.

3. Channels closer to the estuary mouth respond faster to
changes in discharge than those further upstream. The
response to an increase in discharge is faster than the re-
sponse to a decrease, in agreement with theory of single-
channel estuaries. Channels that receive little discharge
have large response times, especially when the net water
transport is zero.

4. The impact of changes in the depth of an individual
channel in a network on the extent of salt intrusion
into the major branches depends on where the change
takes place. The impact is determined by the direct,
local effect on factors such as the strength of the ex-
change flow and the interaction with other channels,
which is related to changes in the distribution of dis-
charge and tidal currents. Scaling relationships devel-
oped for single-channel estuaries are found to be invalid
for depth changes in an estuarine network. Salt intrusion
into a channel with lower discharge is more sensitive to
changes in depth than into a channel with higher dis-
charge. The phase differences in tidal currents around a
junction are sensitive to changes in the depth, and this
sensitivity can be the cause of changes in salt intrusion
when the depth of a channel in another part of the net-
work is changed.

Ocean Sci., 21, 261-281, 2025



276 B. Biemond et al.: Salt in estuarine networks

Appendix A: Geometry of the Rhine—Meuse Delta

Table Al. Geometry of the Rhine—Meuse Delta used in the model. The abbreviations correspond to Fig. 2. The widths at the boundaries of
the channels are provided here; the widths in the interior are computed using Eq. 1.

Channel Abbreviation Depth [m] Length [km] Initial width [m]  Final width [m]
Beneden Merwede BM 6 15.3 100 300
Breeddiep BD 16 2.5 1200 1200
Dordtsche Kil DK 10.7 9.4 300 300
Haringvliet HV 8.7 11.7 2420 2420
Hartelkanaal HK 7.6 25.8 310 1500
Hollands Diep 1 HD1 7.6 32.0 1630 2000
Hollands Diep 2 HD2 6.2 3.81 1600 1100
Hollandse IJssel HY 4.0 19.7 45 150
Lek LE 5.3 42.0 136 260
Maas MA 5.3 62.3 97 416
Nieuwe Maas 1 NM1 11 18.75 400 500
Nieuwe Maas 2 NM2 8.1 4.9 250 400
Nieuwe Merwede NM 5 19.6 400 730
Nieuwe Waterweg ~RW 16 16.8 600 600
Noord NO 7 8.6 250 220
Oude Maas 1 OM1 13 3.1 250 250
Oude Maas 2 OoM2 14 8.25 317 317
Oude Maas 3 OM3 10.2 15 240 350
Oude Maas 4 OM4 7 4.26 250 250
Spui SP 6.4 17.4 250 250
Waal WA 4 45.2 214 500
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Appendix B: Conditions at internal boundaries

There are two types of internal boundaries in the model: con-
nections between segments and junctions. The conditions be-
low are given for junctions. For connections between seg-
ments, the same conditions apply, but only two channels are
considered. The conditions for hydrodynamics at the internal
boundaries read

3
> byHylig =0,
p=l1

3
D bpHplti p =0, i1 =2 =3, (B1)
p=1

Nst,1 = Nst,2 = Nst, 35

where subscripts 1, 2, and 3 are indices of the channels that
are connected to the junction. Regarding salinity, continuity
of salt transport and salinity is used at every vertical level,
which reads

(B2a)
p=1
3 —
o o
Z bPH[’ <ust,psst,p — Ust, pSst, p
p=1
- ds!
st,p
+(u’. g, —uli sl ) — Kh.st =0
tu,pot,p ti, p°ti,p st ,S 9x s
sho=sl,=s (B2b)
st,1 = °st,2 — °st,3°
2 Yt
ti, p
prHp (”ti,psti,p + i, pSi,p — Kni ) =0,
=l ax
Sti,1 = 8t,2 = Sti,3- (B2c)

Note that the conditions for the vertically Varying quanti-
ties are evaluated at sigma levels (i.e. at 7 = §; = constant)
when the channels have non-equal depths.

Appendix C: Boundary layer correction for salinity at
junctions

The first-order equation for tidally varying salinity s reads
(Biemond et al., 2024a)

8S[i BES[ BSét 0 BSU 0 dS[l
LT - = — (K K , (Cl
5, T - T wi 5. = ax \ Ko +— 52 \Kvig (CDH

in which ¢ is time; uy and wy are the horizontal and verti-
cal components of the tidal current, respectively; s is the
depth and tidally averaged salinity; s;, is the vertical distor-
tion from the tidally averaged salinity; and K i and Ky ¢ are
the horizontal dispersion coefficient and vertical eddy dif-
fusivity coefficient acting on the tidal salinity, respectively.
The boundary conditions are no flux at the bottom and sur-
face and Eq. (B2c) for the horizontal boundaries (junctions).
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The horizontal dispersion term is included in Eq. (C1). In
Wei et al. (2016) and Biemond et al. (2024a), it was argued
that this term is small with respect to the other terms in this
equation. We argue here that horizontal dispersion is impor-
tant in the neighbourhood of junctions, as tidal currents are
observed to be more turbulent close to junctions (Corlett and
Geyer, 2020), which increases the magnitude of dispersion.
Moreover, when horizontal dispersion is excluded, Eq. (C1)
does not contain horizontal derivatives of s, which implies
that no horizontal boundary conditions can be applied, and
therefore the continuity of salinity at the junctions cannot be
imposed.

To develop a set of equations that takes horizontal disper-
sion into account around the junctions, we scale Eq. (C1) by
defining

t=w I, x=L% z=HZ, ug = Uliig,
. . USst .
wii = Hw Wy, St = SetSst, Sti = oL Sti- (C2)

In these expressions, w is the frequency of the tide, L is the
horizontal length scale on which s; varies (when not being
affected by junctions), U is the magnitude of the tidal cur-
rent, and Sg; is a typical scale for the subtidal salinity. The last
condition follows from 24 A aaA;t (Biemond et al., 2024a).

o
This yields, after dropping the tildes,
st 5 dsl,  8%sy 325y
— tui—+ QWi =¢ + X2 C3
ot Ui 9x X1 W 8Z 8)62 X2 8Z2 ( )

with x; = and & = Kb We write tidally

Lo — Kv
T X2 = m’
varying salinity as s5="N [§ti exp(—iwt) + c.c.] (see
Sect. 2.3) and find the equation

a S %5
2572 +Hu+sax2 =l Wi (C4)

When choosing typical scales for an estuary (H = 10m, L =
10km, U =1ms™!, Kp43=25ms2, Ky4=001lms2,
and w = 1.4 x 10~*s™1), it is found that x; and x» are on
the same order (1), and ¢ is a factor of 10° smaller. This de-
fines a singular perturbation problem, which is solved using
standard techniques (see e.g. Eckhaus, 2011).

To construct the regular solution, we write

. 08t Aa/

00
§ti,reg = Zen(bn, (C5)

Inserting this into Eq. (C4) and collecting the first-order
terms give Eq. (10), as is expected, which is valid outside
the neighbourhood of the junctions. Close to the junctions,
we look for a correction to this equation resulting from the
horizontal dispersion. We write ¥ = §;; — S reg and substitute
this, which yields

52 52 24
"y °Y 0“Sti,reg ..
a 2 +lw+ga— = —X2 822 _lS[i’reg
92 St reg Bs 8sSt
— . Co6
dx2 “ox 9z (6)
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L x x=0

Land/upstream side Sea/downstream side

Figure D1. A sketch of the domain used in Appendix D.

We perform an expansion for the perturbation, ie. ¥ =
Zsios” Yy,. The first-order solution then reads

3o

o
972 -

9x2

X2 +iYo+e 0. (C7)

Now a boundary layer coordinate ¢ is introduced; i.e. we
write Yo = B(z)ef, with ¢ =%, It follows that v =4
when the horizontal dispersion term is of equal magnitude
to the other terms in Eq. (C7). Substitution of this gives the

following equation for B(z):

d’B .
xX2— +iB+ B =0. (C8)
dz?
The no-flux boundary conditions at the bottom and surface
apply to this equation. This is a homogenous problem, which
has the solution

B(z) = i By, cos (mn%) (C9)
m=0

The values of B, follow from the horizontal boundary con-
ditions associated with the junction (Eq. B2c). With this, we
have a solution for tidally varying salinity in the neighbour-
hood of the junctions (the extent of this region is determined
by e%), which accounts for increased dispersion around the
junctions and obeys the horizontal boundary conditions. We
set Kp i =25 m? s—L sensitivity tests indicate that the model
skill is insensitive to this value.

Appendix D: Derivation of the dependence of salt
intrusion on the sign of the change in depth

To explain why an increase in depth of the Rotterdam Water-
way (RW) has a smaller effect on salt intrusion in the Nieuwe
and Oude Maas than a decrease, we develop a set of equa-
tions to study the differences between changing the depth of
the downstream part of a channel versus the depth of the en-
tire channel.

Suppose that we have a single-channel estuary with con-
stant width in equilibrium, where the salt import is governed
by exchange flow, as in the RW. In that case, the terms Ty and
Tg in Eq. (11) balance each other. If we furthermore assume
that stratification is the result of a balance between advection
of 55 by the depth-dependent part of the subtidal current and
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vertical eddy diffusion (Pritchard, 1954), the following equa-
tion for depth-averaged subtidal salinity s holds (Chatwin,
1976):

0 _  0.112 g2B2H® [354\°
PSS T s e -
bH 48% A ¢ Kys \ 0x

v,st

(D1)

The domain is shown in Fig. D1, and the associated bound-
ary condition is Sg = Soc at x = 0.

In a single-channel estuary with length L and constant
width, this equation has an analytical solution for salinity,
which reads

P\
_ Soc \° X .
Sst = — ] +=—1 with
st SC((SSC> 3Le>

1
_ (0.112bH g*B%s2H® \*
¢ 482 Q A%,StKV,St ’

(D2)

where we have introduced the salinity scale sy.. To be able
to change the depth of the downstream part of the chan-
nel separately, the single-channel estuary is divided into two
segments with lengths L4 and Lp (see Fig. D1). In these
segments, Eq. (D2) with L. — L a, the value of L. in do-
main A, is valid for segment A, and for segment B we have

2
_ Soc\3 2 La
Sst = S —_ —_-—= -+
st SC ((Ssc ) 3 Le,A

where we have used the continuity of salinity at the segment
boundary (see Eq. B2a). Note that the values for L. o and
L. p are different when the depths of the segments differ.
From these expressions, we can find the position of a cer-
tain isohaline X, where salinity equals syes =2 g kg’l. This
yields, for a single-segment estuary,

2 2
Xy = L. (Sﬁ>3 _ (S“es>3 . (D4)
2 Ssc Ssc

For an estuary consisting of two segments, Eq. (D4) (with
Le — Le a) is also valid if the salt intrusion is confined to
the first segment. In the case that X» is located in segment B,

it follows that
) . (D5)

2 2
3 Soc \ 3 Swes \ > 2 La
Xo=La+ =L — — — =
: A 2 «B ((Ssc) < Ssc 3 Le,A

These expressions allow us to study the effect of changes in
the depth of the entire channel and changes in the depth of
only the downstream segment.

3
20+ LA)> ’ 03

3 Le,B
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