<]
TUDelft

Delft University of Technology

Document Version
Final published version

Licence
CCBY

Citation (APA)

Bakker, F. P., de Ruiter, J. W. E., van der Hout, A. J., & van Koningsveld, M. (2026). Accurately forecasting saltwater
intrusion through navigation locks requires nautical traffic simulation modelling. Ocean Engineering, 355, Article 124918.
https://doi.org/10.1016/j.oceaneng.2026.124918

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright

In case the licence states “Dutch Copyright Act (Article 25fa)”, this publication was made available Green Open
Access via the TU Delft Institutional Repository pursuant to Dutch Copyright Act (Article 25fa, the Taverne
amendment). This provision does not affect copyright ownership.

Unless copyright is transferred by contract or statute, it remains with the copyright holder.

Sharing and reuse

Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without
the consent of the author(s) and/or copyright holder(s), unless the work is under an open content license such as
Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1016/j.oceaneng.2026.124918

Ocean Engineering 355 (2026) 124918

Contents lists available at ScienceDirect

OCEAN
ENGINEERING

Ocean Engineering

journal homepage: www.elsevier.com/locate/oceaneng

L))

Accurately forecasting saltwater intrusion through navigation locks e
requires nautical traffic simulation modelling

Floor P. Bakker © 2% Jikke W.E. de Ruiter?, Arne J. van der Hout © &b,
Mark van Koningsveld ® ¢

2 Delft University of Technology, Faculty of Civil Engineering and Geosciences, PO Box 5048, 2600 GA, Delft, the Netherlands
Y Deltares, Boussinesqweg 1, 2629 HV, Delft, the Netherlands
¢ Van Oord Dredging and Marine Contractors B.V, PO Box 8574, 3009 AN, Rotterdam, the Netherlands

ARTICLE INFO ABSTRACT

Keywords:

Saltwater intrusion

Vessel delays

Navigation locks

Closed systems

Nautical traffic simulation
Lock exchange models

Navigation locks enable vessel transit between separated water bodies but also induce water exchange, leading
to saltwater intrusion. During droughts, operational strategies that limit this intrusion cause vessel delays. Con-
sequently, accurate estimation of the salt intrusion is essential for optimising these strategies. Current analytical
lock exchange models, such as the Sea Lock Formulation, are a suitable and computationally efficient option
for this purpose. However, the performance of these models relies on scarce gate-status data of the lock oper-
ation. To overcome this challenge, we present a novel method integrating the Sea Lock Formulation with the
nautical traffic model OpenTNSim to derive time-varying lock operation parameters from accessible vessel data.
This approach uniquely enables simultaneous evaluation of mitigation strategies on both saltwater intrusion and
traffic performance. Applied to the world’s largest lock at IJmuiden, the model is validated against measured
salt concentration and operation records. When forecasting, our method significantly improves the accuracy of
the analytical models, reducing long-term salt intrusion errors from +22.2% to —2.6%. This marks a critical ad-
vancement toward a systematic exploration of tradeoffs between hydraulic and nautical objectives, enabling, for
the first time, integrated lock management strategies that balance hydraulic protection with nautical efficiency
in closed waterway systems.

1. Introduction

Navigation locks form critical links in waterborne transport systems,
enabling the passage of vessels past hard structures, such as dams and
weirs. These structures regulate water levels for navigation, store fresh-
water, and separate water bodies with different salinities. Lock oper-
ation, however, inevitably causes water exchange—through density-
driven currents when gates are open (Vrijburcht, 1991), levelling, and
vessel movement—leading to net water loss in the water body with
higher water levels and, where salinity gradients exist, saltwater intru-
sion into the fresher water body. Under average conditions, the freshwa-
ter losses can be replenished by upstream discharge and local precipita-
tion, which also flush out saltwater. During droughts, however, freshwa-
ter shortages can arise when demand—for consumption and saltwater
flushing—exceeds supply with internal freshwater storage depleted. The
low dynamic water system behind the lock typically requires substantial
freshwater for flushing (Biemond et al., 2024).
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Water exchange through navigation locks can be reduced by infras-
tructural measures, such as water-saving basins (Jongeling, 2004; Xu
et al., 2023; Zhu et al., 2023)—although counterproductive for mit-
igating saltwater intrusion—as well as water screens (Uittenbogaard
and Cornelisse, 2011), pneumatic barriers or bubble screens (Abra-
ham and Van der Burgh, 1964; Abraham et al., 1973; Uittenbogaard
and Cornelisse, 2011; Uittenbogaard et al., 2015; O’Mahoney et al.,
2024), sills (Mausshardt and Singleton, 1995; Keetels et al., 2011; Uit-
tenbogaard and Cornelisse, 2011), salt traps (Van der Kuur, 1985; Vri-
jburcht, 2000a), flushing (Van der Kuur, 1985; Kerstma et al., 1994;
Mausshardt and Singleton, 1995; Vrijburcht, 2000a; Uittenbogaard and
Cornelisse, 2011), saltwater substitution (PIANC, 1986; Kerstma et al.,
1994; Vrijburcht, 2000a; O’Mahoney et al., 2023), and selective with-
drawal (Jirka, 1979; Jirka and Katavola, 1979; de Fockert et al., 2022).
Above measures can be combined with operational salt intrusion mit-
igation strategies, such as clustering vessels or reducing gate-open du-
rations (PIANC, 2021). However, these can significantly impact water-
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borne transport by increasing vessel delays and reducing safety. With cli-
mate change projected to increase the frequency of prolonged droughts
(Jones et al., 2024; Lee et al., 2024), maintaining both freshwater avail-
ability and waterborne transport functionality becomes a major chal-
lenge (Vinke et al., 2022, 2024; Bakker et al., 2025). Accurate estima-
tion of freshwater losses and saltwater intrusion as a function of the lock
operation is therefore essential to design lock complexes and operation
strategies that balance freshwater availability with efficient navigation
over extended periods.

Various useful methods to estimate lock exchange fluxes have been
presented in literature. Research has generally focused on modelling the
density-driven exchange using physical and analytical methods (Keule-
gan, 1957; Benjamin, 1968). One of the first numerical studies was per-
formed by Kao et al. (1977) using a hydrostatic model. At present, state-
of-the-art, non-hydrostatic, Eulerian (mesh-based) Computational Fluid
Dynamics (CFD) models are most commonly used. They can accurately
predict the speed and shape of the density-driven current, thereby esti-
mating the exchange rate of the lock chamber. Various implementations
exist. First, they discretise the incompressible Navier-Stokes equations
differently through the Boussinesq approximation. Examples are the
Finite-Element Method (FEM) (Rossa and Coutinho, 2013), Lattice Boltz-
mann Method (LBM) (Ottolenghi et al., 2018), Finite Volume Method
(FVM) (Lai et al., 2010), and Finite Difference Method (FDM) (Lesshafft
et al., 2011). Second, they use alternative turbulence models, such as
Direct Numerical Simulation (DNS) (Hartel et al., 1997; Zhao et al.,
2019), Large-eddy simulation (LES) (Constantinescu, 2014; Pelmard
et al., 2018) and Reynolds-averaging (RANS) (e.g., k-epsilon Stancanelli
et al., 2018). Third and last, they use other mesh types (Bombardelli
et al., 2009), time integration (e.g., explicit and implicit), and different
(wall) boundary conditions. Each method has its requirements, strengths
and weaknesses, reflecting a trade-off between accuracy and computa-
tion efficiency. The numerical models are versatile and are also used
in modelling exchange flows in estuaries, i.e., Chen et al. (2012), Kim
and Park (2012), Geyer et al. (2005), and MacCready et al. (2018). Re-
cent developments in CFD have enabled the study of other lock exchange
fluxes, such as levelling through filling/emptying systems (Stockstill and
Berger, 2009; Thorenz and Strybny, 2012; Calvo Gobbetti, 2013; Battis-
ton et al., 2020), sailing vessels through lock chambers (De Loor et al.,
2013; Henn, 2013; Lindberg et al., 2013; Vergote et al., 2013; Wang and
Zou, 2013, 2014; Toxopeus and Bhawsinka, 2013; Mucha, 2025), and
lock exchange with bubble screens (van der Ven et al., 2018; Oldeman
et al., 2020) and flushing discharges (Van Beek, 2021).

Alternatively to CFD, Langrangian (meshless) Smoothed Particle Hy-
drodynamics (SPH) methods are applied (Basser et al., 2017). These
methods consider particles individually and are therefore often more
computationally expensive than Eulerian CFD methods (Pozorski and
Olejnik, 2023). In contrast, faster grid-based methods exist that solve
the simpler Shallow Water Equations (SWE) or Depth-averaged Navier-
Stokes equations (Kolar et al., 2009; Hatcher et al., 2012).

The above numerical methods can be applied in less computationally
demanding two-dimensional simulations, such as CFD (Keetels et al.,
2011), SPH (Shao, 2011; Ghasemi V. et al., 2013), and SWE (Hatcher
et al., 2012), as well as one-dimensional simulations (e.g., two-layer
SWE Hatcher and Vasconcelos, 2013). However, even with dimensional-
ity reduction and model simplification, these methods incur substantial
computational costs. Given the virtually endless combinations of ini-
tial boundary conditions for each lock operation—i.e., water levels, salt
concentrations, gate-open durations, occupation volumes of exiting and
entering vessels, and the lock chamber dimensions-the numerical meth-
ods are not deemed suitable to estimate water exchange fluxes through
navigation locks over extended periods involving large numbers of lock
cycles. Instead, the methods would be highly suitable for testing spe-
cific lock designs and calibrating simpler hydrodynamic lock exchange
models.

As a promising alternative to numerical models, rapid analytical
models can be used to estimate lock exchange fluxes. These simple
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volume-balance models discretise the lock operation into four phases
that together constitute a full lock cycle: levelling to sea, gate-open at
sea, levelling to the canal, gate-open at the canal. For each phase, the
models estimate the water and salt exchange mass fluxes for density-
driven currents, entering and exiting vessel volumes, and levelling
prisms. Examples are models by Parchure et al. (2000) and Jongeling
(2003), which were applied to the Panama Canal Locks (see also appli-
cations by Marin et al., 2010,Rabelo et al., 2014 and Wijsman, 2013).
These models simplify the density-driven current by using an exchange
coefficient that specifies the percentage of water exchanged in the lock
chamber. Therefore, extensive calibration is required based on detailed
salinity measurements.

A more detailed analytical model is the General Salt Intrusion Model
of Uittenbogaard (2010) in WANDA-locks'. Rather than exchange coef-
ficients, this method uses a semi-empirical relation to estimate the initial
speed of the density-driven current and the subsequent volume exchange
(van der Burgh and de Vos, 1962; Vrijburcht, 2000b). WANDA-locks can
rapidly model flows through pipes of levelling systems, where the Gen-
eral Salt Intrusion Model accounts for the various salt exchange fluxes
of density-driven currents, levelling, flushing, ships and mitigation mea-
sures, such as bubble screens. Although WANDA-locks has been thor-
oughly validated by measurement campaigns and three-dimensional
numerical models (De Groot- Wallast and Vreeken, 2016), its applica-
tion is complex as it requires large amounts of detailed data (Weiler
et al., 2019). To overcome this issue, the Sea Lock Formulation (ZSF)
has been developed (Weiler et al., 2026) (in Dutch: Zeesluisformulering),
which contains algorithms inspired by the General Salt Intrusion Model.
It can be run in two modes: a detailed phase-wise mode, which, like
WANDA-Locks, runs through a series of lock operation phases with vary-
ing properties, or a more practically-oriented lock cycle-averaged mode,
in which periodically identical lock cycles are assumed. The phase-wise
mode can handle phase-varying boundary conditions, namely gate-open
durations, salt concentrations and water levels at both harbours, and
vessel volumes. In contrast, the cycle-average application assumes peri-
odically lock cycle-averaged conditions, of which the gate-open duration
can be calibrated using two factors: one factor to correct for the average
gate-open duration to a representative value for the density-driven cur-
rent, and another to account for the asymmetry of gate-open durations
at both sides of the lock. The factors can strongly influence the accu-
racy of the cycle-averaged results and are therefore often determined
through cross-model calibration with the phase-wise modelling results.

Analytical models are deemed most suitable for assessing the impact
of lock operation on freshwater shortage, as they produce fast and plau-
sible estimates of exchange fluxes under lock operation-varying bound-
ary conditions. In fact, these models are commonly used at a systemic
level to implement infrastructural countermeasures to limit saltwater in-
trusion (Weiler, 2018), and to optimise lock complex designs for saltwa-
ter intrusion (Jongeling, 2004). In addition, the output of the analytical
models can be applied to numerical models that estimate saltwater intru-
sion in the system behind the lock—e.g., Delft3D (Jongeling, 2008)—to
assess its impact on the freshwater users.

To date, the confidence in the performance of analytical models
mainly builds upon experience gained with earlier models, as they em-
ploy similar fundamental formulations to represent the governing phys-
ical processes. Intercomparison among models has further strengthened
confidence in the calculated salt intrusion. Nevertheless, formal valida-
tion against field measurements remains limited due to the lack of real-
world data. The recent study by Weiler et al. (2026) with the ZSF con-
stitutes the only published validation, covering a relatively short period
and a small lock chamber. In addition, specifically for the application
of the ZSF, lock operation data, particularly gate-open durations, are re-
quired for reliable results. These data are scarce and difficult to predict
for future scenario analyses involving different lock operation strategies,

1 https://www.deltares.nl/en/software-and-data/products/wanda-software
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evolving vessel fleets and traffic intensities, and new lock chambers. This
was illustrated by the study of Vuik and Lambregts (2023) for a new lock
chamber at the Terneuzen Lock Complex.

In this paper, we address the above knowledge gaps by compar-
ing the performance of analytical models in forecasting salt intrusion
mass fluxes. For this purpose, we focus on the ZSF, which is expected to
provide the most realistic and technically robust estimates among avail-
able analytical models. To confirm the reliability of the method, we val-
idate the predicted salt mass fluxes by the ZSF against estimations based
on recently collected data by Deltares (2023) of gate-open statuses, ves-
sel passages, and water levels, conductivities and temperatures at the
newly built Sea Lock IJmuiden, the world’s largest lock by surface area,
between February and March of 2023. To quantify the forecasting per-
formance of the ZSF, we compare the results of its two modes—cycle-
averaged and phase-wise—applied without prior site-specific calibra-
tion, reflecting the conditions of a future scenario. Here, to overcome
the practical challenges in setting up a phase-wise model—specifically,
the need for detailed gate-open status data—we demonstrate the use
of a nautical traffic model that estimates gate-open durations from bet-
ter accessible and predictable vessel data. For this, we use the nautical
traffic simulation library of OpenTNSim (van Koningsveld and den Uijl,
2019; Baart et al., 2022; Bakker et al., in prep.).

The paper is structured as follows. Section 2 introduces the case
study, followed by Section 3 elaborating on the workflow. In this section,
we first quantify the salt intrusion mass fluxes using the measurement
campaign data. Second, based on the same dataset, we derive best-guess
input parameters for the lock cycle-averaged and phase-wise models.
Third, noting that data availability may be limited when forecasting, we
assimilate time-varying gate-open time and vessel volume data, using
OpenTNSim, which resolves lock operations based on more accessible
and predictable vessel passage data. Fourth, using the above data, we
validate the salt intrusion mass fluxes predicted by ZSF for each phase
individually. Fifth and finally, we compare the long-term salt intrusion
forecasts obtained from the following model applications, all without
prior site-specific calibration: (1) lock cycle-averaged with steady hy-
drodynamic conditions, (2) lock cycle-averaged with periodically vary-
ing hydrodynamic conditions, (3) phase-wise with observed gate-open
durations; and (4) phase-wise with gate-open durations assimilated us-
ing OpenTNSim. The results are presented in Section 4 and discussed in
Section 5, followed by the conclusions in Section 6.

2. Case study
2.1. The IJmuiden lock complex

The IJmuiden Lock Complex separates the North Sea Canal
(NSC)-Amsterdam-Rhine Canal (ARC) system (in Dutch: Noordzeekanaal
(NZK)-Amsterdam-Rijnkanaal (ARK) systeem) from the North Sea
(Fig. 1). This canal system was built to create a fast navigable connec-
tion between the North Sea, the Port of Amsterdam (PoA) and the Rhine
and Waal Rivers, which form the inland water transport link to other
seaports, such as the Port of Rotterdam, and the hinterland of Western
Europe. For water management purposes, the NSC’s target water level is
set at —0.45 m Amsterdam Ordnance Datum (NAP) (in Dutch: Normaal
Amsterdams Peil)—approximately equal to Mean Sea Level (MSL)—with
little slack (—0.35 to —0.55 m). This target level ensures the following
system functions:

1. Discharge of excess water from surrounding polders—low-lying ar-
eas below sea level, enclosed by dikes,

2. Navigation of nautical traffic through locations with height and
depth restrictions, including the bridges of the Amsterdam canals
for cruise boats, and, for cargo vessels, the tunnel roofs, bridges, and
lift gates and sills of locks;

3. Flood protection of the hinterland, including the city of Amsterdam
and its Port (Rijkswaterstaat, 2023).
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To facilitate this, the IJmuiden Lock Complex comprises a discharge
sluice and five navigational locks that enable the passage of inland ves-
sels, and seagoing nautical traffic (Fig. 2(a) and (b)). The complex is
also part of the primary flood defence of the Netherlands, and separates
salty seawater of the North Sea with a salt concentration of 27.8-35.3
kgm~3 (Buschman et al., 2017) from the hinterland system’s freshwater
that is required for drinking water, agriculture, industry, and ecology
(Fig. 1). Through lock operation, salt intrudes into the NSC, producing
a stratified distribution ranging from brackish to saline water. Brackish
water—above the chloride concentration limit of 0.28 kgm~> for water
intake stations and drinking water production—normally reaches up to
5 km from the entrance of the ARC (Buschman et al., 2017), close to
the measurement location (Fig. 1). In the NSC, salt concentration vary
between 3.6-21.6 kgm~ (Buschman et al., 2017). Salt is primarily re-
moved through discharging brackish water through the discharge sluice.
Together with the water exchange caused by the operation of the navi-
gation locks, this often leads to salt concentrations on the seaside of the
lock complex being lower than in the North Sea.

The largest navigation lock of the complex is named Sea Lock 1J-
muiden and was opened in 2022. It has the following physical dimen-
sions: 545 m in length, 70 m in width, and 17.75 m in depth. Sea Lock
IJmuiden was built to accommodate further growth in vessel traffic and
size, enabling the operation of design vessels with draughts up to 13.75 m
during low tide. When in operation, the lock contributes significantly
to saltwater intrusion. During normal environmental conditions, the in-
truded saltwater is contained by upstream freshwater discharge, and
lock operation is driven by actual vessel demand. Vessels approach the
lock complex when passing the 5-mile distance from the breakwaters or
passing the Houtrak transect in the NSC (Fig. 2(a)). Here, the vessels’ pi-
lots announce their estimated arrival time at the lock to the lock master,
who then informs the lock operator—responsible for operating the lock
gates and initiating levelling, thereby communicating with the pilots—
of incoming vessels so that the lock operation can be coordinated (based
on personal communication with lock masters and pilots, July 2024). As
there are no specific waiting areas for the lock complex, vessels wait by
reducing their sailing speed; in case of longer waiting times, vessels wait
in offshore anchorage areas and at the terminal.

During droughts, reduced freshwater supply in combination with
continuing normal lock operation can cause salinity limits in the NSC
to be exceeded (near the measurement station at Diemen, see Fig. 1),
posing risks to water quality and drinking water production. This oc-
curred in the summer of 2022, when the water management authori-
ties imposed 12-h lock operation windows as a temporary operational
countermeasure to limit the saltwater intrusion (Hendriks and Mens,
2023). Although successful in limiting the NSC’s salt intrusion length,
this operational countermeasure caused significant vessel delays and
subsequent economic loss for water transport, clustering vessels in a
reduced number of lockages. Moreover, the measure’s success primar-
ily relies on additional water supply from the Waal River and water
storage of Lake Marken to combat saltwater intrusion at the NSC and
supply freshwater to the west of the Netherlands via two emergency
water supply systems: the Klimaatbestandige Wateraanvoervoorziening
(KWA) (in English: Climate-resilient water supply) and Doorvoer Krimpen-
erwaard (DKW) (in English: Krimpenerwaard Throughflow). This freshwa-
ter is then unavailable for the Maasmond, where it is critically needed
to combat saltwater intrusion (Fig. 1)—affecting other water intake sta-
tions and drinking water plants—and for maintaining higher water lev-
els in the Waal River to sustain already impacted inland water transport.

2.2. Measurement campaign: Available data

This study uses the following data of Sea Lock IJmuiden, measured
by Deltares between the 20th of February at 07:00 and the 20th of
March at 11:00 during a campaign to evaluate nautical procedures in
relation to the density-driven exchange flow of salinity: water level and
salt concentration—derived from temperature and conductivity—data
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Fig. 1. Overview of the study area in the Rhine-Meuse Delta. Freshwater must be allocated to combat saltwater intrusion (orange arrows) through the Maasmond and
the NSC-ARC system, driven by lock operations at IJmuiden (top of the figure), while also meeting the demands of users: drinking water, water safety, agriculture,
and industry. The width of the freshwater discharges (white arrows) roughly represents the distribution of river discharges during droughts. The directly affected
waterboard (light area) by the lock operations is A Waterschap Amstel, Gooi, Vecht; indirectly affected waterboards (shaded areas) are: B Hoogheemraadschap De
Stichtse Rijnlanden, C Hoogheemraadschap van Rijnland, D Hoogheemraadschap van Delfland, E Hoogheemraadschap van Schieland and the Krimpenerwaard, F

Waterschap Rivierenland, and G Hoogheemraadschap Hollands Noorderkwartier.

at specific locations in and outside the lock chamber, logged lock gate-
status data, and vessel dimension, lock entry and exit time data (here-
after jointly called vessel passage data) (van der Hout et al., 2024). Dur-
ing this campaign, a total of 375 levelling operations were performed:
171 inbound operations, of which 22 empty, and 204 outbound oper-
ations, of which 56 empty. Furthermore, we identified 222 gate-open
phases at the sea and 220 at the canalside. The higher number of gate-
open phases relative to levelling phases reflects the practice of the lock
operator of closing the gates between successive lock operations when
sufficient time is available. This occurred 47 times on the seaside (with
23 times requiring a levelling operation due to tidally varying water lev-
els), and 44 times on the canalside (not requiring any levelling operation
due to the constant water level at the canal.

Conductivity (C, denoted o), temperature (T), and hydraulic pres-
sure (D) were measured at four locations near both lock gates (Fig. 2),
namely: 26.0 m in front of and 30.0 m behind the seaside’s gate—
respectively at the northern and southern wall—and 30.5 m in front of
and 16.0 m behind the canalside’s gate—also respectively at the north-
ern and southern wall. At each location, five CTD-divers were placed at
the following depths z: 1.5 m, 5.5 m, 9.5 m, 13.5 m and 17.0 m below
NAP. From this data, water density was derived using the Equation of
State of Seawater (EOS) of UNESCO (1981). A 15-second measurement
sample rate was used. There are four periods with missing data, as the
sensors had to be changed. During the periods of missing data, water lev-
els from the nearby permanent monitoring location of Rijkswaterstaat
are used; they matched well with the measured water levels during the

campaign. Unfortunately, no measurements were available to support
salt concentration estimates for these gaps.

The operational data consists of logged status data of both lock gates.
In addition, pilots of the Dutch Pilot Association (in Dutch: Loodswezen)
logged the vessel passage data, including their arrival and departure
date and time at and from the lock, their dimensions (i.e., length overall,
breadth and draught), and their sailing direction. Also, the number of
levelling operations is monitored, including empty levelling operations.
More technical details have been published in Deltares (2023).

3. Materials and methods

To evaluate the performance of the ZSF in forecasting salt intrusion
fluxes in its lock cycle-average and phase-wise mode, the predictions
from the method applications must be compared with the observations.
For this purpose, we first introduce the ZSF in Section 3.1. Subsequently,
we elaborate on the data processing of the measurement data (outlined
in Section 2.2) to estimate salt intrusion fluxes per lock phase for method
validation in Section 3.2. Next, we present the nautical traffic simu-
lation library OpenTNSim and how it enables predicting time-varying
gate-open durations based on vessel traffic data in Section 3.3. Last, we
explain the modelling strategies for estimating saltwater intrusion fluxes
with the cycle-averaged and phase-wise implementations of the ZSF and
its coupled phase-wise implementation with the nautical traffic model
in Section 3.4.
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Table 1

An overview of the exchange flux processes in the ZSF during high water at sea: yellow arrows show inward salt fluxes and white
arrows outward fluxes. The yellow arrows represent salt intrusion fluxes into the lock chamber and the canal, while white arrows

represent freshwater losses.

Phase Vessels sailing out Levelling & density current Vessels sailing in
Levelling
to canal n/a n/a
sea canal
Gate ‘
open at -
canal sea canal sea canal sea canal
nj/a n/a
to sea / /
sea canal
Gate
open at
sea
sea canal sea canal sea canal

3.1. Lock exchange model: The Zeesluisformulering

The ZSF is an analytical, semi-empirical lock exchange model, de-
veloped by Deltares (Weiler et al., 2019). It quantifies exchange fluxes
between the lock chamber and the opposing harbours through water vol-
ume and salt mass balances expressed in m? and kg, respectively. For
this, the method discretises the lock operation in four separate phases
(Table 1): a levelling phase to the canal, a gate-open phase at the canal,
a levelling phase to the sea, and a gate-open phase at the sea. This sub-
section discusses the fundamentals of the ZSF; we refer to Weiler et al.
(2019) for more details on the method.

Exchange of water per phase occurs in the model through the follow-
ing processes (Table 1): (1) the levelling flux, (2) the influence of vessels
sailing into and out of the lock, and (3) density-driven exchange flux.
The exchange fluxes are assumed to occur as sequential, independent
events—following an event-based modelling approach—while in reality
fluxes (2) and (3) occur simultaneously. Moreover, the salt concentra-
tion in kgm~3 is assumed to be uniformly distributed over the entire lock
chamber, and uniform at the opposing harbours (Weiler et al., 2026);
vertical stratification is neglected. Levelling is gravity-driven and leads
to a water volume flux that depends on the horizontal lock dimensions
and the locking head, defined as the difference in water level between
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the lock chamber and the harbour to which the chamber is levelled. Wa-
ter flows into the chamber when the lock is levelled towards a higher
water level, and out of the chamber when levelled towards a lower wa-
ter level. This leads to saltwater intrusion when the water level at sea
is higher than in the canal, and, vice versa, to freshwater losses. Note
that Table 1 only shows the situation during high water at sea; the low
water situation leads to a reverse direction for the salt transport during
levelling.

During the gate-open phases, the following exchange volumes of wa-
ter are accounted for in the ZSF (Table 1): (a) vessels sailing out of the
lock, (b) density-driven currents; and (c) vessels sailing into the lock.
At the start of the gate-open phase, the total water volume associated
with departing vessels from the previous lock operation is assumed to
enter the lock chamber instantaneously, immediately before the start of
the density-driven current. This current is initiated when the lock gate
is halfway opened and stops when the gate is halfway closed. Similarly,
the total water volume corresponding to arriving vessels of the next lock
operation is instantaneously removed at the stop of the density-driven
current—the end of the gate-open phase. At the canalside, vessels sail-
ing out of the lock lead to freshwater losses and vessels sailing into the
lock to saltwater intrusion; the opposite applies at the seaside.

During the density-driven current—generally the most dominant ex-
change mechanism—the water in the lock chamber is gradually re-
placed by water of the harbour, such that inflow and outflow fluxes oc-
cur simultaneously (Table 1). The water volume exchanged due to the
density-driven current, Vi change» Without a bubble screen is estimated
semi-empirically according to Eq. (1), as proposed by van der Burgh
and de Vos (1962):

topen

ILE

Vexchange = V1, tanh( ) (€8]

where V] is the volume of water in the lock chamber during the
gate-open phase [m’], Topen 18 the gate-open duration [s], and #, g is the
theoretical lock exchange time [s], defined as the time it takes for the
density-driven current’s front to travel the full length of the lock cham-
ber and back, reflecting against the closed gate. For a lock without a sill
and flushing, this theoretical lock exchange time 7, is estimated in the
ZSF according to Eq. (2), as established by Abraham et al. (1973):

2L, 2L

g = = (2)
Ci 1 [gHAp
2 »

where L; is defined as the length of the lock chamber [m], and ¢;
the initial speed of the density front [ms~!], which depends on g the
gravitational acceleration in [ms~2], the water depth H of the lock [m],
the difference in water density between the lock chamber and the har-
bour Ap [kgm™], and  the mean water density between both opposing
harbours [kgm‘3]. Note that the hyperbolic tangent in Eq. (1) ranges
from 0 to values asymptotically approaching 1 for positive arguments.
According to this, 76.1% of lock volume is exchanged when the gate-
open duration equals the theoretical lock exchange time.

The magnitudes of all exchange fluxes are computed by multiply-
ing the exchanged water volume by the average salt concentration of
the water from which the flux is directed, either the harbour or the
lock chamber. Hence, the lock chamber’s salt concentration increases
when more saline water flows in, and conversely decreases when less
saline water enters the lock chamber. The salt concentration remains
unchanged when water flows out of the lock chamber. The net effect
of the density-driven exchange current fluxes is to increase salinity in
the lock chamber at the seaside (salt loading) and decrease it at the
canalside (salt intrusion).

The input of the ZSF comprises static geometrical, hydrodynamic,
lock operation, and vessel parameters. Geometrical parameters consist
of the dimensions of the lock chamber (i.e., length, width and depth,
and, if applicable, sill heights), and the depth of the opposing harbours.
The hydrodynamic input parameters entail water levels and uniform salt

Ocean Engineering 355 (2026) 124918

concentrations at both sides of the lock and the lock chamber. When the
7SF is applied, each phase continues with the previously estimated wa-
ter level and salt concentration for the lock chamber. Lock operation
parameters comprise the gate-open and levelling phase durations. Ves-
sel parameters consist of the total volume of water that vessels occupy
in the lock chamber for both inbound and outbound lock operations. De-
pending on the specific mode of the ZSF (i.e., either cycle-averaged or
phase-wise, see next paragraph), the above data should be specified as
lock cycle-steady values or for each lock operation phase individually.

The ZSF can be applied in two different modes: a lock cycle-averaged
and a phase-wise mode. In the lock cycle-averaged mode, lock cycles are
run with periodically fixed, operation-averaged input parameters. These
include periodically constant lock cycle frequencies, constant gate-open
and levelling phases durations, constant water levels and salt concentra-
tions at the opposing harbours, and constant inbound and outbound ves-
sel volumes. In this mode, the method iteratively determines an equilib-
rium salt concentration in the lock chamber for each operational phase
of the lock operation, based on which the mass fluxes to both harbours
can be calculated. The fluxes of water and salt of the separate phases
of the lock cycle are added up and divided by the duration of the lock
cycle to determine the cycle-averaged fluxes of water and salt through
both lock gates. The mode is frequently used in practice, as time series
or estimates for varying gate-open durations are often lacking.

In the real world, however, the input parameters would vary per
lock operation caused by the dynamic arrival process of vessels and the
varying water levels and salt concentrations at the harbours. This leads
to phases with different durations and water exchange flux magnitudes.
Generally, a series of sequentially varying short and long gate-open du-
rations results in less saltwater intrusion compared to a constant gate-
open duration. To account for this, the ZSF can be run in the phase-wise
mode, with each phase run with specific input parameters. For gate-
open phases, this involves variable inbound and outbound vessel vol-
umes, gate-open durations, water depths, and salt concentrations. For
levelling phases, this involves variable heads, levelling durations, and
salt concentrations.

To account for the variability in gate-open durations in lock cycle-
averaged mode, representative values at both sides of the lock can be
calculated using two calibration factors. First, a calibration factor, called
cpots converts the operation-averaged gate-open duration to a represen-
tative gate-open duration that yields an operation-averaged saltwater
intrusion flux for the density-driven current. It accounts for the non-
linear relationship between gate-open duration and salt intrusion mass
(Eq. (1)). epor is site-specific, depending on the lock operation. Note
that the factor does not modify the lock operation frequency; the aver-
age gate-open duration is still used to simulate the lock operation times.
Second, there is a factor that corrects for an asymmetry of the gate-open
duration between the sea and the canalside.

To date, no formula exists that can provide a reliable value for the
calibration factor prior to the simulation. It requires either cross-model
calibration: a phase-wise simulation requiring phase-varying gate-open
durations. Furthermore, there are no calibration factors in the phase-
wise mode. Both application modes are fast and have similar computa-
tional costs, making the less detailed input parameters the only benefit
of using a lock cycle-averaged over the phase-wise application.

3.2. Measurement data processing

To compare the performance of the lock cycle-averaged and phase-
wise modes of the ZSF, both periodically cycle-averaged and phase-
varying input parameters must be provided. Furthermore, to validate
the predictions of the ZSF, we must estimate the saltwater intrusion
mass fluxes for each lock operation phase based on our observations.
For this, we designed a workflow that combines the hydrodynamic and
geospatial data, and logged vessel passages and gate operations from
the measurement campaign (Fig. 3). The derivation of the model’s input
parameters and validation data from this dataset requires the following
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Fig. 3. Workflow of predicting saltwater intrusion with measurement data and the ZSF. The abbreviations and symbols are explained in the text.

steps: (1) identifying the lock operation phases, (2) coupling the hy-
drodynamic and nautical boundary conditions, and (3) calculating the
saltwater intrusion mass fluxes.

The first step is to identify the lock operation phases. The gate-open
and levelling phases are distinguished using the Gate Status Data and
Hydrodynamic Data (respectively GSD and HD in Fig. 3), shown in
Fig. 4(a). For each phase ¢, the following information is derived: the
total durations of the gate-open or levelling phase, 7,,.,(¢) and #,,,(¢),
the volumes of exiting and entering vessels, V,, .., () and V,,,,,,,(), the
lock chamber’s (denoted as L) total salt mass M (¢) and salt concentra-
tion C; (p); and, at the sea and canal (denoted as s and c, respectively),
the salt concentrations, C,(¢) and C,.(¢), and water levels, h (p) and
h.(@).

Following the definitions of the ZSF, we determine the start and end
times of the gate-open phases as the time when the gate is half opened
and half closed, respectively, using the GSD data. This results in the
phase-varying gate-open durations, f,,.,(¢). The direction of the phase
corresponds with the side to which the gate opens: to the canal (in-
bound) or to sea (outbound). Based on these phases, successive gate-
open phases on the same side were identified. Here, the lock gate on
a given side closes and subsequently reopens before the next operation
on the opposite side; these we treated as individual gate-open phases
(e.g., between 8:15 and 9:05, and 10:40 and 12:40 in Fig. 4). The start
and stop times of the levelling phases were determined from the water
level. For this, the hydraulic pressure (D) at each location x over time,
t, is converted into water levels, 4, (r) [m], by subtracting the depth at
which the diver is located and correcting for the ambient air pressure
(Fig. 4(b)).

The duration of levelling per phase, 1., (¢), is defined as the longest
continuous period during which the rate of water level change is above
a threshold of 0.1 cm/s while both lock gates are closed. For this, we use
the 2.5-min rolling average of the locking head difference. This thresh-
old was determined by visual analysis of the water level data. Note that
successive gate-open phases at sea may also require a levelling opera-
tion, as there is a tidal water level variation(e.g, at 09:00 h in Fig. 4).
In case there is no water level difference between two gate-open phases
on the same side, the levelling phase is assumed to occur instantly.

Given the exact start and stop times of the phases, the total occupied
water volumes by exiting and entering vessels per phase can now be de-
termined using the Vessel Passage Data (VPD in Fig. 3). These volumes
are calculated by the sum of each vessel’s product of their length, beam,
draught, and a block coefficient of 0.85, which is typical for tankers and
dry bulk vessels (Ha and Gourlay, 2017), being the main vessel types at
IJmuiden. Here, it is assumed that all vessels have a perfectly squared

N

frontal cross-section and are located in the centre of the lock (Fig. 2(c)).
Combined with the Lock Dimension Data (LDD in Fig. 3) and determined
time-varying water levels, the water volumes in the lock chamber can
be determined over time ¢ and per depth layer z: 1| ,(¢). Here, we use the
width-averaged nearest-neighbour volume associated with each diver,
visualised in Fig. 2(c) by the black-lined grid-cell boundaries. The result-
ing water volumes for each diver are corrected for the volume occupied
by vessels in the lock for each depth layer over time. Missing horizon-
tal vessel dimensions were taken as the fleet’s average values. Missing
vessel draughts were estimated using a fitted power law, following the
average relation between the vessels’ surface areas and draughts. Within
the measurement campaign, a maximum of four seagoing cargo vessels
per lockage were levelled, occupying a maximum of merely 26.7% of the
total volume of the lock chamber (Fig. 4(c)); 59 empty lock operations
were performed.

The salt concentrations per phase at each location x and diver z,
C, (1), expressed in kgm™3, can be derived from the measured conduc-
tivities and temperatures, according to Eq. (3):

_ S(e,7)
1000

-p(S,T) 3

where .S is salinity [PSU], resulting from the measured conductivity
o [mScm~!] and temperature T [C°] of the water, based on Deltares
(2023), and p [kgm—3] the corresponding density given the salinity .S
[PSU] and temperature 7 [C°] of the water, based on the UNESCO
(1981) formulation. The factor 1000 is used to convert the salinity in
[PSU], equivalent to [gkg™'], to a dimensionless parameter in [kgkg~'].
This conversion step is an addition compared to earlier applications of
the ZSF, which assume that salinity and salt concentration are equiva-
lent (Weiler et al., 2026). We found that this step leads to slightly im-
proved model performance in our case study. In line with the ZSF, we use
uniform, depth-averaged salt concentrations. The salt concentrations at
the sea and the canal, each measured by one line of CTD-divers, were
determined through depth-averaging, leading to the raw salt concentra-
tions, indicated with the light-coloured lines for the sea and canalside
in Fig. 4(d). We decided to disregard salt concentrations in a harbour
when, during gate-open and levelling phases, water is entering this har-
bour, including 15 min after these events. The density-driven current
significantly changes the measured harbour salt concentrations due to
their proximity to the lock chamber (e.g., around 02:30 h for the salt
concentration in the canal, and 05:45 h at sea in Fig. 4(d)). Then, the
concentrations are temporarily unrepresentative of the undisturbed sit-
uation of these harbours, which should be used as the boundary condi-
tion for the ZSF. The gaps were filled through linear interpolation. In



F.P. Bakker et al.

Ocean Engineering 355 (2026) 124918

Open

wn E) = gate status seaside
":. gate status canalside
2 one gate open
Lmﬂ both gates closed
1
]
O Closed 1 — — —
20 .
.:_ b) — seaside
= 19 canalside
% —_ mmm= |ock chamber
E E. 18 Bl levelling in progress
3z I
z —
2 v i —
1.2
v c (o e |ock chamber
E S— 1.1 === inbound vessel
g5 39 -
58 ag 104 === outbound vessel
= z P 0 e ..“__"—Qn- b bﬂ
ég;é 094 i -
g S . L
0.8
U- 30+d o = seaside (processed)
S - _] —— seaside (raw)
= E 'E == canalside (processed)
SE o 201 canalside (raw)
v,
§ = i | === |ock chamber (processed)
S 104 1l I 1 | | . | —— lock chamber (raw)
le7 _
o e == |ock chamber (incl. vessels)
2.0 —y - -
= o L b= === lock chamber (excl. vessels)
g4 — X By
G 157 \
[==1
o
= | \_, N\ -
= 1.0 = %
le7
D - 1.00 I
R f)l from lock chamber to the canal
LEZ 0.75
Ze® g
555
= ; x g 0.50
Egs8
33% 0.25 ' ' | |
=]
E% o000 _ : /IMEL | — ;
02:00 04:00 06:00 08:00 10:00 12:00 14:00

Time, t (date: 2023-02-23)

Fig. 4. Processing of the measurement data: a) the lock’s gates statuses and vessel passages to determine gate-open phases and vessel volumes, b) the water levels
around and inside the lock chamber to determine levelling operations and lock chamber volumes, ¢) the water volume of the lock chamber relative to water volume
when the water level in the lock is at 0 m + NAP (Fig. 2(c)) and arrival and departures of inbound and outbound vessels (thicker lines indicate bigger vessels),
d) the calculated average salt concentration in the lock chamber, and both opposing harbours, e) the calculated total salt mass inside the lock chamber; and f) the

calculated cumulative salt intrusion into the canal per lock phase.

addition, a 5-min moving average was applied to smooth sudden peaks,
leading to the processed salt concentration, indicated with the wider
and darker-coloured lines for the sea and canalside (Fig. 4(d)).

For the lock chamber, we calculated the phase-varying salt concen-
trations differently, as there are two lines of CTD-divers and vessels
within the water volume (Fig. 2(c)). First, the divers’ raw salt concen-
tration measurements are averaged for each depth layer z, and the re-
sulting values are multiplied by the water volumes of each depth layer
V1 .- Multiplying these volumes by the salt concentrations results in the
time-dependent salt masses per depth layer in the lock, M; (). From
this, the time-varying raw total salt mass in the lock chamber, M| (¢),
can be determined (Fig. 4(e)), and subsequently the raw time-varying
lock chamber-averaged salt concentration, C; (1), by dividing M (¢) by
the sum of ¥V} ,(r) (Fig. 4(d)). The raw salt concentrations during idle
times of the lock—when there is no exchange of water—artificially vary.
These variations emerge from the combined effect of standing internal
waves and the limited spatial resolution of measurement locations in
the lock chamber (e.g., between 08:15 and 09:00, and 10:45 and 12:45
h in Fig. 4). We therefore processed the concentration (indicated with
the darker-coloured line for the lock chamber in Fig. 4(d)) by taking the
mean over these idle periods. For the non-idle times of the lock, sepa-
rate 5-min moving averages were applied to smooth sudden peaks. In
addition, observed salt concentrations above or below the seaside and

canalside concentrations were adjusted to match the seaside and canal-
side concentrations (e.g., at 05:00 and 13:30 h in Fig. 4).

As a last step, the measured saltwater intrusion mass for each phase,
I eas(@), has to be determined for validation purposes. For this, the dif-
ference of the total salt mass in the lock chamber at the start and stop
of each phase had to be determined: Mj (). Salt intrusion occurs when
there is a positive flux during gate-open phases at the canalside and dur-
ing levelling phases towards the canalside when the water level at sea
is higher (Fig. 4(f)). The predicted saltwater intrusion masses, Irea (@),
follow from the ZSF (Fig. 3).

3.3. Nautical traffic model: OpenTNSim

As an additional step in this paper, we employ a nautical lock passage
model that can predict realistic gate-open and levelling durations, and
total volumes of exiting and entering vessels per lock operation phase,
based on vessel traffic, lock dimensions, and water level data. This re-
duces the fully data-driven workflow (Fig. 3) to a more simulation-based
workflow, presented in Fig. 5, and reduces the dependency on gate-
status data to apply the ZSF in a phase-wise mode.

The nautical lock passage model is built within the OpenTNSim li-
brary, which was initiated and is under development by the Delft Uni-
versity of Technology (van Koningsveld and den Uijl, 2019; Baart et al.,
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Fig. 5. Workflow of predicting saltwater intrusion with OpenTNSim predicting phase information for the ZSF without using gate status data.

2022; Bakker et al., 2024, in prep.). This Python-based library enables
discrete-event simulation modelling of vessel agents navigating over a
water transport network—represented as a graph of nodes and edges—
while jointly interacting with port and waterway infrastructure, and the
physical environment (e.g., water levels and current velocities). Within
the library, a separate “Lock”-module exists that enables the allocation
of “LockComplex”-objects in the waterway graph. The object consists,
at least, of a one-dimensional lock chamber and two waiting area ob-
jects, at user-defined distances from the lock, but can include more lock
chambers and waiting areas. It includes a “LockMaster”, resembling the
lock complex’s control centre, which registers arriving vessels (i.e., when
they arrive at a specific registration node). This entity assigns the vessels
to the lock operation planning (i.e., a location in the lock chamber for
a specific lock operation), guiding them towards and from the lock, and
instructs vessels to wait if needed. A “LockOperator” operates the gates
and levelling valves of a lock chamber. The method’s output comprises
the vessel behaviour around the lock complex, including vessel delays,
and the lock operation behaviour, namely the initiation and stop times
of levelling and gate movements (i.e., opening and closing). Using these
outputs, lock operation phase-specific information can be derived, con-
sisting of levelling and gate-open durations, as well as the total vessel
volumes for each specific lock operation. This phase-specific informa-
tion is directly used as input for the phase-wise application of the ZSF,
added with hydrodynamic data (i.e., water levels and salt concentra-
tions, Fig. 5).

OpenTNSim requires the following input at minimum: (1) geospatial
data, entailing the dimensions and layout of the lock complex and the
network of waterways, (2) vessel data, namely the vessels’ arrival times,
dimensions and sailing speeds over the network; and (3) lock operation
data, such as the duration of moving the gate, as well as the levelling
duration. Optionally, (4) hydrodynamic data, comprising water levels at
the harbours, can be added to determine locking head-dependent lev-
elling durations. Moreover, operational hours of the lock complex can
be defined, as well as vessel speeds for sailing into the lock, sailing out
of the lock, and the manoeuvring speeds within the lock chamber. In
addition, the method can imitate specific lock operation strategies, for
example, that limit saltwater intrusion, such as gate closing between
subsequent vessel departures and arrivals at the same side, convoy
formation to reduce the total sailing-in duration, and vessel clustering.
For this, the following deterministic lock operation parameters can be
used as input to the nautical traffic model:

1. the time gap between the start of the gate-opening in advance of the
arrival of the first vessel (in case both gates were closed in between
operations or an empty lockage was required),

2. the time between the last departuring vessel from the previous lock-
age and the first arriving vessel from the next lockage (expressed
in distance to the lock chamber where these vessels encounter each
other),

3. the time gap between two successive vessel arrivals in the same lock
operation,

4. the levelling duration (can also be included as a function of the water
level difference between the harbours),

5. the time gap between two successive vessel departures of the same
lock operation,

6. the time gap between gate-closure after the last vessel departure (in
case both gates can be closed in between operations or an empty
lockage is required); and

7. clustering time (i.e., the maximum allowable waiting time of a vessel
after mooring in the lock chamber for other vessels to arrive to join
the lock operation; the vessel will not be instructed to wait if no
vessels are expected to arrive within this time).

Herein, the gate-open durations are affected by parameters 1-3, and
5-7, while the lock operation duration and subsequent vessel delays are
dependent on the efficiency of the lock operation, namely parameters
2-5and 7.

To apply the nautical traffic model to the presented case study (Sec-
tion 2), the Rijkswaterstaat’s Fairway Information System (FIS)-graph
is used as the network of fairways. From this network, a subgraph
was created, spanning the waterways in between the lock registration
nodes (i.e., the 5-mile node to the Houtrak-node), to which the “Lock-
Complex”-object was added (Fig. 2(a)). At the edge that encompasses
the lock chamber of Sea Lock IJmuiden, a lock chamber was added
with dimensions taken from publicly available data of Rijkswaterstaat
(Fig. 2(b)). Vessels were generated according to their logged arrival
times at the lock, dimensions, and directions. To obtain these arrival
times at the network boundaries (i.e., the registration nodes), the arrival
times at the lock were substracted with the average sailing time from the
registration nodes to the lock. For this, we used Automatic Identification
System (AIS) data consisting of messages with the location and speed of
the vessels. Here, we created vessel trajectories, which we mapped and
aggregated to derive average sailing speeds on the network. Water levels
were derived from the measurement data (Section 3.2).

To imitate the locking strategy at IJmuiden—with the goal of obtain-
ing realistic gate-open durations per lock operation phase (to serve as
input for the ZSF)—values for the above lock operation parameters in
OpenTNSim had to be derived (Fig. 6). In this study, we derived these
based on combining the gate status, water level, vessel entry and exit
time (from the vessel passage data), and vessel trajectory data (from
the AIS data); however, as shown later in this paper, comparable results
could have been obtained using best-guess values. From this dataset,
we observe a wide distribution in gate-open durations, caused by the
dynamic pattern of arrival of vessels and the variable lock operation be-
haviour of lock operators and among them in certain situations. In 33.9%
of the gate-open phases, the open lock gate had been directly closed be-
tween the exit of the vessels. Here, the lock operator generally re-opens
a gate 30 min before the arrival of the first vessel of the next lock op-
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Fig. 6. The distributions of the lock operation parameters used in the nautical
traffic model.

eration (Fig. 6(a)). In the rest of the lock operations, the exit of vessels
is directly followed by the entry of vessels within the same gate-open
duration, generally lasting up to an hour, but longer durations are not
uncommon. Based on the vessel trajectories for these operations, exit-
ing and entering vessels can safely encounter each other at a minimum
distance of approximately 1000 meters from the lock gate (Fig. 6(b)).
Entering vessels typically sail in after 15 min of each other (Fig. 6(c)); no
gate closures were observed in between vessel arrivals of the same lock
operation. Given Fig. 6(d), observed levelling times are fully dependent
on the locking head, following a curve that is interestingly different for
levelling towards the canal and sea. Exiting vessels follow each other
faster, with a modal time of 5 min (Fig. 6(e)). If the lock operator de-
cides to close the door after the last vessel has left the lock chamber,
this typically occurs within 5 min (Fig. 6(f)). The clustering time is set
to a (visual) maximum of 60 min of the first vessel (Fig. 6(g)).
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3.4. Modelling strategy

To assess the predictive power of the ZSF in the estimation of salt in-
trusion, we first benchmark the method by validating it for each phase
separately, comparing the observed and modelled salt mass fluxes using
Pearson correlation analysis. In continuation, we compare the perfor-
mance of the ZSF in the following model application modes: (1) lock
cycle-averaged with steady hydrodynamic conditions, (2) lock cycle-
averaged with periodically varying hydrodynamic conditions, (3) phase-
wise with observed gate-open durations; and (4) phase-wise with gate-
open durations assimilated using OpenTNSim. Here, in contrast with
the validation run, the exchange fluxes for the next phase are calculated
with the predicted salt concentration for the lock chamber at the comple-
tion time of the previous phase. Furthermore, for the lock cycle-average
runs, we distinguish between fully constant hydrodynamic boundary
conditions and time-varying conditions by calculating new equilibrium
situations for each lock operation cycle separately. Here, we do not
apply site-specific calibration prior to the simulation, reflecting the
conditions of a future scenario. The comparison between the model
runs is performed by quantifying the error in total salt intrusion mass.
Thereby, we excluded the phases during periods of missing data from the
validation.

4. Results

The results are structured as follows: validation of the ZSF for indi-
vidual lock operation phases (Section 4.1), modelled gate-open duration
with OpenTNSim (Section 4.2); and application of the ZSF to estimate
long-term cumulative saltwater intrusion mass fluxes (Section 4.3).

4.1. Validation: Observed phase-wise salt exchange

Based on the observed change in salt mass per lock operation phase,
1.28 - 10° kg of salt intruded into the canal during the measurement cam-
paign. This corresponds to a time-average salt load of 530.6 kgs™!. We
observe a time-averaged incoming discharge of 45.1 m3s~! of saltier
water with, on average, a 11.8 kgm™> higher salt concentration than
canal (14.9 kgm~3). Of this salt intrusion discharge flux, 42.9 m3s~!
is caused during the density-driven current, and compensated by an
equal outward-directed discharge of fresher water into the lock cham-
ber. Hence, there is a net inward-directed discharge of 2.2 m3s~!, of
which 1.5 m3s™! is caused by levelling, as the water levels at sea are
on average slightly higher than in the canal. This levelling flux is ob-
served to have an average salt concentration of 32.9 kgm™>. Note that
this concentration is higher than the depth-averaged salt concentration
at sea (28.4 kgm~3) due to stratification. The remaining 0.7 m’s~! of
the net discharge is caused by vessel movements, as the total occupied
water volume by the outbound vessels is greater than the volume by
the inbound vessels. To flush out the intruded salt flux, we can esti-
mate that a net seaward-directed freshwater discharge of 35.6 m3s~! is
required, given the depth-average salt concentration at the canalside of
14.9 kgm=3.

An estimated 90.6% of this flux occurs during the gate-open phase;
80.6% of the flux is caused by the density-driven current and 10.0% by
outbound vessels sailing into the lock at the canalside. Despite this con-
tribution of outbound vessels to saltwater intrusion, inbound vessels are
found to limit salt intrusion by 5.3%, as they occupy water volume in the
lock chamber, thereby limiting the total mass of salt that can intrude per
gate-open phase. The remaining 9.4% of the salt intrusion flux can be
attributed to the levelling operations towards the canal when the water
level at sea is higher than at the canal.

Comparing the observed and ZSF-predicted salt exchange fluxes for
each separate phase reveals that the ZSF has strong predictive power
(Fig. 7). The modelling results show the best agreement with the obser-
vations of the gate-open phases: the predictive power of the intruded salt
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Fig. 7. Validation of the salt mass exchange during the lock phases: (1) gate-open phases as a function of a) the salt concentration difference between the lock
chamber and the harbour, and b) the gate-open duration; and (2) levelling phases as a function of c) the salt concentration difference between the lock and the
harbour, and d) the water level difference between the lock and the harbour. Note the different order of magnitude in salt mass exchange between the gate-open

and levelling phases.

mass during the gate-open phase at the canal yields a coefficient of deter-
mination R? of 0.96, increasing to 0.98 at the seaside. The data matches
the expectations; total salt exchange increases with increased salt con-
centration difference between the lock and the harbour and increased
gate-open duration (Fig. 7(a)). Relative errors in the estimated salt intru-
sion mass per individual gate-open phase at the canalside range between
—17.2% and +15.2% with respect to the observations, but absolute errors
are below 5.0% in 51.7% of the events. These errors were observed to be
affected by the gate-open durations (Fig. 7(b)) and correlate to a lesser
extent with the salt concentration difference between the lock chamber
and the canal. Short events (< 20 min) result in small overestimations,
i.e., both the observations and model predict small exchange volumes.
Intermediate events (> 20 min and < 60 min) cause underestimations
with a peak at 35 min, although some significant overestimations occur.
This hints at a general underestimation of the speed of the density-driven
current. In contrast, longer events (> 60 min) generally result in small
overestimations, i.e., full lock exchanges are predicted. At the seaside,
the errors are relatively smaller; relative errors range between —6.1%
and +10.4%, with absolute errors below 5.0% in 86.4% of the events.
The errors are largest for short-to-intermediate events (< 60 min) with
significant overestimations, gradually decreasing with longer gate-open
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durations. Compared to the canalside, a similar peak of underestima-
tions at around 35 min can be observed, but is less present due to fewer
events with gate-open duration between 20 and 60 min. The errors also
correlate with the salt concentration difference between the seaside har-
bour and the lock chamber. Underestimations are generally associated
with smaller differences, with overestimations generally occurring with
greater differences. Additionally, the errors are observed to moderately
decrease with increasing lock chamber water volume occupied by in-
bound vessels.

The levelling towards the canal also shows good agreement with the
observations, with an R%-score of 0.96, which decreases to 0.93 towards
the sea (Fig. 7(c) and (d)). We observe, however, a greater bias com-
pared to the saltwater intrusion fluxes during gate-open phases, with
larger errors being associated with larger exchange fluxes. For levelling
towards the canal, relative errors range from —9.4% up to +0.5% with
respect to the observations. Hence, an overall underestimation occurs,
which is strongly correlated with the locking head with the canal, and
to a lesser extent with the difference in salt concentration. The absolute
errors are below 5.0% in 98.8% of the events that lead to saltwater intru-
sion into the canal. For levelling towards the sea, the maximum relative
errors are greater, between —9.3% and +7.1%, but generally overestima-
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tions. Here, absolute errors are below 5.0% in 92.8% of the events and
increase with larger water heads.

Cumulatively, the ZSF predicts 1.23 - 10° kg of salt intrusion in the
canal, where 91.9% is caused during the gate-open phase; 82.6% of the
mass flux is caused by the density-driven current, 9.3% by outbound
vessel sailing into the chamber, and 8.1% by levelling. This corresponds
well with the observations, but there is a slight underestimation of the
total salt intrusion mass of —3.7%. We found 55.9% of this error to be
caused during the gate-open phases; the remaining 44.1% is associated
with the levelling phases, despite the order-of-magnitude smaller flux
magnitudes compared to the gate-open phases (Fig. 7). Although there
are large absolute errors at some gate-open phases, the combination of
under- and overestimations during this phase tends to balance out, lead-
ing to a very acceptable model performance regarding saltwater intru-
sion into the canal. In contrast, the levelling phases show a consistent
underestimation of this flux.

During the gate-open phase at the canalside, there is a minor —2.3%
underestimation of the total predicted salt exchange, compared to a
minor +2.0% overestimation of this flux during the gate-open phase
at the seaside. The underestimation in cumulative salt intrusion dur-
ing the gate-open phase at the canal is expected to be mainly caused
by the underestimation of the speed of the density-driven current. The
underestimation seems, however, to be partly compensated by the ne-
glect of stratification in the ZSF and the limited resolution of the mea-
surements and subsequent calculation errors of the saltwater intrusion
masses (Section 5.1); there is an average buoyancy or Brunt-Viisila
frequency at the lock of 0.08 s~!, ranging in between the average val-
ues for the sea (0.06 s~!) and canal (0.1 s~!). For example, for shorter
gate-open durations, we observe that the exchange current does not
reach the line of CTD-divers at the closed gate, due to which we mea-
sure a smaller salt concentration difference in the lock chamber, and
a subsequent overestimation of the observed salt mass exchange flux
by the ZSF (Fig. 7(b)). In addition, for longer gate-open durations, we
observe overestimations of the salt exchange mass flux by ZSF, as the
observed lock chamber-averaged salt concentration at the end of the
gate-open phases stays generally higher than the modelled concentra-
tion. This can also be attributed to a combination of limited depth mea-
surement resolution and strong stratification. Given this stratification
and the mean draught of vessels of 7.8 m, we also expect the return
flow of the vessels to be fresher compared with the ZSF, which assumes
the lock chamber and harbours to have a uniformly distributed salt
concentration.

There is, furthermore, a cumulative structural —17.7% underestima-
tion in salt intrusion when levelling to the canal, accompanied by a
+15.5% overestimation when levelling to sea (Fig. 7(c)). For levelling
to the canal, the cause of this error is expected to mainly lie in the ne-
glect of the ZSF of stratification, rather than the limited measurement
resolution. As the discharge valve is located at a depth of NAP—10.25 m,
where in 63.3% of the levelling events towards the canal the salt con-
centration is observed to be higher than the mean concentration, more
saline water is expected to intrude into the canal than as modelled in
the ZSF. Also for levelling to sea, the measured salt concentration at the
depth of the discharge valve is in 89.5% of the events greater than the
mean salt concentration at sea. Although this would theoretically lead to
a similar underestimation by the ZSF, there is actually an overestima-
tion, potentially caused by the limited measurement resolution in the
lock chamber. Due to the relatively short levelling durations, when sea-
water is entering the lock chamber during levelling, we observe mixing
at the first line of CTD-divers but no significant change in salt concen-
trations at the second line of CTD-divers. This causes the observed salt
concentration at the end of the levelling event to be similar to that at
the start of the levelling, and hence, to an overestimation of the ob-
served levelling flux by the ZSF. Yet, overall, the performance of the
analytical model of the ZSF to predict saltwater intrusion is rewarding,
despite the schematic representation of the underlying complex physical
processes.
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Fig. 8. The distributions of the observed and predicted gate-open durations at
a) the canal and b) the sea; and ¢) the correlation for these distributions.

4.2. OpenTNSim: The simulated lock operation

The nautical traffic model yields a distribution of gate-open dura-
tions that closely matches the observations (Fig. 8(a) and (b)). The rel-
ative error in the cumulative gate-open duration at the canal yields
an overestimation of +9.1%, thereby generally underestimating the oc-
currence of shorter gate-open durations and overestimating the occur-
rence of longer gate-open durations. This error can be explained by the
discrepancies between the modelled and actual lock operation by tak-
ing deterministic values instead of stochastic lock operation parameters
(Fig. 6). This simplification also leads to mismatches in the decisions of
the lock operator on whether to close the last opened gate between two
lock operations. In addition, OpenTNSim does not resolve the observed
two-way empty lock operations that included gate-open phases to the
canal—accounting for 0.9% of the operations; such operations are nor-
mally not required to handle nautical traffic. Nevertheless, the nautical
traffic model correctly resolves 33 events where the gates at the canal-
side are closed in between operations, corresponding to 75.0%, while
incorrectly modelling 4 extra events and missing 11 events.

Comparison of the observed and “correctly” modelled gate-open
events reveals a satisfactory coefficient of determination R? of 0.82 for
the duration of the events at the canal, increasing to 0.85 for events at sea
(Fig. 8(c)). Absolute errors range up to a shy 35 min, but are smaller than
15 min in 81.5% of the gate-open phases at the canalside. For the shorter
gate-open durations—most impactful for reducing saltwater intrusion—
the absolute errors range up to 25 min, but are less than 10 min in 78.4%
of the events. In addition, although the timing of the gate-open phases at
the canal in the model and observations satisfactorily overlap for 79.9%,
the timing of the gate-open phases in the model runs is slightly ahead of
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concentration at sea, the canal, and the lock chamber for reference.

the data. This out-of-phase behaviour is principally caused by a faster
levelling process in the model, as it does not yet account for delays due
to the mooring of vessels.

The time-distance diagram of vessels passing the lock object in Fig. 9
shows an excerpt of the interaction between the nautical traffic and the
lock operation. It shows various lock operations to occur with level-
ling and gate-open phases of variable durations and vessel occupation
rates. Longer gate-open durations are observed to emerge when two sub-
sequent lock operations are planned closely together—when the lock
operator generally decides that there is insufficient time to close the
gates in between operations—or when multiple vessels have to enter
and exit the lock (Fig. 9(a)). The levelling times are visually dependent
on the time-varying water level difference between the sea and the canal
(Fig. 9(b)).

The corresponding behaviour of the varying salt concentration, cal-
culated with the ZSF using the predicted gate-open duration and vessel
volumes by OpenTNSim, is in visual agreement with the observations
(Fig. 9(c)). Translating this to salt intrusion mass fluxes (Fig. 9(d)), the
density-driven current again appears to be dominant; the long gate-open
durations lead to a full exchange of the lock chamber. In addition, the
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levelling operations towards the canal seem to contribute moderately to
this flux when there is a significantly higher water level at sea. Vessels
also contribute marginally to the intruded mass flux—i.e., the small peak
before the gates close for the outbound operation at 14:00 h (Fig. 9).

4.3. Application: Long-term predicted salt intrusion

Fig. 10 shows the observed long-term salt mass intrusion (white line)
and the predictions of each ZSF method application (coloured lines). The
rate of the observed intruded salt mass aligns with the frequency of lock
operations; during periods of high demand for lockages (i.e., between
03-07 and 03-11 in Fig. 10), more salt intruded over time than during
periods of lower demand (i.e., between 03-04 and 03-07 in Fig. 10).
Furthermore, there is a minor amplifying effect of an increased salt con-
centration difference between the sea and the canal. The orange line in
Section 4.1 shows the performance of the phase-wise ZSF during valida-
tion (i.e., all phases calculated separately with the observed initial salt
concentrations in the lock chamber), resulting in the afore-mentioned
—3.7% underestimation for the considered period.
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When comparing the forecasting performance of the ZSF in its lock
cycle-averaged and phase-wise modes, the lock cycle-averaged mode
significantly overestimates the measured salt intrusion mass by +22.2%
(light blue line in Fig. 10(a)). This discrepancy is the result of the ap-
plied average gate-open duration of 63.7 min at the canalside with-
out any calibration factor, causing near-full lock exchanges that are re-
peated with each lock operation cycle. The distribution of gate-open
durations, therefore, appears to significantly reduce salt intrusion, sug-
gesting that shorter gate-open durations are highly impactful. Applying
the lock cycle-averaged method with periodically varying lock cycle-
averaged environmental conditions (dark blue line in Fig. 10(a)) slightly
improves the error, but still leads to an overestimation of +21.5%. Given
that the observed long-term salt intrusion mass behaves approximately
linearly (white line in Fig. 10(a)), similarly to the predictions of the
lock cycle-averaged modes, we can conclude that this mode could cap-
ture the long-term salt intrusion mass with sufficient accuracy, provided
that representative calibration factors can be derived. In other words,
the calibration factors are a must when applying this method. For our
case, we calculated that a cpgr of 0.625, effectively reducing the average
gate-open duration to a representative gate-open duration equal to 39.8
min, would no longer result in a discrepancy with the observed total salt
intrusion mass.

Another notable result is that the (uncalibrated) phase-wise ZSF ap-
proach results in a very good match with the observations. An overes-
timation of only +0.8% is achieved (pink line in Fig. 10(a)) when fully
capturing the dynamic frequency in lock operations with varying gate-
open durations and external conditions. The error of this phase-wise ap-
plication is even smaller compared to the run with individual phases for
the validation (orange line in Fig. 10(a)). Apparently, the overestimation
of saltwater loading at sea and the underestimation of saltwater intru-
sion in the canal during gate-open phases tend to balance each other
out further when using the updated salt concentration of the lock cham-
ber as the initial value for the next phase. It causes the lock chamber
to be slightly more saline at the start of gate-open events at the canal,
compared to the validation run.

Despite these promising results, we have to recall that the phase-
wise application of the ZSF often has limited practical applicabil-
ity; this method heavily relies on the gate-open durations, which are
often unknown or poorly predictable for future scenario analyses. En-
couragingly, however, the proposed phase-wise application of the ZSF
using OpenTNSim (purple line in Fig. 10(a))—providing gate-open
phase information from vessel passage and aggregated lock opera-
tion data without the strict necessity of gate-status data (see also Sec-
tion 5.1)—predicts long-term salt intrusion almost as accurately as the
standalone phase-wise application of the ZSF. The coupled model un-
derestimates the long-term intruded salt mass by —2.6%, an increase in
error of only 1.8% compared with the purely data-driven phase-wise
7SF application. Like this latter standalone phase-wise application of
the ZSF, the coupled model follows the variable rate of saltwater intru-
sion accurately. The underestimation of the observations of the coupled
method can mainly be explained by the underestimation of the occur-
rence of shorter gate-open durations by OpenTNSim, as explained in
Section 4.2.

5. Discussion

Given the new insights into the performance of the ZSF in its appli-
cation modes and the role of a nautical traffic simulation in supporting
its implementation, there are still challenges to further improve its val-
idation (Section 5.1) and application (Section 5.2).

5.1. Improvements for further research

Although the presented method shows very promising results, they
are sensitive to the input parameters, For the ZSF in our case study,
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with substantial gate-open durations, particularly the salt concentra-
tions at sea and at the canalside are sensitive. A 10.0% higher salt con-
centration at sea would result in 23.5% more saltwater intrusion, while
a 10.0% higher salt concentration at the canal would reduce saltwater
intrusion by 11.5%. The stronger impact of salt concentration at sea can
be attributed to higher water levels at sea relative to the canal, lead-
ing to more levelling events with seawater and, consequently, greater
salt intrusion. Furthermore, the results show limited sensitivity to ves-
sel dimensions, water levels, and gate-open duration; variations in these
parameters lead to changes in saltwater intrusion of an order of mag-
nitude less. The sensitivity for the lock cycle-averaged and phase-wise
7SF modes is similar. Considering OpenTNSim, the gate-open durations
are sensitive to the lock operation parameters (i.e., clustering time), but
their impact on saltwater intrusion and vessel delays is approximately
an order of magnitude smaller. The vessel traffic intensity, leading to
more lock operations, is thought to be more influential, although the
sensitivity of this was not tested in this study.

Based on the above sensitivities, we highlight the following sources
of error that could have affected the quality of the results: measurement
uncertainty, model simplifications—both for the ZSF and OpenTNSim
library—as well as bias resulting from the specific case study condi-
tions. First, there is uncertainty in the calculated salt intrusion exchange
mass fluxes based on the measurements. The main reason for this lies
in the limited spatial and depth resolution of the measurement cam-
paign setup. This required a subjective pre-processing analysis to de-
termine the salt mass of the lock chamber. Although the data is highly
appreciated and valuable in providing new scientific insights, it only
covered the area at the lock gates, rather than along the full length
of the lock chamber. This resulted in an artificial step-wise salt mass
signal. The change in salt concentration in the lock chamber after gate-
opening occurs fast, as the density-driven current reaches the first line
of divers close to the opened gate. Then, based on the applied volume-
weighting approach, half of the lock chamber is immediately assigned
this updated concentration. Subsequently, the exchange flux stagnates
as the density-driven current needs time to reach the second line of CTD-
divers at the closed gate. Another artificial acceleration of the exchange
flux occurs when the density-driven current reaches this second line (see
also Fig. 4(d) between 12:30 and 14:00 h). To a lesser extent, this phe-
nomenon also affects the observed change in salt mass caused by the
reflected density-driven current.

The restricted measurement resolution also caused the calculated
lock chamber-averaged salt concentration from the observations dur-
ing some gate-open phases to exceed or fall short of the depth-averaged
salt concentration at the seaside and canalside, respectively. Moreover,
it led to the present internal standing waves with an amplitude of 1.0
kgm~3 in the lock chamber to cause significant variability in the aver-
age salt concentration over time. This behaviour can clearly be observed
when both gates are closed, and the water level is not being levelled (see
Fig. 2(d) between 10:30 and 12:30 h). It also seems to affect the esti-
mated salt mass in the initial stage of the density-driven current (i.e.,
09:00 and 09:30 h). In addition, the combination of five CTD-divers
over the depth, with a slight bias towards deeper waters (Fig. 2(c)), and
stratification could have resulted in higher observed salt concentrations,
underestimating the observed salt exchange fluxes.

Likewise, the salt concentrations at the sea and canalside may also
contain errors, potentially introducing significant biases in the predic-
tions of ZSF. The lock exchange fluxes, in particular the density-driven
currents, temporarily change the salt concentration at these harbours,
as the lines of CTD-divers were located at a short distance from the lock
chamber in the outer and inner harbours. Despite the extensive pre-
processing of these concentrations (i.e., removing periods when water
is discharged from the lock chamber), the exchange currents have likely
affected the salt concentrations at sea and in the canal, causing them
to be underestimated and overestimated, respectively. This could result
in a general underestimation of the calculated total intruded salt mass.
Together with the earlier described challenges in determining the salt
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concentration in the lock chamber accurately (Section 4.1), this could
explain the scatter in the validation data points in Fig. 7. Although the
pre-processing of the lock chamber’s salt concentration was designed
to reduce the impact of the observation errors on the determined salt
mass exchange fluxes, it is estimated that errors up to 3.0 kgm™3 in the
determination of the initial or final salt concentrations of each phase
could have occurred. The limited resolution may have caused observa-
tion errors on the order of 2 - 10° kg of saltwater intrusion per phase,
equalling up to 25.0% of the lock chamber’s salt intrusion capacity. To
resolve this, new measurement campaigns with more resolution and a
more sophisticated pre-processing could be set up, resulting in a better
validation of the ZSF. Recall that the measurement campaign’s objective
was to study nautical procedures in relation to the hydrodynamic forces
(see Section 2.2) rather than to quantify saltwater intrusion.

Second, although the idealised algorithms of the ZSF model resulted
in an accurate long-term salt intrusion mass flux, they are also expected
to contribute to the discrepancies with the observations. In particular,
the neglect of stratification in the method is of concern, as strong strat-
ification is observed from the measurement data. The stratification can
increase the speed of the density-driven current (Biemond and Labeur,
2026), which may explain the errors in modelled saltwater exchange
due to density-driven currents in this study. Stratification may further-
more cause the return currents of entering and exiting vessels to result
in exchange currents of smaller magnitude than those calculated with
the ZSF. As there is stronger stratification at the canalside than at the
seaside, this may also explain the different discrepancies during the gate-
open phase between both harbours. During the levelling phases towards
the canal, stratification may have resulted in underestimation of the salt
intrusion fluxes, given that the levelling valves are located below the py-
cnocline. Therefore, we advise further research into including stratifica-
tion in the ZSF when this would not significantly increase computational
times. For example, additional site-dependent calibration factors could
be introduced.

Third, the nautical traffic model within the OpenTNSim library could
be further validated and improved to more accurately simulate the be-
haviour of the lock operator, lock master, and the vessels. Although the
model provided accurate gate-open durations and vessel traffic delays,
we discovered that certain nautical traffic processes and aspects of lock
operator behaviour were not included. The following delays could be
built into the simulation library to improve the results in gate-open du-
ration distribution:

1. vessel size-dependent sailing-in velocities,

2. vessel size-dependent arrival time gaps,

3. time gaps between the arrival of the last vessel in the lock chamber
and the start time of gate-closure,

4. time gaps between the start of levelling after gate-closure,

5. time gaps between the start of the gate-opening after levelling,

6. time gaps between gate-opening and the time the first vessel can
demoor; and

7. time gaps between demooring of vessels.

Also, instead of deterministic input parameters, rule-based or stochastic
values could be supported. This may prevent unrealistic situations from
occurring in the model. For example, while the time of gate-opening in
advance of a vessel arrival could be reduced in the simulation, it can, in
reality, lead to unsafe situations. In addition, more sophisticated (non-
First-Come-First-Serve) lock operation planning and (two-dimensional
bin packing) vessel positioning algorithms can be added. We also rec-
ommend further research on the validation of nautical traffic models
such as OpenTNSim, using AIS and lock operation data.

Last, this study only considered Sea Lock IJmuiden, which could be a
limitation for the generalisation of the obtained results. Nevertheless, we
expect comparable results across lock complexes with different layouts,
nautical traffic fleets and intensities, and hydrodynamic forcing condi-
tions. This is due to the density-driven current generally being the domi-
nant process for the amount of saltwater intrusion (Weiler et al., 2026).
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For example, even an extremely high vessel-occupied lock chamber—
with vessels occupying 80.0% of the length, 80.0% of the width, and
90.0% of the depth (i.e., 10.0% under-keel clearance)—would still leave
42.4% of the lock chamber’s water volume available to be exchanged
through density-driven currents. Furthermore, the applicability of the
ZSF is expected to be independent of the hydrodynamic conditions of
the study area, although analytical models may be most accurate in
weakly stratified systems, where the assumption of uniform salt con-
centrations in the lock chamber and both harbours is most valid. Con-
sequently, higher tidal ranges and smaller salt concentration gradients
across the lock complex may improve the accuracy. Nonetheless, the ZSF
seems to perform well under stronger stratification, as demonstrated by
our case study at [Jmuiden. To confirm the above hypotheses, we advise
that this study be repeated for other case studies, meaning that future
measurement campaigns should preferably be held in lock chambers
with different dimensions and forcing conditions.

5.2. Significance of the coupled method in practice

Despite the afore-mentioned shortcomings, the application of the
ZSF resulted in satisfactory performance. The method, particularly the
phase-wise mode coupled with the nautical traffic model of OpenTNSim,
captured the behaviour of the total salt intrusion mass accurately. The
coupled method effectively eliminates the requirement for scarce gate-
open status data and salt concentration data in the lock chamber for
validation purposes. Given this success, we expect it to be useful for
accurately forecasting salt intrusion on the operational, tactical, and
strategic levels; the method allows for optimisation of the lock oper-
ation based on expected saltwater intrusion, ranging from individual
lock operations and lock operation strategies during droughts to normal
operation strategies.

On the operational-to-tactical level, the (OpenTNSim-driven) phase-
wise ZSF method could be preferred over the lock cycle-averaged mode,
as it would be able to predict salt intrusion masses per individual lock
operation more accurately. First, this phase-wise method can predict
realistic gate-open durations for each operation, which is especially
useful when there is a wide distribution in inter-arrival time between
vessels and traffic load per lock operation. The resulting wide distri-
bution of gate-open durations, including events with short gate-open
durations, generally leads to a substantial reduction in the total salt
intrusion load. Second, the phase-wise method predicts variable ves-
sel occupancy in the lock chamber, despite being a second-order ef-
fect on the total intruded salt load. On this short timescale, applica-
tion of the cycle-averaged mode with a calibration factor is less appro-
priate, as averaging the lock operations inevitably leads to discrepan-
cies between model results and observations for individual lock oper-
ations. Furthermore, the description of the operation with a represen-
tative gate-open duration typically involves calibration against a larger
series of lock cycles, containing all the variations between individual
lockages.

An additional benefit of the coupled phase-wise method is that
OpenTNSim is capable of estimating vessel delays. With the predicted
gate-open durations and occupied lock chamber volume by vessels per
lock phase, the simultaneous impact on vessel delays and saltwater in-
trusion masses (through the ZSF) can be quantified. This would allow
for a multi-objective Pareto-optimisation of the short-term lock opera-
tion planning—i.e., reducing saltwater intrusion without causing signif-
icantly longer vessel delays. Already supported examples are reducing
the number of lock operations by clustering vessels in the same lock
operation based on maximum waiting times, and shortening gate-open
durations through reduced gaps between vessel movements and gate
operations (Bakker and van Koningsveld, 2025). Further research could
focus on more intelligent queueing and lock operation initiation meth-
ods, considering the above trade-off between vessel delays and saltwa-
ter intrusion. Machine learning algorithms could add to this analysis,
as they can go beyond intuitive or conventional lock operation plan-
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ning methods. Thus, the method could automatically identify a series of
favourable lock operations, which can be followed by the lock masters
and operators, and communicated proactively to vessels, so that these
vessels can modify their sailing speed, arriving just-in-time, saving on
fuel costs while reducing emissions.

Furthermore, the coupled ZSF-OpenTNSim method could be used
to test various longer-term, rule-based lock operation regimes, enabling
comprehensive management of the freshwater system. This is partic-
ularly useful as adaptation times of salt in the canal system are sub-
stantial (Biemond et al., 2024), and lock masters and operators would
favour simple operation strategies. For this, trade-off curves can be de-
rived between a lock operation strategy design parameter—i.e., clus-
tering time—and stakeholder performance indicators—i.e., vessel de-
lays and freshwater availability—derived through stakeholder engage-
ment (Bakker et al., 2025). Given that the near-field source terms of
salt mass in the canal may not scale linearly to far-field saltwater
intrusion—i.e., increased salt concentrations at locations where fresh-
water is extracted or where saltwater impacts socio-economic or ecolog-
ical values—quantifying freshwater availability typically requires using
numerical models. Numerical models can assess the exceedance of salt
concentration limits at important locations in the system (see Fig. 1), us-
ing boundary conditions of upstream incoming freshwater, downstream
incoming saltwater (from the coupled ZSF-OpenTNSim model), local
freshwater extractions and discharges, and flushing discharges. Here,
preferably, a faster numerical model should be used to be able to cal-
culate various strategies, such as Biemond et al. (2024). In addition,
machine learning methods can be employed to emulate numerical mod-
els or construct a data-driven saltwater intrusion model relating the
above freshwater and saltwater discharges to the saltwater intrusion
length. Additionally, these methods can be employed to rapidly iden-
tify Pareto-optimal lock-operation strategies, avoiding the need to ex-
plicitly simulate all possible combinations of lock operation strategy de-
sign parameters. This could significantly contribute to a digital twin,
informing real-time decision support on whether there is a need for ex-
tra measures to limit saltwater intrusion (i.e., shifting towards a stricter
lock operation regime). In the example of the NSC-ARC system, such
method capabilities could be integrated into the existing digital twin,>
which includes historical and real-time chloride concentration data of
measurement buoys.

At a strategic level—when quantifying the impact of new lock cham-
bers, changing environmental conditions, and evolving vessel fleets (in
terms of both vessel dimensions and traffic intensities) on the total
saltwater intrusion mass—it is debatable whether the coupled method
could be of benefit. As the added complexity of developing a phase-wise
method coupled to a nautical traffic model—requiring vessel-traffic data
processing, detailed lock-operation strategy information, and extrapola-
tion to future conditions—may not outweigh the practicality of a lock
cycle-averaged ZSF run. However, for this, the most critical step is to
obtain a plausible calibration factor. For now, this highly sensitive fac-
tor can only be derived using cross-model comparison with a phase-wise
7SF model, requiring gate status data. When data on gate-open durations
is missing—i.e., for new lock complexes/chambers—or when nautical
traffic intensifies, or vessel sizes are increasing, the calibration factor
can no longer be accurately derived. This could lead to misestimations
in the total saltwater intrusion masses, as demonstrated in this study.
To determine this calibration factor in these cases, the nautical traffic
model of OpenTNSim could be useful. Further research could therefore
focus on the derivation of the calibration factor prior to simulation with
the ZSF.

2 https://www.arcgis.com/home/item.html?id =
fd64fe585cd240599360f45458e97{68
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6. Conclusion

This paper identified a knowledge gap regarding the uncertainty
in estimating saltwater intrusion mass fluxes through navigation locks,
which pose challenges for freshwater supply during droughts. Consid-
ering a case study of Sea Lock IJmuiden in the Netherlands, for which
gate-status data, water level and salt concentration measurements, and
vessel passage records were available for a month, we found that an-
alytical lock exchange models can accurately estimate observed long-
term cumulative salt intrusion mass fluxes. Validation of the Sea Lock
Formulation (in Dutch: Zeesluisformulering, ZSF) model, considering all
lock operation phases individually using observed initial conditions, re-
sulted in a minor underestimation of the cumulative salt intrusion mass
by —3.7%. However, when applying the model—where each calculation
starts from the last determined salt concentration in the lock chamber—
the accuracy strongly depends on the availability of lock phase-specific
data, such as gate-status data. For our case, assuming phase-specific data
would be unavailable and subsequently a lock cycle-averaged run with
7SF would have to be ran without prior site-specific calibration, the
model overestimated the total observed saltwater intrusion mass flux by
+22.2%. When phase-specific data is available, calibration factors can be
determined with the ZSF by simulating lock operations in a phase-wise
mode with phase-varying gate-open durations, resulting in a significant
improvement in estimation of the cumulative saltwater intrusion mass
flux to an error of +0.8%.

To provide the ZSF with realistic phase-varying gate-open dura-
tions when these data are unavailable (e.g., for forecasting purposes),
we coupled the ZSF with a nautical traffic simulation model using the
OpenTNSim-library, which includes a locking module. For this, it uses
actual nautical traffic from widely accessible sources, such as AIS, and
deterministic lock operation parameters that closely reproduce the be-
haviour of the lock operator. Application of this coupled method re-
sulted in an underestimation of the cumulative saltwater intrusion by
—2.6%. The slightly poorer performance compared to the hindcasted
standalone phase-wise application of the ZSF can largely be attributed
to the underestimation of the shorter gate-open durations at the canal.
This is caused by missing nautical processes that can be flexibly added
to the open-source library in future research.

Despite resolvable shortcomings, the coupled method proved a
significant step forward in accurately modelling saltwater intrusion
through navigation locks. An additional benefit of using OpenTNSim is
the simultaneous estimation of vessel delays. We therefore foresee that
the coupled method can be applied in practice to optimise lock design
and operation strategies that jointly limit saltwater intrusion and vessel
delays. Thereby, the method is highly suitable to be adopted to generate
realistic boundary conditions for hydrodynamic models that can predict
saltwater intrusion lengths in the canal. Thus, we facilitate a first step
in the urgently needed method that enables quantification of the risk
of freshwater shortages and economic losses for waterborne transport
in closed systems in times of rapid socioeconomic developments and
climate change effects.
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