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Abstract: This work investigates the impact of sea level rise (SLR) of up to 3 m on flood pro-
tection and freshwater availability in the Netherlands. We applied an exploratory modeling
approach to consider the large degree of uncertainty associated with SLR. The results show
the current degree of flood protection can be technically and financially maintained for up
to three meters of SLR. A primary finding of this work is that a similar degree of safety
against floods can be maintained. There are, however, several challenges: First, maintaining
this degree of safety against floods requires considerable spatial allocations to maintain and
upgrade flood defenses, often in populated areas with limited space. Second, the supply of
sand for coastal nourishments will be challenging due to other functions in the North Sea
(wind energy, shipping) and explosive remnants of war. Third, an acceleration in the rate
of SLR may impact the overall feasibility of maintaining flood defenses. Maintaining the
freshwater strategy will be challenging due to SLR-induced salt intrusion, which aggravates
climate impacts including droughts. Continued flushing of salinized areas of regional water
systems and polders with fresh river water will increasingly compete with other demands.
Our analysis highlights the vulnerabilities of the flood protection and freshwater strate-
gies and gives input to follow-up analyses on societal impact and perspectives of actions
for adaptation.

Keywords: climate adaptation; sea level rise; flood safety; freshwater

1. Introduction
The Netherlands is a low-lying, densely populated, heavily urbanized and cultivated

delta of the Rhine, Meuse, Scheldt and Ems rivers. It is strongly exposed to the influences of
the adjacent North Sea. Currently, 26% of the area of the Netherlands is located under mean
sea level, and in total, 60% of the area is prone to flood risk from the sea, lakes and rivers [1].
Apart from flood risk and coastal erosion, the Netherlands is exposed to saltwater intrusion
and salinization of its surface waters and groundwater. Due to salinization, around half
of the country is dependent on freshwater supplied by the Rhine and Meuse distributed
through the highly managed surface water system.

Recent analyses of sea level observations indicate that the global mean sea level
(GMSL) is rising, and there is a very high confidence that this rise is accelerating [2]. Rising
sea levels with a likely accelerating rate are also observed along the Dutch coast [3,4].
Projections of SLR derived by the Royal Dutch Meteorological Institute [4] showed an
SLR of up to approximately 3 m in 2200 (83rd percentile of ensemble model results for
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the SSP5-8.5 emission scenario). Van Dorland et al. [4] included several low-likelihood
high-impact scenarios with an SLR of up to 17.5 m in 2300, which are considered ‘physically
plausible and realistic but, based on present knowledge, highly uncertain and possibly
unlikely’. A degree of SLR of several to multiple meters may raise several existential
questions for the Netherlands since most of the country consists of an exposed river delta.
The Netherlands has developed and implemented a set of thorough strategies to manage
flood risks and optimize freshwater supply [5–7]. The current strategies already consider
an SLR of 0.85 in 2100 [8], and the recent insights raise the question of whether and how
long these strategies for flood protection and freshwater can remain effective against
extreme SLR.

Earlier quantitative research that investigated the impacts of SLR on flood protection
and freshwater availability was either focused on lower degrees of SLR, typically up to
around 1 m [9–12]. Or research was based on more conceptual approaches, for example,
using interviews with experts [13], explorations of long-term adaptation pathways [14] or
developing storylines [15]. While these methods have demonstrated their value in making
complex issues with high degrees of uncertainty accessible to policy makers, model-based
quantitative assessments of the impact of extreme SLR on flood protection and freshwater
availability are not yet available for the Netherlands. This work aimed to close this gap in
the literature and is particularly novel as it presents a quantitative-model-based national
assessment of the impacts of SLR of up to 3 m on the combined spectrum of coastal and
fluvial flood protection and freshwater availability.

The Dutch government hence initiated the national Sea Level Rise Knowledge Pro-
gramme [16], which aims to address the following questions:

1. For ‘soft’ flood defenses (dunes), the key question is whether the foreshore sand nour-
ishment strategy can be maintained. How much sand is required? And is this available?

2. For ‘hard’ flood defenses (artificial structures), the key question is whether the required
safety level can be maintained. Is the strengthening of dikes and other structures
technically feasible? And what are the spatial consequences?

3. For freshwater, the key question is whether the supply and demand of freshwater can
be balanced and keep freshwater intake structures safe from salinization, considering
the increasing water demand required to counter saltwater intrusion.

These assessments consider combined hazards due to mean sea level rise, storm surges,
tides, peak river discharges (fluvial high water) and wave impact (flood safety) and periods
of drought and low river flow (freshwater) as indicated in Figure 1.
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In this paper, we present the methodology and outcomes of the quantitative assess-
ments of the impact of extreme SLR on the current national flood protection and freshwater
strategies and discuss how these outcomes are used in the context of robust decision and
policy making. This work specifically aims at identifying and quantifying the physical
consequences of SLR of up to 3 m on the main Dutch water systems and their impact
on the Dutch water strategies. It is noted that in the first stage of the Knowledge Pro-
gramme, we quantified the possible effects of SLR for specific values of SLR (0.5, 1, 2
and 3 m), and we aimed at providing an assessment regardless of when such values may
be reached. This circumvents the large uncertainty around the acceleration of the rate
of SLR. Timelines of SLR were used to allow a combination with other developments
which influence flood protection and freshwater availability including developments in
river flow and land subsidence. This quantitative modeling assessment complements the
work of a second research line within the national SLR knowledge program which uses
an exploratory qualitative approach to assess long-term strategies for an SLR of up to
5 m [17].

The work presented here is structured as follows: First, we provide an overview
of the current policies and strategies with respect to flood protection and freshwater
availability. We then describe our modeling approach for flood protection (both coastal sand
nourishment requirements and structural safety) and freshwater availability (salinization of
both groundwater and surface water), followed by the main outcomes of these assessments.
We conclude our work with several reflections on how these results can be used in Dutch
climate change adaptation policy.

2. National Climate Adaptation: The Dutch Delta Policy
2.1. The Netherlands and the Dutch Delta Programme

The Netherlands is renowned for its advanced flood protection and water management
systems. Around a third of the country lies below the current sea level, and it has developed
an extensive network of dikes and storm surge barriers to prevent flooding. Freshwater
availability is managed through canals and reservoirs which aim at directing water to ensure
adequate supply for various uses. Both flood safety and water availability are increasingly
under pressure due to climate change. In 2010, the Netherlands, therefore, implemented a
national policy program for adaptation to climate change: the Delta Programme [18,19].
The Delta Programme focuses on the themes of flood protection, freshwater availability,
and spatial planning and works towards a climate-resilient design of urban and rural
areas across the Netherlands through a so-called Adaptive Delta Management (ADM)
approach [20]. This approach combines short-term plans with long-term delta strategies, as
well as a monitoring and evaluation process. Every six years, decisions are reviewed and, if
needed, updated. The Delta Programme uses IPCC-based, regional climate projections for
the Netherlands [21]. The Sea Level Rise Knowledge Programme aims to provide further
insights into whether the current policies within the Delta Programme are effective for
higher SLR, whether tipping points can be found, and, if so, which thematic strategies of
the Delta Programme require adjustment.

2.2. Flood Protection Strategy

The Dutch flood protection policy is risk-based, considering both the probability
of flood hazard of a certain magnitude and the impact of flooding based on exposure
(area and depth of inundation) and vulnerability (casualties and economic damage) [5].
The strategy is threefold: The first line of defense aims at preventing floods. The second
line of defense aims at reducing exposure through spatial planning and design. The
third line of defense aims at minimizing casualties (e.g., through early warning systems,
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evacuation). Traditionally, the first layer receives the most attention in the Dutch flood
protection strategy. This first layer in the Netherlands consists of a network of primary
flood defenses consisting of over 400 km2 of dunes, over 17,000 km of dikes and levees and
about 25 barriers and dams. The required level of safety that primary flood defenses should
provide is expressed as the probability of flooding per year for each segment of the enclosure
(Figure 2).
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Figure 2. Map of the Netherlands showing the main components of the flood protection (a) and
fresh water (b) strategies: Colored lines: trajectories for primary flood defenses (dunes, levees, dikes,
storm-surge barriers and dams). The color indicates the flood safety level expressed as the tolerable
chance of flooding/failure in events per year. Dark blue: main surface water system comprising the
main rivers and lakes that serve as freshwater reservoirs and supply water to low-lying polder areas
in the current situation (indicated by dark grey shading) to mitigate salinization and polders located
in areas that may be flushed in future due to SLR (indicated by light grey shading).

A large part of the coastline is protected through natural dunes, which together
with the beaches also provide important other ecosystem services (e.g., drinking water,
recreation). Erosion in the coastal profile is compensated by regular sand nourishments
on the shoreface and the beach. This aims to maintain the required safety level and
leverage the natural, short- and long-term sediment transport dynamics cross-shore and
alongshore in the beach zone and related aeolian sand transport in the dune zone [22]. This
dynamic management is the preferred method for coastal protection in the Netherlands,
with hard flood defenses (dikes and dams) and foreshore protection only in locations where
nourishments or other sand-based solutions are technically or economically not feasible.
As the sediment budget of the shallow coastal zone should remain intact, part of the policy
also entails that sand mining is only allowed in deeper parts of the Dutch North Sea,
beyond water depths of 20 m [23]. The safety against floods for the remaining ‘hard’ flood
defenses was increased in the 20th century by reducing the effective length of the coastline
following major coastal floodings. This involved the damming of the former Zuiderzee (in
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the year 1932) and closing some of the estuary branches of the Scheldt–Rhine–Meuse delta
with dams, levees and dikes (1960–1986). In the Rotterdam area and Eastern Scheldt estuary,
storm surge barriers have been constructed in combination with dikes along the estuary
and riverbanks to allow for natural tidal dynamics and shipping passage, respectively.

2.3. Freshwater Strategy

The Dutch freshwater strategy relies on managing and directing freshwater in the
surface water system towards dedicated lakes, canals and river branches where important
freshwater intakes are located. Apart from the main surface waters, reclaimed land (so-
called polders, indicated in grey in Figure 2) situated below sea level is prone to seepage of
brackish groundwater. These polders are flushed with freshwater sourced from the main
rivers [24]. The combined efforts to keep reservoirs fresh and up to required water levels
and to flush saline groundwater seepage in polders put a considerable claim on freshwater
resources, particularly during periods of low river flows and high evaporation. The volu-
metric water claim is expected to grow due to SLR. The overall freshwater policy ambition
is to balance the overall water supply and demand such that actual water shortages only
occur once per 20 years [25].

It is noted that, irrespective of climate change, low river discharges already lead to salt
intrusion via the open river mouths of the Rhine–Meuse system [26]. Lakes and canals with
shipping locks and sluices towards the sea are subject to salt intrusion as well [27]. Hence,
technical measures (bubble curtains, innovative locking chambers, selective withdrawal
concepts, etc. [28]) to prevent salt intrusion via locks and sluices are also part of the
freshwater strategy, besides flushing.

Climate change is putting this freshwater management strategy further under pressure.
Rising global temperatures lead to increased variability in seasonal precipitation and droughts,
resulting in increasing summer water demand and periods of low river flows [21,29,30].

3. Methods
3.1. The Modeling Strategy

In our modeling strategy, we primarily focused on SLR but also considered other
components of climate change, such as changes in temperature, precipitation and changing
river flows. Current climate projections show that SLR beyond 2 m is a worst-case scenario
that may occur on a time scale ranging between 150 years and three centuries, while for a
best-case scenario, it may not occur before 2300 [4]. Under various low-likelihood high-
impact scenarios that incorporate ice cliff instability, SLR beyond 17.5 m may even occur
in 2300 [4,31], although recent modeling suggests that the Thwaites Glacier is likely less
vulnerable to marine ice cliff instability than previous studies showed [32]. The ongoing
scientific debate illustrates the high degree of uncertainty in the field of SLR: epistemic
uncertainty is superimposed on the large uncertainty related to the economy, demography
and land use over this time scale. This results in deep contextual uncertainties, a large
system complexity and many resulting policy options (Figure 3). Ref. [20] recommended
the Decision Making under Deep Uncertainty (DMDU) approach for exploring policy
options, in order to research a broad range of assumptions and circumstances, preferably
using exploratory modeling [33].
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(3) DMDU approaches (green domain). Developing adaptation strategies for SLR falls in the DMDU
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3.2. The Modeling Approach: From Conceptual Models to Numerical Models

The very first step consisted of inventorying relevant research questions and prioritiz-
ing the ones that would be addressed within the water system analyses. This step partially
followed the Drivers, Pressures, State, Impact, and Response (DPSIR) framework and was
carried out through workshops with various stakeholders [35]. The inventory was used to
identify the relevant indicators or states S with which the effect of SLR can be described.
The following step was to set up conceptual models of the water systems to be analyzed.
Conceptual models are here defined as descriptions of physical and societal systems using
box and arrow diagrams that summarize causal relations between quantities [36]. The goal
of the conceptual models was to identify all pressures P that influence the states S, and to
describe through what processes (physical, societal or other) the influence takes place. The
arrow thickness indicates how dominant a certain causal relation is; the arrow color is an
indicator for how well the relation can be conceptualized. Figure 4 presents an example of
such a conceptual model.

This analysis facilitated the selection of the geographical extent and physical processes
to be included. For instance, what are the various pressures P that the systems are subjected
to? Which ones may be considered independent from each other? And which ones may
be bundled together? Which ones may be considered stationary, and which ones must be
considered transient? For example, an important pressure P with respect to freshwater
availability is the incoming salt flux through shipping locks. The latter is in turn determined
by the combination of mean sea level and tidal amplitude together with the intensity of
ship passages across shipping locks of given dimensions. A crucial part of this stage was to
define what physical processes must be considered in the models and how, and which ones
may be neglected.
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The next step consisted in translating the conceptual models into numerical models.
Priority was given to re-using existing models as much as possible, as they have been
calibrated and validated in the past. The constraint was that existing models must be found
fit-for-purpose. Whenever models would be found unsuitable, priority would be given to
developing new, suitable models based as much as possible on existing and familiar concepts.

3.3. Assessment of Flood Protection Under SLR
3.3.1. Timelines for Sea Level Rise

Four timelines were defined by the Royal Netherlands Meteorological Institute (KNMI)
for this study [37]. KNMI combined the findings in the SROCC report Chapter 4 by
Oppenheimer et al. [38] with expertise from probabilistic regional, north-west European
SLR projections: 0.5 m and 1.0 m SLR both to occur in 2100 (based on low (RCP2.6) and
high (RCP8.5) emission scenarios, respectively), and 2.0 m and 3.0 SLR both to occur in 2200
(based on moderate (RCP4.5) and high (RCP8.5) emission scenarios, respectively). These
degrees of SLR represent the upper limit of an 83% confidence interval (corresponding to
the upper limit of the likely range used by the IPCC). The derived timelines for SLR were
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recently compared to the KNMI’23 scenario [4], and the differences were very limited, i.e.,
less than 0.03 m in 2100 for RCP4.5 (SSP2-4.5) and RCP8.5 (SSP5-8.5) and less than 0.1 m for
RCP2.6 (SSP1-2.6).

3.3.2. Sand Nourishments to Maintain ‘Soft’ Flood Defenses

Required sand nourishment volumes to accommodate for SLR were modeled using a
conceptual box model based on observational data [39]. The uncertainty in the sediment
demand was assessed by including both the area of the most likely active coastal zone as
well a possible but less likely area of the active coastal zone [40].

3.3.3. Assessing the Flood Safety of ‘Hard’ Flood Defenses

The modeling strategy was based on standardized methods for assessing primary
flood defenses [8]. It involves comparing hydraulic loads (the forces exerted by water on
flood defenses) with a failure model of the flood defense. The failure model includes the
dike profile (including the immediate foreshore) besides revetments, inner dike materials,
soil properties and the effect of water pressure in the dike. The hydraulic loads are modeled
with a combination of hydrodynamic models and wave models for up to thousands of
various circumstances. Flood defenses can fail for a number of reasons [8]. This study
focused on three primary failure processes: dike height (overtopping and overflow), slope
stability and piping, consistent with policy analyses in which flood defenses are assessed
under various climate scenarios.

The flood safety assessment followed a probabilistic approach using water level and
wave load as the main stochastic variables. The total resulting hydraulic loads were simu-
lated using several hydrodynamic models, including SOBEK3 [41] for rivers, IMPLIC [42]
for the Eastern Scheldt and WAQUA for the Western Scheldt and Wadden Sea [43]. Waves
were computed using the analytic 1-d model Bretschneider [44] for rivers or the spectral
phase-averaged wave model SWAN [45,46]. These models use statistics derived from
previous frequency analyses on historical records of measured seawater levels, wind and
river discharges as input [47]. Wind–water level correlation was added [48,49]. The statis-
tical analysis described seawater levels, river discharges and wind spanning from short
return periods (T = 2 years) to extreme return periods (T = 100,000 years) and beyond
through extrapolation.

The model output includes physical parameters required for water levels and waves
for all locations stored in a database of physical stochastic variables, which is input to
the probabilistic modeling tool Hydra-NL [50,51]. Hydra-NL computes the probability of
occurrence of the various combinations, with the exception of hydraulic loads to the dunes
that were calculated using the Riskeer software, version 22.1.2 [52]. The stochastic variables
considered vary per water system (Table 1). The probabilistic failure analysis of existing
structures leveraged the results of previous flood safety assessments, including VNK-2
which was completed in 2014 [53] and LBO1 which was completed in 2023 [54]. For dikes,
the assessment included fragility curves for piping and macro-stability, and for dike height,
an overtopping model was employed. Revetments were added as a cost factor for the total
cost. For storm surge barriers and hard structures, a pragmatic approach based on height
was employed, assuming that these structures will be replaced once before 2200, and the
total cost for this was included.

The spatial and financial impact of strengthening flood safety structures has been
further assessed with the cost model OKADER [55]. In places where available space was
limited and a ‘traditional’ dike reinforcement was not possible, we assumed that either
hard vertical structures will be constructed assuming a lifetime of 100 years, or buildings
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will be demolished to create space for dike reinforcement. In the latter case, the financial
analyses included the cost of depreciation of existing houses.

Table 1. Complexity per water system, number of stochastic variables for the flood protection
assessment. An x in the table indicates that a variable is included in the flood safety assessment for a
specific water body. For example, for lakes wind speed and lake level is included in the modeling.

Variable River
River to Sea and

Storm Surge
Barrier

River to Lake
and Storm Surge

Barrier
Lake Sea

Estuary
with Storm

Surge Barrier
Dunes

Wind speed and direction x x x x x x

River discharge x x x

Seawater level x x x x

Lake level x x

Barrier position x x x

The following additional assumptions were included in the modeling: (1) The SLR
timelines described above allowed the combination of different degrees of SLR with climate
scenarios of peak discharge of the Rhine and Meuse rivers, derived from earlier work
by Hegnauer [56], and a reference scenario. Because the peak discharges derived by
Hegnauer [56] have been specified for 2050 and 2085, they have been extrapolated to 2200
using projections in global temperature and the Clausius–Clapeyron relationship. The
validity of this approach has been demonstrated for mid-latitudes by Pall et al. [57]. This
resulted in peak discharges of 18,000 and 20,000 m3/s for the Rhine River and 4800 and
5300 m3/s for the Meuse River in 2100 and 2200. Additionally, it was assumed that the
distribution of river flow over downstream tributaries will remain unchanged from the
current situation. (2) Ground subsidence (e.g., due to peat oxidation and other processes)
is included based on databases developed by Asselman et al. [58] and Van der Kraan [59].
(3) Three scenarios for seabed morphology (which influences wave-related load) were
included, including a fixed seabed, a seabed rising with SLR, and a seabed evolution that
follows observed trends [40]. (4) The closing level of the storm surge barriers was increased
with SLR, keeping the closure frequency below 10/year.

Several aspects were carefully considered but not included in the modeling: (1) First,
it was assumed that the consequences of flooding by SLR would remain roughly identical
to the current impact to reduce the complexity of the numerical exercise. Although SLR
leads to generally higher flood levels (increasing damage and casualties), flood defenses
are designed to cope with relatively high water levels and wave action based on high tide
levels combined with storm surge water levels which vary along the coast, ranging between
5 and 12 m above the mean (current) sea level. Flood safety designs prepared after 2009 are
designed to cope with 1 m of SLR. (2) Second, SLR-induced changes in tidal amplitudes
were not included. Although earlier modeling studies indicate that SLR may result in
changes in tidal ranges (up to 0.15 m for an SLR of 2.6 m [60]), this effect is a relatively
small fraction of the SLR increment and small compared to the impact of waves, (3) Third,
it was assumed that frequencies of occurrence of wind events and resulting storm surges
would not change with climate change [61]. However, the wave height will increase with
SLR since wave conditions are depth-limited in general. More detail on all assumptions
can be found in the technical background reports [62–66].
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3.4. Assessment of Freshwater Availability Under SLR

Due to the considerable differences between salinization processes in different water
systems, a combination of models was used to assess the impacts of SLR on freshwater
resources: a nationwide groundwater flow model, different surface water models and a
nationwide water balance model. The different variables used in the exploratory model-
ing are summarized in Table 2. The national integrated freshwater resources model [67]
was deemed unsuitable for the current assessment due to data limitations and because
salinization is not included. Moreover, the model would require the assessment of many
parameters, highly uncertain under extreme climate conditions, and would require fully
consistent hydro-meteorological forcing, which hampers sensitivity analysis for extreme SLR.
Lastly, its extensive runtimes also make it ill suited for an exploratory modeling approach.

Table 2. Complexity per water system and number of stochastic variables for the freshwater saliniza-
tion assessments. An x in the table indicates that a variable is included in the flood safety assessment
for a specific water body. For example, for the open Rhine-Meuse Estuary, sea level, river flow, water
demand and tidal action is included in the modeling.

Sea
Level

River
Flow

Water
Demand

Rainfall
Evaporation

Shipping-Related
Salt Intrusion

at Locks

Tidal
Action

Saline Discharge to
Surface Water from
Polder Discharge

Groundwater
salinization x x x x

Open Rhine–
Meuse Estuary x x x x

Closed surface
water systems x x x x x x

3.4.1. Groundwater Salinization

SLR impacts on groundwater were simulated with a high-resolution groundwater flow
and salt transport model [24,68]. The model comprises a variable-density groundwater
flow and salt transport. The impact of SLR is superimposed over ongoing groundwater
salinization induced by land reclaiming projects in the past six centuries and the effects
of historic and future land subsidence. In order to simulate this adequately, a transient
scenario simulation was set up using a baseline scenario of moderate speed sea level rise
(scenario “Modest”, SSP2.45). The groundwater model was used to simulate the increase in
saline seepage (or salt load) to the surface water systems in reclaimed land. The increase in
salt load was subsequently used to assess the increasing freshwater flushing rates required
to meet salinity criteria.

3.4.2. Surface Water Salinization

The surface water bodies of the Rhine–Meuse Estuary (RME) are characterized by
a high salinity gradient that required a detailed 3D hydrodynamic model setup in the
D-Hydro software release 2022.01 [69]. In dynamic systems like the RME, the influence of
the tidal cycle on SLR-induced seawater intrusion cannot be ignored and was therefore
included in the simulations [70]. Storm surges can cause transient salinization events,
but because of the relatively short duration of such events, these were not included in the
simulations (unlike the simulations for flood safety). More critical for freshwater availability
and salinization are long-term periods of drought with low river flows. In order to explore
the sensitivity of freshwater intakes in the RME, the simulations were performed with river
flows of 2000 m3/s (representative of summer average flows), 1000 m3/s (representative
of current dry summers) and 500 m3/s (representative of low flows under future climate).
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The 500 m3/s scenario was included based on climate predictions for the Rhine showing
that 7-day low flows can be between 10% and 30% lower than current 7-day low flows [29].
During the 2018 and 2022 summers, Rhine discharge was below 700 m3/s, which, combined
with the Buitink et al. [29] simulations, makes a 500 m3/s scenario in 2100 plausible. Based
on the above considerations, a model setup based on semi-steady-state simulations with
a tidal cycle around a stationary mean sea level and a stationary freshwater inflow was
found to be sufficient. For these simulations, an existing 3D hydrostatic model of the RME
developed by Van der Kaaij [71] that was further adapted to include SLR was used. Further
details on the model implementation are provided by Coonen et al. [72].

The other main freshwater systems in the Netherlands (Lake IJssel and Lake Volkerak-
Zoom) are closed off from the sea by dams that limit salinization. Salt intrusion, however,
still occurs via groundwater, and more importantly through ship locks. This type of salt-
water intrusion is characterized by a semi-stationary horizontal salt gradient (without a
substantial vertical salinity gradient). This gradient is largely controlled by river water in-
flow, water demand and saltwater leakage at locks. Saltwater can migrate further upstream
due to wind-induced mixing. These systems are less dynamic than the tidally influenced
RME, and simpler 1-dimensional box models based on an advection–dispersion equation
were found sufficient, building upon the concepts developed by Nolte et al. [73] and Bonte
and Zwolsman (2010). The systems are considered vertically mixed, and compartments
are defined in the longitudinal direction to describe the horizontal gradient. A dispersion
coefficient is defined as a calibration parameter in order to mimic the response of the salinity
gradient to present-day situations [27,74]. The dispersion coefficient was chosen mostly
independent of SLR and other climate effects. Details of the models for Lake IJssel and Lake
Volkerak-Zoom can be found in the work of Boelens et al. [75] and Van der Heijden [76],
respectively. This quasi-steady-state approach enables a systematic and relatively quick
exploration of both climate sensitivity and various policy measures for all compartments of
the surface water system.

4. Results
4.1. Flood Protection
4.1.1. Sand Nourishments of ‘Soft’ Flood Defenses

The model results show that it is technically feasible to maintain the current shoreline
for the majority of the coastline and maintain the current level of flood hazard protection
(expressed as a probability of flooding or dike failure), even with extreme levels of SLR
of up to 3 m. Additional strengthening is, however, required in built-up areas and cities
situated in the dune area where constructions prevent the growth of dunes.

The sand balance simulations show that cumulative nourishment volumes will in-
crease with a factor of 1.5 to 3 for a 1 m SLR, and with a factor of 3 to 6 for an SLR of 5 m,
compared to a scenario with no SLR (Figure 5). These estimates have a considerable degree
of uncertainty, which is related to uncertainties in the rate of SLR, the evolution of natural
morphological processes in the North Sea due to SLR, in particular the development of the
active coastal zone, and policy choices on nourishments. When compared to the sediment
available for extraction in the North Sea, it was found that the current legislation and regu-
lations will result in a shortage of sediment. Especially near the Wadden Islands and the
estuarine coast of Zeeland, more sediment will be needed than what is currently available
in appointed (or ‘reserved’) zones for sand mining. Therefore, regulations regarding spatial
reservations, unexploded ammunitions and mining depths should be changed to keep the
feasibility of the nourishment strategy of the Netherlands.
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Although there is a large degree of uncertainty, maintaining the ‘soft’ dune flood defenses
has several advantages when compared to ‘hard’ flood defenses. One of the main advantages
is that the sand nourishment strategy is relatively flexible and can be relatively easily adjusted
to the rate of SLR. Additionally, sand nourishments leverage the natural geomorphological
coastal processes that allow very local sand nourishments to be subsequently distributed
along the coastline by natural processes [77].

4.1.2. Flood Safety of ‘Hard’ Flood Defenses

The simulations show that the required heightening and strengthening of dikes vary
considerably (Figure 6). For an SLR of 3 m, dike segments that require heightening exceed-
ing 5 m are found in the north of the Netherlands, decreasing to values between 1 and 4 m
in the middle and south of the country, and gradually decreasing further inward along
the Rhine and Meuse. Dike heightening exceeds the degree of SLR in areas where wave
run-up is significant and wave growth is depth-limited, such as the northern Wadden Sea
and the Western Scheldt. For instance, model results indicate that an increase of 7 m may
be necessary in some places in the north of the country for an SLR of 3 m, of which about
5 m can be attributed to SLR, the remainder being due to the increased wave load (higher
water heights mean that higher waves arrive at the dike; they are no longer attenuated
by the foreshore). A recent wave modeling study shows that SLR not only increases the
water depth therefore leading to higher waves, but also significantly increases the wave
setup and decreases the bottom friction [78]. Morphologic growth of the seabed has a
slight positive effect, with required dike heightening being generally about 1 m less than a
scenario without seabed growth. Vegetation on the immediate foreshore (in coastal areas)
has no significant impact on dike height but works positively on the stability of a steep
sloping foreshore against erosion [79]. This is important since these steep foreshores have a
major impact on the wave run-up and the wave impact on stone revetments (e.g., [80]).

Further inland along the Rhine and Meuse rivers, the influence of SLR gradually
diminishes. However, the strengthening of the dikes remains necessary because of other
effects such as soil subsidence and changes in peak river discharges. In these areas, the
required increase in dike height is always smaller than SLR. Former sea dikes can cope
with some level of SLR before they need to be strengthened again for higher SLR, since
they were first robustly reinforced (1960–1980) before being (partially) closed off.
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As the sea level rises, the closure frequency of storm barriers increases if their closure
level remains fixed. Eventually, the closure level can be reached at almost each high water,
thereby making the concept of a barrier irrelevant. Storm barriers are designed to close only
for very strong storms (which occur rarely), to accommodate for other usages (shipping for
the Europoort barriers, nature for the Eastern Scheldt barrier). For example, the closure
frequency for the Europoort barrier is currently statistically once in 18 years and increases
to every tidal cycle at 3 m SLR. In order to keep the closure frequency low enough, the
closure level needs to increase with SLR. If the Europoort barrier closure level increases by
1.25 m under 2 m SLR, the closure frequency will become once per year. In that case, storm
barriers still effectively close for extreme water levels corresponding to legal dike norms.
However, the rising of the closure levels renders outer embankments more flood-prone.
For areas protected by the combination of a storm surge barrier and dikes, the required
increase in dike height is roughly equal to SLR. For most dike segments, the dike height is
hardly affected by the closure level of the storm surge barrier since the closure level is still
(much) lower than the critical seawater levels that comply with the legal safety norms of
the dikes.

Although flood protection can be maintained at current safety levels through dike
heightening, piping and stability berms, and strengthening of revetments, the implications
for land use are considerable due to the space required for dike reinforcements. The
footprint (width) of a dike increases by up to 90 m per meter of dike heightening, which
can be difficult to achieve in densely built-up areas. Additionally, built-up areas located
between dikes and open water (on relatively high areas of the floodplain) will be subject to
more frequent flooding and increasing water depth. The cost analyses showed that the total
cumulative nominal cost for 1 and 3 m SLR to maintain flood protection at the current safety
level is around EUR 45 and 70 billion (up to 2200), respectively, compared to a baseline
safety level in 2050. The total nominal annual costs are around EUR 0.3 and 0.5 billion per
year, which is in the same order of magnitude as the currently estimated annual budget
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for flood protection for the period 2023–2050, thereby showing that maintaining adequate
flood protection is financially achievable.

4.2. Freshwater Availability
4.2.1. Groundwater Salinization

Many parts of the western half of the country already experience salinization of soil
and groundwater due to the seepage of brackish groundwater. This seepage is a result of
the geologic past and human intervention such as land reclamation [81]. The modeling
results show that seepage rates are expected to increase with SLR. The increasing seepage
results in increasing salt loads from groundwater to surface water in a zone of up to 20 km
from the coastline. Directly behind the coastline, the current salt loads range between 100
and 10,000 kg/ha/year (Figure 7a). This increases with values up to 10,000 kg/ha/year for
3 m SLR (Figure 7c). Generally, the highest increases are observed in areas that currently
also experience high salt loads (Figure 7c). Salinization of surface water is mitigated by
flushing with freshwater sourced from the rivers Rhine and Meuse. The required flushing
volume in polder areas varies considerably geographically (Figures 8a and 8b for SLR of
1 and 3 m, respectively). Interestingly, there are also polder areas where flushing water
demands decrease with SLR, or initially increase (at 1 m SLR) and then decrease (at 3 m
SLR). This is the result of autonomous freshening of groundwater in certain areas and slow
response in groundwater due to historic changes in water management (which can take up
to centuries). The total flushing water demand, however, increases at a higher rate than
the salt load itself: about 4.5-fold by 1 m SLR, about 14-fold by 3 m SLR (Figure 8c). The
factor by which flushing increases depends on the allowed maximum salt levels in surface
waters. The freshwater flushing calculations assumed that concentrations are not allowed
to increase beyond currently acceptable concentrations. If salt levels in surface waters
are allowed to increase, lower flushing volumes are required. This shows there is a close
trade-off between accepting a certain degree of salinization and freshwater availability.
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increase in salt load at 3 m SLR. Modified from [68].
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Figure 8. Impacts of SLR on polder flushing water demand: Panel (a) shows the relative change in
polder flushing at 1 m SLR. Panel (b) shows the relative change in polder flushing at 3 m SLR. Panel
(c) shows overall polder flushing water demand as a function of SLR calculated with a Monte Carlo
Analyses of the groundwater flow model. Modified from [68]. The flushing water demand is shown
as a box plot: The box shows the interquartile range of flushing demand, the line within the box
represents the median flushing demand and the lines outside the box represent the minimum and
maximum values. Details on the Monte Carlo analyses are provide in [68].

4.2.2. Salinization of Surface Water Systems

In the open Rhine–Meuse Estuary, SLR leads to a change in the balance between
sea-level-induced pressure and river-discharge-driven counterpressure on the salt gradient
(Figure 9). This causes a shift in the position of the transition zone between freshwater
and saltwater landwards with 2 to 5 km per meter SLR for a given discharge-driven
counterpressure. Keeping the transition zone between freshwater and saltwater at the same
position under SLR requires higher river discharges. A 1 m increase in SLR requires about
500 m3/s river discharge to keep the transition zone at the same location. This essentially
aggravates the sensitivity of the system to low discharge conditions, in line with sensitivity
relations such as those presented by Ralston [82] and data and model analyses reported by
Dijkstra et al. [83] and Van den Brink et al. [26].

The modeling for the lakes and canals (the strategic freshwater reservoirs) indicates
that salt intrusion through shipping locks is the largest salinization pressure, in contrast
to the contribution of groundwater seepage. This salt pressure may be reduced through
specific measures at locks [28]. Interestingly, the salt intrusion through shipping locks is
determined primarily by the dimensions of the shipping lock, followed by the intensity of
ship passages, with SLR playing a somewhat smaller role. In other words, socioeconomic
factors are more determining for salt intrusion in these reservoirs than SLR.

As salt intrusion increases, the required flushing increases substantially, putting an
additional demand on freshwater resources. With all these factors combined, continuing
the current practice under SLR would result in a significant increase in the quantity of
freshwater required for the flushing of polder areas and other water systems and mitigating
saltwater intrusion in rivers. As climate change is expected to also result in warmer and
drier summers with increased evaporation and lower freshwater inflow, it is quite evident
that the amount of freshwater required for flushing will be increasingly unavailable during
dry summers. The pressure on the national water balance due to flushing may in theory be
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alleviated by accepting higher chloride levels. This would, however, potentially impact
agricultural productivity, drinking water production and freshwater ecosystems.

Water 2025, 17, 919  16  of  25 
 

 

in theory be alleviated by accepting higher chloride levels. This would, however, poten-

tially impact agricultural productivity, drinking water production and freshwater ecosys-

tems. 

 

Figure 9. Impacts of SLR on saltwater intrusion in the Rhine–Meuse Estuary. Columns represent the 

current sea level (left column) and an SLR of 1 m (middle column) and 3 m (right column). Rows 

represent different river flows (Q), as indicated by Rhine inflow in the Netherlands at the border 

city of Lobith of 2000 m3/s (upper row, representative of current average summer flow), 1000 m3/s 

(middle row, current drought conditions) and 500 m3/s (lower row, potential future drought condi-

tions). Modified from [72]. 

5. Discussion 

The time frame over which an SLR of up to 3 m may occur extends over several cen-

turies. This raises the question of whether the current study can provide sufficiently plau-

sible results for testing the strategies for flood defense and freshwater availability, consid-

ering the time frame of several centuries, changes in land use and associated deep uncer-

tainty: Are  the  results sufficiently accurate  to  initiate a social and political debate? We 

approached this dilemma by exploring a wide range of conditions to account for the many 

Figure 9. Impacts of SLR on saltwater intrusion in the Rhine–Meuse Estuary. Columns represent the
current sea level (left column) and an SLR of 1 m (middle column) and 3 m (right column). Rows
represent different river flows (Q), as indicated by Rhine inflow in the Netherlands at the border city of
Lobith of 2000 m3/s (upper row, representative of current average summer flow), 1000 m3/s (middle
row, current drought conditions) and 500 m3/s (lower row, potential future drought conditions).
Modified from [72].

5. Discussion
The time frame over which an SLR of up to 3 m may occur extends over several

centuries. This raises the question of whether the current study can provide sufficiently
plausible results for testing the strategies for flood defense and freshwater availability,
considering the time frame of several centuries, changes in land use and associated deep
uncertainty: Are the results sufficiently accurate to initiate a social and political debate?
We approached this dilemma by exploring a wide range of conditions to account for the
many uncertainties and yet remain detailed and robust enough to provide quantitative
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information, consistent with the exploratory modeling approaches for policy making under
deep uncertainty [20,33].

Throughout the whole process of defining the modeling strategy, choosing the models
and analyzing the results, several safeguards have been organized to try to mitigate bias.
The first safeguard was the use of models that mostly rely on numerically resolving the
physical laws of conservation of mass and momentum. The models fall into two categories:
The first category includes operational models that have been used on a regular basis
to simulate present-day situations, in regular, intermediate (up to approximately 1 per
100 years) and more extreme conditions. The performance of these models under regular
and intermediate conditions is relatively well known, and users have a relatively high level
of confidence in these models. The second category includes new models that were built
specifically for this project and were validated using existing model output for moderate
degrees of SLR before being applied to higher levels of SLR. These models are considered
to exhibit enough sensitivity to changes in forcing conditions. As SLR increases, the level
of confidence in the models may decrease, but the general agreement is that the models are
reliable for SLRs of up to 2 or even 3 m.

The second and most important safeguard is the involvement of many experts with
various backgrounds: The research team included about twenty experts who supported
the process of identification of relevant research questions and setting up of the concep-
tual models. Once the results became available, more than 300 different experts with
varying backgrounds were consulted to assess the plausibility of the results. Indepen-
dent scientific committees of researchers from organizations (academia and engineering
firms) not involved in the study were set up and asked to review the modeling strat-
egy and main results [84,85]. Because of the deep uncertainty associated with the SLR
of up to 3 m, we considered the involvement of experts from diverging backgrounds
critical to assess the value of our modeling efforts: Which results can be considered plau-
sible, and which results remain too uncertain? Our strategy of involving a wide range
of experts aligns with the approach advocated by Melsen [86], who showed that a diver-
sity of opinions, perspectives and approaches is crucial for assessing the robustness of
modeling results.

Yet, several uncertainties and limitations remain, as not all assumptions are valid
everywhere. A thorough review by the Dutch Expertise Netwerk for Water Safety (ENW)
and the Dutch Expertise Netwerk for Fresh Water Availability (ENZD) identified areas
where further work is required [84,85]. For instance, there may be locations where increased
loads on dikes due to SLRs may disrupt the stability of clay layers due to hydraulic
heave. This has not yet been considered in the approach because we assumed that dikes
would fail by other mechanisms before heave could result in the failure of clay layers.
This is definitely a valid point of criticism that may locally lead to other conclusions
than the ones presented thus far. Another uncertainty that requires further attention is
whether storm surge barriers have sufficient structural strength to meet the increasing
hydraulic loads under sea level rise. The latter was not considered in this study as the
financial consequences of strengthening a storm surge barrier were considered far less
material than those of nationwide dike reinforcements. Additionally, overtopping of
storm surge barriers with increasing SLR may necessitate replacement or other measures
to be implemented before the technical life span. In addition to these specific technical
aspects, the ENW noted that although the results showed that flood protection levels can
technically be maintained on a national scale, the required measures may be locally or
regionally unacceptable by society. The review of the freshwater assessment by ENZD [77]
highlighted that the models applied are considered to be fairly reliable, but also provided
several observations that highlighted the limitations of the freshwater assessment. A
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primary finding was that for freshwater, the future developments in the Rhine are highly
important to counter the effects of SLR. Another limitation was that our work did not assess
morphological changes in the river system, nor did it include an assessment of potential
impacts of future land use. Both will have major impacts on freshwater availability and
freshwater demand.

Overall, the reviews highlight that the longevity of the current strategies depends
on more than just technical feasibility. Examples of other aspects include ecological and
biodiversity impact, use of energy and resources, intrinsic vulnerability, etc. The Sea
Level Rise Knowledge Programme will continue, and some of these uncertainties will be
investigated in the near future in order to further improve and refine the results obtained
so far.

The goal of our modeling effort was to provide quantitative information to assess
whether the strategies for flood protection and freshwater availability of the Dutch Delta
Programme can be maintained. A range in the uncertainty of the results is acceptable given
the far future where the calculated effects will occur, and also considering other climate
pressures on the Dutch water system [87]. Further refinements will be investigated in the
future before measures are decided upon, specifically within the Dutch Delta Programme
with its 6-year cycle of Plan, Do, Check, Act.

6. Conclusions and Outlook
The approach presented in this article has led to the first quantitative, nationwide

assessment of the influence of SLR on the Netherlands. The modeling results show that
SLR will require higher flood defenses throughout the country. The required increase
in dike height is generally at least as high as SLR with clear exceptions in the estuaries.
The results further show no hydraulic tipping points in the flood defense strategy, and
the current degree of flood protection can be technically and financially met for up to
3 m of SLR. Maintaining these strategies comes with considerable effort. Firstly, main-
taining this degree of safety against floods requires considerable spatial allocations to
maintain and periodically upgrade dikes, levees, etc., that are often located in densely
populated urban areas. Secondly, meeting the volume of sand required for coastal nour-
ishments will be challenging due to the presence of current spatial allocations at the
North Sea for other functions (wind energy, shipping) and explosive remnants of war.
Third, an acceleration in the rate of SLR may impact the overall feasibility of maintain-
ing flood defenses as the availability of human resources and materials may become
a limiting factor. These aspects will be investigated further in the next phase of the
knowledge program.

The freshwater water systems were found to be vulnerable to SLR and the resulting
salinization. Initially, they can be kept fresh by increasing the flushing with fresh river
water. However, from 2 to 3 m SLR, there will come a point when there will be insufficient
river water to keep both surface water systems and polders fresh. A parallel activity in our
research program consists of assessing the impacts of SLR on a much wider range of areas:
financial cost, biodiversity and impacts on different economic sectors. This is done both for
the direct impact of SLR and for potential adaptation measures.

The modeling results discussed in the paper will feed the policy-making process
over the coming years to counter the effects of SLR. The results presented here provide
an overview of the longevity of flood protection and freshwater strategies and which
short-term decisions will have to be made, for example, on dike reinforcement or water
diversions. Follow-up work includes an assessment of measures for extending the longevity
of the flood safety and freshwater availability strategies. This includes measures such as
additional water storage for both flood protection and water availability, additional storm
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surge barriers in the Rhine–Meuse Estuary, and land use changes that can tolerate higher
salinity to reduce the freshwater requirement to counter salinization.

These results will be combined with long-term adaptation scenarios for the Nether-
lands, which can be divided roughly into ‘retreat/accommodate’ options or ‘protect’ options
to assess options at 3 to 5 m SLR. The combination of our quantitative assessment of the
longevity of strategies and long-term adaptation options will be used to develop adapta-
tion pathways [18,88]. These provide an overview of the relationship between near-term
decisions and long-term adaptation options, which also helps in identifying low-regret
short-term decisions while preserving options in an uncertain future [18]. The results
presented here will ultimately find their way into Dutch water policy following the struc-
tured approach of Adaptive Delta Management [20,89]. This involves further technical,
socioeconomic, ecological and cost–benefit investigations to assess which measures and
innovative solutions are fit-for-purpose in the near future while keeping options open for
future adaptation.
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The following abbreviations are used in this manuscript:

SLR Sea Level Rise
ENW Dutch Expertise Netwerk for Water (Flood) Safety
GMSL Global Mean Sea Level
DMDU Decision Making under Deep Uncertainty
DPSIR Drivers, Pressures, State, Impact, and Response
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KNMI Royal Netherlands Meteorological Institute
RCP Representative Concentration Pathway
SSP Shared Socioeconomic Pathway
RME Rhine–Meuse Estuary
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