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Abstract: Recent observations and publications have presented the possibility of a high and acceler-
ated sea-level rise (SLR) later this century due to ice sheet instability and retreat in Antarctica. Under
a high warming scenario, this may result in a sea level in 2100 that is up to 2 m higher than present
and 5 m in 2150. The large uncertainties in these projections significantly increase the challenge for
investment planning in coastal strategies in densely populated coastal zones such as the Netherlands.
In this paper, we present the results of two studies that were carried out within the framework of the
Dutch Delta Programme. The first study showed that it is not only the absolute SLR that presents
a challenge but also the annual rate of rise. The latter impacts the lifetime of constructions such as
barriers and pumping stations. When the rate of sea-level rise increases up to several centimeters
per year, the intended lifetime of a flood defense structure may be reduced from a century to several
decades. This new challenge requires new technologies, experiments, strategies, and governance.
The second study explored different strategies for the long term to adapt to high SLR (>1 m) and
assessed the consequences thereof on adaptation and developments in the coming 2–3 decades. We
believe that strategic choices have to be made regarding the permanent closure of estuaries, the
pumping or periodic storage of high river discharges, agriculture in an increasingly saline coastal
area, and the maintenance of the coastline by beach nourishments. These strategic choices have to
be complemented by no-regret measures such as spatial reservations for future sand extraction (for
beach nourishments) and future expansion of flood defenses, water discharge, and water storage. In
addition, it is advised to include flexibility in the design of new infrastructure.

Keywords: sea-level rise; adaptation; flood risk; water resources; low-lying coasts

1. Introduction

Coastal regions, especially deltas, have many benefits, such as supply of fresh water,
sediments and nutrients from debouching rivers, wealthy and productive ecosystems that
guarantee food by fisheries, aquaculture and agriculture, flat land to be developed, and
access to international trade. Therefore, these areas attract people to live, work, and recreate,
leading to continuous high investments in assets and infrastructure. As a result, coastal
cities and communities are home to about 10% of the world’s population [1], especially
in megacities such as Amsterdam, Buenos Aires, Hamburg, London, Miami, New York,
Sydney, and Tokyo and rapidly expanding cities such as Bangkok, Dhaka, Ho Chi Minh
City, Jakarta, Lagos, Manila, Mumbai, Shanghai, and Yangon. On the other hand, these
areas are vulnerable to coastal erosion, floods and droughts, and pollution, and frequently
suffer from related damage, casualties, and disruption.

Sea-level rise (SLR) is expected to impose large challenges to coastal zones. Without
population change and additional adaptation, the population exposed to 100 yr coastal
floods is projected to triple at 1.4 m SLR relative to the 2020 level. By 2100, the value of
global assets within the 100 yr coastal floodplain is projected to vary between USD 7.9 and
14.2 trillion, depending on the emission scenario [2].
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Between 1901 and 2018, the global mean sea level increased by 0.20 m. Between 1901
and 1971, the average rate of SLR was 1.3 mm/year, increasing to 1.9 mm/year between
1971 and 2006, and further increasing to 3.7 mm/year between 2006 and 2020 [3]. This
SLR acceleration is human-made, and will probably continue this century [3]. Future
climate change and SLR projections are driven by emissions and/or concentrations from
illustrative Representative Concentration Pathways (RCPs) and Shared Socio-economic
Pathways (SSPs) scenarios, respectively [2]. Depending on the greenhouse gas emission
scenario, climate change may result in a SLR in 2100 (relative to 1995–2014) of 0.28–0.55
(assuming an extremely low emission scenario SSP1–1.9) to 0.98–1.88 m (assuming an
extremely high emission scenario SSP5-8.5). Due to deep uncertainty in ice-sheet processes
in Greenland and Antarctica, a SLR of 2 m in 2100 and 5 m in 2150 cannot be ruled out [3].

These large uncertainties in the projections significantly increase the challenge for
investment planning in coastal management strategies in low-lying densely populated
coastal zones such as the Netherlands. Planning and implementation of coastal defense
projects may take many decades. E.g., after the 1953 storm, surge completion of the
Delta-works dams, sluices, and storm surges barriers in the southwestern part of the
Netherlands took 45 years. This long lead time for planning and implementation, as
well as the large potential consequences of coastal flooding, makes it crucial to consider
uncertain but possible high-end sea-level rise projections already for nearby investment
decisions in water management and land use. To adapt to uncertain climate change, the
Netherlands follows an adaptive approach with short-term actions and long-term options
to be implemented depending on how the future unfolds [4].

This paper describes the approach of the Dutch government in dealing with projec-
tions of uncertain but potential accelerated SLR. We present the consequences regarding
coastal management, flood protection, fresh water supply, and water drainage. The chal-
lenge of SLR may be dealt with by a wide variety of strategies, ranging from advancing
seawards with a new higher coastal defense, maintaining and elevating the present coast,
accommodation of water, and adapting land use to retreat from places at high risk [5]. This
paper presents examples of these strategies that are being developed for the Netherlands.
In this way, this paper illustrates the enormous potential impact of accelerating SLR on
densely populated coastal areas. Hence, it also underlines the need to reduce greenhouse
gas emissions in order to mitigate SLR and avoid these dramatic consequences. Moreover,
it contributes to the debate on the urgency and strategies to adapt on SLR, as advocated in
the recent IPCC WG2 report [2].

2. The Netherlands and the Delta Programme

The Netherlands is situated in the delta of the rivers Rhine, Meuse, Scheldt, and
Ems along the North Sea coast. The coastal region consists of sandy beaches and dunes,
estuaries, intertidal areas, and low-lying polders. These polders are densely populated,
including the capital Amsterdam, government seat The Hague, and mainport Rotterdam.
About 26% (10,500 km2) of the Netherlands’ territory is below mean sea level, and about
60% is vulnerable to floods from the North Sea, rivers, or lakes (Figure 1). This flood-prone
area contains about 60% of the population of 17 million and produces about 60% of the
gross domestic product (GDP) of about EUR 800 billion. Because of the large number of
inhabitants and high value of assets, the Netherlands has a high level of flood protection,
provided by a comprehensive system of dams, seawalls, storm surge barriers, dikes, dunes,
pumps, sluices, and regular beach nourishments. Two major floods in 1916 and 1953
resulted in closing of the major tidal inlets and estuaries from the sea, which altogether
shortened the original Dutch coastline of 1200 km to about 300 km. This flood protection
and water management system is complemented by a well-developed governance system
of district water boards, national agencies (Rijkswaterstaat), funding, legislation [6], and
well-experienced knowledge institutes and private parties (e.g., dredgers). Maintenance
and regular upgrading of this flood defense system to changing conditions costs about
EUR 1.2 billion annually [7].
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As a result of growing concern about the potential impact of climate change and
SLR on the Dutch delta, in 2010, the government initiated the Delta Programme. The
aim of the Delta Programme is to maintain the Dutch delta as an attractive place to live,
work, and recreate for present and future generations [8]. The Delta Programme has a
long-term time horizon, up to 2100. To make the inherent uncertainty in climate and socio-
economic developments manageable, an adaptive approach has been adopted, including
scenarios, adaptive strategies, and periodic (every 6 years) review [4]. A ‘Signal’ group of
independent experts advises the Delta Commissioner on an annual basis on relevant new
developments and knowledge that might influence the goals and implementation of the
Delta Programme [9].
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Figure 1. Flood-prone areas in the Netherlands, present situation. NAP is ordnance datum, which is
about mean sea level. Dike rings are areas protected by flood defenses. (Reprinted with permission
from Haasnoot et al., 2020 [10]).

In 2014, the Delta Commissioner proposed strategies and measures to prepare for
climate change, related to a 1.5 and 3.5 ◦C global warming scenario and anticipating a SLR
of 0.3–1.0 m in 2100 (relative to 1990) [11]. This was in line with the most recent national
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climate change scenarios of the Royal Dutch Meteorological Institute [12]), which were
based on 5th IPCC Assessment Report [13]. In 2017, the Signal group advised the Delta
Commissioner to pay more attention to a possible acceleration of SLR and its potential
consequences for the Dutch delta [14].

The Dutch delta is extremely vulnerable to SLR and an acceleration may have a major
impact on the livability of the delta for future generations. This acceleration may unfold
in the second half of this century, so present measures are sufficient until at least 2050.
However, in SLR-related flood-prone areas, up to 2050, an estimated EUR 600 billion of
investments is planned in urban developments, infrastructure, sustainable energy, and
climate adaptation [15]. These types of investments predominantly involve projects with a
lifetime of 50–100 years, which also determine future land use, and may trigger or block
future adaptation options. Considering a potential acceleration of SLR within this lifetime,
it becomes necessary to analyze whether these planned investments increase future risk,
how this can be avoided, and which strategic choices have to be made. To answer these
questions, in 2017, the Delta Commissioner initiated a study to assess the potential impact of
accelerated SLR on the Dutch delta, followed in 2019 by an inventory of potential strategies
and measures to deal with this accelerated SLR.

3. Materials and Methods

This paper describes the approach and main results of the SLR impact assessment on
the Dutch delta and the inventory of potential strategies to deal with this threat.

Whether and how a natural delta adapts to SLR depends on the balance between the
amount of sediment supplied to the delta by rivers, waves, and currents and the volume
that is necessary for intertidal areas, riverbeds, and land to keep pace with SLR. Apart from
the Wadden Sea, the Dutch delta is not natural anymore: rivers have been embanked and
most floodplains have been turned into polder systems (and hence cut off from natural
sediment supply), the coastline is artificially maintained with beach nourishments, the
inlets and estuaries have been closed with dams or protected by storm surge barriers, and
former lakes have been drained and turned into polders, with ground surface levels up to
6 m below the mean sea level. The impact of SLR on the Dutch delta is established on three
essential elements of delta management: coastline maintenance, flood protection, and fresh
water supply.

Our inventory was based on a scenario-neutral approach [16], based on [17], wherein
we assessed the consequences conditional on the magnitude and rate of SLR (up to 3 m
and 60 mm/year) on the present strategies. Scenarios could then be used to assess when
this may occur. For example, in an RCP2.6 or RCP4.5 emission scenario, 1 m SLR may
occur beyond or around 2100. In an RCP8.5 scenario, also including a contribution of
melting Antarctic land ice, 1 m SLR may already be reached around 2070 and meet 1.95 m
in 2100 [18].

The assessment of SLR consequences was primarily based on model computations
and simulations, see [10] for more details. Necessary volumes of beach nourishments were
estimated by using the area of the marine coastal zone (4000 km2) multiplied by different
rates of SLR. Conceptual 0-dimensional water balance models were used to get a first
impression of different combinations of storage and pumping capacities to manage river
floods. Two-dimensional hydrodynamic model (WAQUA [19]) computations established
hydraulic loads to assess related dike reinforcement efforts and storm surge barrier closure
frequencies. Additionally, probabilistic model computations were carried out to assess
impacts of sea-level rise on flood risks. The slow response of groundwater salinization to
SLR was investigated by a regional 3D variable density groundwater flow model [20]. The
results of this model provided input data for the National Water Model, a combination
of groundwater, subsurface water, and surface water simulation models as well as water
demand models to assess (fresh) water availability and demands in the Netherlands [21].
To estimate the effect of salinization on fresh water intake locations along the main rivers, a
3D hydraulic model supplied data on salt intrusion at values of 0, 2, and 4 m SLR.
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These model computations provided an overview of critical consequences of SLR on
our present water supply and flood management infrastructure (see Figure 2). For example,
at 1 m SLR, the Eastern Scheldt storm surge barrier closure frequency may be increased from
the current 1.5 to 45 times a year, if current closure criteria remain unchanged. This will
have major consequences on the required maintenance effort, but also on the preservation
of the intertidal habitats behind the barrier.

1 

 

 

Figure 2. The consequences of accelerated SLR for the main elements of Dutch water management.

For the inventory of future strategies, the generic IPCC adaptation strategies (protect,
accommodate and retreat) [4] were used as a starting point and slightly altered for the
specific situation in the Netherlands. This alteration was based on an inventory of 189 plans
to deal with SLR that were collected since 2008 [22]. An indicator list was developed to
‘score’ strategies on criteria such as technical and societal feasibility, impacts on flood
protection and water resources, adaptability, and relation with other transitions. An expert
elicitation workshop and a multi-day student hackathon were organized to provide a quick-
scan assessment of adaptation measures and strategies and to provide further inspiration
on potential alternative adaptation strategies. Finally, adaptation pathways were designed
to connect the various strategies and measures in sequence and to identify potential triggers
for a shift of strategies and illuminate lock-ins that may block future adaptation needs,
e.g. urban developments along to be raised flood defenses. Recommendations for low-
regret actions were formulated to prepare for adaptations in the years to follow. Examples
are pilots to develop new techniques to increase beach nourishment volumes and spatial
reservations for future expansion of water-related infrastructure.

4. Results
4.1. The Potential Impact of Sea-Level Rise on the Dutch Delta

An accelerated SLR may affect the Dutch delta in different ways. The consequences of a
potential accelerated SLR on present water management structures and strategies according
to the adopted ‘what if’ scenarios are described below. Figure 2 illustrates the potential
consequences of SLR on coastal maintenance, water demand, pumping capacity, and
closure frequency of storm surge barriers. Figure 3 summarizes some critical consequences
(‘tipping points’) of SLR magnitude (left) or SLR rate (right) on flood defense and water
supply infrastructure and coastal zone management. The most important locations are
shown in Figure 1.
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Figure 3. The consequences of accelerated SLR on measures related to flood risk, water management,
and coastal maintenance. Left panel is sea-level height, right panel is SLR rate. The colored bars
represent different SLR scenarios for the Netherlands: yellow = Delta scenarios 2014, blue: RCP 4.5,
and pink: RCP8.5. The horizontal yellow bars in the three central columns represent the tipping
points in present flood risk, water management, and coastal management policies, referred to by
codes and explained below the diagram (Reprinted with permission from Haasnoot et al., 2020 [10]).
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Maintenance of the sandy coastline requires increasing volumes of sand nourishments
to compensate for erosion and to keep up with SLR. This volume is proportional to the
annual rate of sea-level rise. The global averaged SLR accelerated to about 4 mm/year
the last decade, but along the Dutch coast, this acceleration is difficult to assess due to
large interannual variability in wind climate and thermal expansion. [Le Bars, personal
communication]. With this annual SLR of 2 mm/year, the volume of sand nourishments on
eroded beaches and erosive tidal channels is 12 million m3/year on average. An accelerated
SLR may increase this volume at the end of the century with more than a factor 10 (K7 in
Figure 3). The relatively shallow Dutch continental shelf (depth of 20–40 m) consists of
vast sandy deposits originating from glacial times. The increase in potential demand for
beach nourishments would make spatial reservations for sand extraction necessary, taking
account of the rapid development of large offshore wind energy farms.

Large parts of the coastal area consist of intertidal basins, such as the Wadden Sea,
which is a UNESCO heritage site. Preservation of the 4700 km2 intertidal habitats such as
shoals and mudflats requires sediment supply that enables these areas to keep pace with
SLR. Otherwise, these areas may lose surface area and eventually drown. This can have
large consequences on ecology, fisheries, and recreation, and also on flood protection, since
these shallow areas reduce wave action and hydraulic loads on the flood defenses. For the
Wadden Sea, it is expected that natural sediment supply by tidal action may fall short when
SLR exceeds an annual rate of 6–10 mm/year (which may be around 2050) [23]. (see also
K1 and K2 in Figure 3).

Flood protection against storm surges is provided by a system of dams, seawalls,
and storm surge barriers. With accelerating SLR and without improvements of the flood
defenses, the current design conditions for these flood defenses may be met more frequently.
The level of protection may drop and the flooding probability may increase. Storm surge
barriers are of special interest, since SLR increases the closure frequency. E.g., the Maeslant
barrier, which protects Rotterdam, is designed to close 1/10 per year (once every decade).
At 1 m SLR, it may need to be closed 3 times per year (V4 in Figure 3), and at 1.5 m SLR, it
may be closed 30 times a year. This may induce a larger maintenance effort. Furthermore,
the barrier was not designed to close that often and may therefore meet its end-of-life time
earlier than was originally intended. More importantly, it also increases the probability of
a closure coinciding with a flood wave on the river, increasing riverine flood risk in the
area that is protected by the barrier. To maintain the present level of flood protection, an
upgrade of the storm surge barrier becomes necessary before the designed end-of-life of
the barrier, and/or large dike improvement works.

Excessive river discharge and rainfall is discharged by gravity from large lakes and
canals into the North Sea. With SLR, the interval during which gravity drainage into the
sea is possible is gradually shortened, and consequently, the natural discharge capacity
is reduced. To maintain the required discharge capacity, the sluices have to be widened
and/or complemented with pumps. When SLR exceeds 0.65 m above the present level, the
low tide along the Afsluitdijk may equal the level of Lake Ijssel. Then, discharge under
gravity is no longer possible and drainage should be entirely performed by pumps. This
requires a pumping capacity of about 1200–3200 m3/s, depending on the accepted lake
level fluctuations. In the ‘what if’ scenarios, this may become necessary from 2070 onward.
Artificial drainage of the river discharge of Rhine and Meuse through their present river
outlets near Rotterdam may require even larger pumping capacities.

In the coastal region, there is a continuous inward saline influx in river mouths and
through ground water into the deep lying polders. Presently, the influx through surface
waters is counterbalanced by the outflow of fresh riverine water, except during periods of
low discharge. Polders that are suffering from upwelling saline groundwater are flushed
with fresh water that is transferred from upstream intakes, such as Gouda, which serves
1100 km2 of polder area. The Gouda intake supplies about 80 Mm3 per year on average,
mainly during summer. With increasing SLR, the salinization influx may increase. Fresh
water intakes for drinking water, agriculture, and industrial purposes may close more
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frequently or have to be transferred to more upstream fresh water locations. To maintain
the present agricultural land use and crop types, the fresh water demand for flushing may
increase, which requires expansion of the present supply route and supply volumes. For
the Gouda intake, the required fresh water supply may increase to 120 Mm3 in 2100 and
185 Mm3 per year in 2200.

Most existing large flood and water management structures in the Netherlands are
designed for a lifetime of 100–200 years, i.e., according to the present SLR of 2 mm/year,
for an SLR of 0.20–0.40 m. An accelerated SLR (e.g., up to 30 mm/year) may reduce this
lifetime significantly. Figure 4 illustrates that in the RCP8.5 scenario, the lifetime of a 50 cm
SLR design may be reduced from 65 years presently to only 10 years at the end of the
century. To solve this challenge, we must think of more robust measures that can handle a
large SLR (to achieve a long lifetime), or measures that are adaptive (to gradually expand,
reinforce, or increase in height when necessary), or more fundamentally, entirely different
strategies of delta management.
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50 cm design to about 10 years (Reprinted with permission from Haasnoot et al., 2020 [10]).

The important message of these observations is that from 2050 onward, large uncer-
tainty appears in the expected SLR, depending on what will occur with Antarctic land ice
loss, but also that the potential consequences for the Dutch delta may be huge and may
accumulate on all aspects that are relevant for delta management in a rather short time, i.e.,
several decades.

4.2. Strategies to Cope with Sea-Level Rise

Experiences with previous Dutch major water management programmes show that
policy development, plan preparation, decision making, and implementation may take
several decades: the Deltaworks programme, initiated after the devastating 1953 flood,
took about 45 years to complete, and the Room for the River programme, initiated after the
1993 and 1995 flood events of the Rhine and Meuse Rivers, lasted 20 years until finalization.
With these experiences in mind, and potential consequences of accelerated SLR emerging
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from 2050 onward, studies and preparations for new strategies should start now to be ready
when this might become necessary.

In [5], three different types of strategies were distinguished:
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Protect (‘freeze’): continue the present policy to preserve the territory of the Nether-
lands by increasing volumes of beach nourishments, and raising dikes and seawalls. Present
land use can be continued, but requires increasing efforts in flood protection and water
management. Regarding the estuaries, two variants of protection emerge:

(a) Close them off from the sea completely by dams, navigation locks, and sluices. This
‘protect-closed’ strategy protects the inland area against SLR and the related saliniza-
tion. However, handling river discharge requires enormous pumping stations, with
a capacity of several thousand m3/s, in combination with large areas for temporary
flood storage.
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(b) Maintain the open connection with the sea. In this ‘protect-open’ strategy, rising sea
level extends its influence upstream along the rivers, flooding unembanked (harbor)
areas and requiring extensive dike improvement programmes to maintain flood
protection standards. In addition, a large inland area may be affected by salinization
of surface waters.

The ‘accommodate’ strategy is based on the ‘living with water’ concept. For the Dutch
delta, this could be a combination of ‘retreat’ (‘flee’, horizontal retreat) and ‘accommodate’
(vertical retreat, by creating mounds, raising buildings, or creating ring dikes to protects
urban areas, or by introducing floating solutions). In this strategy, flood defenses are
maintained to the present height, but not raised to rising sea level. As a result, low-lying
areas may experience more frequent flooding (e.g., from presently 1:10.000 to 1:10 years in
the future). This strategy may have a large societal impact since large parts of the country
must be re-organized or abandoned and millions of inhabitants must adapt or migrate to
higher ground.

The ‘advance’ (‘fight’) strategy is new compared to the original IPCC types. In this
strategy, the present coastline is extended seaward to build a more robust coastal flood
defense. It can be considered as a special kind of protect strategy, also creating 100–500 km2

of new land. A more radical alternative is the construction of a new (closed) coastline
10–20 km offshore, protecting the present coastline and creating a brackish reservoir in
which river discharge during river flood events can be buffered before it is pumped across
this new coastline. The present land use can be continued; moreover, the new coastline
creates 500 km2 for urban and industrial developments, recreation, and nature, and possibly,
a new airport. The sand volumes necessary to expand the present shoreface or to construct
an offshore coastline vary between 10 and 20 billion m3.

These different strategies all involve prolonged and massive investments in con-
struction and maintenance and have profound impacts on present and future land use.
Especially, the ‘living with water’ strategy may cause large societal and political debate,
since the Dutch culture has been for a thousand years based on protection against floods
and reclaiming land from the sea. On the other hand, elements of this ‘amphibious’ strat-
egy already exist locally, but are less known and widespread. For example, to provide
additional flood discharge and storage capacity, in the former Noordwaard, polder houses
have been removed or relocated to outside the flood plain or to mounds [25] (see Figure 6).
Along parts of the coasts (e.g., Wadden Sea and Westerschelde), managed realignment is
implemented to restore salt marshes and to aid coastal defense [26].

Policy development, decision making, elaboration, and implementation of the mea-
sures can take several decades. However, there is still a lot of uncertainty regarding future
SLR, and starting a debate on the appropriate strategy right now may seem much too early
when assuming a best-case scenario in which global warming is kept to a maximum of 2 ◦C,
or even when considering the likely range of projections with a higher global warming
scenario. On the other hand, the planned investments up to EUR 600 billion in housing,
infrastructure, sustainable energy, and agriculture in flood-prone areas may substantially
increase the future risk potential, and create a further ‘lock in’ of continued developments
in low-lying flood-prone polders when fundamental choices are avoided.

The adaptive approach of the Delta Programme tries to find a balance between ‘too
little too late’ and ‘too much too early’, to determine the measures that are necessary (or
‘low regret’) for now, maintain open options for future additional measures, and monitor
developments in order to timely decide on accelerating present strategies or implementing
additional measures [4]. Adaptation pathways connect present investment agendas with
future perspectives by different combinations of measures, identifying where a change of
strategy is still possible and how to avoid ‘lock in’ [27]. ‘Lock-in’ situations can be avoided
by low-regret measures, including spatial reservations for potential future measures such
as sand extraction, water storage, and flood defense reinforcements.
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Adaptive strategies can benefit from flexible measures, which are easy to alter, speed
up, or slow down depending on the measured climate change. Examples are ‘nature-based’
solutions such as beach nourishments. Robust measures that can cope with high-end
scenarios may be preferred when the adjustment costs are relatively high compared to
a more robust initial design [28]. This is especially the case with investments in ‘hard’
infrastructure such as locks, seawalls, and dams. An interesting hybrid example is the
expansion of the pumping station in IJmuiden, where the expensive ground works and
foundation was already constructed in a robust way for the worst-case scenario (SLR
+ 0.85 m in 2100), while the pumps are only placed for the best-case scenario (SLR + 0.35 m
in 2100), creating flexibility to place additional pumps when necessary [29]

Potential adaptation pathways are presented in Figure 7 and can be explained as follows:

• Until 2050, SLR projections for different emission scenarios vary only little. Therefore, a
continuation of the present protect strategy seems logical as a first step. A complicated
societal debate is avoided, choices can be postponed until more knowledge about SLR
becomes available, and present land use can be continued by increasing the present
technical measures in flood protection and water management, presumably up to a sea-
level rise of 2 m and a related rate of SLR. The increasing volumes involved in beach
nourishments (up to 60 million m3/year) can be dredged on the Dutch continental
shelf. This strategy largely depends on scaling up present sand extraction and beach
nourishments operations of generally 1–5 million m3 per project. An interesting pilot
is the so-called ‘Sand motor’, a 1.28 km2 beach nourishment of 21.5 million m3, costing
about EUR 70 million. After 10 years of monitoring, it was concluded that the ‘Sand
motor’ acted as a ‘feeder beach’ from which the sand is transported to adjacent dunes
and beaches by natural processes such as wind, tidal currents, and waves [30]. It
also illustrated the ‘benefits of scale’ effect, since such larger volumes enable the use
of more efficient large vessels and nourishment techniques, and reduces the costs of
material mobilization and demobilization costs for ground works. As a consequence,
the usual beach nourishment costs were almost halved.

• In addition to these kind of pilots, low-regret measures can be taken, such as spatial
reservations for sand extraction in the North Sea, to avoid conflicts with other marine
users, including wind farm developers. Nevertheless, a large loss of intertidal areas
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in the Wadden Sea cannot be prevented if SLR rates consistently exceed 6 mm/year
(western Wadden Sea) or 10 mm/year (Eastern Wadden sea). Nor can the salt intrusion
be fully avoided. In this way, the protection pathway is continued, with the risk of
large transfer cost for future generations, if a shift to other strategies is needed.

• With rising sea levels, the first dilemma that may emerge is whether to permanently
close the estuaries or to keep them open to facilitate free river discharge. To keep both
options open in the coming decades, it is necessary to avoid new developments in
unembanked areas (or at least make them flood-proof), and reserve space for future
dike improvements. A first inventory shows that future dike raising requires 12–17 m
additional horizontal space per meter raised. This requires valuable space, especially
in urban areas such as Rotterdam, which can only be used for temporary activities.
Furthermore, in the closed option, drainage of river discharge requires large pumping
capacity, up to several thousand m3/s or even more. This pumping requirements
can be reduced when flood waters can be temporarily stored. This storage capacity
can be found in present water systems, or in creating new systems in the coastal
zone, attached to the river mouths. Model simulations can help find the optimum
combination of dike raising, storage volumes, and pumping capacity.

• Regarding agriculture and horticulture, a gradual transition to salt (and drought)-
tolerant crops is low-regret, since salinization of the coastal area is expected in both
the retreat and protection strategies.

• With continued SLR and increasing technical efforts, a fundamental choice between
‘advance’ or ‘retreat’ becomes inevitable. The ‘advance’ strategy can be seen as a next
step in the present protective strategy, heavily relying on technical measures such as
flood defenses and pumps. Therefore, some experts advocate to start with this strategy
already, and avoid short-term expenses on maintenance and on upgrading the present
flood and water management infrastructure. The retreat strategy marks a significant
‘change of mind’, which may be reached after a long societal debate, or become reality
when natural disaster creates a ‘fait accompli’.

Worldwide, many examples exist of large-scale technical measures that may be neces-
sary to handle a SLR of 2 m or even more. Examples are the Japanese 10 m high tsunami
seawalls (costs up to USD 30 million/km [31]) and even more expensive ‘super levees’
such as the 36 m high and 33 km long Seamangum closure dike in South Korea (cost USD
1.7 billion, [32], the 300 m3/s Mubarak pumping station in the Aswan dam, large-scale
land reclamations by sand nourishments for urban development in Palm Jumeirah, Dubai
(cost USD 12 billion for 5.6 km2) and Eko City, Lagos (USD 6 billion for 10 km2) [33].
Additionally, examples exist of (managed) retreat or ‘living with water’ measures, such
as mounds and shelters in the tsunami-affected coastal zone of Japan, cyclone shelters in
Bangladesh, and raised buildings in the Mississippi delta, but these areas are often less
populated than the Dutch delta.
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4.3. The First Step

A choice for one of these strategies has large consequences for present and future land
use, requires a solid preparation and societal debate, and is not necessary at the present rate
of SLR, as there is still time to prepare. Furthermore, the Netherlands does not necessarily
have to choose only one of the four strategies. A regional differentiation of the strategies,
in which some areas receive extra protection while in other areas a retreat or accommodate
strategy is applied, is a viable option as well, especially when there are large differences in
population density and flood hazard.

To support a timely preparation on SLR, in 2019, the Delta Commissioner and Minister
of Infrastructure and Water Management jointly initiated a 6-year comprehensive research
programme that consists of the following tracks [34]:

• research aimed to reduce the uncertainty regarding SLR. This requires international
cooperation on polar research, but also on monitoring SLR in coastal seas;

• develop a method to signal a potential acceleration of SLR timely and with sufficient
confidence. This involves statistical research on SLR data and projections;

• establish the potential effects on the flood risk and water management of the Dutch
delta and related infrastructure and establish the lifetime of the present policies.
Detailed model computations for different SLR scenarios must be performed to predict
future coastal erosion, necessary beach nourishment volumes, hydraulic loads and
required flood defense strengthening, storage and pumping capacities, and increase of
fresh water supply. Special attention is paid to the discharge of river water with the
rising sea-level [35], which is a major challenge for many deltas worldwide;

• explore long-term options which might become necessary when present policies
become short. In this situation, the present territory and land use of the Netherlands
might be affected by regular or permanent flooding and salt intrusion. In cooperation
with other authorities and NGOs, it must be explored whether present investment
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agendas on, e.g., housing, infrastructure, and sustainable energy may occupy land
that might be necessary for future strategies to deal with SLR, and how these agendas
can be aligned to create synergy with these future strategies;

• prepare the implementation of the necessary policies and measures by:

o collecting expertise and knowledge on large-scale long-term societal transitions;
o starting pilots to gain experience with the possibilities to scale up present tech-

niques and methods (e.g., building with nature);
o propose spatial reservations for future sand extraction, flood protection, water

discharge, storage, and supply; and
o introducing the adaptive approach in the design of projects that are planned for

the coming years in housing, infrastructure, and replacement of present (aging)
infrastructure.

This research programme is a joint cooperation of several ministries, water manage-
ment authorities, provinces, municipalities, knowledge institutes and universities, private
parties, NGOs, and neighboring countries, under the leadership of the Delta Programme
Commissioner and Minister of Infrastructure and Water Management. The results will be-
come available in 2026, to give input to the next 6-year evaluation of the Delta Programme.

5. Discussion and Conclusions

SLR is becoming a worldwide threat for coastal areas, especially because of its poten-
tially accelerating rate. Whether and when this will occur is still uncertain, and depends
largely on the success of CO2 reduction measures, global warming, and the response of
Antarctica’s land ice. The exploration of adaptation pathways helps to manage this uncer-
tainty by enabling timely adaptation and limiting regret of investments. As sea levels rise
faster, adaptive measures must be implemented at an increasing frequency or to a higher
sea level. This is challenging for investments with a long lifetime or for measures that need
decades to prepare and implement in an orderly way, such as coastal defenses or managed
retreat. With accelerating SLR, the time required may become a limit. Therefore, long-term
planning and accelerated implementation, particularly in the next decade, is important to
close the gaps between present and necessary adaptation [2].

Using the Dutch approach as an inspiration for other urbanized coastal zones threat-
ened by SLR, it is recommended to start a comprehensive programme consisting of:

• research into the behavior of Antarctic ice, combined with the development of a
method to signal SLR acceleration in a timely way with sufficient confidence;

• research into the consequences of accelerated SLR on present water management
infrastructure such as flood defenses, storm surge barriers, locks and pumping stations,
and fresh water intake locations. How will SLR affect their lifetime, maintenance,
replacement, or reconstruction? Consequently, what will be the effect on the land use
that this affected infrastructure serves? Which strategic choices in water management
and land use strategies become inevitable? E.g., is the present type of fresh-water-
based agriculture in the coastal zone sustainable with increasing salinization due to
SLR? Or do we continue with new urban development in low-lying coastal areas
which require increasing efforts to maintain dry?;

• the exploration of long-term strategies (e.g., ‘protect’, ‘advance’, ‘accommodate’, and
‘retreat’) that might become necessary when present policies start to fail. Vice versa,
identify necessary short-term measures to keep these future strategies open and avoid
regret investments. An important no-regret measure is the spatial reservation for
future sand extraction (for beach nourishments) and for future expansion of flood
defenses, water discharge, and water storage.

• flexible measures, which are important to bridge the coming decades of uncertainty
in SLR. Nature-based solutions, such as beach nourishments or stimulating natural
sedimentation on flood defense forelands, are relatively cheap and more flexible
to adapt to changing conditions than concrete structures. In addition, they have
beneficial side effects on, e.g., nature restoration and recreation. Pilots may be helpful
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to improve the effectiveness of these measures and establish their ‘scaling up’ potential,
as illustrated by the Sand motor mega beach nourishment [30].

• adaptive design. When decisions have to be made regarding the (re)construction of
long-lifetime robust infrastructure, an adaptive design should be promoted, to make
future expansion possible without excessive costs.

The first results of this Dutch sea-level rise programme illustrate the large potential
impact of accelerating SLR on densely populated coastal areas. Although adaptive options
can be formulated, the implementation will require large and long-lasting efforts and
cause strong societal and political debates. This underlines the need to reduce greenhouse
gas emissions in order to mitigate SLR, avoid these dramatic consequences, and reduce
adaptation efforts.
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