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1 Introduction

1.1 Background

Fresh groundwater is an important to vital resource for billions of people, and
constitutes a primary source of high-quality fresh water for domestic, industrial
or agricultural purposes. As highlighted by many researchers in recent years,
the availability of fresh groundwater around the world is under threat: excessive
groundwater abstractions, continuing population growth, sea-level rise, (long)
droughts, land subsidence, and increases in the frequency and intensity of storm surges
threaten the access to (reliable) fresh groundwater of numerous people (Famiglietti,
2014; Ferguson and Gleeson, 2012; Gleeson et al., 2012; Rotzoll and Fletcher, 2012;
Taylor et al., 2013; Wada et al., 2010; Wong et al., 2014).

The most vulnerable areas are coastal lowlands and small islands, because of their
susceptibility to coastal flooding and frequent reliance on groundwater as a source
of freshwater (McGranahan et al., 2007; Neumann et al., 2015; Terry and Falkland,
2010). For example, Gingerich et al. (2017) reported that the fresh groundwater
supply of small low-elevation oceanic islands can become unpotable for several months
after a flood event, even when the infiltrated volume of seawater is small. Besides the
risks for fresh groundwater resources, these areas are prone to land loss or degradation,
due to (extensive) land-surface inundations or (long-term) coastal erosion (FitzGerald
et al., 2008; Nicholls, 2011; Zhang et al., 2004).

To protect coastal communities and their livelihood, a coastal management
strategy should be developed and implemented for all vulnerable areas (Nicholls
and Cazenave, 2010). Coastal managers generally have three adaptation options
to consider (Nicholls, 2011):

1. (Planned) Retreat: minimize the impact of inundations or flooding by moving
landwards, abandoning the human use of the affected area

2. Accommodate: minimize the impact of inundations or flooding by adjusting the
use (e.g. warning systems, insurance)

3. Protect: prevent or reduce inundations and flooding by ’soft’ or ’hard’
engineering solutions (e.g. beach nourishment, groins, seawalls)

All options result in a safer environment for the inhabitants, but in the option
’(Planned) Retreat’ and ’Accommodate’ the land-surface inundations or coastal
flooding continue to occur. In both of these options the previously described threats
to the availability of fresh groundwater and land loss are not prevented or resolved.
The only potential response that can simultaneously prevent or reduce the loss of
land and fresh groundwater resources is the implementation of coastal protection.
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Coastal protection takes the form of artificial defences that vary from ’hard’ (e.g.
groins, seawalls or offshore breakwaters) to ’soft’ (e.g. beach nourishments, dune
constructions or the creation of salt-marshes). Both engineering solutions have been
widely applied in developed countries, such as the Netherlands, Italy, Australia, and
the United States (Armstrong et al., 2016; Cooke et al., 2012; Keijsers et al., 2015;
Pranzini, 2017; Sterr, 2008). However, in recent decades concerns for the environment
have led to discussions on the sustainability of (hard) engineering solutions (Cooper
and McKenna, 2008). One possible answer for these concerns is a ’new’ approach that
tries to integrate coastal protection strategies and natural processes, which is called
’Building with Nature’ (Slobbe et al., 2013). One prime example of this coastal
protection strategy is the Sand Engine (also called Sand Motor, or ’Zandmotor’ in
Dutch), which is the name of a very large and concentrated beach nourishment of 21.5
million m3 that has been applied on the Dutch coast in 2011 (Figure 1.1). Natural
forces (i.e. wind, waves and currents) gradually transport the replenished sand
along the retreating coast, compensating loss by coastal erosion and simultaneously
supporting natural dune growth (Stive et al., 2013).

Figure 1.1 Photo of the Sand Engine in 2011.

This beach nourishment is part of a (pilot) research project in which this method
is evaluated with respect to the current practice in the Netherlands of large-scale
distribution of smaller volumes of sand (Luijendijk et al., 2017). The Sand Engine
is also one of a few coastal adaptation approaches that additionally might help to
preserve or even increase the available volume of fresh groundwater.
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1.2 Research questions and thesis outline

Since the Sand Engine is the first of its kind, little is known about the influence
of a large beach nourishment on fresh groundwater resources. In theory, a seaward
displacement of the shoreline would lead to an increase of the fresh groundwater
volume (Oude Essink, 2001). As shown for comparable coastal environments such
as (small) islands, the size and shape of this fresh groundwater lens will likely
be controlled by three key factors: (1) the physiographic and hydrogeological
properties of the aquifer (e.g. geometry, hydraulic conductivity, heterogeneity), (2)
hydrodynamic and dispersive processes (e.g. tidal forcing, coastal flooding), and (3)
external forces – such as groundwater recharge or groundwater abstractions – that
modify the inflow, discharge and boundary conditions (Schneider and Kruse, 2003;
White and Falkland, 2010; Holding and Allen, 2015b; Werner et al., 2017; Gingerich
et al., 2017). However, the combination of the dynamic nature of the coastal system
and design of such a large and concentrated nourishment make the Sand Engine
considerably more vulnerable to morphological changes and coastal flooding (Stive
et al., 2013). This led to the main objective of this thesis: What is the impact
of large and concentrated beach nourishments as the Sand Engine on coastal fresh
groundwater resources?

The impact of the Sand Engine on fresh groundwater resources can be categorized
into two groups:

1. During the construction of the beach nourishment

The Sand Engine was constructed by depositing, pumping and spraying a
mixture of sand and seawater from sand pits in the North Sea on the
project site. Seawater that accompanies the sand led to a salinization of the
nourishment and its immediate vicinity (e.g. shore, beach).

2. Throughout the lifespan of the Sand Engine

During the lifespan of the Sand Engine, the seaward expansion of the beach leads
to a displacement of the (direct) influence of the North Sea towards the newly
created shoreline. Combined with the likely growth of dunes, the local extension
of beaches and dunes leads to a growth of the volume of fresh groundwater. This
growth is driven by precipitation, groundwater flow from the dunes to the site,
and a local areal shift in the impact of the North Sea.

Where the direct impact of the construction of the Sand Engine on fresh groundwater
is relatively predictable and limited in extent, the long-term impact of the creation
of the Sand Engine is complex and extensive. The complexity is a result of the
morphological evolution of the Sand Engine and the exposure to tides, waves, and
storm surges. In other words, the eventual growth of fresh groundwater resources is
to a large extent controlled by highly dynamic processes, which are harder to predict.
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To map the growth of fresh groundwater resources and to determine the impact of
the various coastal processes in more detail, extensive field measurements and model
simulations were conducted on the Sand Engine. To answer and specify the various
aspects of the impact of the Sand Engine on fresh groundwater resources, the research
question was split into four sub-questions:

1. What is the potential increase in fresh groundwater resources over a long period?

In chapter 2 we investigated the potential effect of the long-term morphological
evolution of the large sand replenishment and climate change on fresh groundwater
resources from 2011 to 2050. The potential effects on the local groundwater system
were quantified with a calibrated three-dimensional (3-D) groundwater model, in
which both variable-density groundwater flow and salt transport were simulated.

2. What is the impact of tides, waves and storms on the fresh groundwater lens in

the Sand Engine?

In chapter 3 we investigated the impact of tides and storm surges on coastal
groundwater on the Sand Engine. To monitor changes in groundwater salinity
under a variety of conditions, we performed automated time-lapse measurements with
electrical resistivity tomography (ERT) for a period of 2 months between November
2014 and January 2015.

3. What were the changes in the volume of fresh groundwater in the study area since

its construction, and which processes drove these changes?

In chapter 4 we have examined the impact of coastal forcing (i.e. natural processes
that drive coastal hydro- and morphodynamics) and groundwater recharge on the
growth of the fresh groundwater lens between 2011 and 2016. Measurements of the
morphological change and the tidal dynamics at the study site were incorporated in
a local, calibrated, 3-D and variable-density groundwater model of the study area.

4. Which coastal sites are potentially suitable for large-scale beach nourishments,

with regard to the growth of coastal fresh groundwater resources?

In chapter 5 we have made a first attempt to assess the potential suitability of coastal
sites for large beach nourishments, from the perspective of the the attainable growth
in fresh groundwater resources. With 2-D model simulations with variable-density
groundwater flow the impact of groundwater recharge, hydraulic conductivity, specific
yield, beach slope, tidal dynamics, and morphodynamics on the volume evolution of
fresh groundwater was evaluated. The outcome of this analysis was used to map the
potential suitability for the growth of fresh groundwater resources with large-scale
beach nourishments at a global scale.
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At the end of this thesis (chapter 6) answers to the research questions are summarized.
This final chapter also includes recommendations for future research. As a final
note, the individual chapters of this thesis are direct copies of the journal papers.
Consequently, there is some overlap between the chapters.
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2 Fresh groundwater resources in a
large beach nourishment

Based on: Huizer, S., Oude Essink, G. H. P., and Bierkens, M. F. P.

(2016), Fresh groundwater resources in a large sand replenishment, Hydrology and
Earth System Sciences 20, 3149–3166, doi:10.5194/hess-20-3149-2016.

Abstract

The anticipation of sea-level rise and increases in extreme weather conditions has led to the

initiation of an innovative coastal management project called the Sand Engine. In this pilot

project a large volume of sand was placed - also called sand replenishment or nourishment -

on the Dutch coast. The intention is that the sand is redistributed by wind, current and tide;

reinforcing local coastal defence structures and leading to a unique, dynamic environment.

In this study we investigated the potential effect of the long-term morphological evolution

of the large sand replenishment and climate change on fresh groundwater resources. The

potential effects on the local groundwater system were quantified with a calibrated three

dimensional groundwater model, in which both variable-density groundwater flow and salt

transport was simulated. Model simulations showed that the long-term morphological

evolution of the Sand Engine results in a substantial growth of fresh groundwater resources,

in all adopted climate change scenarios. Thus, the application of local sand replenishments

such as the Sand Engine could provide coastal areas the opportunity to combine coastal

protection with an increase of the local fresh groundwater availability.

2.1 Introduction

Global sea-level rise poses a risk for coastal areas, especially when combined with
an increase in the frequency and intensity of storm surges (Michael et al., 2013;
Nicholls et al., 2010; Wong et al., 2014). Particularly small islands (Chui and Terry,
2013; Holding and Allen, 2015a; Mahmoodzadeh et al., 2014), and low-lying deltas
(Giosan et al., 2014; McGranahan et al., 2007; Oude Essink et al., 2010) are vulnerable
to rising sea-levels. Many low-lying deltas such as the Mekong Delta (Vietnam)
and the Ganges-Brahmaputra delta (Bangladesh) are already frequently subjected
to extensive floods, leading to considerable economic losses, property damage, and
in severe cases loss of life (Few and Matthies, 2006; de Sherbinin et al., 2011). In
addition, many ecosystems and inhabitants of deltas are threatened as a result of high
subsidence rates, over-exploitation of fresh groundwater resources, and contamination
of coastal aquifers (Crain et al., 2009; de Sherbinin et al., 2011; Syvitski et al., 2009).
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Sea-level rise and storm surges will enhance the pressure on these coastal regions
(Kooi et al., 2000; Yang et al., 2013, 2015), and will likely exacerbate the loss of
agricultural land, damage of ecosystems and the salinization of fresh groundwater
resources (Hoggart et al., 2014; Nicholls et al., 2010; Wong et al., 2014).

2.1.1 Coastal management

In order to protect the livelihood of densely populated coastal areas against climate-
related impacts, a growing number of studies recognizes the need for the adoption of
coastal defense strategies (Giosan et al., 2014; Nicholls et al., 2010; Temmerman et al.,
2013; Wong et al., 2014). Fortunately, the awareness of the threats posed by climate
change is growing, and coastal defence in a number of countries - especially developed
countries - have been intensified, specifically at vulnerable locations (Goodhew, 2014;
Kabat et al., 2009; Sterr, 2008). One example is the Netherlands - a vulnerable
low-lying country - where coastal defence systems have been reinforced on several
occasions, in accordance with its long history of intensive coastal protection (Charlier
et al., 2005). Centuries of continuing erosion, flooding and subsidence led first to the
implementation of hard engineering methods (e.g. groynes and sea walls), and later
soft engineering methods (e.g. sand replenishment or nourishment, (van Koningsveld
et al., 2008)). Since 1990 the application of sand nourishments, particularly beach
and shoreface nourishments, has become the dominant coastal defence strategy. Sand
nourishments are applied on an annual basis - where necessary - to maintain the
position of the coastline (Keijsers et al., 2015; de Ruig and Hillen, 1997).

2.1.2 Pilot project: Sand Engine

Since 2001, the position of the entire Dutch coastline is successfully maintained
with 12 million m3 of sand nourishments per year. However, the future annual
volume of sand nourishments should increase if the coast is to rise with the sea-
level (Deltacommissie, 2008). Research suggests that the annual nourishment volume
should be raised to 20 million m3 yr−1 in the nearby future; in order to sustain
the Dutch coastline in the long run (Giardino et al., 2011; de Ronde, 2008). The
anticipation of a substantial growth in the annual nourishment volume incited
discussions about the effectiveness of the current large-scale distribution of sand.
These discussions led to the idea that concentrated (mega) nourishments could be
more cost-effective than current practices, and may provide opportunities for natural
dune growth, and recreation (Slobbe et al., 2013).

The effectiveness, benefits and drawbacks of concentrated (mega) nourishments
are currently being investigated with a pilot project named the Sand Engine (also
called Sand Motor) (Mulder and Tonnon, 2011; Stive et al., 2013). In this project
a mega-nourishment of 21.5 million m3 was constructed at the Dutch coast in 2011:
a few kilometres west from the city of The Hague (Figure 2.1). The replenished
sand will gradually be distributed along the coast by wind, waves and currents, thus
incorporating natural forces in engineering methods (so called ’Building with Nature’)
(Slobbe et al., 2013; de Vriend et al., 2014).
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Figure 2.1 Situation of the Sand Engine and morphological development in 2011-2014.

The effectiveness of the Sand Engine is investigated by extensive research and
intensive monitoring: the surface elevation (including bathymetry) is measured
frequently to gain detailed knowledge of the volume and direction of sediment
transport at this local mega-nourishment (Ebbens and Fiselier, 2010; Tonnon et al.,
2011). Recent measurements show that the outer perimeter of the ’hook-shaped’
peninsula retreated, and the alongshore extent increased (de Schipper et al., 2016;
Stive et al., 2013). Initially the Sand Engine extended approximately 1 km into the
sea and was nearly 2 km wide at the shoreline, while in September 2014 it extended
approximately 800 m into the sea and was more than 3 km wide at the shoreline
(Figure 2.1).

2.1.3 Study objectives

The primary objective of this study is to quantify the potential effect of the Sand
Engine on the regional groundwater system, particularly on fresh groundwater.
During the life span of the Sand Engine the (direct) influence of the North Sea
is diminished, because of the seaward displacement of the shoreline – and possibly
growth of adjacent dunes. The extension of the beach-dune system and the reduction
in seawater intrusion may lead to a growth of fresh groundwater resources. In
combination with an increase of groundwater levels, the construction of the Sand
Engine may also lead to a decline in the upwelling of saline groundwater and a
decreased salt load in adjacent low-lying areas.
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The long-term morphological evolution of the Sand Engine – powered by coastal and
aeolian sediment transport – will also affect to local groundwater system with time.
Erosion and deposition of sand will alter the position of the shoreline and the surface
elevation with time, which simultaneously gives rise to dynamic changes in seawater
intrusion and submarine groundwater discharge. The morphological evolution of the
Sand Engine and the dynamic nature of this coastal system will probably lead to
considerable changes in groundwater head and divide, the direction and velocity of
groundwater flow, and the stored volume of fresh groundwater.

One of the innovative aspects of this study is to incorporate detailed predictions of
the long-term morphological evolution of the Sand Engine in a 3-D numerical model,
which simulates variable-density groundwater flow. At the moment no studies have
investigated the influence of local mega-nourishments on groundwater systems, and
only a few groundwater modelling studies have incorporated a changing morphology
in their calculations (Delsman et al., 2014). We also assess the effect of climate change
(e.g. sea-level rise) on fresh groundwater resources in the study area, in combination
with the morphological evolution of the Sand Engine. To our knowledge, no other
studies have integrated the effect of the morphological evolution of coastal areas
and climate change on fresh groundwater resources, and the number of quantitative
studies that investigate the possibility to combine coastal defence with the protection
of fresh groundwater resources are scarce (Oude Essink, 2001). However, studies on
small islands have shown that great losses in the volume of fresh groundwater can
occur as a result of decreases in groundwater recharge and sea-level rise, and especially
small and thin lenses seem vulnerable to salinization (Chui and Terry, 2013; Holding
and Allen, 2015a; Mahmoodzadeh et al., 2014). In relation to the morphological
dynamics of coastal regions, studies have shown that the erosion and accretion of
sand can lead to substantial changes within the beach-foredune area (Bakker et al.,
2012; Keijsers et al., 2014), and that climate change might exacerbate coastal erosion
(FitzGerald et al., 2008; Zhang et al., 2004). Morphological developments in coastal
areas can therefore have a substantial effect on fresh groundwater resources, and
coastal management strategies that compensate, limit, or counteract coastal erosion
or seawater intrusion may help to protect fresh groundwater resources.

The paper first describes the construction of the Sand Engine and the characteristics
of the study area. It then reviews the methodology for the development of the regional
groundwater model, and the model scenarios. Next, the model calibration and model
results are described and examined as well as the impact of different climate scenarios
on simulated fresh groundwater resources. Finally, the methodology and results are
discussed, emphasizing on the limitations and implications for fresh groundwater
resources.
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2.2 Site description

2.2.1 Study area

The construction of the Sand engine was commissioned and designed by the executive
branch of the Ministry of Infrastructure and the Environment (Rijkswaterstaat) and
the provincial authority of South-Holland (Provincie Zuid-Holland) (Mulder and
Tonnon, 2011). Large trailing suction hopper dredgers were used to extract sand
from several sand pits in the North Sea and to transport this sand to the project
site. The dredged material was stored in the hopper and deposited on the project site
with three different techniques: by opening the bottom valves of the vessel on-site
(”depositing”), by pumping a mixture of sand and water to the site through a pipeline
(”pumping”), and by spraying a mixture of sand and water from the vessel’s bow to
the site (”rainbowing”). When the construction of the Sand Engine was completed
(in July 2011), the area above MSL was 1.3 km2 with a maximum surface elevation
of 7 m MSL (Slobbe et al., 2013).

The Sand Engine peninsula is connected to the mainland by a sandy beach, and is
bounded by a coastal dune area called Solleveld. Solleveld is relatively small dune
area (circa 2 km2; Figure 2.2) with surface elevations ranging from 2 to 16 m MSL,
and is used for the production of drinking water. From the start of the groundwater
abstractions in 1887 the demand and abstraction of drinking water gradually increased
from a maximum of 1 million m3 per year before 1970, to a maximum of 7.5 million
m3 per year after 2008 (Draak, 2012). However, to be able to extract these increasing
volumes of groundwater without salinization, the drinking water company started
with the infiltration of surface water in 1970. The infiltrated volume of surface water
is approximately equal to the volume of fresh groundwater that is extracted from
the dunes. Currently the groundwater is extracted from the phreatic aquifer with
almost 300 vertical pumping wells, which are located on the sides of twelve elongated
infiltration basins (Figure 2.2; Zwamborn and Peters, 2000).

Beyond the dunes the area gradually transforms into urban area and low-lying
agricultural areas (polders). The low-lying polders have surface elevations of -1 to
1 m MSL, and act predominantly as a groundwater sink, while the urban areas are
generally situated in higher areas with surface elevations between 1 and 3 m MSL.
The dominant groundwater flow in the upper aquifers flows from the higher urban
areas and coastal dunes toward the North Sea and the polders. The relatively low
drainage level in the polders also leads to the attraction of deep saline groundwater,
in addition to the drainage of local fresh groundwater.
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Figure 2.2 Map of the dune area Solleveld with multi-level monitoring wells and pumping
wells, including transects A and B (geological profiles in Figure 2.3).

2.2.2 Hydrogeology

The subsoil consists of unconsolidated sediment of predominantly fluviatile and
marine origin, as illustrated by two geological profiles in Figure 2.3. The upper
part of the subsoil (10 to 30 m) consists of sand, clay and peat, which were deposited
during the Holocene: primarily fine- to medium-grained sand in the higher situated
dunes and urban areas, and primarily sand and clay in the low-lying areas. However,
the lower section of the Holocene deposits (between -15 and -20 m MSL) consists in
both areas mainly of clay and peat deposits. The underlying thick layers of fluviatile
and marine sediment were deposited during the Pleistocene. It should be noted that
the geological schematization of the aquifers and aquitards beneath -40 m MSL are
based on a limited number of boreholes.
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The conceptual fresh-brackish-saline groundwater distribution (blue striped lines;
Figure 2.3) are based on chloride measurements, performed at multi-level monitoring
wells. Chloride measurements in Solleveld indicate that the boundary between fresh
and brackish groundwater (1 TDS g L−1) is situated between -20 and -40 m MSL, and
the boundary between brackish and saline groundwater (10 TDS g L−1) is situated
between -40 and -60 m MSL. The depth of the fresh groundwater lens and the extent
of seawater intrusion are controlled by head differences.

Figure 2.3 Geological profiles (based on databases of the Geological Survey of the
Netherlands) across the model domain, with the conceptual freshsalt groundwater
distribution (locations are shown in Figure 2.2).

2.2.3 Monitoring

In order to timely observe changes in groundwater level, flow and quality an extensive
monitoring network was implemented in Solleveld. After the construction of the Sand
Engine this monitoring system was expanded and intensified in the western part of the
dune area. The aim of the expansion of the monitoring system was to observe long-
term changes in groundwater level, flow and quality and to observe hydrogeological
effects caused by the Sand Engine and previous small-scale nourishments (Buma,
2013). The current monitoring system consists of more than 300 observation wells,
where the groundwater level is measured with varying frequency (ranging from wells
with hourly frequency to wells that are only read off every three months).
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The groundwater salinity is measured twice every year in at least 50 monitoring
wells, with various methods: groundwater data loggers with measurement of electrical
conductivity, electro-magnetic measurements, and analyses for chloride (Buma,
2013). Apart from measurements within the monitoring system, groundwater level
measurements of 61 additional (onshore) monitoring wells were available in the
national database of the Geological Survey of The Netherlands.

In addition to the expansion of the monitoring system, additional measures were
taken to prevent salinization of fresh groundwater in the dunes. On the western
base of the dunes a line of 28 interceptor (pumping) wells was installed in 2012 to
maintain the groundwater level, and prevent any (negative) impact of the Sand Engine
and previous nourishments on the extracted fresh groundwater in the dunes. These
interceptor wells were not included in our study, because of a lack of information on
the pumping rates and the expectation that the effects on the regional scale are small
to negligible.

In order to gain specific information on the geohydrological dynamics within the Sand
Engine, eight additional monitoring wells were installed with shallow filters (2 to 10 m
below surface) and four monitoring wells with deep filters (16 to 20 m below surface).
Since May 2014 the groundwater levels in the monitoring wells are continuously
monitored with groundwater data loggers. The salinity of the groundwater is
monitored with electro-magnetic measurement within all eight monitoring wells.

Figure 2.4 Conceptual representation of a slice of the model with layer thicknesses and
boundary conditions.
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2.3 Method

2.3.1 Variable-density groundwater model

For the quantification of fresh groundwater resources in the study area we
constructed a regional three-dimensional groundwater model, in which variable-
density groundwater flow was simulated with the computer code SEAWAT (Langevin
et al., 2008). SEAWAT has been developed by the United States Geological Survey
(USGS), and numerous studies have used the code to simulate variably-density,
transient groundwater flow (Heiss and Michael, 2014; Herckenrath et al., 2011;
Rasmussen et al., 2013). In SEAWAT the governing flow and solute transport
equations are coupled and solved with a cell-centred finite difference approximation.
The model domain was discretized in 234 rows, 234 columns, and 50 layers, with
a uniform horizontal cell size of 50 m and a varying layer thickness of 1 to 10
m (smallest thickness in upper layers, increasing in underlying layers; Figure 2.4).
The discretization and extent of the model were based on three criteria: minimise
the effect on simulated groundwater heads and salinities in the study area, limit
computation time, and optimise the calculation of the fresh groundwater volume.
For the justification of the temporal and spatial discretization we have performed a
grid convergence test (Section 2.4.2).

The model boundaries, as visualized in Figure 2.1, were defined either perpendicular
to the coastline (the SW and NE sides of the model), or parallel to the coastline (the
NW and SE side of the model). Model boundaries that were defined perpendicular to
the coastline, lie parallel to the dominant groundwater flow direction in the coastal
area, and were therefore defined as no-flow boundaries. The other model boundaries
were defined as illustrated in Figure 2.4: ’specified-head’ and ’head-dependent flux’
boundary conditions (taking into account density differences), which represent the
North Sea and local groundwater system, respectively. The ’specified-head’ boundary
conditions equalled the average level of the North Sea, and were applied to the sea-
floor. Local groundwater conditions were defined by a previous model simulation
of the southwest of the Netherlands (Oude Essink et al., 2010). The base of the
model was defined equal to the hydrogeological base of the model domain, which is
approximately -170 m MSL and assumed to be a no-flow boundary.

The subsoil of the model was schematized to four aquifers and three aquitards
(Figure 2.4), based on borehole data, and the national geological databases REGIS
II.1 (Vernes and van Doorn, 2005) and GeoTOP (Stafleu et al., 2013) of the Geological
Survey of The Netherlands. The upper part of the phreatic aquifer (above -10 MSL)
was subdivided into two hydrogeological zones with distinct hydraulic conductivities,
because the geological data showed systematic differences in the sediment composition
within the model domain: one zone coincides with most of the low-lying polders and
contains predominantly clay, loam and fine sand deposits; the other zone contains
most of the elevated areas of the model domain, where mainly fine to coarse sand was
deposited during the Holocene.
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Table 2.1 Hydrogeological parameters used in the simulations, where the upper part of
the phreatic aquifer (1a: above -10 m a.m.s.l.) was subdivided in two hydrogeological zones
(1: fine to coarse sand; 2: clay, loam, and fine sand).

Layer KH (m d-1) KV (m d-1) ηe (-)

Phreatic aquifer 1a 10/1 1/0.1 0.3
Phreatic aquifer 1b 1 0.1 0.3
Aquitard 1 0.01 0.001 0.1
Aquifer 2 30 10 0.3
Aquitard 2 2 0.2 0.1
Aquifer 3 5 2 0.3
Aquitard 3 1 0.1 0.1
Aquifer 4 15 3 0.3
Aquitard 4 10 0.03 0.1

The aquifer parameters and layer elevations were defined uniform for each
hydrogeological unit, based on parameter estimations in the national hydrogeological
database (Table 2.1). The molecular diffusion coefficient was set to 10−9 m2 s−1, and
the longitudinal dispersivity was set to 0.2 m with a ratio of transversal to longitudinal
dispersivity of 0.1. These values are similar to comparable groundwater models in
the same region (Eeman et al., 2011; de Louw et al., 2011; Vandenbohede and Lebbe,
2007, 2012).

Other model parameters such as recharge, and surface water levels were defined by
spatially distributed and time-average values of the current situation. The average
monthly precipitation and reference evapotranspiration between 1981 and 2000 (Royal
Netherlands Meteorological Institute, KNMI) were used to estimate the average
seasonal (DJF, MAM, JJA, and SON) precipitation and evapotranspiration. Crop
and interception factors were used to estimate the actual evaporation in different
land use classes (e.g. forest, agriculture, urban areas) (Droogers, 2009; Hooghart
and Lablans, 1988; Meinardi, 1994). Water levels, depths and widths of canals and
ditches were provided by the DelflandWater Authority, and drainage levels were based
on local knowledge and estimations from the Netherlands Hydrological Instrument
model (de Lange et al., 2014). Information on the abstraction of groundwater and the
infiltration of surface water in the dune area Solleveld was provided by the drinking
water company Dunea.

In the model simulations we have used TDS, where TDS equals salinity (g TDS L−1),
and in the classification of the groundwater salinity we have focused on three classes:
fresh (0 - 1 g TDS L−1), brackish (1 - 10 g TDS L−1), and saline (10 - 30 g TDS
L−1). For the conversion of chloride to TDS we have used the linear relation between
chloride and TDS in the North Sea; 1 g TDS L−1 = 0.55 g Cl L−1 (Millero, 2003).
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The North Sea TDS in the model domain was estimated at 28 g TDS L−1 for all
model simulations (density of 1020 kg m−3), based on geo-electrical measurements
in the North Sea near Ter Heijde between 1973 and 1997 (Rijkswaterstaat, 2012).
This salinity concentration is smaller than the general North Sea concentration (30
– 35 g TDS L−1), because of the nearby freshwater discharge from the river Rhine.
The TDS concentrations on the SE side of the model were defined by previous model
calculations of the southwest of the Netherlands (Oude Essink et al., 2010). The
TDS concentration of infiltration basins, canals and ditches were set to 0.2 g TDS
L−1, which is the average TDS concentration found in surface water within the study
area. The spatial variation in the salinity of the groundwater recharge was estimated
with semi-empirical equations, which were developed to predict the effects of sea spray
deposition in coastal areas (Stuyfzand, 2014). Based on meteorological measurements
of the wind speed and wind direction at the measurement station in Hoek van Holland
in the period 1971 – 2015, the estimated annual mean TDS concentration varied
between 0.121 g TDS L−1 at the coastline to 0.023 g TDS L−1 at a distance of 5000
m from the high water line.

2.3.2 Calibration of pre-development conditions

The purpose of the model calibration was to generate a valid representation of the
pre-development conditions of the Sand Engine (prior to March 2010). In order
to exclude anomalous effects of recent sand nourishments on groundwater heads and
concentrations, only observations prior to 2010 were included in the model calibration.
We considered three calibration criteria:

1. The error between the observed and simulated groundwater head and
concentration should be similar or smaller than the observed variations in
groundwater head (the average standard deviation of observations is 0.4 m)
and concentration (the average standard deviation of observations is 0.7 g TDS
L−1)

2. The error should be randomly distributed in space

3. The simulated distribution of the (groundwater) concentrations should
correspond with literature (Stuyfzand, 1993).

The calibration comprised sensitivity analyses, (restricted) manual model parameter
calibration, and comparisons of simulated groundwater heads and TDS concentrations
with averaged observations of recent years. Historical processes that promote or
diminish seawater intrusion were included in the calibration, because a salinity
distribution often takes decades to hundreds of years to reach an equilibrium (Delsman
et al., 2014; Webb and Howard, 2011). Examples of historical processes that have
substantially influenced the groundwater salinity in the Dutch coastal area are
coastal erosion, sea-level rise, and groundwater abstractions (Post et al., 2003).
These processes were therefore included in the model simulations to attain a better
match between simulations and observations, and the method of incorporation of the
processes is briefly described in Table 2.2 and visualised and in Figure 2.5.
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stress periods.

Other historical changes in for example groundwater recharge and subsidence were
not included, because measurements and historical data indicate that these processes
probably have a negligible impact on the current head and concentration distribution
in the study area (Hoofs and van der Pijl, 2002; CBS et al., 2016). The simulation
was restricted to the period 1500–2010, because the focus of this study lies on the
present conditions, and we assume that the most substantial effects on the present
salt distribution will probably occur in this period. Before the simulation of the
period 1500–2010, a transient simulation of the approximate conditions in AD 1500
was executed until the model converged to a dynamically stable state in terms of both
groundwater heads and salinity.

In order to attain an optimal calibration result with a limited number of model
simulations, model parameters were manually adjusted with small increments from
an initial best guess. The adjustments were performed on a selection of the model
parameters: (horizontal and vertical) hydraulic conductivity, drainage resistance,
stream bed resistance of canals and ditches, and (longitudinal and transverse)
dispersivity. Other parameters such as groundwater recharge and surface water levels
were based on measurements, maps or expert knowledge, and were excluded from the
calibration. The optimised model parameters that were implemented for the model
scenarios are described in subsection 2.3.1.
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2.3.3 Morphology and climate scenarios

The effect of the Sand Engine on fresh groundwater resources will primarily depend
on the morphological evolution of the coastal area. To assess the potential effect
of the mega-nourishment on coastal groundwater, we performed model simulations
containing projections of the morphological change of the Sand Engine during the
period 2011–2050 (Table 2.2). The morphological development of the Sand Engine
in this period was simulated with the hydrodynamics and morphodynamics model
code Delft3D (Lesser et al., 2004). This numerical morphodynamic model was
calibrated for the period 2005–2010 and validated for the period 1990–2005, prior
to the construction of the Sand Engine (Fiselier, 2010; Tonnon et al., 2009).
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Figure 2.6 Simulated morphological development of the Sand Engine from 2011 to 2050,
illustrated by contour maps with the terrain elevation (m a.m.s.l.).
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Based on representative tidal boundaries and wave conditions of the current situation,
the morphodynamic model was used to simulate the change in bathymetry from 2011
to 2050 (Figure 2.6). The simulated changes in the bathymetry were incorporated in
the groundwater model by sequential grid regenerations of the model grid, for every
three months (viz. season) in the simulation period. Subsequent changes in the area
of inundation, groundwater recharge and thickness of the phreatic aquifer were also
adapted in the associated model input files. Estimations of the change in the mean
water level in the lagoon (at the northern side of the Sand Engine), which result from
the morphological changes, were also included in the model scenarios (de Vries et al.,
2015). The expected maximum mean water level in the lagoon equalled 0.9 m MSL
in the simulation period.

In addition to the morphological development of the Sand Engine, climate change
may also have an impact on coastal groundwater. For the assessment of the potential
impact of climate change on fresh groundwater resources, we have used the KNMI’14
climate change scenarios GL, GH , WL and WH (KNMI, 2014). These scenarios
contain climate projections for the Netherlands for the years 2030, 2050 and 2085,
based on global climate models as described in the 5th IPCC Assessment report
(IPCC, 2014). The climate projections of sea-level rise, precipitation and potential
evapotranspiration for 2030 and 2050 in these scenarios were used to assess the effect
of climate change as summarised in Table 2.3.

All climate change scenarios were simulated for a reference case without the Sand
Engine, and the current situation with the Sand Engine including the projected
morphological evolution. The reference case serves primarily as a comparison to the
simulations with the morphological evolution of the Sand Engine. The dissimilarity
between both situations represents the total impact of the construction of the Sand
Engine on local fresh groundwater resources. In turn, the climate change scenarios
show the response and sensitivity of local fresh groundwater resources to alterations
in sea-level rise, precipitation and evapotranspiration.
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Figure 2.7 Comparison of observed and simulated heads (a) and concentration (b).

2.4 Results

2.4.1 Model calibration

For the calibration of the variable-density groundwater model, we compared the
simulated pre-development groundwater head and TDS concentration with recent
observations of groundwater heads and chloride concentrations (Figure 2.7). The
calibration was performed with averaged values of recent observations, and therefore
transient model was strictly speaking not calibrated. We think this is acceptable,
because of: the long-term scope of this study, the conservative value of 0.15 that was
used for the specific yield in the simulations, and the deficiency in long-term time-
series of head and especially salinity. The absolute mean error between observed and
simulated heads was 0.27 m (RMSE of 0.33 m), and between observed and simulated
TDS concentrations was 1.17 g TDS L−1 (RMSE of 2.75 g TDS L−1). The largest
deviations in head occur at observation points that are situated near infiltration basins
or pumping wells, whereas the deviations in TDS concentration appear to be well-
distributed. These deviations are probably primarily caused by heterogeneity in the
phreatic aquifer and spatial variations in the abstraction rates of pumping wells.

The groundwater heads of 137 observations points and the chloride concentrations
of 55 observations points were used to quantify the error and calibrate the model.
Despite this relatively large number of observations points, it is important to note
that all observations of chloride and 72% of observations of groundwater heads – that
were used in the model calibration – originate from the monitoring system in Solleveld.
The simulation of the groundwater head and especially the TDS concentration are
therefore most reliable in Solleveld and the immediate surrounding system. The
phreatic groundwater level and depth of the fresh-brackish interface of the calibrated
model are shown in Figure 2.8.
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Figure 2.8 Phreatic groundwater level (left) and freshbrackish interface depth (right) after
calibration, before the construction of the Sand Engine (2010–2011).

Phreatic groundwater flows from the coastal dunes toward the sea, pumping wells, and
low-lying drained polders. The aquitard beneath the phreatic aquifer (between -16
and -20 m MSL) limits the interaction with the underlying confined aquifer, leading
to a substantial head difference across the aquitard (ranging between 0.3 to 1.4 m
in multilevel monitoring wells). The fresh groundwater lens below the coastal dunes
extents to approximately -30 and -40 m MSL and the interface between brackish and
saline groundwater lies between -40 and -50 m MSL, corresponding with the observed
depth of the interfaces (Figure 2.13). Drainage in low-lying polders leads to the
seepage of brackish or saline groundwater, which results in a reduction of the fresh
groundwater lens thickness (Figure 2.8).

In order to assess the performance of the calibrated groundwater model, we
have compared simulated groundwater heads and TDS concentrations with recent
observations at 8 monitoring locations on the Sand Engine (Figure 2.9). The
absolute mean error between observed and simulated groundwater heads was 0.36
m, and between observed and simulated TDS concentrations was 6.5 g TDS L−1.
The model appears to underestimate the hydraulic gradient – in particular in the
higher regions of the Sand Engine – and groundwater salinities with a concentration
higher than 15 g TDS L−1 (between 6 and 20 m below surface). Probable causes
of these discrepancies lie in the initial groundwater level and salinity (strongly
influenced by the construction), the underestimation of the vertical anisotropy as
a result of small mud drapes in the Sand Engine and varying weather conditions (e.g.
recharge, overwash). In addition, the measured TDS concentrations are single point
measurements that may not represent the average TDS concentration in the Sand
Engine.
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Figure 2.9 Comparison of (a) average groundwater head in May – June 2014 and (b)
(single) TDS concentrations of soil samples taken between 10 and 14 March 2014 with
model simulations in the Sand Engine.

2.4.2 Grid convergence test

In order to justify that the chosen spatial discretization was adequate for reliable
numerical quantifications of the potential effect of the Sand Engine on fresh
groundwater resources, we have executed a grid convergence test for the period 2011 to
2050 (with and without Sand Engine). The numerical simulations that are described
in this paper were performed with a horizontal grid size of 50 m, and 50 layers
with a variable thickness from 1 (upper layers) to 10 m (lower layers). This spatial
discretization was tested with three additional simulations with higher and lower
spatial resolutions (Table 2.4): one with a finer horizontal grid size of 25 m (model
simulation S1), one with a coarser horizontal grid size of 100 m (S2), and one with
an equal horizontal grid size of 50 m and an increased vertical resolution of the upper
layers (S3). In the upper part of the model, up to a depth of -50 m a.m.s.l., the layer
thicknesses were lowered by 50% (30 layers were added, up to a total of 80 layers).

Table 2.4 Grid convergence index (GCI) of the simulated increase in the volume of fresh
groundwater in 2050 (situation with Sand Engine), for three simulations that contain
different spatial grid refinements (S1 to S3). See Roache (1994) for more information

Sim. Grid
size

Layers Refinement
Ratio

Relative
Error

Order of
accuracy

GCI

S1 25 m 50 1.585 0.0224 3.36 0.76 %
S2 100 m 50 1.585 0.1074 3.36 3.63 %
S3 50 m 80 1.286 0.1487 3.36 14.0 %
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Figure 2.10 Increase of the volume of fresh groundwater in the situation without Sand
Engine (a) and situation with Sand Engine (b) in the period 2011 to 2050, where the legend
refers to the four grid discretization simulations.

Stability constraints and accuracy requirements were used for the temporal
discretization of the simulations, and therefore the convergence of the solutions with
regard to the temporal discretization was not tested. However, we have performed an
additional test with respect to the coupling of the flow and solute-transport equations.
The simulations were conducted with the ”explicit coupling” approach. In order
to test this coupling approach, an additional simulation was conducted with the
”implicit coupling” approach (density criterion of 0.2 kg m-3). For more information
on these coupling approaches, we refer to the reports that describe the model code
SEAWAT (Guo and Langevin, 2002; Langevin et al., 2003). All the additional
numerical simulations include no climate change scenario, and were compared to
the current numerical simulations that contained a horizontal resolution of 50 m and
50 layers. The initial conditions of all additional numerical simulations were equal to
the calibrated predevelopment groundwater heads and TDS concentrations.

The comparison of the numerical simulations with varying spatial resolutions
(Figure 2.10) shows a similar increase of the volume of fresh groundwater during
the simulation period of 2011 to 2050. In the situation with the Sand Engine
(Figure 2.10b), a coarser spatial resolution lowered the projected volume of fresh
groundwater (–10% in 2050), and a finer horizontal and vertical spatial resolution
raised the projected volume of groundwater (respectively +4 and +20% in 2050).
However, when taking into account the deviations in the volume of fresh groundwater
in the reference case (Figure 2.10a), the total change in the volume of fresh
groundwater becomes smaller; respectively –2, +0 and +14% in 2050. The additional
simulation with the ”implicit approach” to coupling shows a small to negligible
difference (smaller than 2% during the entire simulation period) with the simulations
with the ”explicit approach” to coupling of flow and transport equations (Figure 2.11).
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Figure 2.11 Increase of the volume of fresh groundwater in the situation without Sand
Engine (a) and situation with Sand Engine (b) in the period 2011 to 2050, where the legend
refers to the coupling of flow and transport equations.

In order to provide a uniform measure and error analysis of the spatial grid
convergence, the Grid Convergence Index (GCI) was applied to the simulated increase
of the volume of fresh groundwater in the model domain in 2050. The GCI indicates
to what extent the simulated increase in the volume of fresh groundwater differs from
the asymptotic volume, which would be reached with further spatial refinements of
the model grid. For more information on the GCI we refer to Roache (1994). The
GCI of the additional model simulations S1 to S3 (Table 2.4) was calculated with
a safety factor of 1.25. The ratio in the GCI of simulation S1 and S2 showed that
the simulation was within the asymptotic range of convergence (ratio approaches 1),
which suggests that the grid was sufficiently refined. The GCI of model simulations S1
to S3 confirms that a horizontal refinement leads to small reductions in the numerical
error in the volume of fresh groundwater, and that an increase in the vertical resolution
could lead to a larger reduction of the numerical error. However, the refined model
simulations (Figures 2.10 and 2.11) suggest that the increase in the volume of fresh
groundwater would increase with a higher spatial resolution. Therefore, we think that
the chosen spatial discretization was adequate for reliable numerical estimations of
the effect of the Sand Engine on the volume of fresh groundwater.
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Figure 2.12 Increase of the volume of fresh groundwater in the situation without Sand
Engine (a) and situation with Sand Engine (b) in the period 2011 to 2050, where the legend
refers to (climate) scenarios (as mentioned in Table 2.3).

2.4.3 Fresh groundwater resources

The effect of the construction and long-term morphological evolution of the Sand
Engine on the volume of fresh groundwater is initially small and similar to the
situation without the Sand Engine (Figure 2.12). In all model scenarios the volume
of fresh groundwater slightly declines in the first years, because of the small size
of the freshwater lens in the Sand Engine with respect to the cell resolution and the
instability of the initial conditions. However, the gradual growth of the freshwater lens
in the Sand Engine and adjacent areas eventually leads to an increase of the volume of
fresh groundwater in the model domain of 0.3 to 0.5 million m3 per year. This increase
of the volume of fresh groundwater manifests itself mainly as an outward extension of
the fresh groundwater lens in the phreatic aquifer. Underlying aquifers and aquitards
may even become more saline, primarily as a result of transient boundary conditions
(i.e. historical coastal erosion and on-going sea level rise) leading to continuing
historical seawater intrusion. In addition, rising groundwater levels in and around
Sand Engine can lead to increases in the infiltration of saline groundwater through
the thin aquitard (Figures 2.13 and 2.14).

The sea-level rise (in total) of 0.15 m in climate scenarios GL and GH and 0.25 m in
climate scenarios WL and WH lead to a decline in the volume of fresh groundwater,
because of the increase of seawater intrusion and inundation of the coastal area.
However, the effect of sea-level rise is relatively small in respect to the total increase
of fresh groundwater (Figure 2.12). The long-term predictions in precipitation and
evapotranspiration within the four climate scenarios (Table 2.3) have a limited effect
on the total volume of fresh groundwater.
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Figure 2.13 Transects with the simulated groundwater salinity (in g TDS L−1) in 2010
(pre-development Sand Engine), for transect A and B (see Figures 2.2 and 2.3).

Figure 2.14 Transects with the simulated groundwater salinity (in g TDS L−1) in 2050
(with Sand Engine, No Climate Change), for transect A and B (see Figures 2.2 and 2.3).

The climate scenarios with a strong response (GH andWH) lead to a smaller volume of
fresh groundwater, when compared with the climate scenarios with a weak response
(GL and WL). This is primarily a result of the difference in the net groundwater
recharge in the climate scenarios, and the overall (yearly) volume of groundwater
recharge is larger in the milder climate scenarios (GL and WL). The larger increase
in precipitation in winter seasons of climate scenario GH and WH , coincides with
a stronger increase in evaporation and a smaller increase in precipitation in the
summer seasons (Table 2.3). However, the contrast between these climate scenarios
only becomes apparent after 2030, because the precipitation and evapotranspiration
patterns are equal until 2030 and diverge after 2030.
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In addition to the change in fresh groundwater resources in the beach-dune system,
the simulations with the long-term morphological evolution of the Sand Engine show
small to negligible increases (smaller than 1 m in 2050) in the freshwater lens thickness
in low-lying polders. However, changes in the total salt load in drains, canals and
ditches are small in the situation with and without the Sand Engine. As a result
the construction and morphological evolution of the Sand Engine may lead to small
decrease of seawater intrusion, but this effect will probably be small to negligible
and limited to small low-lying polders in a short distance from the Sand Engine
(Figure 2.15).
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Figure 2.15 Thickness of fresh groundwater [m] in reference scenario near the Sand Engine
from 2011 to 2050.
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2.5 Discussion

The model simulations show that the construction of the Sand Engine may result
in the growth of the volume of fresh groundwater by several million m3. Despite
the gradual erosion of the nourished sand – leading to a slow return to the previous
state – the volume of fresh groundwater may continue to rise for decades after the
construction of the mega-nourishment. However, tidal fluctuations and in particular
storm surges will lead to land-surface inundations and consequently to a salinization
of fresh groundwater. In addition, the increase in the volume of fresh groundwater
is dependent on the rate of sea-level rise and the extent to which precipitation and
evapotranspiration patterns will diverge from present conditions. This steady increase
of the volume of fresh groundwater is in contrast with the reference case (without the
construction of the Sand Engine) where historical and future sea-level rise lead to
a decrease of the volume of fresh groundwater. Our results also suggest that the
construction of the Sand Engine may abate the salinization of neighbouring polders,
by reducing upward seepage of saline groundwater. Even though the reduction of
the salinization is probably slight and limited to a small area, it might constitute an
important mitigation in other applications of mega-nourishments.

Comparisons of observed and simulated groundwater heads and salinities show a
good correspondence before and after the construction of the Sand Engine, despite
large variations between observed and simulated groundwater salinities at individual
locations. To some extent these discrepancies can be accounted for by the relatively
sharp transition between fresh and salt groundwater, through which small variations
in depth can result in large differences in groundwater salinities. Other factors that
were not included in the simulations and that probably led to discrepancies in observed
and simulated groundwater heads and salinities are: historical events (e.g. changes
in groundwater level and salinity during the construction of the Sand Engine), large
inundations of the Sand Engine due to storm-surges (e.g. two major storms in 2011
– 2016 inundated approximately 56% of the Sand Engine), variations in abstraction
rates of pumping wells, fluctuations in sea salinity and unaccounted vertical layering
of the Sand Engine deposits. These factors were not included in the model simulations
because of the absence or shortage of data, and the long-term scope of this study.
However, the overall similarity between observations and simulations, in combination
with the absence of systematic errors in the model calibration, confirms the reliability
of the model. Most of the observations – in particular groundwater salinity – emanate
from the monitoring system in the adjacent dune area Solleveld and to a lesser extent
the Sand Engine. The simulated groundwater heads and salinities are therefore most
reliable in our area of interest, and the reliability is less in other areas in the model
domain. However, the most substantial changes in groundwater salinity will take
place in the area close to the Sand Engine, and variations in groundwater head and
salinity in other areas will probably have a small to negligible impact on the potential
effects of the Sand Engine.
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Considering the scale and nature of our research objective, we neglected small and
local variations in hydraulic parameters (e.g. hydraulic conductivity, layer thickness,
porosity, and storage coefficient) in the model simulations. Supported by geological
data and models, each aquifer and aquitard was defined homogeneous and anisotropic,
with the exception of the phreatic aquifer. This reduction of the model complexity
enhances the ability to differentiate and to understand the simulated processes, and
leads to a smaller computation time of the model. However, small or local variations
in groundwater head or salinity that are caused by heterogeneity will not be accurately
reproduced in the model simulations.

One of the largest uncertainties in the study is the long-term morphological evolution
of the Sand Engine, despite extensive calibration and validation and the large number
of processes that are included in Delft3D (e.g. wind shear, wave forces, tidal forces,
density-driven flows). The highly dynamic nature of the coastal zone, the absence
of aeolian transport in the Delft3D simulations, and the lack of understanding
of some processes, can lead to incremental differences with reality. Even though
measurements of the last four years show a reasonable fit with the projections of
the sediment volume changes and erosion patterns (de Schipper et al., 2014), future
morphological change can turn out to be significantly different from the morphological
model. For example, the growth of dune grasses and the exposure of shell deposits
may prove to reduce erosion and decelerate the morphological evolution of the Sand
Engine, or an accumulation of sand in the lagoon might lead to earlier silt up, and
therefore a reduction of seawater intrusion in comparison with the projections. The
implementation of one simulation of morphological change in the model calculations is
therefore a significant limitation in the estimation of the potential fresh groundwater
resources. For a more extensive analysis of the uncertainties in the prediction of
the effects on fresh groundwater resources, it is recommended to simulate more
morphological scenarios in future studies.

In addition to the long-term morphological evolution of the Sand Engine, large
uncertainties also exist in the climatological predictions of sea-level rise, precipitation
and evaporation in future decades. Predictions of sea-level rise for the North Sea in
2050 range between 15 to 40 cm above MSL, and model simulations have shown that
substantial changes in the growth or volume of fresh groundwater resources can occur
within this range. Changes in sea-level rise and the intensity or frequency of storm
surges will not only significantly influence fresh groundwater, but will also contribute
to coastal erosion and alter the morphological development of the Sand Engine.
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2.6 Conclusions

Local mega-nourishments such as the Sand Engine might become an effective solution
for the threats that many low-lying coastal regions face, and with this study we have
shown that fresh groundwater resources can substantially grow within the lifespan
of the nourishment. The results in this study show that for the Sand Engine,
the construction of a mega-nourishment can lead to increase of fresh groundwater
of approximately 0.3 to 0.5 million m3 per year. However, the increase in fresh
groundwater resources in a mega-nourishment is highly dependent on the shape
and location of the mega-nourishment, the precipitation surplus, the frequency and
intensity of storm surges, and local hydrogeological conditions. Therefore dependent
on the design and location of the mega-nourishment this may provide an opportunity
to combine coastal protection with the protection of fresh groundwater resources.
This study also demonstrated that, with relatively simple modifications, a changing
morphology can easily be modelled with a variable-density groundwater model such
as SEAWAT.
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3 Monitoring and simulation of
salinity changes in response to
tide and storm surges in a sandy
coastal aquifer system

Based on: Huizer, S., Karaoulis, M. C., Oude Essink, G. H. P., and

Bierkens, M. F. P. (2017), Monitoring and simulation of salinity changes in
response to tide and storm surges in a sandy coastal aquifer system, Water Resources
Research 53, 6487–6509, doi:10.1002/2016WR020339.

Abstract

Tidal dynamics and especially storm surges can have an extensive impact on coastal fresh

groundwater resources. Combined with the prospect of sea-level rise and the reliance of

many people on these resources, this demonstrates the need to assess the vulnerability

of coastal areas to these threats. In this study, we investigated the impact of tides and

storm surges on coastal groundwater at a pilot location on the Dutch coast (viz., the Sand

Engine). To monitor changes in groundwater salinity under a variety of conditions, we

performed automated measurements with electrical resistivity tomography for a period of

two months between November 2014 and January 2015. The obtained resistivity images

were converted to salinity images, and these images served effectively as observations of the

impact of tidal fluctuations, salt water overwash during storm surges, and the recovery of the

freshwater lens after land-surface inundations. Most of the observed changes in groundwater

head and salinity could be reproduced with a two-dimensional variable-density groundwater

flow and salt transport model. This shows that groundwater models can be used to make

accurate predictions of the impact of tides and storm surges on fresh groundwater resources,

given a thorough understanding of the (local) system. Comparisons of measurements and

model simulations also showed that morphological changes and wave run-up can have a

strong impact on the extent of land-surface inundations in (low-elevation) dynamic coastal

environments, and can therefore substantially affect coastal fresh groundwater resources.

3.1 Introduction

Most coastal regions in the world rely on groundwater as their main source of
fresh water for agricultural, domestic, and industrial sectors. However, in many
coastal regions, the availability of fresh groundwater is threatened by unsustainable
levels of groundwater abstraction and rising sea-levels (Ferguson and Gleeson, 2012).
Combined with the likely continuation of sea-level rise (SLR) and increase in the
frequency and intensity of storm surges (Nicholls, 2010; Wong et al., 2014), this will
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lead to more seawater intrusion (SWI) in coastal aquifers. One important driver
of the increase in SWI will consist of more extensive and frequent land-surface
inundations (LSI) (Ketabchi et al., 2016). Low-elevation coastal systems with shallow
groundwater levels are particularly vulnerable in this respect, because these systems
are most susceptible to LSI and SWI (McGranahan et al., 2007), and an increase of
the groundwater level in response to SLR is restricted (Michael et al., 2013).

These threats and the reliance of many coastal communities on fresh groundwater
raise the importance of an optimal management of fresh groundwater in coastal
aquifers to control or mitigate salinization (Khan et al., 2015). However, the
management of coastal groundwater can be complex, because the extent of LSI and
SWI depends on many factors: e.g. groundwater abstractions, aquifer hydraulic
properties, and coastal hydrodynamics and morphodynamics (Ferguson and Gleeson,
2012; Vallejos et al., 2014). Several studies have therefore stressed the importance
of intensive monitoring, to acquire more data in different hydrogeological conditions
and in real-world coastal aquifers (Werner et al., 2013; Ketabchi et al., 2016).

A promising monitoring technique for LSI and SWI in coastal aquifers is (time-lapse)
electrical resistivity tomography (ERT) (de Franco et al., 2009; Ogilvy et al., 2009;
Henderson et al., 2010; Morrow et al., 2010; Hermans et al., 2012). In ERT, the non-
invasive direct current (DC) resistivity method is used to visualize the subsurface
resistivity distribution in two or three-dimensional images (Revil et al., 2012). One
of the main advantages of this method is the ability to conduct automated time-
lapse measurements along multidimensional arrays, and therefore to provide images
of the evolution of the fresh-salt groundwater distributions over time (Ogilvy et al.,
2009). Additionally this technique can help to constrain or validate parameters in
groundwater models (Comte and Banton, 2007; Nguyen et al., 2009; Beaujean et al.,
2014).

Many studies have addressed the possible effects of climate change and in particular
SLR on coastal groundwater resources (Oude Essink et al., 2010; Watson et al., 2010;
Chang et al., 2011; Webb and Howard, 2011; Michael et al., 2013). Most of these
studies have neglected LSI (Ataie-Ashtiani et al., 2013), and recent studies have
shown that LSI can have a significant impact on SWI in coastal aquifers (Ketabchi
et al., 2014; Morgan and Werner, 2014). LSI is primarily driven by coastal forcing
(Figure 3.1), ranging from tidal fluctuations with a small to negligible impact on the
mixing zone, to episodic events such as storm surges that can lead to significant SWI
(Ataie-Ashtiani et al., 1999; Wilson et al., 2011). Many laboratory and modelling
studies have examined the impact of coastal hydrodynamics and morphodynamics on
aquifers (Robinson et al., 2007a; Kuan et al., 2012; Liu et al., 2012; Yang et al., 2013;
Holding and Allen, 2015a; Levanon et al., 2016). However, only a few studies have
compared model simulations with real-world measurements over an entire lunar cycle
(Abarca et al., 2013; Heiss and Michael, 2014). These studies have demonstrated that
tides create complex flow patterns.
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Coastal forcing can also lead to significant changes in coastal geomorphology, e.g.
migration of sandbars or coastal erosion (Anthony, 2013). Complex fluid and sediment
interactions, such as interactions between breaking waves, wave run-up and run-
down, and groundwater flow in the swash zone, strongly determine the accretion or
erosion rate of a coastal beach (Bakhtyar et al., 2009). The resulting cross-shore and
alongshore morphological evolution of a coast can have large influences on the extent
of SWI and LSI (Ataie-Ashtiani et al., 2013; Zhang et al., 2016).

Figure 3.1 Illustration of coastal flow processes at the measurement site.

In this study, we investigated the impact of coastal hydrodynamics and
morphodynamics on coastal groundwater with geophysical measurements and model
simulations during the winter of 2014 - 2015. We have used time-lapse ERT to perform
automated measurements of changes in the fresh-salt groundwater distribution in a
mega-nourishment pilot called the Sand Engine, located in the Netherlands (Mulder
and Tonnon, 2011). The aim of this study is to examine the impact of coastal forcing
on the fresh-salt groundwater distribution, to evaluate the quality of time-lapse ERT
as a monitoring method of LSI and SWI in coastal aquifers, and to assess the ability
of a variable-density groundwater and coupled salt transport model to simulate the
observed variability and change. For the evaluation of time-lapse ERT as a monitoring
method, we have performed sensitivity analysis and synthetic modelling as described
in Henderson et al. (2010).

The most innovative aspect of this study is that we combined intensive monitoring
of SWI and LSI with detailed model simulations over a period of several months. The
morphodynamic environment of the measurement area resulted in the measurement of
the impact of tides, storm surges, and coastal geomorphological changes on the fresh-
salt groundwater distribution in a real-world coastal aquifer. The paper first briefly
describes the study site and monitoring set-up, and then provides an overview of the
key results from time-lapse ERT measurement. Next, the model set-up, calibration,
and results are described, evaluated, and discussed, emphasizing on the quality of
ERT measurements for the monitoring of SWI processes.
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3.2 Data and Methods

3.2.1 Study Site: The Sand Engine

The Sand Engine (also called Sand Motor) is a pilot project that consists of the
construction of a concentrated (mega) beach nourishment of 21.5 million m3 sand
at the Dutch coast in 2011 (Figure 3.2), and the evaluation of this new type of
nourishment with respect to current practices in the Netherlands (i.e., large-scale
distribution of sand). The postulated theory is that natural forces (wind, waves
and currents) will gradually distribute the replenished sand along the retreating
coast, support natural dune growth, and simultaneously limit the disturbance of
local ecosystems. First results confirm that the mega-nourishment led to a growth
of adjacent coastal sections and dunes (de Schipper et al., 2016). In addition, recent
research showed that concentrated mega-nourishments can lead to an increase of local
fresh groundwater resources (Huizer et al., 2016).
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Figure 3.2 Contour map and hydrogeological cross section of the Sand Engine between 27
October and 1 November 2014, with the location of the monitoring wells, ERT measurement
transect (red line), and the groundwater model transect (black line, A - A’). The dashed
line in the cross section marks the bathymetry prior to the construction of the Sand Engine.

In the study area, the primary source of fresh groundwater is precipitation, which
was on average 938 mm per year in the period June 2011 until May 2016. Another
important source of fresh groundwater is the inflow of groundwater from the adjacent
dune area Solleveld through the unconfined coastal aquifer. In general this coastal
aquifer consists of 15 - 25 m fine to coarse sand (median grain size of 150 - 400 mm),
with a few thin discontinuous clay layers, and is separated from underlying aquifers
by a layer of clay and peat (Figure 3.2). Groundwater head measurements in the
dunes and previous model simulations of the area (Huizer et al., 2016) indicate that
groundwater flows downward through this aquitard. Groundwater level measurements
in monitoring wells 1 - 8 (Figure 3.2) on the Sand Engine show no long-term trend,
which suggests that the initial effect of the nourishment on groundwater heads is
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currently small or absent. However, the volume of fresh groundwater resources seems
to be gradually increasing in the study area, and in the remainder of this paper we
have investigated the impact of tides and storm surges on these resources.

3.2.2 Resistivity Imaging (ERT)

Most applications of ERT are based on the analysis of contrasts in the electrical
resistivity of sediments or fluids to monitor processes in porous media (Kuras et al.,
2009). In this case, the contrasts in the electrical resistivity are primarily caused by
differences in water content, and groundwater salinity. The measurement of the DC
resistivity is based on the injection of an electrical current in the ground with multi-
electrode arrays and measurement of the potential differences in the other electrodes.
An increase in the distance between electrodes reduces the spatial resolution and
enlarges the depth of investigation, while different pairs of injection electrodes along
the profile line allow imaging of the resistivity distribution of the subsurface.

Measurement set-up

We conducted automated time-lapse ERT measurements from 14 November 2014
10:58 until 20 January 2015 10:23, along an 80 m transect at the outer perimeter of
the Sand Engine (Figure 3.2), situated perpendicular to the shoreline (i.e., cross-
shore direction). The surface elevation along the transect varied from 11 to 13
m MSL, encompassing the local mean high water (MHW) height of 11.09 m MSL
at the site (Figure 3.3). Alongside this transect two monitoring wells (D1 and
D2) were installed for the measurement of groundwater heads and groundwater
conductivity (Figure 3.2). The location was selected because the 2-D measurement
set-up requires a (predominantly) parallel direction of groundwater flow and LSI, to
avoid a misinterpretation of observed changes in the resistivity images. This specific
section of the Sand Engine was the optimal site for the measurements:

1. The local topography was relatively simple and similar along the shoreline.

2. The field data and model simulations indicate that the dominant groundwater
flow direction was cross-shore, and therefore parallel to the transect.

3. This section of the Sand Engine was most vulnerable to LSI.

For all ERT measurements, the dipole-dipole configuration was implemented, which
is a conventional and frequently used configuration in surveys since it is sensitive to
lateral changes while the acquisition time is fast, something of importance in time-
lapse studies. The measurement set-up consisted of 160 electrodes with a constant
spacing of 0.5 m between each electrode. Each electrode was connected to an iron
pinlocated at the same position and depth as the electrodewith a stainless steel
wire. All electrodes were buried in a trench with a depth of 0.3 – 0.5 m below
surface, for public health and safety and to protect the electrodes from coastal forcing
and vandalism. The measurements were carried out and controlled with the MPT
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Figure 3.3 Cross section of the ERT measurement transect containing the implemented
consecutive model surface elevations, where the wave-shading pattern indicates the erosion
of sand in the measurement period. The horizontal arrows and vertical black lines mark the
reduction of the ERT measurement transect on 12 December 2014 and 10 January 2015.

DAS-1 Electrical Impedance Tomography System, which was placed (with all related
equipment) in an elevated and locked container to protect the instruments. The
system was connected with another buried electrical cable to the electricity network
in the Argus (video sampling) station, which is located in the centre of the Sand
Engine (Rutten et al., 2017). In addition, the system was connected to the Internet
with the MRD–350 industrial mobile broadband (3G router), to be able to remotely
monitor and control the measurements.

However, substantial coastal erosion during the measurement period (Figure 3.3)
led to the exposure segments of the electrode array, and consequently broken
electrode connections. This rendered lower sections of the electrode array unusable,
and therefore the number of available electrodes dropped during the measurements
(Figure 3.3): all 160 electrodes were employed until 11 December 2014, 96 electrodes
until 9 January 2015, and 47 electrodes until 20 January 2015. In order to maximize
the number of measurements, the time interval between measurements was reduced in
accordance with the decline in electrodes. Until 23 December 2014, the measurements
were conducted with an interval of 30 min, from 24 December 2014 to 13 January
2015 19:00 with an interval of 15 min, from 13 January 2015 19:00 to 20 January
2015 with an interval of 10 min. This coastal erosion also affected the measurements
in monitoring well D1 and D2, and reliable groundwater level and groundwater
conductivity measurements could only be obtained until 19 December 2014.
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Resistivity Inversion

All resistivity measurements were inverted with the four-dimensional (4-D) inversion
algorithm as described by Kim et al. (2009, 2013), and Karaoulis et al. (2011), where
inversion is the procedure to go from the measured data to an inverted resistivity
image, also called a tomogram. In this algorithm both data and model are defined
in space-time coordinates, and regularizations in both space and time domains are
adopted to reduce inversion artefacts and to stabilize the inversion. The objective
function consists of three terms that are minimized in a trade-off manner: data
misfit, model roughness in the space domain, and model roughness in the time
domain (Kim et al., 2009). The minimization is expressed either in terms of the L1
norm or the L2 norm, and the selection of the norm is dependent on the behaviour
of the data and the inverse model parameters (Kim et al., 2013).

The inversion was conducted sequentially with five monitoring surveys or reference
time steps in each inversion, and every inversion used homogeneous half-space as
the starting model. The inversion model consisted of 159 columns with a constant
spacing of 0.5 m, and 9 layers with a variable thickness of 0.167 - 0.833 m. All
minimizations were expressed in terms of the L2 norm (i.e., full least-squares
minimization), and the inversion of the model roughness in the space domain was
conducted with a constant Lagrangian multiplier of 0.1. In addition, negative
apparent resistivities and one electrode (and related electrode combinations) with a
continuously high contact resistance where excluded from the inversion. All resulting
unweighted and weighted RMS errors in the inversion process remained below 1%.

Salinity-Conductivity Relationship

For the comparison of the inverted electrical resistivities with model simulated
salinities, we estimated the salinity (expressed in total dissolved solids – TDS) from
the inverted bulk electrical resistivities (q in Ohm m) using a similar procedure as
described in Post (2012) and Hermans et al. (2012). First the groundwater resistivity
(qw in Ohm m), and inversely the groundwater conductivity (rw in S m-1) was
estimated from the bulk resistivity with a variant of the classical Waxman and Smits
(1968) model. The cation exchange capacity in this model was ignored, because the
clay fraction in the upper part of the sand nourishment is negligible (Figure 3.2).

This reduces the model to a simple linear relation:

ρ = ρw
F

swn
, σ = σw

sw
n

F
(3.1)

where F is the electrical formation factor of the sediment, sw is the relative water
saturation, and n is the saturation exponent.

The focus of this research was limited to the saturated zone, and thus sw was
constrained to a value of 1. Estimated salinities in the unsaturated zone were
therefore excluded from the analysis of the effect of tides and storm surges.
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The formation factor was also estimated with Equation 3.1, i.e., equal to the
ratio between the groundwater conductivity and the bulk conductivity (σ in S
m-1): on-site measurements of the groundwater conductivity between 14 November
2014 10:58 and 11 December 2014 03:57 in monitoring well D1 (Figure 3.3) at a
depth of 20.5 m MSL were divided by the inverted bulk conductivity at the same
approximate position. Ignoring anomalous conductivities, this resulted in an average
formation factor of 4.2 in this period with a standard deviation of 0.3, which is
similar to literature values for coarse sand (Friedman, 2005; Goes et al., 2009). The
variability in the formation factor was mainly a result of fluctuations in the on-site
measured groundwater conductivity, and a gradual decline in only the inverted bulk
conductivity. Possibly the water inside monitoring well D1 was more sensitive to LSI,
which led to a larger response in conductivity and the absence of a (clear) falling trend.

Groundwater salinities were estimated with the salinity-conductivity relationship as
defined in the algorithm of the Practical Salinity Scale (PSS) 1978 (Fofonoff and
Millard Jr., 1983). This so-called Practical Salinity Sp is a dimensionless measure
of salinity, which is defined in terms of the ratio with the conductivity of standard
seawater (Sp = 35) at a temperature of 15◦C, and at atmospheric pressure. The
calculation of Sp is dependent on the electrical conductivity, the temperature, and
(water) pressure at depth of the measurement (IOC et al., 2010). Temperatures
were estimated with measurements in monitoring well 2 at a depth of 20.2 m MSL
(Figure 3.2), which dropped from 13.8◦C on 14 November 2014 to 10.6◦C on 20
January 2015. Deviations from atmospheric pressure were ignored in the calculations,
because the observed variations in atmospheric pressure have negligible effects on the
Sp. The PSS 1978 is only defined for salinities in the range 2<Sp<42. Consequently,
for salinities between 0 and 2 the extension of the PSS 1978 as defined by Hill et al.
(1986) was adopted. The dimensionless values for Sp were converted to salinities in g
TDS L-1, with the relationship between the chloride concentration and the Practical
Salinity as described in Millero et al. (2008).

3.2.3 Variable-Density Groundwater Flow Model

For the analysis of the observed changes in groundwater head and salinity in the
fresh-salt groundwater mixing zone, we developed a 2-D variable-density groundwater
model with a horizontal spacing of 0.2 m and vertical spacing of 0.2 m. Variable-
density saturated groundwater flow and coupled salinity transport were simulated
with the computer code SEAWAT (Langevin et al., 2008). The governing flow and
solute transport equations in SEAWAT are coupled and solved with a cell-centred
finite difference approximation. Numerous studies have used this model code to
simulate variably-density, transient groundwater flow in coastal environments (Mao
et al., 2006; Robinson et al., 2007b; Heiss and Michael, 2014; Pauw et al., 2014).
Pressure heads and saturation levels in the unsaturated zone will have an important
impact on infiltration rates, however in this research we have focused on processes in
the saturated zone.
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In the simulations we have assumed that the infiltration of freshwater by precipitation
and seawater by LSI occur instantaneously. We believe this choice is justified because
of the high infiltration rates of the coarse sand, and the relatively shallow unsaturated
zone along the measurement transect (maximum 2 m).
The groundwater flow model was situated perpendicular to the shoreline, alongside
the ERT measurement transect (Figure 3.2). Based on four boreholes with a depth
of 20 m below surface, situated 7 - 400 m from the model transect, we modelled
two aquifers and one aquitard (see cross section in Figure 3.2). The aquifers contain
fine-grained to medium coarse-grained sand and occasionally shells, and the aquitard
consist of sandy clay to clay.

Initial Conditions

The groundwater head and salinity distribution at the start of the time-lapse ERT
measurement were reconstructed with model simulations from the completion of the
Sand Engine in June 2011 until the start of the measurements in November 2014. The
initial distribution of the groundwater salinity in the model was defined completely
saline, i.e., equal to the average seawater salinity at the site of approximately 28 g TDS
L-1 (Rijkswaterstaat, 2012). In the intervening period, the Sand Engine experienced
substantial geomorphological changes, in particular along the outer perimeter of the
peninsula, where the shoreline retreated approximately 200 m (de Schipper et al.,
2016). These geomorphological changes of the Sand Engine were monitored with
monthly to bimonthly topographic surveys (including bathymetry) as part of an
intensive monitoring program. Dependent on the monitoring frequency and the extent
of morphological change, we have updated the surface elevation every 1 - 3 months
in the model by sequential grid regenerations. For the extent of the morphological
change, we used this criterion for the exclusion of topographic surveys: the maximum
(horizontal) shift in the topography, above the mean neap tide height (+0.86 m
MSL) and below the maximum run-up height (in the concerning period), should be
smaller than 10 m. The excluded surveys (8 out of a total of 30 surveys) where either
conducted in the summer season (fewer storm surges), or surveys that were conducted
quickly after another (e.g. twice in 1 month).

Boundary Conditions

Sea-level fluctuations were based on high frequency (10 min time interval) tide
gauge measurements (also called Still Water Level: SWL) in the harbours of
Scheveningen and Hoek van Holland, which are located 7.5 km north and 9.3
km south from the study site. Based on the position of the study site, we used
an averaged time series of both measurement sites as an estimate of the local
sea-level fluctuations. This approximation was corroborated with a comparison to
short-term on-site sea-level measurements between 17 September and 23 October
2014, which revealed an absolute mean error of 0.06 m and a RMSE of 0.075
m. In the model simulations, only sea-level fluctuations larger than 2 cm were
incorporated, which resulted in stress periods with a variable duration of 10 - 190 min.
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Based on the sea-level and the topography, the inundation extent was determined for
every stress period, and modelled as ”General Head (head-dependent) Boundaries
and Drains” as described in Mulligan et al. (2011). All model layers in the phreatic
aquifer (Figure 3.2) were defined convertible (saturated thickness) and rewettable
with a wetting threshold of 0.01 m (McDonald et al., 1992). Despite this relatively
small wetting threshold, and detail in the simulation of the sea-level fluctuations, not
all model cells were reactivated in every stress period unless an additional infiltration
rate was added to the simulations. This deficiency was only observed for sea levels
that were larger than the MHW height. Therefore, to ensure a reactivation of all
inundated model cells, an additional infiltration of 0.008 m per minute of seawater
was added to the area of inundation for sea-levels larger than the MHW height.
The adopted infiltration rate was the lowest rate that led to a reactivation of all
inundated model cells, and this rate equalled the drainable volume of two model
layers over a 10 min period.

Besides this simulation of the SWL (model scenario S1), two additional model
scenarios (S2 and S3) with estimations of, respectively, the wave set-up height and
the wave run-up height at the site were implemented to study and improve the
resemblance of the simulations with reality (Figure 3.1). Wave set-up is defined as
the local rise of the mean seawater level (with respect to SWL), caused by wave
breaking. Wave run-up is defined as the maximum level of wave up-rush on the beach
(with respect to SWL), which is only exceeded by 2% of run-up events. The wave
set-up height ¡g¿ and wave run-up height R2 in every stress period were estimated
with general empirical expressions (Stockdon et al., 2006):

< η >= 0.35 βf (H0L0)
1/2 (3.2)

R2 = 1.1

(

0.35 βf (H0L0)
1/2 +

[H0L0(0.563 β
2
f + 0.004)]1/2

2

)

(3.3)

where H0 is the deep water significant wave height, L0 is the deep water wave
length, and βf is the foreshore beach slope. The significant wave height and wave
length were estimated with measurements at the ”Euro platform” of the Ministry
of Infrastructure and the Environment (Rijkswaterstaat), which is located 50 km
southwest from the study site (Figure 3.4).

Wave set-up (S2) was modelled similarly to the observed sea-level fluctuations
(SWL), and wave run-up (S3) as the combination of wave set-up and wave up-rush
(Figure 3.1). Nonlinear effects of wave set-up on the surface water level were not
included, because possible seawater circulations through the aquifer will probably
have a small to negligible effect on the fresh-salt groundwater distribution. Wave
up-rush was modelled as an infiltration of seawater, between the wave set-up height
< g > and the wave run-up height R2.
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The infiltrated volume of seawater at the wave set-up height < g > was estimatedin
every stress periodas the drainable storage (determined by specific yield) between
SWL and < g >. Above the wave set-up height < g >; this infiltration volume was
reduced linearly to a value of 10% at the wave run-up height R2. The value of 10%
is a best guess that was based on the number of run-up events that reach the run-up
height R2 (generally between 1 and 3 events in 10 min), the average infiltrated volume
at the wave set-up height < g > (0.013 m between June 2011 and 20 January 2015),
and the assumption that at least 0.001 m infiltrates during every run-up event.
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Figure 3.4 Measured deep water significant wave height H0 (daily maximum) and deep
water wave period (daily average) at the ”Euro platform” (50 km SW from the study site).

The inland boundary of the model was simulated as a constant groundwater head
and constant concentration boundary, where the vertical distribution and change of
the groundwater head and salinity in the boundary were estimated with a separate
1-D groundwater flow model. This 1-D model consisted of the same hydrogeological
properties as the calibrated 2-D model (Table 3.1), groundwater recharge, and
the local saline groundwater head (monitoring well 8). Based on groundwater
level measurements in monitoring wells 2, 4, and 8 and the local topography, we
assumed that the change in groundwater salinity was predominantly determined by
groundwater recharge. The local groundwater head was assigned to the bottommost
model layer and defined as a variable head, equal to the daily moving average of the
measured groundwater head in monitoring well 8 for the period 1 June 2014 to 20
January 2015 (Figure 3.2). In the preceding period, we have implemented the average
groundwater head. The salinity in this bottommost layer was set equal to average
seawater salinity.
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Table 3.1 Calibrated parameter values implemented in the model simulations.

Layer Type Parameter Value

All model layers Longitudinal dispersivity
Transverse dispersivity

0.02 m
0.002 m

Phreatic aquifer Horizontal hydraulic conductivity 36 m d-1

1: [above –9 m MSL] Vertical hydraulic conductivity
Specific yield

18 m d-1

0.20
Aquitard Horizontal hydraulic conductivity 0.115 m d-1

1: [-13 to –14 m MSL] Vertical hydraulic conductivity
Specific storage

0.0115 m d-1

0.0002
Aquifer Horizontal hydraulic conductivity 36 m d-1

1: [-9 to –13 m MSL]
2: [-14 to –17 m MSL]

Vertical hydraulic conductivity
Specific storage

7.2 m d-1

0.0002

Hourly measurements of precipitation and reference crop evapotranspiration at a
measurement station in Hoek van Holland were used to estimate groundwater
recharge. The hourly groundwater recharge was linearly distributed over smaller-
sized stress periods. For the estimation of the potential soil evaporation, we used
crop coefficients for bare or sandy soil (De Bruin and Stricker, 2000; Meinardi, 1994):
0.6 for the summer (April - September), and 0.9 for the winter (October - March).
Monthly precipitation and potential soil evaporation were subtracted, in order to
generate monthly estimates of the fraction of the hourly precipitation that reaches
the groundwater level. It is important to note that this approach might lead to an
overestimation of soil evaporation in months with prolonged dry periods, which will
mainly affect the summer season and to a lesser extent the winter season.

Model Calibration

The groundwater model was calibrated with measurements of the groundwater head in
multilevel monitoring well 2, which is situated alongside the 2-D model (Figure 3.2).
This monitoring well contained two well screens, situated in separate aquifers (see
cross section in Figure 3.2). The calibration was performed with model scenarios S1,
S2, and S3 (respectively SWL, wave set-up, and, wave run-up), for measurements
from 1 May 2014 until the start of the scenario simulations on 21 October 2014.
The calibration strategy consisted of extensive sensitivity analyses, manual model
parameter calibration, and comparisons of measured and simulated groundwater
heads for the calibration period. In this strategy, we have adopted two calibration
criteria: the error between the measured and simulated groundwater head should be
smaller than the observed variation in groundwater level (average standard deviation
is 0.1 m in the calibration period), and the simulated groundwater head should
correlate with the observed fluctuation pattern.
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The parameter calibration comprised of the manual adjustment of a selection of the
most sensitive model parameters: (horizontal and vertical) hydraulic conductivity,
storage coefficients, and (longitudinal and transverse) dispersivity. These adjustments
consisted of small incremental changes from an initial best guess, which was based on
previous model simulations in the same area (Huizer et al., 2016). Other parameters
such as groundwater recharge were based on measurements, and were excluded
from the calibration. The longitudinal and transversal dispersivity were adapted
in agreement with the observed mixing zone thickness. The calibrated set of model
parameters is shown in Table 3.1.

Model Scenarios

As described in section 3.2.3, the observed SWL, estimated wave set-up, and estimated
wave run-up were implemented in three separate model scenarios (S1, S2, and
S3), to analyse the reproducibility of the observed LSI and SWI processes in the
ERT measurements. These model scenarios S1, S2, and S3 were executed for the
initialization period of 1 June 2011 (completion Sand Engine) to 21 October 2014,
and the study period of the 21 October 2014 to the end of the ERT measurements
on 20 January 2015. The simulations were started before the ERT measurements to
incorporate the storm surge that occurred between 21 October 2014 16:00 until 22
October 09:00 (significant offshore wave height of 4 - 5.4 m, and offshore wave period
of 6.3 - 7.2 s). This storm surge led to the inundation of the entire measurement
transect, as indicated with the highest measured SWL on the 22 October 2014 in
Figure 3.5. This was the most intensive storm at the Sand Engine since 6 December
2013, which led to the highest seawater level and consequently the most extensive
LSI of the measurement period. Other storms that occurred during the measurement
period were on 11 December 2014 (significant offshore wave height of 3 - 4 m, and
offshore wave period of 5.5 - 6.5 s) and on 11 January 2015 (significant offshore wave
height of 3.5 - 4.2 m, and offshore wave period of 5.8 - 6.7 s), and the highest measured
seawater levels during these storms are also indicated in Figure 3.5.

Coastal forcing – and the earlier mentioned storm surges in particular – led to
substantial morphological changes at the Sand Engine in the measurement period,
as illustrated in Figure 3.5. This morphological change is based on two extensive
topographic (including bathymetry) surveys that were conducted on the Sand Engine
between 27 October 2014 and 1 November 2014, and between 17 and 24 January 2015.
Each survey produced a large collection of height measurements that were spatially
interpolated to obtain an estimation of the surface elevation along the model transect
(Figure 3.5). The disparity between these surface elevations shows the retreat of the
shoreline at the site during the surveys. In order to obtain an optimal correspondence
in the actual and the modelled topography, the horizontal average of both surface
elevations was used as an estimation of the intermediate elevation along the model
transect from 12 to 31 December 2015. Before and after this period, we have adopted
interpolations of the two topographic measurements (see dashed line in Figure 3.5).
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Figure 3.5 Cross section with the observed surface elevations at the measurement site: 27
October to 1 November 2014 (black line), and 17 to 24 January 2015 (grey line). The wave-
shading pattern between the lines marks the erosion or accretion of sand in the intervening
period. The red lines mark the ERT transect and the blue dashed lines mark the three
highest SWL in the measurement period.

In order to study the effect of groundwater recharge on the salinity distribution in
more detail, model scenario S3 was also simulated without groundwater recharge.
This simulation was only executed for the study period after the calibration (21
October 2014 to 20 January 2015), and preceding simulations of model scenario S3
were used as initial conditions.

3.3 Results

3.3.1 Groundwater Head

In most of the calibration period, the simulated groundwater head in the model
scenarios closely resemble the observed fluctuation pattern, substantiating that the
groundwater model accurately describes the course of the groundwater level and
groundwater flow in the study site (Figure 3.6). The absolute mean error between
the measured and simulated groundwater head of model scenario S1, S2, and S3 is,
respectively, 0.06, 0.05, and 0.05 m in the phreatic aquifer (RMSE 0.07, 0.06, and
0.05 m), and respectively 0.13, 0.12, and 0.10 m in the bottom aquifer (RMSE 0.17,
0.15, and 0.13 m). Wave set-up (S2) and in particular wave run-up (S3) results in
larger LSI and consequently higher groundwater levels.
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Figure 3.6 (a) Measured groundwater head (grey line) in the upper well screen of
monitoring well 2 and (b) the lower well screen of monitoring well 2, with the simulated
groundwater head of model scenario S1 (SWL, blue line), S2 (wave set-up, green line),
and S3 (wave run-up, red line). The vertical grey bars mark topographic surveys on the
Sand Engine, the arrows mark LSI instances where the sea-level was higher than the Mean
High Water Spring (MHWS) height of +1.28 m MSL, and the black bars indicate the daily
precipitation (in mm d-1) with a maximum of 21 mm on 22 August 2014.
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Overall, the observed fluctuation in groundwater head can to a large extent
be explained by variations in sea-level (spring tide-neap tide cycle), coastal
geomorphology, groundwater recharge, and groundwater flow across the inland model
boundary. The initial deviation of the groundwater head of approximately 0.20 in
the bottommost aquifer – in contrast with the resemblance in the upper aquifer
– is probably caused by underestimations in the inflow of groundwater across the
inland model boundary in the previous period, possibly in combination with geologic
differences.

Focusing on the effect of tides and storm surges, Figure 3.6 shows that for most LSI
instances (indicated with black arrows) the simulated increase in groundwater head
is similar to the measurements (e.g. on 9 and 24 September), while in some instances
the model overestimates the increase in groundwater head (e.g. on 14 and 30 July).
Probably the primary cause for this contrast are mismatches between the actual and
modelled topography, which is a consequence of continued morphological changes
between the bimonthly topographic surveys. For example, photographs of the Sand
Engine from the Argus (video sampling) station indicate that a sand bar developed
in the intertidal zone, after the storm surge on 9 July 2014 (Figure 3.4), and this sand
bar could have dampened the extent of the LSI on 14 and 30 July.

As for precipitation, Figure 3.6 shows that precipitation led to negligible to small
rises – often in the order of centimetres – in the measured groundwater level, as for
example during relatively high rainfall events on 27 May (17.7 mm in 15 h) and 28 July
(16.8 mm in 11 h). Because the measured precipitation was probably generally close
to reality, this indicates that the volume of groundwater recharge was substantially
reduced due to evaporation and storage. In most instances, the simulated response
to precipitation was similar to the measured response, however in some instances
(e.g. the period of high rainfall between 13 and 25 August) the simulated change
in groundwater head appeared to large when compared with measurements. This
suggests that either the simulated evaporation in this period was underestimated,
or that the volume of precipitation stored in the unsaturated zone was larger than
anticipated.

The performance of the calibrated model was examined with observations of the
groundwater level from 7 November to 19 December 2014, taken in monitoring well
D1 and D2 (Figure 3.7). These observations were situated near the local MHW
height of 11.09 m MSL and were therefore more exposed to sea-level fluctuations in
comparison with monitoring well 2. The similarity in the observed and simulated
groundwater head in this period confirms the reliability of the calibrated model at
different distances from the local MHW height. The absolute mean error between
the measured and simulated groundwater head of model scenario S1, S2, and S3 is
respectively 0.142, 0.138, and 0.135 m for monitoring well D1 (RMSE 0.19, 0.18, and
0.17 m), and respectively 0.14, 0.13, and 0.11 m for monitoring well D2 (RMSE 0.20,
0.18, and 0.15 m).
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Figure 3.7 Measured groundwater head in monitoring well (a) D1 and (b) D2, and
simulated groundwater head in model scenario S1 (SWL, blue line), S2 (wave set-up, green
line), and S3 (wave run-up, red line).
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During the first 4 weeks (7 November to 5 December), the weather conditions were
generally calm with low wave heights (Figure 3.4), in contrast with the stormy
conditions in the last 2 weeks (5 - 19 December). This resulted in fewer and less
extensive inundations in the period before 5 December, and consequently smaller
variations in groundwater head, and this contrast is captured in both the measured
and simulated groundwater head. However, in some periods the simulated and
measured groundwater head diverge, as for example between 17 and 22 November.
Photographs of the site from the Argus (video sampling) station indicate that this
mismatch is probably caused by a sand bar, which (slowly) developed in the intertidal
zone in this period, and this shortened or dampened the extent of inundations.

In addition, in many instances the response of the groundwater head to LSI
is underestimated. However, comparisons of the model scenarios (Figure 3.7)
suggest that the incorporation of wave run-up led to a small improvement in the
simulation of the response of the groundwater level to coastal hydrodynamics
and morphodynamics. In particular in scenario S1 (SWL), the model seems to
underestimate short-term fluctuations in groundwater level, but the incorporation of
wave run-up in scenario S3 led to additional inundation height of 0.1 - 0.7 m.

For the analysis of the frequency and extent of LSI during the measurement
period, observed instances of LSI along the ERT measurement transect were
compared with the simulated LSI in model scenario S1 (SWL) and S3 (wave run-up;
Figure 3.8). In both measurements and model simulations, we have defined the
maximum extent of LSI (defined with respect to the seaward boundary of the
electrode array) on the basis of the first substantial deviation in the resistivity or
salinity (at least 100%) in the upper layers of the phreatic aquifer.

Variations in the extent of LSI (Figure 3.8) show that LSI are not only dependent
on the sea-level, but also on the storm intensity, and (changes in) the local topography
(i.e., surface elevation and morphology). Changes in the storm intensity can lead to
substantial variations in wave run-up, and therefore to an extension of LSI in instances
with equal sea-levels. The simulations confirm the importance of wave run-up by
showing that the incorporation of wave run-up reduces the underestimation in the
level of LSI and lowers the error between the measured and simulated extent of LSI
in all instances. However, variations in the local topography, due to the continued
retreat of the shoreline (Figure 3.5), can also lead to substantial shifts in the area of
inundation.

3.3.2 Groundwater Salinity

The inverted time series of resistivity images of 14 November 2014 to 20 January 2015
were converted to salinity with the procedure that was described in section 3.2.2. In
the presentation and discussion of the results, we have concentrated on these salinities
to be able to differentiate between fresh, brackish, and salt groundwater, to improve
the connection of changes in salinity with LSI or other processes, and to perform
side-by-side comparisons with the model simulated salinities.
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Figure 3.8 Maximum extent of LSI (m) along transect with respect to seaward boundary
of the ERT measurement, for model scenario S1 (SWL, blue line), and S3 (wave run-up,
red line).
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But first this time series of interpreted groundwater salinities was used to
investigate the effect of coastal hydrodynamics and morphodynamics on the fresh-
salt groundwater distribution. In this study, we have focused on the change in
groundwater salinity between the groundwater level and a depth of 21 m MSL,
because the aim of this study lied on fresh groundwater resources and this depth
range encompasses most of the observed changes in the fresh-salt groundwater mixing
zone, and because the ERT data were most sensitive and therefore reliable near the
surface (see Section 3.3.3).

The observed changes in groundwater salinity in the measurement period show that in
most instances an increase in salinity coincides with tides and storm surges, and that
the impact varies with the extent of the inundation. This is illustrated in Figure 3.9,
with the (average) maximum increase in salinity and the (average) total increase in
salinity during LSI between 14 November and 11 December, for LSI with sea-levels
larger or equal to 10.86 m MSL (Mean High Water Neap: MHWN), 11.09 m MSL
(MHW), and 11.28 m MSL (MHWS). Decreases in salinity along the measurement
transect are predominantly caused by falling groundwater levels (frequently as a
consequence of LSI), and to a lesser extent by (high) rainfall events (Figure 3.10).
However some of the (small) changes in the measured salinity cannot be explained
by LSI and recharge. Possible causes for these are small fluctuations in the electrical
resistivity, measurement errors (related to disconnection of electrodes or rapid changes
in resistivity), and changes in moisture content in the unsaturated zone.
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Figure 3.9 Average maximum increase in salinity (in g TDS L-1 min-1) and average total
increase in salinity during LSI (in g TDS L-1), as observed in the ERT measurements
between 14 November and 11 December 2014, grouped for LSI with sea-levels larger or
equal to the MHWN, the MHW, and the MHWS.
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For the examination of particular effects of LSI (e.g. wave run-up and recharge) on the
fresh-salt groundwater distribution, we compared measured and simulated changes in
groundwater salinity. The comparison of the change in salinity was conducted in two
respects: first in relation to the change in groundwater salinity (Figure 3.10), and
second in time (Figures 3.11 and 3.12) with respect to the salinity distribution on
the 14 November 2014 11:00 (start of measurements). Changes in the length of the
electrode array (Figure 3.3) were adopted in the comparison with model simulations,
and only sections with reliable measurements were compared.

 

-4.0E-03

-2.0E-03

0.0E+00

2.0E-03

4.0E-03

6.0E-03

8.0E-03

1.0E-02

1.2E-02

< -4 cm -4 cm -3 cm -2 cm -1 cm 0 cm +1 cm +2 cm +3 cm +4 cm > 4 cm

 C
h

a
n

g
e
 i

n
 s

a
li

n
it

y
 [

g
 T

D
S

 L
-1

 m
in

-1
] 

Increase in groundwater level (in cm) in monitoring well D2 

ERT S1 S3

Figure 3.10 Average increase in groundwater salinity (in g TDS L-1 min-1) between 14
November and 11 December 2014, as observed in the ERT measurements (grey), model
scenario S1 (SWL, blue), and model scenario S3 (wave run-up, red), grouped by the change
in groundwater head (in cm) at monitoring well D2 and sampled with a 30 min interval.

The overall resemblance between the measured and simulated change in groundwater
salinity demonstrates – in particular for model scenario S3 – that the changes in
groundwater salinity along the measurement transect are primarily determined by
sea-level fluctuations and associated groundwater flow (Figures 3.10 and 3.11). In
addition, the contrast in the reproducibility of the observed phenomena between
model scenario S1 (SWL), S2 (wave set-up), and S3 (wave run-up) substantiates the
importance of a reliable estimation of LSI, and in particular wave run-up.

Groundwater recharge has a small effect on the groundwater salinity in the
measurement period (see Figure 3.12). Many differences in the measured and
simulated salinity are probably caused by underestimations in the extent of LSI,
e.g. the effect of inundations between 14 and 20 November, and between 20 and
24 December is underestimated (Figure 3.8). Other possible causes for differences
between measured and simulated salinities are related to errors in the conversion of
the electrical resistivity to groundwater salinity, underestimations in the fluctuation
of the groundwater level (see Figure 3.7), or changes in measured electrical resistivity
that are related to moisture content.
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Figure 3.11 Change in salinity (g TDS L-1) with respect to the initial salinity distribution,
for the observed salinity (grey line), model scenario S1 (SWL, blue line), S2 (wave set-up,
green line), and S3 (wave run-up, red line). Instances of LSI (m) of (sections of) the transect
are shown with dark grey bars. The letters A, B, and C mark the time of the three images
shown in Figure 3.13.

Figure 3.12 Change in salinity (g TDS L-1) with respect to the initial salinity distribution,
for the observed salinity (grey line), and model scenario S3 (wave run-up) with recharge
(red line) and without recharge (orange line). The precipitation is given in mm d-1 with
black bars. The letters A, B, and C mark the time of the three images shown in Figure 3.13.
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Figure 3.13 2-D images of the (left) measured and the (right) simulated groundwater
salinity (S3, wave run-up) for three instances: 14 November 11:00 (start of measurements);
1 December 15:00 (after a calm weather period); and 11 December 19:30 (after substantial
inundations). These instances are also indicated in Figures 3.11 and 3.12 with letters A, B,
and C.
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Comparisons of the absolute groundwater salinity in measurements and simulations
shows that the general pattern matches, with increases in salinity due to
inundations and a small fresh to brackish groundwater lens on the landward side
(Figure 3.13). The complete time-series of the measurements and simulations is
included as supporting information. But some groundwater salinities appear to be
underestimated in the model simulations or overestimated in the converted salinities.
Conversely, the groundwater salinity at the seaward side appears to be higher in the
simulations. These differences are probably caused by the inversion (smoothing and
artefacts, see Section 3.3.3), errors in the conversion of the resistivity to groundwater
salinity, errors in the initial salinity distribution, or mismatches in the salinization of
the coastal aquifer during LSI.

3.3.3 Synthetic Modeling

The resolution of the inverted resistivity images and potential inversion artefacts
was evaluated with a synthetic modelling exercise, consisting of the inversion of
simplified hypothetical resistivity images (Henderson et al., 2010). In this study,
two hypothetical cases with a shallow fresh groundwater lens – representative of the
conditions at the study site – were created with a 2-D groundwater model: case 1
with a sea-level height equal to MHW (1.09 m MSL), and case 2 with an LSI (1.1 -
2.2 m MSL) of the fresh groundwater lens (Table 3.2).

This 2-D model contained the same hydrogeological properties and model parameters
as the calibrated model, as described in section 3.2.3. The implemented model grid
was identical to the tomogram: 159 columns with a constant spacing of 0.5 m, 28
layers with a constant thickness of 0.167 m, and a surface elevation that consists of the
160 measured electrode elevations (incorporated as model nodes). The groundwater
salinities in unsaturated model cells were set to 0.1 g TDS L-1. Figure 3.14 shows the
simulated groundwater salinity in case 1 and 2.

Table 3.2 Model parameters in case 1 ”MHW” and case 2 ”LSI”.

Model Parameter Case 1 ”MHW” Case 2 ”LSI”

Groundwater recharge 1.4 mm d-1 + 0.2 g TDS L-1 0.97 µm min-1 + 0.2 g TDS L-1

Initial conditions 1.2 m MSL + 28 g TDS L-1 Output of case 1
Inland boundary 1.1 m MSL + fresh/salt

interface at 0.45 m MSL
1.1 m MSL + fresh/salt
interface at 0.45 m MSL

Model period 180 days 360 min/6 h
Sea-level 1.09 m MSL + 28 g TDS L-1 1.1-2.2 m MSL + 28 g TDS L-1
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Figure 3.14 Simulated groundwater salinity of case 1 and 2.

The generated salinity distributions were converted to resistivities with Equation 3.1,
using the same formation factor as described in section 3.2.2 and the assumption that
the groundwater conductivity and groundwater salinity are similar. The resulting
resistivities were averaged from 27 to 9 model layers, in accordance with the inverse
model used in the time-lapse measurements: 159 columns with a constant spacing of
0.5 m, 9 layers with a variable thickness of 0.167 - 0.833 m. In addition, we added
random electrical noise of 1 mV V-1 to the inverse models of case 1 and 2 to simulate
the field data.

In order to assess the effect of the chosen minimization norm, both cases were inverted
with the full least-squares inversion (minimizing in L2 norm) and the full L1 norm
inversion (minimizing L1 in norm). In addition, to assess the effect of Lagrangian
multipliers, both cases were also inverted with the constant multiplier of 0.1, and
the automatic calculation of the multiplier that is based on the Active Constraint
Balancing (ACB) technique (Yi et al., 2003).

The inverted distributions of the groundwater salinity (Figures 3.15 and 3.16) closely
resemble the simulated distributions (Figure 3.14) for both cases; the overall pattern is
captured with all chosen minimization norms and with both the automatic (ACB) and
constant Lagrangian multiplier. All inversions also seem to result in an over smoothing
of the simulated fresh-salt groundwater mixing zone, and this effect increases with
depth, parallel with the decrease in resolution.
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Figure 3.15 Inverted groundwater salinity of case 1 ”MHW”, with (top) L1 or (bottom)
L2 minimization norms and an (left) automatic or (right) constant Lagrangian multiplier.

Figure 3.16 Inverted groundwater salinity of case 2 ”LSI”, with (top) L1 or (bottom) L2
minimization norms and an (left) automatic or (right) constant Lagrangian multiplier.
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Table 3.3 RMS error of the inverse model for case 1 ”MHW” and case 2 ”LSI”

Case 1 ”MHW” Case 2 ”LSI”
Model RMS Error Inversion Salinity Inversion Salinity

L1 norm minimization
Automatic multiplier

5.8% 5.7 g TDS L-1 5.9% 6.4 g TDS L-1

L1 norm minimization
Constant multiplier

7.4% 6.5 g TDS L-1 7.0% 6.4 g TDS L-1

L2 norm minimization
Automatic multiplier

5.5% 5.7 g TDS L-1 5.6% 6.4 g TDS L-1

L2 norm minimization
Constant multiplier

5.7% 5.7 g TDS L-1 5.9% 7.3 g TDS L-1

In addition, Figures 3.15 and 3.16 show that most vertical features in groundwater
salinity near the bottom of images are not present in the simulations, and are probably
caused by the decrease in resolution with depth. These inversion artefacts occur
with both the L1 and L2 minimization norms, and with the automatic and constant
Lagrangian multiplier. However, the images suggest that the automatically calculated
Lagrangian multiplier is more vulnerable to these inversion artefacts. For an exact
comparison of the inversion methods, we have added the weighted RMS error of the
inverse model and the RMS error of the groundwater salinity (inversion compared
with simulation) in Table 3.3. The RMS error is lowest for the L2 norm minimization
and the automatic Lagrangian multiplier, but the differences between the inversion
methods are small.

3.4 Discussion

3.4.1 Imaging Groundwater Salinity With ERT

The time-lapse ERT measurement yielded a time series of 2-D images of electrical
resistivities. For the visualization of changes in the fresh-salt groundwater
distribution, and for the comparison with model simulations, these resistivities
(inverse is conductivity) were converted to groundwater salinities with the Practical
Salinity Scale (PSS) of 1978. The salinity-conductivity relationship in the PSS-1978 is
determined by laboratory experiments on (diluted) standard seawater, and is therefore
only applicable to water with a similar composition of major ions (viz., Na+, K+,
Mg2+, Ca2+, Cl, HCO3

-, SO4
2-) as standard seawater. Groundwater salinities at the

study site are predominantly a result of the mixing of seawater and rainwater, and
will satisfy this requirement to a large extent. However, variations in the chemical
composition will probably occur at low salinities (smaller than 2 g TDS L-1), because
of the (relatively small) inflow of coastal groundwater and the formation of ions – in
particular bicarbonate (HCO3

-) – by chemical processes. In addition, small errors or
variations in the electrical formation factor can result in substantial deviations in the
determination of the groundwater conductivities.
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This time series of estimated groundwater salinities, and accordingly time-lapse
ERT, provided us the instruments to effectively investigate the impact of coastal
hydrodynamics and morphodynamics and precipitation on coastal groundwater. The
2-D images contained detailed information on the extent of LSI, and on the change
in the fresh-salt groundwater distribution over time. In particular the ability to
perform (automated) measurements in multiple dimensions for a period of 2 months
was a benefit of the time-lapse ERT. For example, with this method we were able to
delineate the extent of multiple inundations with relative accuracy, and coincidentally
observe the (2-D) impact on the fresh-salt groundwater distribution. However, an
aspect that occasionally led to small anomalies is related to the duration of each
individual measurement, which varied between 10 and 30 min. Rapid changes in
groundwater salinity and saturation levels during individual measurements caused
local anomalies in the electrical resistivity.

It should be noted that inversion of resistivity images often results in non-unique
solutions of the electrical resistivity, and that the resolution of inverted images
decreases with depth. Generally a decrease in resolution leads to a larger deviation
from the actual or earth resistivity and a stronger effect of the starting model and
chosen regularization criteria on the acquired data. Inundations of the electrode array
can also lead to a reduction in the resolution, because the highly conductive surface-
water layer causes a preferential flow of the electrical current (Henderson et al., 2010).
This was anticipated in this study and therefore we have focused on data that was
acquired close to surface, between the groundwater level and a depth of 21 m MSL
as described in section 3.3.2. Potential poor resolutions in inundated segments of the
electrode would only be temporary, and the shallow fresh or brackish groundwater
lens in these segments would probably become completely saline. In addition, the
reliability of the inversion process was substantiated by low RMS errors (smaller
than 1%).

3.4.2 SWI Processes Due to Tides and Storm Surges

The similarity of the measured and simulated groundwater head, extent of LSI, and
change in groundwater salinity proves that reliable simulations of the fluctuation of
the groundwater head in complex dynamic coastal environments can be conducted
with the adopted simulation methodology. With detailed information on fluctuations
in sea-level, topography, and precipitation, it was possible to relatively accurately
reproduce short and long-term variations in LSI and groundwater salinity with the
calibrated variable-density groundwater model. Here, the incorporation of wave set-
up and especially wave run-up in the simulations led to a substantial improvement in
the estimation of the extent of LSI and SWI. This suggests that in areas with gently
sloping beach profiles the extent of inundation could be underestimated when wave
run-up is neglected, especially during storm surges.
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An important cause of the observed differences between measurement and simulations
is probably related to the morphological evolutionbetween the monthly to bimonthly
topographic surveysthat was not incorporated in the simulations. This morphological
evolution resulted in a gradual retreat of the shoreline (often exacerbated by storm
surges) and the formation of sandbars along the outer perimeter of the Sand Engine,
which resulted in shifts of the inundated area. These sandbars could have led to a
shift in the location where waves break and reduced wave run-up, and (partially)
blocked the flow of seawater, especially when sandbars were connected along the
shoreline. Thus, small morphological changes can lead to substantial changes in the
area of inundation and wave run-up, and therefore have a strong impact on fresh
groundwater in coastal aquifers. For the improvement of simulations of groundwater
salinity in such dynamic coastal conditions, it is necessary to incorporate more
information on the morphological change during storm surges. Thus, for accurate and
detailed delineations of the groundwater head and salinity in local dynamic coastal
environments, it is recommended to monitor the local topography frequently or to
perform accurate morphological simulations.

In general the simulated fresh-salt groundwater distribution matches the observed
patterns in the time-lapse ERT images. These are patterns such as the observed
development of a small fresh to brackish groundwater lens after the intensive storm
in the night of 21 - 22 October 2014, and the gradual salinization of the aquifer due
to repeated LSI. Deviations in absolute groundwater salinities are probably primarily
caused by a combination of errors in the inversion (e.g. over smoothing and inversion
artefacts, see Section 3.3.3), errors in the conversion of electrical conductivities to
groundwater salinities, errors in the wave set-up and wave run-up height and related
LSI and SWI during storm surges, and errors in the simulated fresh-salt groundwater
distribution in the period previous to the measurements. To differentiate the
contribution of each of these factors and to improve simulations in these local dynamic
coastal environments, it is recommended to perform more extensive measurements
of the groundwater salinity. In addition, wave set-up and wave run-up height was
estimated with empirical run-up formulas, where the infiltration of seawater by wave
run-up was roughly estimated. This approach generally improves the simulation of
SWI processes in these environments, but refinements in the prediction of the extent
of LSI and the infiltrated volume of seawater can lead to further substantial advances.
For example, the incorporation of unsaturated zone processes in the approach could
improve the estimation of the volume of seawater that infiltrates during wave run-up,
because the infiltration is probably very sensitive to the saturation level.
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3.5 Conclusions

The measurements show that time-lapse ERT can be a valuable and promising
technique for the measurement of temporal and spatial changes in groundwater
salinity in dynamic coastal environments. ERT can especially be effective in the
measurement of rapid processes such as the effects of salt water overwash and intrusion
during and after storm surges. The observed changes in salinity due to groundwater
recharge, tidal dynamics, and storm surges could to a large extent be simulated by a
variable-density groundwater model, suggesting that given a thorough understanding
of the (local) system, groundwater models can be used to make predictions of the
effects of tides and storm surges. However, an accurate numerical simulation of the
effect of LSI in (topography-limited) dynamic coastal environments, and especially
during storm surges, requires detailed information about morphological changes along
the coastline and reliable estimates of the extent of wave run-up.
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4 Impact of coastal forcing and
groundwater recharge on the
growth of a fresh groundwater
lens in a mega-scale beach
nourishment

Based on: Huizer, S., Radermacher, M., de Vries, S., Oude Essink, G.

H. P., and Bierkens, M. F. P. (2018), Impact of coastal forcing and groundwater
recharge on the growth of a fresh groundwater lens in a mega-scale beach nourishment,
Hydrology and Earth System Sciences 22, 1065–1080, doi:10.5194/hess-22-1065-2018.

Abstract

For a large beach nourishment called the Sand Engine – constructed in 2011 at the Dutch

coast – we have examined the impact of coastal forcing (i.e. natural processes that drive

coastal hydro- and morphodynamics) and groundwater recharge on the growth of a fresh

groundwater lens between 2011 and 2016. Measurements of the morphological change and

the tidal dynamics at the study site were incorporated in a calibrated three-dimensional and

variable-density groundwater model of the study area. Simulations with this model showed

that the detailed incorporation of both the local hydro- and morphodynamics and the actual

recharge rate can result in a reliable reconstruction of the growth in fresh groundwater

resources. The neglect of tidal dynamics, land-surface inundations, and morphological

changes in model simulations can result in considerable overestimations of the volume of

fresh groundwater. In particular, wave run-up and coinciding coastal erosion during storm

surges limit the growth in fresh groundwater resources in dynamic coastal environments, and

should be considered at potential nourishment sites to delineate the area that is vulnerable

to salinization.

4.1 Introduction

Groundwater is an important – in many situations vital – source of high-quality
fresh water for most coastal communities in the world. However, these coastal fresh
groundwater resources are to an increasing degree affected by seawater intrusion,
primarily caused by (excessive) groundwater abstraction and sea-level rise (Ferguson
and Gleeson, 2012; Taylor et al., 2013). Global population growth in the coming
decades will lead to a rising demand for fresh water, and combined with the projected
sea-level rise this will likely result in a gradual decline of fresh groundwater resources
(Famiglietti, 2014; Wong et al., 2014).
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In addition, sea-level rise can also increase coastal flooding – caused by storm surges
– and may lead to an increase in coastal erosion, which in turn will induce seawater
intrusion and may cause a loss of wetland and biodiversity (FitzGerald et al., 2008;
Passeri et al., 2015; Wong et al., 2014). Coastal lowlands with low topographic
gradients and small islands are particularly vulnerable, because these areas are the
most susceptible to coastal flooding and seawater intrusion (FitzGerald et al., 2008;
McGranahan et al., 2007; Michael et al., 2013; Rotzoll and Fletcher, 2012).

There are two potential responses to these rising threats to coastal communities,
especially in relation to sea-level rise: (global) mitigation and (local) adaptation
(Nicholls, 2011; Wong et al., 2014). With the progression of our knowledge and
expectations on sea-level rise, the international perspective has shifted to adaptation
(Brown et al., 2014). Some countries, such as the Netherlands, Germany and the
United States, have implemented coastal protection measures, which is the only
adaptation approach that additionally might help to preserve fresh groundwater
resources (van Koningsveld and Mulder, 2004; Rosenzweig and Solecki, 2010; Sterr,
2008).

In the Netherlands – a vulnerable low-lying country with a long history of coastal flood
management – sandy shorelines have been successfully maintained and reinforced with
an extensive sand nourishment programme in the last decades (Giardino et al., 2011;
Keijsers et al., 2015). The anticipation of sea-level rise has led to new adaptation
measures (Kabat et al., 2009), where the construction of a large concentrated beach
nourishment called the Sand Engine (also called Sand Motor) is one notable example
(Figure 4.1). This large beach nourishment was created on the Dutch coast as part
of an effort to attain a more sustainable coastal protection approach (Slobbe et al.,
2013). Contrary to regular nourishments, the Sand Engine is deemed advantageous
because it only causes a disturbance at a concentrated part of the coastline during
a short time, after which the excess sand nourishes the larger length of the coastline
gradually by natural along-shore sand transport (Stive et al., 2013).

In previous studies, we showed that large beach nourishments such as the Sand Engine
can potentially lead to substantial increases in fresh groundwater resources (Huizer
et al., 2016) and that the impact of tides and storm surges on these resources can
be simulated accurately when the system is thoroughly understood (Huizer et al.,
2017). This raised questions concerning the potential growth of fresh groundwater
resources in the Sand Engine following its construction in 2011, and how important
the impact of coastal forcing (i.e. natural processes that drive coastal hydro- and
morphodynamics such as wind, waves, and tides) precipitation and evaporation was
on the observed growth in fresh groundwater resources. In other words, did the
freshwater lens grow substantially following the construction of the Sand Engine, is it
possible to reproduce this growth reliably with a numerical model, and how important
is detailed information on land-surface inundations, geomorphological changes, and
groundwater recharge for the replication of this growth?
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Figure 4.1 Map of the study area with the model domain (left), and the change of the
surface level in the study area (morphological development) between 2011 and 2016 (right)
in metres with respect to the NAP datum, which is approximately equal to mean sea level.

To answer these questions this study aims to reconstruct the development of the
freshwater lens and mixing zone between 2011 and 2016, and evaluate the importance
of an accurate description of (1) land-surface inundations, (2) geomorphological
changes and (3) groundwater recharge for the prediction of the growth of fresh
groundwater resources. Both the reconstruction and evaluation were conducted
with a three-dimensional (3-D) variable-density groundwater model, where the model
simulations were calibrated and evaluated with (transient) groundwater head and
groundwater salinity measurements. Considering the aims of this study, it is
important to note that both the spatial and temporal changes of fresh groundwater
resources in the Sand Engine are simulated, calibrated and evaluated.

4.2 Data and methods

4.2.1 Site description: Sand Engine

The Sand Engine (also called Sand Motor) is a large concentrated beach nourishment
of approximately 17 million m3 sand, which was placed on the Dutch coast in 2011 as
a hook-shaped peninsula (Figure 4.1). This nourishment is part of an innovative pilot
project in which this nourishment method is evaluated with respect to the current
practice of large-scale distribution of smaller volumes of sand. One appealing hallmark
of the Sand Engine is that natural forces (i.e. wind, waves and currents) gradually
transport the replenished sand along the retreating coast, and simultaneously support
natural dune growth (Slobbe et al., 2013).
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Coastal forcing storm surges in particular led to substantial geomorphological
changes at the Sand Engine in the measurement period. Between 2011 and 2016
the shoreline along the outer perimeter of the peninsula retreated approximately 200
m (de Schipper et al., 2016). The geomorphological changes of the Sand Engine
were monitored every 1 – 3 months with topographic surveys, as part of an intensive
monitoring programme. Spatial interpolations of all topographic surveys were used to
update the surface elevation in the groundwater model, and these were implemented
as sequential grid regenerations.

4.2.2 Variable-density groundwater flow model

Spatial and temporal changes in fresh and salt groundwater in the Sand Engine were
simulated with a 3-D groundwater model, in which the computer code SEAWAT was
used to simulate variable-density saturated groundwater flow and salinity transport
(Langevin et al., 2008). In SEAWAT the governing flow and solute transport equations
are coupled and solved with a cell-centred finite difference approximation. Numerous
studies have applied this code to simulate variably-density, transient groundwater
flow in coastal environments (Colombani et al., 2016; Holding and Allen, 2015a; Pauw
et al., 2014; Rasmussen et al., 2013; Webb and Howard, 2011).

The model domain had a length of 4500 m and width of 1500 m (Figure 4.1), and
was discretized into 75 rows and 225 columns with horizontal cell sizes of 20 m,
and 28 layers with a thickness of 0.5 m in the upper layers and 1 m in layers
below -7 m NAP (Amsterdam Ordnance Datum, which is approximately equal to
MSL). Boreholes from the Sand Engine and adjacent dunes show that the subsoil of
the study area consists of sandy aquifers with fine to coarse-grained sand, which
are (partially) interrupted by two thin aquitards consisting of sandy clay, and
are separated from underlying aquifers by an aquitard consisting of clay and peat
(Figure 4.2). The replenished sand and upper aquifers (Aquifer 1a and 1b) are mainly
composed of medium coarse-grained sand, while the sand in the dunes and below -
9 m NAP (Aquifer 2) is mainly composed of fine-grained sand (Figure 4.2). The
underlying aquitard – situated between -17 and -20 m NAP – was defined as the local
hydrogeological base of the model.

The boundaries of the model domain were defined either as a no-flow boundary
(boundaries perpendicular to shoreline, and hydrogeological base) or as a specified
head and concentration boundary (boundaries parallel to the shoreline). Specific head
and concentration boundaries within the North Sea equalled tide gauge measurements
in the harbours of Scheveningen and Hoek van Holland and seawater salinity of
28 g TDS L-1 (i.e. equal to the observed average seawater salinity at the site:
Rijkswaterstaat (2012)). The inland specified head and concentration boundary,
situated in the Solleveld dune area, was determined with an extra simulation with
the calibrated groundwater model as described in Huizer et al. (2016).
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points). The dashed line in the cross section marks the bathymetry prior to the construction
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In this calibrated model the groundwater recharge was adapted according to the model
scenarios (Section 4.2.5). The groundwater head distribution at the start of the model
simulations – before the completion of the Sand Engine in June 2011 – were set equal
to the calibrated conditions of the same previously mentioned model Huizer et al.
(2016). The initial groundwater salinity distribution was approximated with a sharp
(vertical) fresh-salt groundwater interface in the foredunes (see Figure 4.2), because
the former model underestimated the salinization close to the dunes and because
previous nourishments led to seawater intrusion in the (newly constructed) foredunes.
The interface was positioned in the foredunes with fresh groundwater salinities of 0.1
g TDS L-1 in the Solleveld dune area, and completely saline groundwater in the
foredunes, beach and Sand Engine (28 g TDS L-1). Model cells close to this interface
and in the Solleveld dune area were excluded from evaluations.

In the adjacent dune area Solleveld a drinking-water company extracts groundwater,
and in order to prevent any undesirable or unexpected effects of the construction of
the Sand Engine to the groundwater quality (e.g. flow of saline groundwater towards
pumping wells), 29 pumping wells were installed in 2012 on the first dune ridge (see
red points in Figure 4.2). These pumping wells keep the groundwater level at +0.8 to
+1 m NAP with the aim to control the direction of the groundwater flow, and were
included as such in the model simulations (Stuurman, 2010).
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4.2.3 Model calibration

The groundwater model was calibrated with groundwater head measurements in
monitoring wells 1 to 8 (Figure 4.2), from 1 May 2014 until the end of the scenario
simulations on 31 May 2016. These monitoring wells all contain one well screen in
Aquifer 1a (phreatic), and monitoring wells 2, 3, 7, and 8 contain a second well screen
in Aquifer 2 (see cross section in Figure 4.2). Simulated groundwater salinities were
compared with chloride measurements, which were obtained from soil samples that
were taken during the construction of the monitoring wells between 10 and 14 March
2014. For the conversion of the measured chloride concentrations to salinity (TDS),
we have adopted the relation between chloride and TDS as found in the North Sea;
0.553 g Cl L-1 in 1 g TDS L-1 (Millero, 2003). In this study freshwater was classified
as 0 – 1 g TDS L-1.

The calibration comprised of manual model parameter adjustments and comparisons
of measured and simulated (transient) groundwater heads and groundwater salinities.
For the evaluation of the fit to the measured groundwater heads, the subsequent
calibration criteria were adopted: the error between the measured and simulated
transient groundwater head should be smaller than the observed variation in
groundwater level (average standard deviation is 0.1 m in the calibration period),
where the variation in the simulated groundwater head should be similar to the
observed fluctuation pattern. For the calibration of the groundwater salinities
equivalent criteria were adopted: the depth of the fresh-to-salt groundwater interface
and mixing zone thickness should be smaller than the observed mixing zone thickness
(in our case approximately 2 m), where the error between the measured and simulated
groundwater salinity should be small or explicable. The calibration concentrated on
a selection of model parameters: hydraulic conductivity, storage coefficients, and
dispersivity. These model parameters were adjusted with small incremental changes
from an initial estimate, which was identical to a previous model calibration of the
same area (Huizer et al., 2016). The dispersivity was adapted in accordance with the
observed mixing zone thickness.

Ideally, we would have liked to split the data into a calibration and a validation
dataset (split sample approach). However, the number of observation locations and
the length of the time series made such an approach unachievable, and therefore all
available information was used for the calibration. This meant that only the lack of
fit of the model could be verified, not the predictive uncertainty. The calibrated set
of model parameters is shown in Table 4.1.
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Table 4.1 Calibrated parameter values implemented in the model simulations.

Layer Type Parameter Sand
Engine

Dunes

All model layers Longitudinal dispersivity 0.1 m
Transverse dispersivity 0.01 m
Effective porosity 0.30
Specific storage 0.0002 m

Phreatic aquifers Horizontal hydraulic conductivity 28.8 m d-1 10 m d-1

1a: [above –6 m NAP] Vertical hydraulic conductivity 14.4 m d-1 5 m d-1

1b: [–6.5 to –8 m NAP] Specific yield 0.20
Aquitards Horizontal hydraulic conductivity 0.0576 m d-1

1: [–6 to –6.5 m NAP]
2: [–8 to –9 m NAP]

Vertical hydraulic conductivity 0.00576 m d-1

Aquifer Horizontal hydraulic conductivity 10 m d-1

2: [–9 to –17 m NAP] Vertical hydraulic conductivity 5 m d-1

4.2.4 Model convergence

To test whether the adopted spatial model discretization returned reliable
quantifications of the volume of fresh groundwater in the study site, a grid convergence
or refinement test was conducted. As described in Section 4.2.2, the reference model
discretization consisted of a horizontal grid size of 20 m, and 28 layers with a variable
thickness of 0.5 (upper layers) to 1 m (lower layers). This discretization was tested
with three additional simulations with higher and lower spatial resolutions: one with
an increased vertical resolution of 0.25 to 0.5 m over 56 layers (S1), one with a
decreased vertical resolution of 1 to 2 m over 14 layers (S2), and one with a coarser
horizontal grid size of 30 m (S3). All the model parameters, initial conditions, and
boundary conditions of the simulations were equal to the calibrated model. The
convergence in regard to the temporal model discretization was not tested, because
stability constraints were used to calculate the length of transport time steps.

4.2.5 Model scenarios

The importance of detailed information on (1) land-surface inundations (2)
geomorphological changes, and (3) groundwater recharge for reliable reconstructions
of the growth of the freshwater lens in the Sand Engine was evaluated with model
simulations for the period of 1 June 2011 (completion Sand Engine) to 31 May
2016. Using the calibrated model as a representation of the actual growth in
fresh groundwater resources, the importance of each factor was evaluated with
model scenarios that consist of simplifications to this detailed reference model. The
simplifications were based on assumptions that are often made in model simulations.
The adopted methodology in the calibrated model and the model scenarios are
summarized in Table 4.2, and described in detail in Section 4.2.5.
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Table 4.2 Summary of model scenarios (grey items are equal to reference case).

Model
scenario

North Sea
(water level)

Lagoon
(water level)

Topography Extinction
Depth

Reference Tide gauge + waves Model hindcast Surveys 0.5 m

A
Inundation

A1: MSL
A2: Tide gauge

A1: MSL
Model hindcast

Surveys
Surveys

0.5 m
0.5 m

B
Morphology

Tide gauge + waves
Tide gauge + waves

Model hindcast
B2: Tide gauge

B1: Constant
Surveys

0.5 m
0.5 m

C
Recharge

Tide gauge + waves
Tide gauge + waves

Model hindcast
Model hindcast

Surveys
Surveys

C1: 0.25 m
C2: 0.75 m

Land-surface inundations

For the simulation of the land-surface inundations we used the same method as
in Huizer et al. (2017). In this paper the method is described briefly, and for a
more extensive description and evaluation of this method we refer to Huizer et al.
(2017). Tide gauge measurements with a 10-minute time interval in the harbours of
Scheveningen and Hoek van Holland were used to estimate the seawater level near
the Sand Engine (i.e. still water level: SWL). The average seawater level of both
measurement sites was used as an estimate of the local seawater level, and the tidal
North Sea boundary was modelled as ’General Head (head-dependent) Boundaries
and Drains’ (Mulligan et al., 2011). All model layers above -2 m NAP were defined
convertible (saturated thickness) and rewettable with a wetting threshold of 0.05 m
(McDonald et al., 1992). To ensure a reactivation of all inundated model cells, an
additional seawater infiltration of 0.01 m per minute (equal to the vertical hydraulic
conductivity) was added to the area of inundation during rising tides. In addition,
to analyse the impact of tidal dynamics on fresh groundwater resources, a simulation
(scenario A1) with a constant seawater level of 0.065 m NAP (MSL simulation period)
was executed (Table 4.2).

Wave set-up (i.e. local rise of the MSL) and wave run-up (i.e. maximum level of
wave up-rush on the beach) will result in an increase in the extent of land-surface
inundations, and hence to an increase of seawater intrusion. To assess the impact
of wave set-up and wave run-up on fresh groundwater resources both processes were
included in the reference model, and excluded in model scenario A2 (Table 4.2).
Wave set-up was modelled with an identical approach as the observed seawater level
fluctuations, and wave run-up as an infiltration of seawater between the wave set-up
height and the wave run-up height. The infiltration rate at the wave set-up height
was estimated as the drainable storage (determined by specific yield) between SWL
and the wave set-up height, and above the wave set-up height this infiltration rate
was reduced linearly to a value of 10% at the wave run-up height.
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The wave set-up and wave run-up height in every model period was estimated with
the parametrization for set-up on dissipative sites (Stockdon et al., 2006), which is
dependent on the deep water significant wave height, and the deep-water wave length.
The deep-water significant wave height and deep-water wave length were estimated
with offshore measurements at the measurement location called ”Euro platform”,
located 50 km southwest from the study site.

Geomorphology

The morphological evolution of the Sand Engine in the period 2011-2016 has led to
significant decreases in the dimensions of the tidal channel (hereafter referred to as
lagoon), which gradually choked the tidal system in the lagoon (de Vries et al., 2015).
As a result the tidal amplitude decreased over time and the mean water level inside
the lagoon increased (Figure 4.3).

 

Figure 4.3 The images show three measurements of distinct morphologies of the Sand
Engine domain in 2011, 2012, and 2014. The red circle represents the location where tides
inside the lagoon are calculated with the Delft3D flow model in de Vries et al. (2015). The
graphs show the simulated tides inside and outside the lagoon as obtained with the three
successive morphologies.

In an effort to produce a hindcast of tidal water levels inside the lagoon for the period
of 3 August 2011 to 4 January 2016, the numerical flow model by de de Vries et al.
(2015) was extended Figure 4.4. This depth-averaged flow model was constructed
with the modelling package Delft3D (Lesser et al., 2004), which numerically integrates
the shallow water equations. Measurements of morphology and boundary conditions
(wind and water levels) were included in the simulation:
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1. Prescribed water levels along the offshore boundary were based on tidal stations
north (Scheveningen) and south (Hoek van Holland) of the Sand Engine.

2. The lateral boundaries were forced with Neumann conditions, which represent
the alongshore water level gradient.

3. The bottom friction was specified with a spatially uniform Chézy coefficient of
65 m1/2 s-1.

4. A constant eddy viscosity of 0.01 m2 s-1 was applied.

5. The influence of wind was taken into account as a wind shear stress at the free
surface.

The model bathymetry and associated nourishment geometry was constructed from
a set of 34 bathymetric field surveys at the Sand Engine and the adjacent coastal
cell. These surveys were conducted using a jetski-mounted single-beam echo sounder
for the submerged part of the domain and a real-time kinematic differential GPS
mounted on an all-terrain vehicle for the dry beach (de Schipper et al., 2016).

The hindcast of tidal water levels inside the lagoon was implemented in the reference
model, where we assumed that the lagoon water level sustains over the whole channel.
Before and after the hindcasted period we assumed that the water levels inside the
lagoon were identical to the offshore seawater levels. Note that after 4 January
2016 the choking of the tidal system in the lagoon was (temporarily) lifted, because
the continued erosion of the outer perimeter of the Sand Engine and the increasing
hydraulic gradient between the lagoon and the North Sea led to breach of the sand
barrier that separated the two systems.

Figure 4.4 Simulated water level (in m NAP) inside the lagoon from 3 August 2011 to 4
January 2016, where the vertical red lines signify topographic surveys.

To determine the impact of the observed morphological changes and the increase of
the mean water level inside the lagoon on fresh groundwater resources, two additional
model scenarios (B1 and B2) were implemented (Table 4.2). In model scenario
B1 all morphological changes between 2011 and 2016 were excluded and hence the
topography of the Sand Engine remained constant (equal to the situation in August
2011). In model scenario B2 the choking of the tidal system in the lagoon was ignored
and thus the water level in the lagoon remained equal to the North Sea throughout
the simulation period (model scenario B2).
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Figure 4.5 Observed and simulated water levels in the lagoon from 2–23 October 2014,
which contains a fortnightly spring-neap tidal cycle and a storm surge around 22 October.

Groundwater recharge

Hourly measurements of the precipitation at a measurement station in Hoek van
Holland – located 9 km south-southwest from the measurement site – were used
as an estimate of the precipitation on the Sand Engine. Potential soil evaporation
was calculated with the FAO Penman-Monteith method for hourly time steps, where
the mean wind speed, air temperature, global radiation, and relative atmospheric
humidity were also based on hourly measurements in Hoek van Holland (Allen et al.,
1998). The FAO Penman-Monteith equation was adapted with estimations of the
aerodynamic resistance and surface resistance for bare sand (Voortman et al., 2015).
Similar to Voortman et al. (2015) the ratio between the incoming solar radiation and
the clear sky solar radiation between sunset and sunrise was linearly interpolated
between the 4 to 6 h average before sunset and after sunrise (Gubler et al., 2012).

The actual soil evaporation was estimated with the average moisture content between
surface elevation and the extinction depth, where the evaporation was set equal to
the potential evaporation for moisture contents equal and larger to field capacity.
For moisture contents smaller than field capacity, the soil evaporation drops linearly
to zero, parallel with the decrease in moisture. For coarse sand, field capacity
was estimated as 0.042 cm3/cm3 (Wösten et al., 2001). The moisture content was
calculated with a water budget method of precipitation and evaporation, where
we assumed that percolation only occurs when the moisture content equals field
capacity. At that point the groundwater recharge equals the (positive) difference
between precipitation and evaporation. This method for the estimation of the actual
evaporation and percolation to the groundwater is comparable to the approach used
in Falkland and Woodroffe (2004) and Post and Houben (2017). Based on literature
data the extinction depth was estimated as 0.5 m (Shah et al., 2007; Wösten et al.,
2001). However, because of uncertainties in this estimation, we have also conducted
model scenarios C1 and C2 with extinction depths of 0.25 and 0.75 m (50%; Table 4.2).
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The effects of sea spray deposition were estimated with semi-empirical equations
(Stuyfzand, 2014) with wind speed and wind direction measurements in Hoek van
Holland. For the angle of the coastal high water line we used the angle of the shoreline
of 228, as existed prior to the construction of the Sand Engine. Between June 2011
and May 2016 the resulting annual mean TDS concentration – caused by sea spray
deposition – was respectively 0.11, 0.08, 0.06, and 0.04 g TDS L-1 at 100, 200, 500,
and 1000 m from the local mean high water (MHW) height of +1.09 m NAP. These
TDS concentrations were linearly interpolated based on the distance from the MHW
height, with a maximum concentration of 0.11 g TDS L-1.

4.3 Results

The calibrated groundwater model (i.e. reference case) contained all elements of the
previously described model scenarios that were deemed important for the growth
of the fresh groundwater resources (Section 4.2.5): estimates of wave set-up and
wave run-up, hindcast of tidal water levels inside the lagoon, and a groundwater
recharge that was based on an extinction depth of 0.5 m below surface. The simulated
(transient) groundwater head and groundwater salinity of this model were compared
with measurements at the study site. In addition, the reliability of the adopted spatial
discretization was tested with a grid convergence test, consisting of simulations with
lower and higher spatial resolutions. In the subsequent model scenarios, the effects
of coastal forcing, geomorphology, and groundwater recharge on the growth of fresh
groundwater resources were examined with respect to this calibrated model.

4.3.1 Model evaluation

Figure 4.6 and 4.7 show that the simulated groundwater head closely resemble the
observed fluctuation pattern at the eight monitoring wells (MWs) on the Sand Engine.
This demonstrates that the calibrated model can reproduce the observations with
plausible model parameters (Table 4.1) and indicates that the groundwater dynamics
are described satisfactorily. The similarity between the observed and simulated
groundwater head is strongest near the shoreline (MW 1, 2, 5, 7) and in the centre
of the Sand Engine (MW 8), with RMS errors varying between 0.08 and 0.15 m.
Closer to the dunes (MW 4 and 6) the RMS error increases slightly due to temporary
underestimations in the simulated groundwater head. The only exception to this
overall pattern is MW 3, which has a larger RMS error in comparison with the other
MWs. However, the simulated fluctuation of the groundwater head in MW 3 is
similar to the measurements, and the larger RMS error is primarily a result of a
systemic underestimation. This underestimation of the groundwater head at MW 3
is probably caused by mismatches in the local geology (e.g. finer sand, or variations
in the position, thickness or conductivity of aquitards) that reduces the decline in
groundwater head. This possibility is corroborated by the contrast in the observed
and simulated groundwater head in the bottom aquifer at MW 2 and 3 (Figure 4.7).
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Figure 4.7 Observed and simulated groundwater head in MW 2, 3, 7 and 8 (in aquifer 2:
see Figure 4.2), from May 2014 to June 2016.

The measurements indicate that the attenuation of the tidal signal is stronger at MW
2 and weaker at MW 3, while MW 2 is situated closer to the shoreline than MW 3.
Thus, this suggests a stronger variability in the thickness, hydraulic conductivity or
spatial distribution of aquitard(s) near these MWs.

One of the likely causes of the temporary underestimations of the groundwater head
in MW 4, 6, and 8 and to a lesser extent MW 3 is (temporary) deviations of the
groundwater head at the inland model boundary, as for example between February
and July 2015 and February and June 2016. In these periods the deviation is largest
for MW 4, 6 and 8. The mismatches on the inland model boundary are most likely
caused by overestimations of groundwater abstractions in the dunes (i.e. changes
in abstraction rate throughout the year) or underestimations in the groundwater
recharge rates in the dunes.

Another notable deviation in the observed and simulated groundwater head is the
rapid rise of the groundwater level in MW 1, 2, 3, 5, 6, and 7, during a storm surge
on 22 October 2014 (see also Figure 4.5). The rise of the groundwater level is smaller
in the model simulations – especially in the monitoring wells that lie closest to the
shoreline – and this is probably caused by an underestimation of the wave run-up
height or seawater infiltration during this storm surge.
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The depth profiles of the groundwater salinity (Figure 4.8) confirm the presence
of a fresh groundwater lens on top of an otherwise saline aquifer. Only in MW
4 the measurements show a decrease in the groundwater salinity at depth, but it
is uncertain whether this is the result of a single measurement error or an actual
deviation from the overall observed pattern. In addition, Figure 8 shows that the
reference simulation closely resembles the observed groundwater salinity in most
monitoring wells. However, the deviations suggest that the average North Sea salinity
may be higher (MW 1, 2, 3, and 7), and indicate that the thickness of the fresh
groundwater lens is slightly overestimated in the reference case. The cause of this
slight overestimation will likely either lie in an overestimation of the volume of
groundwater recharge or an underestimation of the salinization of fresh groundwater
by coastal flooding (in particular during storm surges). The only exception is MW
6, where the depth of the freshsalt groundwater interface is underestimated, and the
likely cause for this deviation is a mismatch in the initial groundwater salinity near
the dunes (e.g. overestimation of the salinization by nourishments).
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Figure 4.8 Depth profiles with the observed (black points) and simulated (red line)
groundwater salinity in MW 1 – 8, obtained between 10 and 14 March 2014.
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4.3.2 Grid convergence

Simulations with finer and coarser grid resolutions (S1, S2, and S3) show increases of
the volume of fresh groundwater similar to the reference model (Figure 4.9). Coarser
spatial resolution (S2 and S3) resulted in lower volumes of fresh groundwater, and a
finer vertical spatial resolution (S1) resulted in a nearly identical growth of the fresh
groundwater volume. However, at the end of the simulation period (May 2016) the
overall deviation in the simulated change in fresh groundwater is small (1.1 – 1.16
million m3). This convergence is probably mainly caused by aquitard 1 (Figure 4.2),
which hampers the growth of fresh groundwater resources in a large section of the
study area. Thus, the additional simulations show that subsequent increases of the
spatial resolution would lead to similar growth curves, which suggests that the model
grid was sufficiently refined.
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Figure 4.9 Change in the volume of fresh groundwater from June 2011 to May 2016 for
the calibrated model (reference case) and model convergence simulations S1, S2 and S3.

4.3.3 Scenario A: land-surface inundations

One of the processes that can inhibit the growth of fresh groundwater resources in
large beach nourishments is coastal forcing, which is the driving force of land-surface
inundations. Tides will lead to frequent land-surface inundations near the shoreline
(i.e. intertidal area), and storm surges to occasional and more extensive inundations
(intertidal to supratidal area). In both cases the inundations will lead to a periodic
infiltration of seawater in the intertidal and supratidal area, where the extent and
duration of the inundations will depend on the intensity of wind and wave forces, and
local morphology.
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The model simulations confirm that coastal forcing limits the growth of fresh
groundwater resources in the Sand Engine, as illustrated in the divergence in growth
of the fresh groundwater volume in the reference model and model scenario A1
(approximately 1,700,000 m3: Figure 4.10). This contrast in growth over the
simulated period is primarily caused by the periodic salinization of fresh groundwater
in the intertidal and supratidal area, where simultaneously geomorphological changes
between 2011 and 2016 led to substantial increases in the intertidal and supratidal
area (Figure 4.11).

The in- and exclusion of wave set-up and wave run-up in respectively the reference
model and model scenario A2 has a similar – but smaller – effect on the growth
of the fresh groundwater volume (Figure 4.10). The neglect of wave set-up and
wave run-up leads to an underestimation of the extent of land-surface inundations
and the infiltrated volume of seawater, especially during storm surges (Figure 4.11).
In addition, it is important to note that the model calibration suggests the wave
run-up height or seawater infiltration rate during storm surges was underestimated
(Section 4.3.1).
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Figure 4.10 Simulated increase in the volume of fresh groundwater in the model domain
from June 2011 to May 2016, for the reference model (incl. wave set-up and wave run-up),
model scenario A1 (constant MSL), and model scenario A2 (SWL).

Another important variable that reflects the divergence in the model scenarios
is the groundwater table. The omission of tides and storm surges leads to an
underestimation of seawater intrusion, and therefore an underestimation in the
groundwater levels. In model scenario A1 the groundwater level on 1 June 2016
is 0.4 – 0.6 m lower than the reference case – and observed groundwater levels. In
turn, this leads to a reduction of submarine fresh groundwater discharge and a larger
inflow of fresh groundwater from the adjacent dune area, which also contributes to
the overestimation of the growth of fresh groundwater resources in the study area.
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Figure 4.11 Thickness of fresh groundwater lens (in metres) 1, 2, 3, 4, and 5 years after the
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4.3.4 Scenario B: geomorphology

Besides hydrodynamics, coastal forcing also drives morphodynamics.
Geomorphological changes in the study area from June 2011 until May 2016
consisted of a substantial retreat of the shoreline along the outer perimeter of the
Sand Engine (Figure 4.1) and a gradual decline in surface elevations (Luijendijk
et al., 2017; de Schipper et al., 2016). These morphological changes led to a direct
loss of fresh groundwater due to coastal erosion, and to more substantial indirect
losses because of a shift and in some situations extension of the intertidal and
supratidal area (Figure 4.11). The simulation with a constant surface elevation and
bathymetry (B1) shows that the absence of morphodynamics would have led to
substantially higher fresh groundwater volumes (approximately 600,000 m3 in June
2016) in the study area (Figure 4.12).

Another result of the morphological changes was the development of a lagoon, which
led to a gradual decrease of the tidal amplitude and increase of the mean water level
in the lagoon from 2011 to 2016, as described in Section 4.2.5. The model simulations
show that this led to a small decrease in the growth of the fresh groundwater volume
(70,000 m3 on 1 June 2016) in comparison with model scenario B2 where the water
level in the lagoon remained equal to the offshore sea level (Figure 4.12).
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The effect of the morphological evolution of the lagoon on the overall growth in the
volume of fresh groundwater is relatively small in comparison with model scenario
A2 (Section 4.3.3), and C1 and C2 (Section 4.3.5), because the inundation extent
during storm surges (e.g. high seawater levels) is similar in both situations. The
smaller growth of the fresh groundwater lens is primarily caused by a rise of the
local groundwater level (around the lagoon), which led to a reduced inflow of fresh
groundwater from the adjacent dune area and an increase in seawater intrusion.
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Figure 4.12 Increase in the volume of fresh groundwater from June 2011 to May 2016, for
the reference case (with hindcast of the lagoon water level), model scenario B1 (constant
morphology), and model scenario B2 (lagoon water level equal to North Sea).

4.3.5 Scenario C: groundwater recharge

On average the yearly precipitation from June 2011 until May 2016 was 938 mm, of
which 421 mm fell in March – August (spring – summer) and 517 mm in September
– February (autumn – winter). The average yearly potential soil evaporation was
990 mm, of which 695 mm evaporated in March – August and 295 mm in September
- February. Thus, the net surplus based on the potential soil evaporation was -52
mm per year. However, moisture levels in the upper part of the unsaturated zone on
the Sand Engine were often (especially in spring and summer) too low to attain this
potential evaporation rate. The actual evaporation rate was therefore important for
the net groundwater recharge in the study area.

Based on the available soil moisture between the surface and the extinction depth
(see Section 4.2.5), the actual evaporation rate was determined. The resulting
groundwater recharge for the respective extinction depths of 0.25, 0.5 and 0.75 m,
as shown in Figure 4.13, varied between 595 mm (+78 mm relative to the reference
case), 516 mm, and 470 (-46 mm relative to the reference case) mm per year. Most of
the groundwater recharge (30 to 34%) occurred in autumn and winter, and least (9
to 12%) in spring. Therefore, as to be expected, larger extinction depths led to more
evaporation and less groundwater recharge, in particular in the spring and summer.
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The simulated change in the fresh groundwater volume (Figure 4.14) shows that
groundwater recharge is one of the primary driving mechanisms, with increases in
periods with relatively high percolation rates and a stabilization or decrease in periods
with relatively low percolation rates. Parallel to groundwater recharge, most of the
overall growth in the fresh groundwater lens occurs in the autumn and winter seasons.
In periods with low recharge rates, the loss of fresh groundwater – primarily due to
submarine groundwater discharge and coastal erosion – leads to a stabilization or
decrease in the overall fresh groundwater volume in the study area. One notable
example is the change in the fresh groundwater volume over the period March 2014 to
November 2015, which coincides with a substantially lower than average groundwater
recharge (Figure 4.13).
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Figure 4.14 Increase in the fresh groundwater volume from June 2011 until May 2016, with
the calibrated model with an extinction depth of 0.5 m (Section 4.2.5), a 50% decreased
extinction depth of 0.25 m (C1), and a 50% increased extinction depth of 0.75 m (C2).

4.4 Discussion

The measurements and model simulations showed a substantial growth of fresh
groundwater resources in the Sand Engine between 2011 and 2016, and demonstrated
the importance of both coastal forcing and groundwater recharge for an accurate
reproduction of the growth of the freshwater lens. Periods with high rainfall (autumn
and winter) led to sharp increases in the fresh groundwater volume, while periods
with little or no rainfall (spring and summer) led to a net loss of fresh groundwater.
Coastal forcing led to land-surface inundations and considerable geomorphological
changes in the study area, where inundation events resulted in the salinization of
the intertidal and supra-tidal areas and morphodynamics led to a shift or in some
instances extension of these areas. Storm surges in particular were important for the
determination of the growth of the freshwater lens, because these were the primary
drivers of coastal erosion and led to the most extensive land-surface inundations.

Comparisons of the calibrated reference model with simulations that excluded coastal
hydro- and morphodynamics (scenario A1 and B1) showed that the incorporation of
these processes was essential for a good calibration result and a reliable estimate of
the intertidal and supratidal area, and thus essential for the estimation of the growth
of the fresh groundwater resources. Besides the impact of land-surface inundations
on the freshwater lens, tidal dynamics also played an important role in the height
and variability of the groundwater head. For example, the exclusion of these tidal
dynamics in model scenario A1 led to an underestimation of the groundwater heads
between 0.4 and 0.6 m at MW1 to 8. In addition, where model scenario A1 indicates
a continued growth in fresh groundwater resources between June 2011 and May 2016,
the model scenarios with tidal dynamics (reference and scenario A2) only indicate a
clear (net) growth in fresh groundwater resources between June 2011 and December
2013, and a slight (net) growth or stabilization in the period thereafter.
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For most MWs the simulated transient groundwater head and groundwater salinity
corresponded well with measurements. This demonstrates that the hydro- and
morphodynamic conditions of the study area could be reproduced with the adopted
methodology. Most of the discrepancies between measurements and simulations could
be explained by unmapped geological heterogeneity (near MW3), and mismatches in
the initial groundwater salinity distribution (near the coastal dunes). It is important
to note that the simulated groundwater salinity could only be compared with
groundwater salinity measurements that were conducted in March 2014. Therefore, it
is uncertain to what extent the simulated change in groundwater salinity corresponds
with the salinity distributions of the period thereafter.

While the close similarity between the measured and simulated groundwater head
time series under realistic hydrogeological parameter settings indicates that the tidal
dynamics and extent of land-surface inundations are well represented in the model,
the modelled wave set-up height and wave run-up height (and related infiltration of
seawater) probably differed strongly with reality at times. Small variations in surface
elevation, bathymetry, wave height, and wave period could have led to substantial
variations in wave set-up and wave run-up. Underestimations of the increase of the
groundwater level during some of the storm surges (see Figure 4.6) also indicate
an underestimation of wave set-up height, wave run-up height, or the infiltration
of seawater. However, these differences could also be caused by deviations in the
modelled and actual morphology at the study site. Despite the frequent topographical
measurements, interim morphological changes were not observed. This especially
affects periods with rapid and extensive morphological changes, e.g. periods with
frequent or intensive storm surges. However, based on the calibration results and
comparisons with on-site observations we believe that the adopted approach attained
realistic but rough estimates of the effects of wave set-up and wave run-up on the
coastal aquifer.

Being the main source of fresh groundwater, groundwater recharge is another
important control on the development of the fresh groundwater resources of the Sand
Engine. Vegetation was virtually absent on the Sand Engine, with the exception of
a few pockets of dune grass in the last years of the simulated period, and therefore
the processes that determine the groundwater recharge rates could be limited to
precipitation and soil evaporation. Because the depth to the groundwater table was
relatively large (generally larger than 1.5 m below surface) in relation to the expected
extinction depth, capillary rise will be limited or non-existent and was therefore
neglected. Given these simplifications and the aims of this paper, we opted to estimate
recharge rates with the described water budget method and analyse the uncertainty
with the alterations to the extinction depth.
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For future studies on the (potential) growth of fresh groundwater resources in
coastal areas, it is recommended to monitor wave set-up, wave run-up, and seawater
infiltration and evaluate the accuracy of the adopted approach in this research under
various conditions. However, this will require frequent topographic measurements
to monitor morphological changes in the coastal area, as for example the periodic
topographic surveys (every 1 – 3 months) that were executed on the Sand Engine. In
addition, simulations with unsaturated groundwater flow could provide more detailed
estimates of the growth in fresh groundwater resources in these areas, because of
a potential improvement in the simulation of groundwater recharge and seawater
infiltration.

4.5 Conclusions

Between 2011 and 2016 the growth of the freshwater lens in a mega-scale beach
nourishment (the Sand Engine) was primarily determined by the groundwater
recharge, (maximum) land-surface inundations due to storm surges, groundwater in-
and outflow, and to a lesser extent by geomorphological changes:

1. Groundwater recharge was the primary contributor to the growth of fresh
groundwater in the large concentrated beach nourishment. An accurate
estimation of the actual soil evaporation – besides meteorological measurements
– will likely be important for the determination of the net input of fresh
groundwater in any coastal area.

2. Storm surges produced the most extensive land-surface inundations, and the
coinciding infiltration of seawater resulted in a salinization of most of the fresh
groundwater volume within this inundation area. The model simulations showed
that (accurate) estimates of the maximum wave set-up and wave run-up height
are important to delineate the area that is vulnerable to seawater intrusion and
reconstruct the growth of fresh groundwater resources.

3. The groundwater level, or better, the hydraulic gradients within the study area,
determined the inflow of fresh groundwater from adjacent dunes and outflow of
(fresh) groundwater via submarine groundwater discharge. Model simulations
that underestimate the height of the groundwater level, e.g. by the neglect of
tidal dynamics, can therefore lead to considerable overestimation of the fresh
groundwater volume.

4. Finally, the geomorphological changes led to a gradual decline of the area that
was not affected by seawater intrusion. Together with the increase of the mean
water level inside the lagoon, this led to a small restriction of the potential
growth in fresh groundwater resources.

In conclusion, the incorporation of hydro- and morphodynamics and accurate
estimation of groundwater recharge rate are essential for a reliable estimate of the
growth of fresh groundwater resources in dynamic coastal environments.
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5 Global potential for the growth of
fresh groundwater resources with
large beach nourishments

Based on: Huizer, S., Luijendijk, A. P., Bierkens, M. F. P., and

Oude Essink, G. H. P., (under review) Global potential for the growth of
fresh groundwater resources with large beach nourishments, submitted to Scientific
Reports.

Abstract

Large-scale beach nourishments may provide vulnerable sandy shores worldwide a means

of coastal protection, while simultaneously increasing fresh groundwater resources. This

hypothesis has been demonstrated for a concentrated mega-scale beach nourishment called

the Sand Engine at the Dutch coastline. Whether a coastal area is suitable for beach

nourishments and can subsequently induce a growth in fresh groundwater resources depends

on the appropriateness of the intended site for beach nourishments, and the attainable

growth in fresh groundwater resources. In this study we presume that all eroding sandy

beaches are suitable for large beach nourishments, and focus on the impact of these

nourishments on (stored) fresh groundwater in various coastal settings. The growth in

fresh groundwater resources – as a consequence of the construction of a beach nourishment

– was quantified with 2-D variable-density groundwater models, for a global range in

geological parameters and hydrological processes. Our simulation results suggest that

large beach nourishments will likely lead to a (temporary) increase of fresh groundwater

resources in most settings, and therefore potentially for most erosive sandy shores. However,

for a substantial growth in fresh groundwater, the coastal site should receive sufficient

groundwater recharge, consist of sediment with a low to medium hydraulic conductivity, and

be subject to a limited number of land-surface inundations. Our global analysis shows that

17% of the shorelines – excluding Arctic regions – may consist of such erosive sandy beaches,

and of these sites 50% have a high potential suitability. This suggests an opportunity

worldwide to combine coastal protection with an increase in fresh groundwater resources.

5.1 Introduction

Millions of people reside in coastal areas that are vulnerable to coastal flooding, and
projections show that the (global) population in these areas will increase significantly
in the coming decades (Neumann et al., 2015). Sea-level rise will likely lead to an
increase in the frequency and severity of coastal flooding, in particular in tropical
areas, and therefore exacerbate flood risk (Nicholls and Cazenave, 2010; Vitousek
et al., 2017). Other effects of sea-level rise are deteriorating coastal wetlands,
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beach erosion, seawater intrusion, and impeded drainage (Nicholls, 2011). Without
adaptation this will lead to large losses of habitable and agricultural land, as well
as increases in saltwater intrusion in surface waters and coastal aquifers especially
in combination with the human-induced subsidence that occurs in many coastal
areas (FitzGerald et al., 2008; Syvitski et al., 2009; Wong et al., 2014). Thus, these
vulnerable coastal areas require appropriate adaptation responses to manage the flood
risk and reduce negative flood consequences (Giosan et al., 2014; Hallegatte et al.,
2013; Nicholls, 2011).

For open (sand, gravel or mixed) beaches one of the potential adaptation responses
are beach nourishments (also called replenishments), which have been widely and
successfully applied as a counter measure for coastal recession (Cooke et al., 2012;
Habel et al., 2016; Hanson et al., 2002; Keijsers et al., 2015; Luo et al., 2015; Shibutani
et al., 2016; Valverde et al., 1999). Until recently, these nourishments have primarily
been applied in relatively small volumes, often on a regular basis, and close to the
shoreline (Charlier et al., 2005). However, in 2011 a pilot project with a large
concentrated beach nourishment of ca. 21 million m3 of sand, called the Sand Engine
(also named Sand Motor), was realized in the Netherlands (Mulder and Tonnon,
2011). The replenished sand was designed to be largely distributed along the coast and
into the dunes by natural forces (e.g. waves, currents, and wind). This ”Building with
Nature” approach is anticipated to provide a more ecologically sustainable alternative
than other coastal protection approaches, in particular with regard to the current
practice of frequent small-scale shoreface and beach nourishments (Slobbe et al.,
2013). When proven that this pilot project is successful, it may become a more
widespread solution for open coasts (Stive et al., 2013).

Beach nourishments – in particular large and concentrated nourishments – can
simultaneously lead to an increase of local fresh groundwater resources in coastal areas
(Huizer et al., 2016). However, the potential effect of such nourishments has only been
comprehensively investigated for the Sand Engine in the Netherlands. The growth
of fresh groundwater resources – as a consequence of the construction of a beach
nourishment – will strongly depend on the local conditions at a site. For instance,
Huizer et al. (2017) showed that the Sand Engine in the Netherlands is particularly
vulnerable to land-surface inundations and seawater intrusion. In addition, this
vulnerability to land-surface inundations will likely increase over time, because of the
inevitable geomorphological changes of the beach nourishment within the ’Building
with Nature’ approach. Based on this local study of Huizer et al. (2017) one can
deduce that changes in beach slope, groundwater recharge and tidal ranges will likely
result in substantial deviations in the increase of fresh groundwater resources at a
coastal site. Taking these importance factors into account, this study aims to provide
a first estimate of the effects of concentrated large-scale beach nourishments on fresh
groundwater resources at coastal areas around the world.
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First, the global suitability of coasts for beach nourishments is assessed, based on
an evaluation of the presence of an open beach, coastal erosion, and (if available)
previous nourishments. Secondly, for the potentially suitable coastal areas, the
most essential (geological) properties and (hydrological) processes that affect fresh
groundwater resources are analysed: groundwater recharge, beach slope, tides, storm
surges, coastal erosion (morphological change). The variability of each property
or process is estimated with global datasets, and the effects on fresh groundwater
resources is assessed and demonstrated with conceptual 2-D model simulations. In
this study we focus on the current conditions of sandy beaches, and have excluded
future changes in sea-level or groundwater recharge due to climate change. While
changes in both of these processes will affect coastal fresh groundwater resources
(Huizer et al., 2016), the global variability and uncertainty in the predicted changes
render it too complex for this conceptual study. Finally, based on the results of the
simulations, the implications for sandy shorelines worldwide are discussed.

5.2 Methods

5.2.1 Suitable locations for large-scale beach nourishments

Recent research (Luijendijk et al., 2018) suggests that 31% of the ice-free shorelines in
the world consist of sandy beaches including quartz and carbonate sands, and gravel
and that 24% of these sandy beaches were subjected to coastal erosion of more than
0.50 m per year in the period 1984 to 2016. These eroding coastlines may satisfy the
primary conditions for (large-scale) beach nourishments: a coastal environment that
conforms to (beach) nourishments, and local communities or stakeholders that desire
and benefit from coastal protection (e.g. prevent loss of land). Of course, beach
nourishments could also be implemented to widen recreational beaches or to create
new beaches in coastal areas where none existed before. However, in this study we
focus on sites that suffer from beach erosion, in order to comply with the ’Building
with Nature’ philosophy (Slobbe et al., 2013).

Whether beach nourishments are applied in coastal areas, is dependent on numerous
factors and circumstances. First the desired adaptation strategy: coastal protection,
accommodate, (re)claiming land from the sea, limited intervention (”passive retreat”),
non-intervention, managed retreat, or ecosystem conservation (Berry et al., 2013).
Only if a coastal manager opts for coastal protection - the most common adaptation
option - and has the knowledge and means to execute this strategy, nourishments
are one of the possibilities. Overall, the options for the coastal protection of the
shoreline position vary between hard structures (e.g. groins and seawalls) and soft
engineering (i.e. nourishments). Environmental concerns and inefficiencies have led
to a historical shift from predominantly hard to soft engineering solutions (Charlier
et al., 2005; de Ruig, 1998), in particular if the beach serves multiple vital purposes.
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Table 5.1 Important (technical) considerations for sustainable (large) beach nourishments

Nr Attribute Considerations for successful beach nourishments

1 Aeolian transport Aeolian transport of the nourished sand is highly dependent
on the median grain size, grain-size distribution, and the
spatial variability of sand properties (e.g. presence of shell
fragments) (van der Wal, 1998).

2 Erosion rate Generally, nourished beaches erode at least as fast as the
original or pre-nourished coastline, and often even faster
(Finkl and Walker, 2005).

3 Natural habitat Beach nourishments are a more ecologically sound
alternative to hard engineered structures, but nourishments
can also cause damage to habitat and biota. Negative effects
should be mitigated, e.g. match pre-nourished conditions
(Cooper and McKenna, 2008; Defeo et al., 2009).

4 Developed shores Beach nourishments are predominantly applied on marine,
developed, sandy beaches, where the beach also serves as
protection of coastal infrastructure and as recreational site
(Finkl and Walker, 2005).

5 Sediment grain-size The grain-size of the nourished sediment is generally slightly
coarser than the original sediment (Capobianco et al., 2002;
Ruessink and Ranasinghe, 2014).

6 Sediment source The sediment source (dredge site or terrestrial source)
that can provide the required composition and quantity of
sediment should be relatively close to site to be cost-effective
(Pranzini, 2017).

7 Sediment transport The redistribution of the nourished sediment is a complex
process, which is dependent on coastal forcing, coastal
characteristics (e.g. profile), and the nourishment shape and
dimensions (Steijn, 2015).

The suitability of coastal areas for beach nourishments is complex and should be
assessed with detailed local studies, which lies beyond the scope of this study.
However, to provide some insight, we summarized the most important considerations
for (large) beach nourishments in Table 5.1. In this study we focus on all (eroding)
sandy beaches worldwide and assume that these beaches are technically suitable for
large-scale beach nourishments.
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5.2.2 Processes and properties

Huizer et al. (2016) showed that fresh groundwater resources can grow substantially
as a consequence of the construction of a mega-scale beach nourishment. However,
whether this growth will occur at a coastal site is dependent on the inflow rate, outflow
rate, storage capacity, and losses of fresh groundwater in the coastal aquifer. Recent
research (Huizer et al., 2017, 2018) demonstrated the significance of these dynamic
processes to the development of fresh groundwater resources, and illustrated for
example the considerable impact of wave exposure and storm surges. The combined
hydrological, morphological, and ecological processes (arrows) that affect the growth
of fresh groundwater in a (large) beach nourishment are illustrated in Figure 5.1,
where for simplicity anthropogenic effects such as groundwater abstractions were
neglected.

Precipitation

Beach

NourishmentInland / Dunes
Sea 

SWI 

Aquifer 

Vegetation

SGD 

LSI 

Erosion / 

  Accretion
Seepage Infiltration

ET

Vegetation

Atmosphere

Figure 5.1 Hydrological, morphological, and ecological processes (arrows) that affect the
growth of fresh groundwater resources in a (large) beach nourishment (LSI = land-surface
inundations, ET = evapotranspiration, SGD = submarine groundwater discharge, and SWI
= seawater intrusion).

It is important to note that these processes can affect one another, because each
process can alter the groundwater head, hydraulic gradient, and the groundwater
flow. For example, when land-surface inundations (LSI) lead to a substantial increase
of the groundwater head, this in turn can lead to a larger evapotranspiration rate
or more submarine groundwater discharge (SGD). Or, when a storm surge leads to
extensive coastal flooding, this often also results in coastal erosion and can have a
detrimental effect on flooded dune vegetation. Changes in surface elevation or loss of
dune vegetation can in turn also alter the evapotranspiration rates.
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While the hydrological processes shown in Figure 5.1 largely drive the (positive or
negative) growth of fresh groundwater resources, the geological properties of the
nourished sediment and the (local) coastal aquifer determine the infiltration rate,
storage capacity, and groundwater flow rates. For example, the grain size and
sorting of the nourished and original sediment will strongly determine the hydraulic
conductivity and (effective) porosity of the coastal aquifer. Similarly, the geological
properties will affect the (maximum) flow rate and flow direction of the groundwater
fluxes, as for instance larger hydraulic conductivity will result in larger infiltration
rates.

To assess the impact of hydrological processes and various other (geological)
properties and, we have examined and described the effects of a selection of properties
and processes on fresh groundwater resources individually (Table 5.2). For each of
the listed (geological) properties and (hydrological) processes, the global range of
variability of the particular property or process is characterized with low, average
and high estimates. Clearly this selection is not comprehensive, and other properties
or processes such as inland groundwater flow, geological heterogeneity, and sea-level
rise will affect the built-up of fresh groundwater resources.
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5.2.3 Model simulations

The effect of each (geological) property or (hydrological) process in Table 5.2 on
the growth of fresh groundwater resources – in a sandy coast with a concentrated
large-scale beach nourishment – was assessed with conceptual 2-D model simulations.
The model simulations were executed with the computer code SEAWAT (Langevin
et al., 2008) to simulate variable-density groundwater flow and coupled salt transport.
The model scenarios were constructed, executed and processed with the Python
package FloPy (Bakker et al., 2016), starting with a reference model that consists
of a 2-D approximation of the average global sandy beach. The 2-D reference model
(Figure 5.2) was discretized into 400 columns with horizontal cell sizes of 1 to 2 m,
and 75 layers with thicknesses of 0.25 to 0.50 m. In each model scenario, the smallest
cell sizes were positioned in the area close to the (intended) beach nourishment and
sea boundary. The design of the model domain and geometry was based on designs
from previous 2-D numerical modelling studies on sandy beaches (Abarca et al., 2013;
Chui and Terry, 2013; Heiss and Michael, 2014; Ketabchi et al., 2014; Robinson et al.,
2014). Similar to the design in these studies, the model comprises three sections: (1)
constant berm height, (2) linear beach face, (3) constant bed level (Figure 5.2). In all
model scenarios the berm elevation was defined above the highest prescribed sea-level
– and accordingly the width of the (2) linear beach face was adapted – to avoid an
inundation of the whole model domain due to tidal dynamics.

All model boundaries – besides the upper boundary – are defined as no-flow, to
enable an unconstrained development of the fresh groundwater lens and fresh-salt
groundwater mixing zone. Consequently, the reference model is in effect an elongated
or strip island model with a width of 500 m and an aquifer thickness of 30 m. This
is relatively small in comparison with real-world islands or sites, but this was a
deliberate choice to cut-down the overall simulation time. For the simulation of
the sea boundary the same method as in Huizer et al. (2017, 2018) was adopted, and
for more information on the methodology we refer to these studies. In summary, the
boundary was modelled as a time-variable specified head and concentration, equal to
”General Head (head-dependent) Boundaries and Drains” as described by Mulligan
et al. (2011). Wave setup and run-up were estimated with the parametrization for
setup on dissipative sites of Stockdon et al. (2006).

The reference model was used a starting point for all model scenarios. For each
scenario only the relevant model parameters were adapted in accordance with
Table 5.2. First, all model scenarios were (repeatedly) simulated for a period of
50 years – without the intended beach nourishment – until a (dynamic) steady-state
condition was reached. Steady state was defined in terms of the change in the volume
of fresh, brackish and saline groundwater in the model domain, and attained when
the changes oscillate around an equilibrium. Second, a beach nourishment with a
width of 100 m and a crest elevation equal to the berm height, was added to each
model scenario (Figure 5.2). Subsequently, each scenario was simulated for a period
of 50 years to assess the impact on the volume of fresh groundwater.
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Figure 5.2 Schematic representation of the numerical model domain including aquifer
parameters, recharge, beach slope, and coastal dynamics of the reference model (see
’average’ column in Table 5.2).

5.2.4 Tidal dynamics

As stated in Table 5.2 a tidal regime with a meso tidal range (2 to 4 m) was
implemented in the reference model, and tidal regime with micro (<2 m) and macro
(>4 m) tidal ranges were included as model scenarios. Global representations of
micro, meso and macro tidal regimes were obtained from the Research Quality Data
Set of the University of Hawaii Sea Level Center, which is part of the Global Sea
Level Observing System (GLOSS) Delayed Mode Higher Frequency dataset (Caldwell
et al., 2015). This dataset contains tide gauge measurements of 547 stations around
the world that have received quality control. Each tide gauge station was classified
into a micro, meso or macro tidal range through the calculation of the mean tidal
range of each timeseries. Only measurements after 01-01-1970 were included to ensure
that the calculated tidal ranges were representative for present-day conditions.

Based on the measurement period and mean tidal range of each station, three tide
gauge stations were selected to represent the micro, meso and macro tidal regimes
in the model simulations (Table 5.3). The observed tidal behaviour at these three
locations was extrapolated to the period 1970 to 2020, to fill time gaps in the
measurements, and to obtain tide gauge data with a timestep of 10 minutes instead
of one hour. For the extrapolation of the micro, meso and macro tidal regimes we
used the Python package Pytides, which uses the method of harmonic constituents
(Foreman and Henry, 1989). Sea-level rise was not incorporated in the extrapolation
of the tidal regimes.
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Table 5.3 Selection of tide gauge stations from the GLOSS Delayed Mode Higher
Frequency dataset that signify micro, meso and macro tidal ranges.

Tide Class GLOSS Station Country Period Tidal range

Micro 111 Kwajalein Marshall Islands 1946 to 2014 1.01 m
Meso 284 Cuxhaven Germany 1917 to 2014 2.93 m
Macro 040 Broome Australia 1986 to 2015 5.51 m

5.2.5 Mapping global suitability

As described, conceptual 2-D model simulations were used to assess the effect of each
(geological) property or (hydrological) process in Table 5.2 on the growth of fresh
groundwater resources in a sandy coast with a (newly created) concentrated large-
scale beach nourishment. For the properties or processes with the highest impact on
fresh groundwater resources, the consequences of this analysis were translated and
visualized to a global suitability map with help of global datasets. This map portrays
the potential growth of fresh groundwater at a coastal site as result of the construction
of a large-scale beach nourishment. As a rough estimate of the suitability of a coastal
site for beach nourishments we focused on sandy beaches that suffer from coastal
erosion.

For the identification of eroding sandy shorelines the data of a recent paper of
Luijendijk et al. (2018) was used, which developed and implemented a procedure to
detect sandy beaches from satellite images of 2016 (Sentinel-2) and shoreline changes
from satellite images between 1984 – 2016 (Landsat 5, 7 and 8). All other shorelines
were excluded from the analysis – 83% of all analysed coastal sites, and are visualized
as either ’not required’ (i.e. not-eroding sandy shore: 15% of sites) or ’not suitable’
(i.e. not sandy shore: 68% of sites) in Figure 5.15. It should be noted that in
some cases coastal erosion was obscured by human interventions between 1984 and
2016, and wrongly identified as ’not suitable’. One prime example is the widespread
application of beach nourishments on the Dutch coast (Keijsers et al., 2015)
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5.3 Results

For each of the top 6 of the listed processes or properties in Table 5.2, the simulated
(1) initial condition or equilibrium state, and (2) impact of the beach nourishment on
the fresh groundwater resources (as a function of time) are described and visualized in
section 5.3.1 to 5.3.6. Extensive land-surface inundations due to storm surges, tropical
cyclones or tsunamis were excluded (nr. 7 in Table 5.2), as simulating these events
is beyond the scope of this study. Nonetheless, as previously shown by Huizer et al.
(2017, 2018), frequent to occasional inundations – especially beyond the intertidal area
– have a strong impact on the growth of the fresh groundwater volume. Therefore,
it is treated as one of the paramount factors of the growth of fresh groundwater
resources in coastal areas and included in Table 5.2.

Every model scenario contained an addition of a 100 m wide beach nourishment at
the start of the simulation period, which slowly erodes to the original setup. In all
model scenarios the application of the specified nourishment leads to an enlargement
of the existent fresh groundwater lens, regardless of the changes in the processes
or properties. The placement of the beach nourishment results in a seaward shift
of the intertidal zone, and consequently – if extensive land-surface inundations are
neglected – to a wider area in which the fresh groundwater lens can advance. The
gradual erosion of the beach nourishment – or retreat of the shoreline – subsequently
leads to a decline of the beach width. This in turn, ensures that the maximum growth
in fresh groundwater (i.e. optimum) occurs before the end of the simulation period.
Since this pattern is similar in all scenarios, the evaluation of the impact of each
process or property will focus on the (relative) growth rate and the change in time.

It must be noted that the inland boundary was a no-flow boundary, to minimize the
(external) impact on the development of the fresh groundwater lens. Previous studies
have shown that a decrease in fresh groundwater flow at the inland boundary increases
the effect of tidal forcing, leading to larger salt groundwater plumes or tidal circulation
(Li et al., 2008; Robinson et al., 2007a). Therefore – as a consequence of the adopted
model setup – tidal forcing becomes the dominant force in the model simulations.
Tidal circulations cause the fresh to salt groundwater interface to expand, which
results in relatively large mixing zones. As in most real-world coastal environments,
a groundwater flux – with varying levels of salinity – will occur.
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5.3.1 Groundwater recharge

Increases in groundwater recharge lead to higher groundwater levels, larger fresh
groundwater lenses (Figure 5.3), and larger absolute growth rates of the volume of
fresh groundwater (Figure 5.4a). However, low groundwater recharge rates result
in considerably higher relative growth rates, and a longer period in which the fresh
groundwater lens expands (Figure 5.4b). This is because larger (absolute) growth
rates result in an earlier attainment of the maximum size (i.e. growth equals losses)
of the fresh groundwater lens. However, this is only true when the (phreatic) aquifer
is thick enough to allow for a continued growth of the fresh groundwater lens. In all
model simulations the thickness of the phreatic aquifer was extended accordingly to
avoid an impeded growth of the fresh groundwater lens (Figure 5.3c).
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Figure 5.3 Simulated growth of the fresh groundwater lens for low (left), average (centre),
and high (right) groundwater recharge rates. All images contain the fresh-salt groundwater
interface of 1 g TDS L−1 (solid lines) and the surface elevation (dashed lines) at the start
(light grey), middle (dark grey) and end (black) of the simulation period.

Figure 5.4 Simulated growth of fresh groundwater for low (blue line), average (dark grey
line), and high (red line) estimates of the global groundwater recharge. The graphs represent
the change in volume (left) and percentage (right) with respect to the initial conditions (i.e.
equal to equilibrium state without beach nourishment).
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5.3.2 Hydraulic conductivity

Low to average hydraulic conductivities lead to the highest groundwater levels, largest
fresh groundwater lenses (Figure 5.5a and b), and the highest absolute growth rates
of the fresh groundwater volume (Figure 5.6a). However, shores with high hydraulic
conductivities result in considerably higher relative growth rates (Figure 5.6b). In
a shore with a high hydraulic conductivity the growth remains relatively small in
volume, but large in comparison with the initial volume of fresh groundwater. The
period in which the volume of fresh groundwater increases also changes with the
hydraulic conductivity, because shores with higher hydraulic conductivities are more
strongly influenced by tidal forcing. This additionally leads to higher loss rates, and
a steeper decline in the volume of fresh groundwater.
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Figure 5.5 Simulated growth of the fresh groundwater lens for low (left), average (centre),
and high (right) hydraulic conductivities. All images contain the fresh-salt groundwater
interface of 1 g TDS L−1 (solid lines) and the surface elevation (dashed lines) at the start
(light grey), middle (dark grey) and end (black) of the simulation period.

Figure 5.6 Simulated growth of fresh groundwater for low (blue line), average (dark grey
line), and high (red line) estimates of the global hydraulic conductivities. The graphs
represent the change in volume (left) and percentage (right) with respect to the initial
conditions (i.e. equal to equilibrium state without beach nourishment).
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5.3.3 Specific yield

The simulations show that a smaller specific yield leads to a larger fresh groundwater
lens (Figure 5.7). However, as a result of the reduced storage capacity a smaller
specific yield – despite the larger fresh groundwater lens – results in a decrease of the
absolute growth of the fresh groundwater volume (Figure 5.8a). The relative growth
rates for low, average, and high values of the specific yield confirm that sites with
larger specific yields result in a higher growth rate (Figure 5.8b). Therefore, shores
with a higher specific yield are generate the largest growth in fresh groundwater
resources.
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Figure 5.7 Simulated growth of the fresh groundwater lens for low (left), average (centre),
and high (right) estimates of the specific yield. All images contain the fresh-salt groundwater
interface of 1 g TDS L−1 (solid lines) and the surface elevation (dashed lines) at the start
(light grey), middle (dark grey) and end (black) of the simulation period.

Figure 5.8 Simulated growth of fresh groundwater for low (blue line), average (dark grey
line), and high (red line) estimates of the global specific yield in sandy shores. The graphs
represent the change in volume (left) and percentage (right) with respect to the initial
conditions (i.e. equal to equilibrium state without beach nourishment).
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5.3.4 Beach slope

Increases in the beach slope result in narrower intertidal zones, which lead to a
reduction of the area in which seawater infiltrates (within the same tidal range).
The decrease in infiltration leads to lower groundwater levels (Figure 5.9), and
subsequently the maximum (potential) depth of the fresh-salt groundwater interface
becomes smaller. However, the relation between the beach slope and the groundwater
level is non-linear: in beaches with lower slopes the increase in the infiltration of
seawater will have a stronger impact on the fresh groundwater volume at some stage.
This is the reason for the larger fresh groundwater lens in the simulation with an
average beach slope (Figure 5.9b). In addition, a narrower intertidal zone and decrease
in infiltration of seawater leads to a longer period of growth (Figure 5.10a), with a
substantially higher relative growth rate (Figure 5.10b).
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Figure 5.9 Simulated growth of the fresh groundwater lens for low (left), average (centre),
and high (right) estimates of the beach slope. All images show the fresh-salt groundwater
interface of 1 g TDS L−1 (solid lines) and surface elevation (dashed lines) at the start (light
grey), middle (dark grey) and end (black) of the simulation period.

Figure 5.10 Simulated growth of fresh groundwater for low (blue line), average (dark grey
line), and high (red line) estimates of the global beach slope in sandy shores. The graphs
represent the change in volume (left) and percentage (right) with respect to the initial
conditions (i.e. equal to equilibrium state without beach nourishment).
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5.3.5 Tidal range

Sites with intermediate tidal ranges attain the largest fresh groundwater lens
(Figure 5.11b) and highest absolute growth during the simulation period
(Figure 5.12a). This is a result of two counteracting processes that are related to
the increase in (net) seawater intrusion for sites with larger tidal ranges. Increases
in the infiltration of seawater in the intertidal zone leads (1) to higher groundwater
levels and therefore a larger potential depth of the fresh-salt groundwater interface,
but (2) also result in a salinization of fresh groundwater resources within and near
the intertidal zone. The optimum with respect to fresh groundwater resources, occurs
therefore in intermediate tidal ranges. The longer growth curves for the meso and
macro tidal ranges are a result of a larger potential depth of the fresh-salt groundwater
interface. Smaller tidal ranges lead to lower groundwater levels. Thus, taking more
time to produce fresh groundwater lenses.
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Figure 5.11 Simulated growth of the fresh groundwater lens for micro (left), meso (centre),
and macro (right) tidal ranges. All images show the fresh-salt groundwater interface of 1
g TDS L−1 (solid lines) and the surface elevation (dashed lines) at the start (light grey),
middle (dark grey) and end (black) of the simulation period.

Figure 5.12 Simulated growth of fresh groundwater for micro (blue line), meso (dark grey
line), and macro (red line) tidal ranges. The graphs represent the change in volume (left)
and percentage (right) with respect to the initial conditions.
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5.3.6 Coastal erosion

The development of the fresh groundwater lens is initially equal, and only starts to
diverge when the varying erosion rates start to limit the growth rates or cause a
loss in fresh groundwater (Figure 5.13a and b). Obviously, lower erosion rates result
in larger fresh groundwater lens and the largest growth rates, reaching a maximum
volume of fresh groundwater after 16 (after first nourishment), 21.5, and 38.5 years
respectively (Figure 5.14). This shows that erosion is an important limiting factor
the growth of fresh groundwater resources. It should be noted that in the simulation
with a high erosion rate included two beach nourishments – at the start and after
25 years – to prevent an erosion beyond the initial shoreline. This shows that two
consecutive nourishments lead to a larger growth of the fresh groundwater lens.
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Figure 5.13 Simulated growth of the fresh groundwater lens for low (left), average (centre),
and high (right) estimates of coastal erosion. All images show the fresh-salt groundwater
interface of 1 g TDS L−1 (solid lines) and the surface elevation (dashed lines) at the start
(light grey), middle (dark grey) and end (black) of the simulation period.

Figure 5.14 Simulated growth of fresh groundwater for low (blue line), average (dark grey
line), and high (red line) estimates of the global coastal erosion in sandy shores. The
graphs represent the change in volume (left) and percentage (right) with respect to the
initial conditions (i.e. equal to equilibrium state without beach nourishment).
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5.4 Global suitability

In all model scenarios, the addition of a beach nourishment to the coast results in a
(temporary) increase of fresh groundwater resources. The growth rate is highest in the
first years after the nourishment is added to the site. But over time the (simulated)
retreat of the shoreline leads to a decrease of the growth rate, which eventually turns
in to a decrease in the attained fresh groundwater volume. This pattern is to be
expected, and likely for most cases where a beach is widened. Over a wide range
of processes and properties, the simulations show that more groundwater recharge,
smaller hydraulic conductivities, a larger specific yield (i.e. storage capacity), and
less coastal erosion, in particular lead to a large growth of the fresh groundwater
volume. However, it should be noted that larger hydraulic conductivities and smaller
groundwater recharge rates bring about larger relative increases in fresh groundwater
resources (i.e. relative to the initial condition or equilibrium state). Changes in the
beach slope, and tidal dynamics have a relatively small impact on the attained growth
in fresh groundwater.

Previous research has shown that extensive land-surface inundations – caused by
storm surges or hurricanes – will likely have a substantial impact on coastal fresh
groundwater in sandy beaches (Huizer et al., 2017, 2018)). Dependent on the extent
and duration of the inundation, a portion or all of the accumulated fresh groundwater
could be lost due to salinization. In addition, the design of the beach nourishment
(e.g. crest elevation or nourishment volume) will also determine the susceptibility of a
site for land-surface inundations. Therefore, when reflecting on the global suitability
of coasts with respect to fresh groundwater resources, we believe that extensive land-
surface inundations should be included.

With respect to the hydraulic conductivity, the global permeability map of Huscroft
et al. (2018) indicates that most of the unconsolidated sediment has a hydraulic
conductivity smaller than 25 m d−1. Therefore, the hydraulic conductivity in most
sandy beaches is likely low to average, and similarly we expect that most sandy
beaches will have a specific yield close to the average (see Table 5.2). While both
hydraulic conductivity and specific yield remain important factors for the growth of
the fresh groundwater volume, we argue that (on a global scale) the most decisive
factors for the growth of fresh groundwater resources by large beach nourishments
are groundwater recharge, (extensive) land-surface inundations, and coastal erosion.
Based on this assertion we created a global map that depicts the potential suitability
of sandy shores for the growth of coastal fresh groundwater resources by large beach
nourishments (Figure 5.15). The potential suitability was defined as the extent to
which the characteristics of a coastal site can potentially lead to a growth of the
fresh groundwater volume, and simultaneously reduce the likelihood of losses due to
extensive inundations or coastal erosion.
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Focusing only on the eroding sandy shores – 17% of all analysed coastal sites, the
subsequent potential suitability was assessed with global maps of (a) groundwater
recharge (Döll and Fiedler, 2008), (b) height of extreme sea-levels with a return
period of 100 years (Muis et al., 2016), and (c) coastal erosion (Luijendijk et al.,
2018). The height of extreme sea-levels was used as an indication of the risk of
extensive land-surface inundations at a particular coastal site on a global scale. Three
classes of increasing suitability – low, medium, and high – were defined, based on the
combination of global suitability maps for (a) groundwater recharge, (b) extreme sea-
levels, and (c) coastal erosion (Figure 5.15). To each of these global maps weights
were assigned ranging from -2 to +2, as shown in brackets in Table 5.4, and the
summation of the weights (a+b+c) were used to define the potential suitability: high
for weights equal or larger than 3, medium for weights between -3 and 3, and low for
weights equal or smaller than -3. Coastal erosion was assigned a 50% lower weight,
in accordance with the simulation results and the expected deviation in the impact
on the growth of fresh groundwater resources.

Table 5.4 Weights assigned to (a) groundwater recharge, (b) extreme sea-levels, and (c)
coastal erosion, which combined result in the suitability (low, medium, high) of eroding
sandy shores for a growth of fresh groundwater resources by large beach nourishments.

Suitability
Class

a : Groundwater
recharge

b : Extreme
sea-level

c : Coastal
erosion

High (≥ 3) > 100 mm yr−1 (+2) < 1 m MSL (+2) -1 to -0.5 m yr−1 (+1)
Medium (-3 to 3) 20 to 100 mm yr−1 (0) 1 to 3 m MSL (0) -3 to -1 m yr−1 (0)
Low (≤ -3) < 20 mm yr−1 (-2) > 3 m MSL (-2) < -3 m yr−1 (-1)

The potential suitability map shows that on 17% of the analysed coastal sites large
beach nourishments can lead to a growth in fresh groundwater resources, and of these
sites 50% have a high potential suitability, 46% have a medium potential suitability,
and 4% have a low potential suitability. This analysis suggests that on most of the
eroding sandy sites, large beach nourishments can lead to growth of the (local) fresh
groundwater volume.
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5.5 Discussion

An unambiguous deficiency of the adopted methodology lies in the simplified 2-D
model setup, because real sandy beaches exhibit 3-D variability in surface elevation,
geology, heterogeneity, and aquifer thickness. For instance, most beaches exhibit
heterogeneity in sediment grain size (Wilson et al., 2008) and therefore in hydraulic
conductivity, which can lead to substantial changes in the fresh – salt groundwater
distribution in the coastal aquifer. Besides space, also in time a coastal site may
experience larger fluctuations of the surface elevation, inundated area, and (annual)
groundwater recharge than were included in the model scenarios. One prime example
is the impact of sea-level rise, which will lead to an increase in the extent and likely
frequency of land-surface inundations. Another example is that over time beach
slopes can change significantly due to varying concentrations of suspended sediment
or seasonal differences in coastal forcing (e.g. erosion in winter, accretion in summer).
Therefore, while in general the conclusions are probably true for most sandy shores,
(local) variations in space and time can lead to substantially different outcomes in
terms of growth in fresh groundwater resources.

Besides the higher complexity of real-world sandy beaches, the model setup excluded
a flow of (fresh) groundwater across the inland model boundary. Most sites in the
world will have a flow of groundwater towards the sea, and most islands in the world
are wider or not shaped as strip-island as implemented in the model simulations.
An inflow of fresh groundwater or an increase of the island width will both increase
the growth of fresh groundwater resources, resulting a higher growth rate. When a
specific coastal site is considered for beach nourishments, it is strongly recommended
to conduct additional research.

5.6 Conclusion

In many coastal sites the application of a beach nourishment will likely lead to a
(temporary) increase of fresh groundwater resources. To improve the likelihood of
a (substantial) growth of the volume of fresh groundwater, a coastal site should
get sufficient groundwater recharge, preferable have a low to medium hydraulic
conductivity, and have limited number of extensive land-surface inundations. Coastal
sites with high erosion rates will result in a lower maximum growth of fresh
groundwater resources and may be more vulnerable to land-surface inundations. A
global analysis revealed that an estimated 17% of the coasts consists of eroding
sandy shores, which may be suitable for large-scale beach nourishments. Of these
eroding sandy shores 50% have a high suitability with regard to the growth of fresh
groundwater resources by large beach nourishments. However, these results provide
only a first assessment of the possibility of an increase of the fresh groundwater
resources by beach nourishments. For a detailed and more reliable prediction of the
growth of the fresh groundwater volume on a site, additional site-specific research
should be conducted.
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6 Synthesis

6.1 Introduction

The main objective of this research was to assess the impact of mega-scale beach
nourishments on fresh groundwater resources, where the Sand Engine (also called
Sand Motor) served as the primary study area. Chapters 2 to 5 have addressed
several aspects of this main research objective along different temporal and spatial
scales. In this synthesis the obtained outcomes are evaluated for each of the four
research questions that were posed in section 1.2, and recommendations for further
research are given.

6.2 Research questions

1. What is the potential increase in fresh groundwater resources over a long period?

The construction of a mega-scale nourishments such as the Sand Engine results in
a (local) extension of the beach, and thus an expansion of the coastal area, which
creates an opportunity for a growth in fresh groundwater resources. However, in a
dynamic coastal environment the long-term potential increase in fresh groundwater
resources will strongly depend on the morphological evolution of the nourishment.
For example, if the nourishment erodes relatively quickly, the potential for a long
period of growth of fresh groundwater is evidently small. As presented in chapter 2,
we performed model simulations with projections of the morphological change of the
Sand Engine between 2011 and 2050 to assess the potential effect of the Sand Engine
on the volume of coastal fresh groundwater. The morphological evolution of the Sand
Engine in this period was simulated with the hydrodynamics and morphodynamics
model code Delft3D. Besides morphological changes, another important source of
uncertainty for long-term projections is the impact of climate change on groundwater
recharge and sea-level rise. To assess the potential impact of climate change in this
period on fresh groundwater resources, we have conducted simulations with all of
the KNMI’14 climate change scenarios (GL, GH , WL and WH) (KNMI, 2014).

The model simulations showed – for all climate scenarios – that the construction of
the Sand Engine can potentially lead to a gradual growth of 0.3 to 0.5 million m3

fresh groundwater per year. This growth is manifested as an expansion of the fresh
groundwater lens in the adjacent dunes and the formation of a fresh groundwater
lens in the Sand Engine. The simulated persistent growth in fresh groundwater over
a long period is mainly a result of the projected gradual changes in morphology,
which lead to a slow reversal to the original state of the coastal area.
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Understandably such long-term projections of the morphological change contain
considerable uncertainties, despite the extensive calibration and validation and
large number of hydrodynamic processes that were included in the morphological
simulations. For example, the lack of understanding of the highly-dynamic processes
(related to sediment transport) and the absence of aeolian transport in the Delft3D
simulations, can lead to incremental differences with reality. Measurements between
2011 – 2016 showed a reasonable fit with the model projections of the sediment
volume changes and erosion patterns. However, future morphological changes
can still turn out to be significantly different from these long-term projections
(de Schipper et al., 2016). Besides the uncertainties about the morphological
evolution, the subsequent chapters have shown the detrimental effect of land-surface
inundations on coastal fresh groundwater. Therefore, the construction of the Sand
Engine can lead to long period of gradual growth of the volume of fresh groundwater,
but this growth will be constrained (in time and space) by the actual morphological
change of the coastal area and limited by salinization processes of which coastal
flooding is the predominant cause.

2. What is the impact of tides, waves and storms on the fresh groundwater lens in

the Sand Engine?

One of the main purposes of the Sand Engine is coastal safety, which entails that it
was designed to promote sand transport by natural forces (e.g. tides, wind, waves
and storms). As alluded to in the previous paragraph, this design makes the Sand
Engine prone to coastal flooding and thus salinization. To assess the impact of these
natural forces on the fresh groundwater in the nourishment, measurements were
conducted to observe the response of the groundwater head and salinity to tides,
waves and storm surges. As described in chapter 3, the measurements consisted
of (automated) time-lapse ERT measurements along a 2-D transect close to the
shoreline, combined with various groundwater head measurements. This enabled us
to obtain a series of 2-D resistivity images for a period of two months (November
2014 to January 2015), with time intervals of 15 to 30 minutes.

Subsequently, groundwater salinity images were derived from these measurements,
which served as effective observations of the salinization of fresh groundwater under
a variety of conditions (calm to storm) and the succeeding recovery of the fresh
groundwater lens. For the analysis of the images we developed a 2-D variable-density
groundwater model for the observation site and simulated the conditions of the
measurement period as good as possible. These simulations served as a comparison
with the observations to test to what extent observed changes in groundwater head
and salinity could be reproduced.
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The observed changes in groundwater head and salinity could be reproduced
reasonably accurately with the groundwater model. This indicates that with
a thorough understanding of the prevailing processes and a sufficient amount
of monitoring data, the impact of tides, waves and even storm surges on fresh
groundwater can be reproduced with a variable-density groundwater model. One
of the processes that was important to incorporate in these simulations were wave
set-up and wave run-up. Simulations with both processes – in particular wave
run-up – showed a substantial improvement in the estimation of the extent of the
land-surface inundations and related seawater intrusion. In more extreme conditions
(i.e. storm surges) the impact became more extensive, suggesting that in areas with
gently sloping beach profiles (estimations of) the wave set-up and run-up height need
to be included to avoid underestimations of the impact of tides, waves and storm
surges.

3. What were the changes in the volume of fresh groundwater in the study area since

its construction, and which processes drove these changes?

Combining the answers to the preceding research questions, we can conclude that
mega-scale nourishments such as the Sand Engine can lead to a gradual growth in
fresh groundwater resources, but the potential growth is limited by coastal erosion
and land-surface inundations. This raised the question to what extent an actual
growth in the volume of fresh groundwater could be observed at the study site,
and how large the relative (positive or negative) contribution of (1) land-surface
inundations, (2) geomorphological changes, and (3) groundwater recharge was to this
growth.

To answer this question, the growth of the fresh groundwater lens between 1 June
2011 (completion Sand Engine) to 31 May 2016 in the study area was reconstructed
with measurements and model simulations. For the overall reconstruction we
developed and implemented a 3-D variable-density groundwater model, which was
calibrated with (transient) groundwater head and salinity measurements that were
taken on or near the Sand Engine between 2014 and 2016. The relative contributions
of land-surface inundations, geomorphological changes, and groundwater recharge
were evaluated separately, by simplifications or variations of the calibrated reference
model. For example, simulations without tidal fluctuations or without morphological
changes were compared with the calibrated model to analyse the significance of a
process with respect to the (total) volume of fresh groundwater.
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The model simulations showed a substantial increase in the volume of fresh
groundwater in the study area between 2011 and 2016, proving that the construction
of a mega-nourishment can lead to an increase in fresh groundwater resources.
Periods with high groundwater recharge rates led to substantial increases in the fresh
groundwater volume, while periods with little or no rainfall led to a net loss of fresh
groundwater. Land-surface inundations resulted in the salinization of the intertidal
and supra-tidal areas, and geomorphological changes led to a gradual decline of the
area that was not affected by seawater intrusion. Storm surges in particular were
important for the determination of the growth of the freshwater lens, because these
were the primary drivers of coastal erosion and led to the most extensive land-surface
inundations. It is important to note that the observed growth of fresh groundwater
resources in the Sand Engine between 2011 and 2016 was smaller than suggested by
the simulations in chapter 2, demonstrating the importance of coastal forcing for an
accurate reproduction of the growth of the freshwater lens.

4. Which coastal sites are potentially suitable for large-scale beach nourishments,

with regard to the growth of fresh groundwater resources?

In chapters 2 to 4 we have shown that the Sand-Engine can lead to a gradual
growth in fresh groundwater resources over a relatively long period, and has led
to a growth of fresh groundwater resources between 2011 and 2016. In addition,
research by de Schipper et al. (2016) has confirmed that in the first 18 months after
the construction of the Sand Engine, the majority of the eroded sand on the Sand
Engine ended up in adjacent coastal sections. Thus, the initial indications as for the
transport of the nourished sediment (i.e. coastal safety) and for the growth of fresh
groundwater resources are positive, and lead to the question which other shorelines
in the world might be suitable for large to mega-scale beach nourishments. This is a
complex multi-disciplinary question, which depends for example on the impact of the
nourishment on the natural habitat, the transport of the nourished sediment, and
the availability of a (cost-effective) sediment source. In chapter 5 we have made a
first attempt to answer this question from an hydrogeological perspective – focusing
on the growth of fresh groundwater resources, and assumed that all eroding sandy
beaches are technically suitable for large beach nourishments.

Recent research of Luijendijk et al. (2018) showed that approximately 41% of
the coastlines in the world consist of open beaches with sand, gravel or a mixture
of both, of which 47% were subjected to substantial coastal erosion in the period
1984 to 2016. For these sites the growth in fresh groundwater resources by a
large-scale beach nourishment depends on the prevailing characteristics of a coastal
site. This was analysed for a selection of the most important (hydrological) processes
and (geological) properties of sandy beaches: groundwater recharge, hydraulic
conductivity, specific yield, beach slope, tidal dynamics, and morphodynamics. For
each process or property the impact on the growth in fresh groundwater resources
was evaluated with 2-D model simulations.
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With low, average and high estimates (within the global variation), the absolute and
relative contribution of each process or property on the fresh groundwater volume
was simulated from 2020 to 2070. These simulations show that high groundwater
recharge rates, small hydraulic conductivities and low coastal erosion rates generate
the largest volumes of fresh groundwater. Combined with previous research (Huizer
et al., 2017, 2018), it is concluded that the growth of fresh groundwater resources by
large beach nourishments is determined mostly by: groundwater recharge, coastal
erosion rates, (extensive) land-surface inundations, and to lesser extent hydraulic
conductivity. Based on global maps of groundwater recharge (Döll and Fiedler,
2008), height of extreme sea-levels with a return period of 100 years (Muis et al.,
2016), and permeability / hydraulic conductivity (Huscroft et al., 2018), most of the
eroding sandy sites appear to be medium to highly suitable for the growth of coastal
fresh groundwater resources by large beach nourishments. However, this analysis was
only meant to portrait the global variability and should only be used as a first order
assessment. For a reliable prediction of the growth of the fresh groundwater volume
on a particular coastal site, additional site-specific research should be conducted.

6.3 Recommendations

For future research into the growth of fresh groundwater resources in dynamic coastal
environments, and in particular for mega-scale beach nourishments, a number of
challenges remain:

Extent of land-surface inundations

Coastal flooding is an important salinization process in (low-lying) coastal
environments and – as shown in this thesis – in mega-scale beach nourishments.
When an inundation coincides with little to negligible morphological change, the
inundated area can be assessed with accurate estimations or measurements of the
wave run-up height. Deviations can result in under- or overestimations of the
(remaining) volume of coastal fresh groundwater. In more extreme circumstances
– such as storm surges – inundations can coincide with substantial morphological
changes, which can subsequently lead to variations in the inundated area. In this
research the impact of land-surface inundations was successfully simulated with
a combination of frequent topographic surveys, tide gauge measurements, and
empirical equations for wave set-up and run-up (see chapter 3 and 4). Despite the
overall resemblance between the observations and simulations, the model simulations
underestimated the maximum extent of the inundations (Figure 3.8) and the increase
of the groundwater level during some of the storm surges (see Figure 4.6 and 4.7).
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Simulations that underestimate the salinization by land-surface inundations will
evidently lead to overestimations of the available volume of fresh groundwater,
especially for the most extensive inundation events. It is unclear whether this is
a result of underestimations in the inundated area and the infiltration of seawater,
underestimations of the lateral flow of infiltrated seawater, or a combination of
both. Therefore, for future studies that adopt a similar approach as used in this
thesis, we recommended to monitor the wave run-up height and morphological
changes, and evaluate the approach under various conditions. Another option is to
compare the outcomes of this approach to a simulation that is (fully) coupled with
an hydrodynamic models, preferably for a coastal site with monitoring data.

Infiltration of seawater in the unsaturated zone

Another aspect, which is closely related to the preceding recommendation, is the
infiltration of seawater into to the coastal aquifer. In areas with groundwater levels
close to the surface or in areas that are (semi-)continuously saturated, such as the
intertidal zone, the infiltration of seawater generally results in a fully saturated
zone. In these (predominantly saline) areas a precise estimation of the infiltrated
volume of seawater will likely have a limited impact on the overall uncertainty about
fresh groundwater resources in the coastal system. However, in areas with deeper
groundwater levels and larger unsaturated zones (e.g. supra-tidal zone), detailed
knowledge on volume of seawater that infiltrates can be significant for (long-term)
and accurate predictions of the growth of fresh groundwater resources in coastal
areas. More importantly, these areas are often less frequently subjected to coastal
flooding, and more likely to contain fresh groundwater.

In this research (see chapter 3 and 4), all model simulations were executed
with (density-dependent) saturated groundwater flow, and assumptions were made
for the infiltration of seawater up to the wave run-up height (see 3.2.3). The
infiltration rate at the wave set-up height was estimated to be equal to the vertical
hydraulic conductivity, which was subsequently linearly reduced to 10% at the wave
run-up height. It is uncertain to what extent this best guess corresponds with reality,
but with this approach we were able to obtain a reasonable fit with measurements.
Similar to the preceding recommendation, for future studies we recommend to
monitor inundation events and measure the impact on groundwater levels and
salinity. As shown in this thesis, one possibility is the use of time lapse ERT (see
section 3.2.2) in 2-D or 3-D, in combination with observation wells in which the
groundwater level and sea-level is monitored. Subsequently, these measurements can
be used to test and improve the adopted approach in this research, or to experiment
with an approach that includes unsaturated flow.
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Unsaturated zone modelling

As stated in the previous recommendation all model simulations in this thesis
used density-dependent saturated groundwater flow with the model code SEAWAT.
Besides assumptions on the infiltration rate of seawater through the unsaturated
zone, this entails an approximation of evapotranspiration. Within the measurement
period of this research (2011 – 2016) there was little to negligible dune vegetation
present on the Sand Engine, and the groundwater recharge was predominantly
dependent on the precipitation and soil evaporation. As shown in section 4.3.5,
even for this relatively simple case, systematic over- or underestimations in the
groundwater recharge rates will lead to substantial deviations in long-term predictions
of the growth in fresh groundwater. Over the years, which has become especially
apparent in recent years, the dune vegetation has expanded from the adjacent dune
area to centre of the Sand Engine (van Puijenbroek, 2018). If this trend continues
or stabilizes, evapotranspiration will become an important factor controlling the
growth of fresh groundwater resources. Dependent on the desired accuracy of
(long-term) projections of the volume of fresh groundwater and the susceptibility
of a particular coastal site for the growth of (dune) vegetation, it is recommended
to include unsaturated flow in the simulations to reduce the uncertainty in the
estimated groundwater recharge rate. For further improvements in the estimation of
the groundwater recharge rates it is recommended to conduct long-term monitoring
programs, which focus on delineating the soil evaporation and evapotranspiration at
coastal sites.
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Summary

Most coastal regions around the world rely on groundwater as their primary source
of fresh water. Excessive groundwater abstraction, population growth, sea-level
rise, and increases in storm surges threaten the availability of fresh water in many
(densely populated) coastal communities. Coastal lowlands and small islands are
particularly at risk, because these areas are most susceptible to coastal flooding. One
of the potential responses to protect these communities, is to actively protect the
coast against erosion and flooding with beach nourishments. As discussed in chapter
1, the Sand Engine is one prime example of this strategy, and one of a few adaptation
approaches that additionally might lead to an increase of the fresh groundwater
volume. Since the Sand Engine is the first of its kind, little is known about the
influence of mega-scale beach nourishment on fresh groundwater resources. This raises
the question: What is the impact of the Sand Engine on fresh groundwater resources?

Where the direct impact of the construction of the Sand Engine on fresh groundwater
is predictable and limited, the indirect impact of the creation of the Sand Engine is
complex and extensive. The complexity is a result of the morphological evolution of
the Sand Engine and the exposure to tides, waves, and storm surges. In other words,
the growth of fresh groundwater resources is to a large extent controlled by highly
dynamic processes, which are hard to predict. To answer and specify the various
aspects of the impact of the Sand Engine on fresh groundwater resources, the main
research question was split into three sub-questions:

1. What is the potential increase in fresh groundwater resources over a long period
(chapter 2)?

2. What is the impact of tides, waves and storms on the fresh groundwater lens in
the Sand Engine (chapter 3)?

3. What were the changes in the volume of fresh groundwater in the study area
since the construction of the Sand Engine, and which processes drove these
changes (chapter 4)?

To accurately assess the effects of the Sand Engine on fresh groundwater resources, a
comprehensive analysis of the groundwater system was conducted. First, data from
local water authorities was collected (e.g. boreholes, pumping rates, historical maps,
groundwater levels, analyses of the groundwater salinity), and groundwater levels
and salinities were monitored on the Sand Engine. Subsequently, this data was used
to reconstruct the spatial distribution of groundwater levels and salinities, before
and after the construction of the Sand Engine. This included reconstructions of the
historical landscape evolution (1500–2010) and the historical pumping rates in the
dune area Solleveld (chapter 2).

147



This reconstruction was implemented in a three-dimensional groundwater model,
which was used to predict and reconstruct the growth in fresh groundwater resources
in the study area. Model simulations with predictions of the morphological change
of the Sand Engine up to 2050 confirmed that the construction of the Sand Engine
could lead to an increase of fresh groundwater of approximately 0.3 to 0.5 million
m3 yr-1. However, reconstructions of the growth in fresh groundwater resources
for 2011 to 2016 showed that this volume was smaller in reality, because of coastal
flooding and underestimations of the actual geomorphological changes. The growth
of the freshwater lens between 2011 and 2016 was primarily determined by the
groundwater recharge, (maximum) land-surface inundations due to storm surges,
groundwater in- and outflow, and to a lesser extent by geomorphological changes.
Naturally, larger deviations between projections and reality in the future could lead
to larger errors in the actual and predicted growth in fresh groundwater resources
and are therefore important for accurate predictions of the impact of the Sand Engine.

The impact of tides, waves and storm surges on fresh groundwater was successfully
monitored with a technique called ’electrical resistivity tomography’. This technique
uses differences in the electrical resistivity (or conductivity) of for instance sand and
salt to attain two dimensional images of the groundwater salinity. The measurements
were employed near the shoreline on the outer perimeter of the Sand Engine. Over
a period of several months we were able to observe changes in the thickness of the
fresh groundwater lens every 30 minutes, in calm to turbulent weather conditions.
In addition, most of the measured changes in groundwater head and salinity could
be imitated with a numerical groundwater model. This proved that with a thorough
understanding of the local system, groundwater models can be used to make accurate
predictions of the impact of tides and storm surges on fresh groundwater resources.

Thus, mega-scale beach nourishments such as the Sand Engine can lead to a
substantial increase in fresh groundwater resources. A first attempt to map the
global potential – presuming all eroding sandy beaches are suitable for large beach
nourishments – showed that large beach nourishments will likely lead to a (temporary)
increase of fresh groundwater resources in most settings. However, for a substantial
growth in fresh groundwater, the coastal site should receive sufficient groundwater
recharge, consist of sediment with a low to medium hydraulic conductivity, and be
subject to a limited number of land-surface inundations. Our global analysis shows
that 17% of the shorelines – excluding Arctic regions – may consist of such erosive
sandy beaches, and of these sites 50% have a high potential suitability. This suggests
that local mega-scale beach nourishments may become an interesting solution for some
(sandy) coastal areas, to protect the inhabitants and fresh groundwater resources.
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Samenvatting

De meeste kustgebieden in de wereld zijn afhankelijk van grondwater als primaire
bron van zoet water. Grondwateronttrekkingen, bevolkingsgroei, zeespiegelstijging en
stormen bedreigen echter de beschikbaarheid van zoet water in veel (dichtbevolkte)
kustgemeenschappen in toenemende mate. Hierbij lopen vooral kleine eilanden en
laaggelegen kustgebieden gevaar, omdat deze gebieden het meest vatbaar zijn voor
overstromingen. Eén van de mogelijke beheersmaatregelen is om de kust actief te
beschermen tegen erosie en overstromingen met behulp van zandsuppleties. Zoals
besproken in hoofdstuk 1 is de Zandmotor een goed voorbeeld van deze strategie,
en bovendien één van de weinige maatregelen die kan leiden tot een vergroting van
de voorraad zoet grondwater. Omdat de Zandmotor de eerste in zijn soort is, is er
weinig bekend over de invloed van een mega-suppletie op zoet grondwater. Dit roept
de vraag op: wat is de impact van de Zandmotor op de voorraad zoet grondwater?

Waar de directe impact van de constructie van de Zandmotor op zoet grondwater
voorspelbaar en beperkt in omvang is, is de indirecte impact van de aanleg van
de Zandmotor complex en mogelijk uitgebreid. De complexiteit is het gevolg
van de morfologische veranderingen van de Zandmotor en de blootstelling aan
getijden, golven en stormen. Met andere woorden, de groei van de voorraad zoet
grondwater wordt grotendeels beheerst door dynamische processen, die moeilijk te
voorspellen zijn. Om de verschillende aspecten van de impact van de Zandmotor
op zoet grondwater te beantwoorden en te specificeren, is de hoofdonderzoeksvraag
opgesplitst in drie deelvragen:

1. Wat is de potentiële toename van de voorraad zoet grondwater over een lange
periode (hoofdstuk 2)?

2. Wat is de invloed van getijden, golven en stormen op de zoete grondwaterlens
in de Zandmotor (hoofdstuk 3)?

3. Wat waren de veranderingen in het volume zoet grondwater in het studiegebied
sinds de constructie van de Zandmotor, en welke processen hebben deze
veranderingen veroorzaakt (hoofdstuk 4)?

Om de effecten van de Zandmotor op de voorraad zoet grondwater nauwkeurig te
bepalen, is een grondige analyse van het grondwatersysteem uitgevoerd. Eerst zijn
gegevens van lokale waterschappen verzameld (e.g. boorstaten, grondwaterstanden,
analyses van het zoutgehalte van het grondwater) en zijn grondwaterstanden en
zoutgehaltes op de Zandmotor gemonitord. Vervolgens zijn deze gegevens gebruikt
om een ruimtelijke verdeling van grondwaterstanden en zoutgehaltes voor en na de
bouw van de Zandmotor te reconstrueren. Dit betekende onder meer een reconstructie
van de historische evolutie van het kustgebied (1500-2010) en van de onttrekkingen
in het duingebied Solleveld (hoofdstuk 2).
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Deze reconstructie is gemplementeerd in een driedimensionaal grondwatermodel,
dat is gebruikt om de groei van de voorraad zoet grondwater in het studiegebied te
voorspellen. Modelsimulaties met voorspellingen van de morfologische verandering
van de Zandmotor tot 2050 bevestigden dat de bouw van de Zandmotor zou kunnen
leiden tot een toename van zoet grondwater van ongeveer 0.3 tot 0.5 miljoen m3 yr-1.
Uit reconstructies van de groei van de hoeveelheid zoet grondwater tussen 2011 en
2016 bleek echter dat dit volume in werkelijkheid kleiner was vanwege overstromingen
aan de kust en onderschatting van de feitelijke geomorfologische veranderingen. De
groei van de zoetwaterlens tussen 2011 en 2016 werd voornamelijk bepaald door
de neerslag, verdamping, overstromingen van het landoppervlak als gevolg van
stormen, grondwater in- en uitstroming, en in mindere mate door geomorfologische
veranderingen. Uiteraard kunnen grotere afwijkingen tussen projecties en de
werkelijkheid in de toekomst leiden tot grotere fouten in de feitelijke en voorspelde
groei van nieuwe grondwatervoorraden en zijn daarom van belang voor nauwkeurige
voorspellingen van de impact van de Zandmotor.

De invloed van getijden, golven en stormen op zoet grondwater zijn met succes
gemonitord met een techniek genaamd ’electro resistivity tomography’. Deze techniek
maakt gebruik van verschillen in de elektrische weerstand (of geleidbaarheid) van
bijvoorbeeld zand en zout om tweedimensionale beelden van het zoutgehalte van
het grondwater te krijgen. De metingen zijn dichtbij de kustlijn uitgevoerd, aan de
buitenrand van de Zandmotor. Gedurende een periode van enkele maanden konden
we elke 30 minuten veranderingen in de dikte van de verse grondwaterlens waarnemen,
in rustige tot turbulente weersomstandigheden. Bovendien konden de meeste gemeten
veranderingen in grondwaterstand en zoutgehalte worden gereproduceerd met een
numeriek grondwatermodel. Dit toont aan dat met grondige kennis van het lokale
systeem grondwatermodellen kunnen worden gebruikt om nauwkeurige voorspellingen
te doen van de invloed van getijden en stormvloeden op nieuwe grondwatervoorraden.

Mega-suppleties zoals de Zandmotor kunnen dus leiden tot een substantile toename
van zoet grondwater. Een eerste poging om het wereldwijde potentieel in kaart te
brengen - ervan uitgaande dat alle eroderende zandstranden geschikt zijn voor grote
strandsuppleties – toonde aan dat grote strandsuppleties waarschijnlijk zullen leiden
tot een (tijdelijke) toename van zoet grondwater in de meeste omstandigheden.
Voor een substantiële groei in zoet grondwater moet de kustlocatie voldoende
grondwater bijladen, bestaan uit sediment met een lage tot gemiddelde hydraulische
geleidbaarheid en zijn onderworpen aan een beperkt aantal overstromingen van
het landoppervlak. Onze wereldwijde analyse laat zien dat 17% van de stranden
– met uitzondering van Arctische gebieden – uit dergelijke erosieve zandstranden
kan bestaan, en van deze locaties hebben 50% een hoge potentile geschiktheid. Dit
betekent dat grote zandsuppleties mogelijk wereldwijd een interessante oplossing
kunnen vormen voor de bescherming van (zandige) kustgebieden en het aanwezige
zoet grondwater.
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