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“De kwel van voeral zoet en zout waler zal in laag-Nederiand toenemen. OQok is het
niel uilgesiolen dat de omvang van de zoetwaterbellen ender de duinen zal worden
beinvioed. Voorts zal tot ver landinwaarts de waterinfrastructeur aanpassing behoe-
ven: d¢f de waterniveaus stijgen in laag-Nederland mee met de zeespiegelsiijging, 6f
de pompcapocileil zal moeten worden opgeveerd. De preciese gevolgen voor de water-
huishouding en de bedrijfssectoren, en de benodigde oplossingen, zifn nog onderwerp
ven studie.”

Derde Nota Waterhuishouding: Water voor nu en later.
Tweede Kamer, vergaderjaar 1988-1889, 21 250, nrs. i-2.

aan Gerard en Berendina, mijn ouders.
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Chapter 1

Introduction

1.1 Problem definition

In the Netherlands, mankind has been atiracted for ages to coastal areas because
of an abundance of food {fisheries and agricuiture) and the presence of economic
activities (e.g. trade, ports and infrastructure). As a consequence, these coastal
areas are densely populated. Many coastal areas, especially the low-lying deltaic
areas with a ground level situated within a few metres above or even below mean
sea level, have directly been affected by variations in the level of the sea. Coastal
defence systems had to be set up to protect mankind against flooding. Management
of water resources (or water management') in these coastal areas is rather complex
and hence, sophisticated (technical and organizational) systems have been required.

In the near future, climate change will probably jeopardize the water management
systems in the vulnerable Dutch coastal areas even more. Relevant mechanisms
related to climate change are the {(enhanced) greenhouse effect, global warming and
an accelerated rise in global mean sea level. All these mechanisms are probably
caused by natural as well as' man-induced processes. Though the effects of several
feedbacks of the climate system (e.g. clouds and oceans) are difficult to assess, a
global mean sea level rise of 60 centimetres for the next century is still considered
the best estimate {in 1998).

As the Netherlands is a low-lying country®, sea level rise will directly affect the
Dutch society from an environmental, social and economic point of view. As a con-
sequence, great (economic) interests may be at stake. The impact of sea level rise on
water management in the Dutch coastal areas is subdivided into three main sectors:

) Water management is defined here as [CHO-TNO, 1988];

“The total of research, planning, technicel activitics and sdminisiralive measures that
should lead lo the most cfficient integrated management of the aveilable groundwaier
and surface water. The way waler resonrees tn o specific areq are assimifated, dis-
placed, wtthized, consumed and trensporied. In most cazes, this process iy affected by
humen interventions.”

2 About 25 % of the land is situated below mean sea level (M.5.L.), whereas about 65 % would
be flooded regularly by the sea or the rivers in the absence of dunes and dikes. Accordingly, some
8 million people would be endangered.
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Figure 1.1: Relevant aspects affecting the coastal ateas in case of climate change and a

relative sea level rise.

(1) the coastal zone and the hinterland; (Il) the estuaries and the rivers; and (lll} the
coastal groundwater flow regimes. Figure 1.1 shows a diagram of relevant aspects that
affect the coastal areas in case of climate change and a relative sea level rise.

ad . Coastal zone and hinterland
The coastal zone and deltaic areas will directly bear the impact of sea level rise
{figure 1.2). A possible increase in storm surges due to climate change and an
increase In wave attack could lead to collapse of coastal defence systems (dykes
and dunes). Subsequently, this could induce flooding of populated areas in the
hinterland and loss of lives should be feared. In the medium term, sea level
rise could cause an increase in coastal erosion. If no countermeasures such as
sand-suppletion are carried out, coastal erosion could result in a severe shoreline
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Figure 1.2: Possible impacts of sea level rise on a coastal lowland.

retreat and in a decrease of the natural recharge area. Furthermore, a rise in
water level (due to the backwaier effect) could block the natural discharge of
low-lying arcas and the excess water must be discharged by pumpage at the
expense of higher energy costs.

ad |l. Estuaries and rivers

Estuaries and rivers could experience an increased salt water intrusion if the
river bed elevation cannot match sea level rise (figure 1.2). This can be ex-
pected in numerous tiver mouths where the sediment load has been reduced
significantly during the last decades because of, among others, sand-mining
and the construction of dams and barrages. Moreover, the backwater effect
of sea level rise will decrease the safety against flooding over large distances
upsiream of the river mouth.

ad I, Coastal groundwater flow regimes
At this moment, a large number of coastal groundwater flow regimes, especially
shallow ones, experience a severe sall water intrusion (a permanent inflow of
saline groundwater) caused by both natural as well as man-induced processes.
Figure 1.3 displays several possible impacts of sea level rise on the groundwater
flow regime in the low-lying western part of the Netherlands.

Coastal groundwater flow regimes within the zone of influence of mean sea level,
situated nearby the coast, are threatened by the rise in global mean sea level
even more than they are endangered already. The rise in sea level will accelerate
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Figure 1.3: Possible impacts of sea level rise on the groundwater flow regime in the law-
lying western part of the Netherlands.

the salinisation process in these coastal regimes. This process could result in
a reduction of fresh water resources. Furthermore, the seepage quantity will
increase in those coastal areas which are below A .S.L. The present capacity
of the discharge systems in several polders may be msufficient to cope with
the excess of seepage water. This seepage wiil probably have a higher salimity
than at present. In consequence, crops may suffer from salt damage and fertile
arable land might eventually become barren land.

The mixing zone between fresh and saline groundwater will be shifted further
inland. Groundwater extraction wells, which were originally located in fresh
groundwater, will then be located in or nearby brackish or saline groundwater,
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so that upconing can easily occur.

Shoreline retreat will also affect the Dutch coastal groundwater flow regimes
by narrowing the width of the sand-dune areas, thus diminishing the area over
which natural groundwater recharge occurs. This may lead to a decrease in
fresh water resources which could affect domestic, agricultural and industrial
water supply. If shoreline retreat is counteracted, the phreatic groundwater
level in the sand-dune areas along the coast will rise due to sea level rise. Az a
result, the soil is moistened and dune pools may develop. Cn the other hand, if
the shoreline retreat is severe, the phreatic groundwater level further inland in
the sand-dune area may drop, and consequently drier conditions might occur.
It depends on local conditions and human interference whether flora and fauna
of vulnerable ecosystems will be able to adapt to such hydrological changes.

In addition, higher salinities due to an increased salt water intrusion in rivers
and estuaries may jeopardize adjacent aquifers through recharge from surface
water with a higher solute content. Consequently, the extraction rates of exist-
ing pumped wells will have to be reduced or the wells might even have to be
abandoned.

Note that, besides sea level rise, human activities also could highly affect the
coastal groundwater flow regimes, for instance by means of:

o exploiting or eventually mining of fresh groundwater, which 1s extracted
for domestic, agricultural and industrial water supply,

s reducing natural groundwater recharge areas, e.g. the sand-dunes along
the coast, for the development of housing and recreational areas,

e reclaiming land, thus causing the lowering of phreatic groundwater levels
and eventually tand subsidence.

1.2  Objective definition

The last sector Coastal groundwater flow regimes in section 1.1 appears to be rather
underexposed in most of the descriptions of the impact of sea level rise (see also chap-
ter 2). Nevertheless, the impact of sea level rise on groundwater flow regimes and
consequently on water management can be far-reaching. Virtually all relevant liter-
ature treats coastal groundwater flow regimes conly very superficially and concludes
that the volume of fresh water resources is likely to decrease and saline seepage in
groundwater flow regimes is likely to increase. Therefore, in order to partly fill the
gap of knowledge, the scope of this thesis is the study of the coastal groundwater
flow regimes in the Netherlands.

The main objective of this thesis is to investigate the possible impact of several
scenarios of sea level rise and human activities on vulnerable coastal groundwater flow
regimes in the Netherlands during the next millennium. The most important tool
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which leads to the objective is numerical modelling. A two-dimensional groundwater
flow model is chosen which simulates density-dependent groundwater flow and solute
transport in a number of specific groundwater flow regimes.

It should be noted that the methodology followed in this thesis to fulfil the main
objective can also be extended to similar vulnerable coastal groundwater flow regimes
around the world. Moreaver, the conclusions drawn from the Dutch groundwater flow
regimes by means of nurnerical modelling can serve in understanding the mecharisms
involving sea level rise and its impact on coastal groundwater flow regimes.

This study has four sub-objectives. They are formulated as follows:

a. assess the propagation of sea level rise in the piezometric level distribution
If the length (the so-called zome of influence) over which the impact of sea
leve] rise can be noticed in the groundwater flow regime is long, changes in the
salinity distribution of the groundwater flow regime due to sea level rise may
be considerable. '

b. assess the changes in salt water intrusion in the groundwater flow regime
If the salinisation rate of the groundwater flow regimes increases, saline ground-
water may reach the top layer more rapidly. Note that, for centuries, human
activities have already caused salinisation of the Dutch subsoil since (low-lying)
polder areas have been created {the so-called drained lakes) and great quantities
of (fresh) groundwater have been extracted.

c. assess the changes in volumes of freshwater lenses in sand-dune areas

If saline groundwater intrudes from the sea in the aquifers more rapidly because
of sea level rise than under present conditions, the volumes of fresh groundwater
resources along the coast may decrease andfor freshwater lenses may displace
further inland. Subsequently, drinking water companies, which extract ground-
water from the sand-dune areas, should anticipate on future deficiencies. As a
result, future domestic, agricultural and industrial water supply may be threat-
ened.

d. assess the changes in ssepage {both quantity and quality) in low-lying polder areas
If the gradient of the piezometric level in coastal groundwater flow regimes
increases because of sea level rise, seepage quantity will increase. Areas in
which surface water had previously infiltrated, may in the future be subject
to seepage. Furthermore, seepage in polder areas will eventually contain a
higher salinity than at this morment, as sea level rise accelerates the inflow of
saline groundwater and the redisiribution of salinity in the subsoil. The saline
seepage, mixed with fresh surface water, will eventually end up in water courses.
Agriculture may suffer from salt damage, causing economic implications, In
order to control the solute concentrations in surface water, the water courses
in the low-lying areas in the vicinity of the coast (e.g. in the water control
system of Rijnland) will probably have to be flushed more frequently and/or
morte intensively.
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After the impact of sea level rise on the groundwater flow regime is investigated,
the relation of the sub-objectives with three water management sectors® relevant to
this study will be assessed. They are: (1) domestic and industrial water supply
from coastal sand-dune areas, (2) flushing of water courses of low-lying areas and (3)
agriculture in terms of salt damage.

An accurate assessment of the impact of sea level rise on coastal groundwater flow
regimes is difficult to achieve, as 50 many processes are involved. A single assessment
of the impact of sea level rise is impossible, since the exact impact of sea level rise on
coastal groundwater flow regimes is very site-specific and depends on features such
as geomeiry of the geohydrologic system, (geo)hydrological parameters and human
activities.

It is important to realize that impact of sea level rise must be considered in
relation to that of human activities. The present state of the groundwater flow
regime is not yet in a dynamic equilibrium. A reason for this is the time lag between
cause and effect, which can amount to several decades or centuries. Human activities
in the past, such as reclaiming lakes or extracting groundwater at high rates causing
upconing, are still not completely effective concerning the salinity distribution of
most of the groundwater flow regimes. In addition, in the future, the influence of a
gradual rise in sea level and human activities (e.g. countermeasures) will also affect
the groundwater flow regime. It is quile possible that, in the future, not sea level rise,
but past, present and future human activities will dominate the salinisation process
of numerous coastal groundwater flow regimes.

As groundwater flow is a very slow process, the impact of sea level rise will
only be noticed after at least several decades. In order to assure that mankind
can anticipate to it in due time by taking adequate measures, the impact of sea level
rise on groundwsater flow regimes should be recognized, estimated, investigated and
analysed in time: i.e. at this very moment.

1.3 Organization of the thesis

The chapters 2 and 3 introduce the reader into the topic of sea level rise and its
impact. In chapter 2, an overview is given of possible impacts of sea level rise on
the coastal zone and the hinterland, on estuaries and rivers, on coastal groundwater
flow regimes and on water management. In chapter 3, the causes of climate change,
temperature rise and sea level rise respectively are discussed, and the variations of
sea level in the past and the predictions of future sea level rise are summarized.

The chapters 4, 5, 6 and 7 present the features of the numerical modelling process.
In chapter 4, a concise summary of available suitable groundwater flow models is
given and the selection of one groundwater flow model is argued. In chapter 5, the

$In the study Policy Analysis for the Watermanagement of the Netherlands (PAWN) [Pulles, 1985]
the water management sectors are: agriculture; horticulture; domestic water supply; indusiry; power
generation; navigetion; recreation; and environment, ecology and nature preservation.
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different theoretical aspects are described of the selected groundwater flow model
MOGC which has been adapted by the author for density differences. In chapter 6,
additional testing is done for the adapted MOC model for three hypothetical cases.
In chapter 7, a sensitivity analysis of both subsoil and model parameters is executed
for & profile through the sand-dune area of Gemeentewaterleidingen Amsterdam and
polders lying more inland.

The chapters 8 and 9 discuss and analyse the results of simmlations with the
adapted MOC model on Dutch groundwater flow regimes. In chapter 8, the simula-
tions of two specific profiles perpendicular to the Dutch coastline are discussed for
several rates of sea level rise. In chapter 9, the sensitivity analysis of the ground-
water flow regime in the Netherlands for sea level rise is described, based on eight
representative profiles. Moreover, scenarios with countermeasures and with varying
subsoil parameters are considered.

In chapter 10, the impact of sea level rise on the groundwater flow regime is
reproduced for the following three water management sectors: domestic and indusirial
water supply, flushing and agriculture.

Finally, conclusions are drawn and recommendations are given in chapter 11.



Chapter 2

Overview of the physical impacts of sea
level rise

2.1 Introduction

From ancient times on, man has always preferred deltaic and coastal areas for set-
tlement, mainly because of the abundance of food from fishery and from agriculture
due to the presence of fertile soils. Also nowadays a great deal of the earth’s pop-
ulation is still concentrated in these areas. Living in these arcas, however, has also
some drawbacks. One of them being the danger of flooding. Storm surges and river
floods may cause flooding of low-lying areas and may eventually lead to many casu-
alties and great economic damage. Many measures have been taken to minimize this
risk: maintenance of natural levees, construction of dams, dikes and embankments,
prevention of scouring to avoid a sudden collapse of dykes, etc. _

In addition, climate change will affect the level of the sea by global warming
(namely the global mean air temperature rises due to the enhanced greenhouse effect).
As a result, (geo}hydrologic and subsequently socio-economic consequences can be
expected.

It is evident that a rise in sea level will increase the risk of flooding. Moreaver,
a sea level rise will also affect other aspects of the environment. Although a rel-
ative sea level rise may show very different local effects, e.g. because of different
(geo)hydrological and topographical circumstances, the phenomenon of sea level rise
will be felt throughout the world. Especially in case of a rapid rise in sea level, the
consequences will therefore be diverse. In figure 2.1, an overview is given of the areas
vulnerable to sea level rise. All these areas over the world will in some way be af-
fected by sea level rise. Most directly noticeable are changes along the shoreline and
changes in estuaries and rivers. In the long-term, changes in the salinity distribution
of coastal groundwater flow regimes may also occur. Eventually, these changes will
induce changes in water management as well (see figure 1.1).

Especially during the last decade, numerous initiatives have been taken to assess
the vulnerability for sea level rise on coastal zone management. Two initiatives are
briefly mentioned here. '

Firstly, the impact of a rise in mean sea level on society was considered during

9
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@ Areas vulnerahle to sea level rise &b
A Major river deltas of the world

Figure 2.1: Areas in the world vulnerable to sea level rise, based on information about
major river deltas and low-lying polder areas of the world, coastal wetlands (marshes, man-
grove forests), and various other qualitative descriptions of vulnerable areas due to sea level
rise [e.g. Snead, 1972; Miami Conference, 1990; Gilbert et al, 1990; Tsyban ef al., 1990,
Perdomo et al., 1992).

a Workshop in Delft, the Netherlands, in 1986: Impact of Sea Level Rise on Society
(ISOS) [Wind, 1987). The session was intended to provide information on possible
impacts of sea level rise on coastal lowlands and to indicate the consequences of
possible strategies open to decision makers. The impact on three case studies was
evaluated: the Netherlands, Bangladesh and the Maldives Islands. The results of the
case study the Netherlands are extensively presented in Peerbolte et al. [1991).

Secondly, exploratory investigations under the terms of the activities of the In-
tergovernmental Panel of Climate Change (IPCC) have resuited, in 1990 and 1992,
in interesting findings and recommendations. The IPCC was set up jointly by the
World Meteorological Organization and the United Nations Environment Programime
in 1988. Several hundreds of scientists have participated in the preparation and re-
view of this assessment. The IPCC has established three working groups:

I. Science Group
to assess the scientific and technical information related to climate change is-
sues. The Working Group I has inquired how human activities can change the
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Earth’s climate through the greenhouse effect. The First Assessment Report
was released in 1990 [Houghton ef al]. The IPCC Supplement [Perdomo et
al., 1992] did not update the estimates of sea level rise of the 1990 Assessment
Report. This IPCC-update report was prepared for the UN Conference on En-
vironment and Development in Rio de Janeiro, June 1992. A comprehensive
Second Assessment Report is in preparation, which will probably be released
by the begin of 1996.

Il. Impacts Group
to describe for the next decades the environmental and socic-econornic im-
plications of possible climate changes, caused by increasing concentrations of
greenhouse gases {Izrael et al., 1990]. Conclusions were drawn concerning agri-
culture and forestry, natural terrestrial ecosystems, hydrology and water re-
sources, hurnan settlements, oceans and coastal zones, seasonal snow cover, ice
and permafrost.

[l. Response Strategies Group

to formulate appropriate sirategies: (a) “limiting climate change by reducing
emissions end increasing sinks and reservoirs”, and (b) “adapling to climaie
change”. The Coastal Zone Management Subgroup (CZMS) is one of the sub-
groups dealing with adaptive responses, viz, retreat, accommodation and pro-
tection [Gilbert et al., 1990; Perdomo et al, 1992]. The 1992 Repozt of the
CZMS has presented the results of the workshop The Rising Challenge of the
Sea, organized on Margarita Island in Venezuela, March 1992. This report de-
scribes several case studies on the vulnerability to an accelerated sea level rise.
In addition, a extensive vulnerability analysis for the Netherlands is presented
in August 1992 [Bijlsma ef al., 1992].

The physical impacts of sea level rise are described in this chapter. The descriptions
are mainly of a qualitative character, as the knowledge of the many processes involved
and their interrelation is still limited. For that reason, it is rather difficult to assess
the impact of sea level rise in a quantitative way.

In section 2.2, the impact of sea level rise on the coastal zone and the hinterland
is described, whereas in section 2.3, the impact on estuaries and rivers is discussed.
The boundary conditions for the coastal groundwater flow regimes are set in these
two sections. In section 2.4, the impact of sea level rise on coastal groundwater flow
regimes is discussed. In section 2.5, the impact on water management problems is
briefly dealt with.

Substantial portions of the sections 2.2 to 2.5 have been derived from chapier V of
the report prepared for the UNESCO Workshop SEACHANGE'93 in Noordwijkerhout,
the Netherlands, in April 1993 on behalf of the IHP-IV Project H-2-2 [Oude Essink,
Boekelman and Bosters, 1993].
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2.2 Impact on the coastal zone and the hinterland

The coastal zone and the hinterland imclude deltaic regions throughout the world that
have been involved in the active processes induced by sea level rise. Thus wetlands,
regularly inundated because of tides, but also dunes, affected only by severe storms,
are included. Sea level rise is first sensed in the coastal zone by higher water levels,
followed by morphological changes.

Coastal lowlands are very young phenomena in geological terms. The present
sitnation of coastal lowlands is considerably affected by the rise of sea level of about
100 m, associated mainly with the melting of land ice caps from the last glacial period.
The rise in sea level started about 18,000 years ago and has flooded large parts of
the continental shelf. The shorelines moving in inland direction were interacting
with a landscape resulting from continental processes. Thus, the configuration and
other characteristics of the coastal zone and the shoreline are partly the result of
stream erosion and sedimentation, marine erosion and sedimentation, and tectonic
movement.

The impacts of sea level rise on the shoreline of sandy coasts, hard (fixed) coasts
and coastal wetlands are discussed respectively in the following subsections: 2.2.1, 2.2.2
and 2.2.3. Four cases are discussed in subsection 2.2.4.

2.2.1 Sandy coasts
Introduction

Sandy shorelines occur all over the world. They often form, by means of sand-dunes,
the primary protection against the sea for densely populated coastal areas. Many
holiday resorts are found along these coasts. Obviously, there is quite some interest
as 10 how these shorelines will respond to an accelerated sea level rise, because the
consequences may be substantial with respect to safety but also from an economic
point of view. Degpite this interest, relatively little is known about this subject.
Though various empirical formulae have been derived for the response of a sandy coast
to a rise in sea level, most of the literature gives only qualitative descriptions [e.g. van
der Does, 1990]. One of the reasons is that the precise influence of many processes
mmvolved 15 scarcely known, such as that of sediment transport, waves and tides.
Generally speaking, any sea level variation will affect the position of the shoreline.

In this study, sandy coasts are subdivided into four categories: beaches, barriers,
tidal inlets and sand-dunes.

Beaches

The impact of sea level variation on beaches depends for a great deal on processes
which take place along the beach. For beaches a so-called equilibrium profile is defined.
This is the beach profile which is c¢reated if the climatic and hydraulic conditions
would remain constant for a long time. A well-known relationship for this equilibrium
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profile is an expression, developed by Bruun in 1954 for beach profiles at the southeast
coast of Florida and confirmed by Dean in 1977 for beach profiles at the Atlantic and
Gulf coasts of the Unites States [Dean et al., 1987]:

h=¢z® (2.1)
where
e h = water depth (L),

o & = shape factor for a certain profile depending on stability characteristics of the
bed material, & 0.117 m!/? for steep profiles at the southeast coast of Florida

[Bruun, 1973],

e r = horizontal distance from the shoreline (at A.S.L.) in seaward direction
(L).

In reality, however, elimatic and hydraulic conditions are time-dependent. Thus the
beach profile is always adapting to the present conditions, which cause sediment
to move up and down the profile. The two most important processes for the sand
transport perpendicular to the shoreline are:

1. Storms :

The natural beach profile is generally concave upward. The wave energy is
digsipated in an area where the water depth is less than a certain depth. When
during sevete storms the water level rises, the concave shape of the profile causes
the wave energy to be dissipated in a relatively smaller body of water. This will
lead to greater turbulence, resulting in erosion of the higher part of the beach,
thus creating a gentler overall profile.

2. Wind
Between the storm pertods, the wind will blow the sand back from the foreshore,
where it was deposited during heavy storms, higher up the beach.

Other causes of sand transport, that influence the developrnent of the shoreline, are
the occurrence of

- Tidal currents, causing longshore sand transport! at greater depths, further away
from the coastline. Longshore sand transport is capable to move great quantities
of sand. Changes in longshore sand transport indirectly affect the shoreline: a
deficit of sand may cause a beach to erode, a surplus of sand may cause a beach
to accrete,

- Waves, which approach a beach obliquely, causing longshore transport closer to the
shoreline,

11t must be admitted that the processes of longshore sand transport are complex and difficuls to
describe, which is the reason why their impacts are difficult to assess.
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- Large influx of sediment, originating from a great river debouching into the sea.

The way a sea level variation will affect the position of the shoreline depends to a
large extent on local circumstances:

» In certain places, like sheltered bays with a very subdued wave climate, the most
important direct impact of sea level rise is inundation, as the profile requires a
long time to adapt. The shoreline retreat will depend on the slope of the coastal
profile: the gentler the slope, the greater the shoreline retreat (see figure 2.2).
The beach profile will respond to sea level rise by adjusting itself to the new
conditions. Obviously, there is a time lag: at first the sea level will rise and the
profile will turn into a non-equilibrinm state. Subsequently, heavy storms will
step by step lead to a new state of dynamic equilibrium by moving sediment.
In general, it can be assumed that the configuration of the beach profile will
not basically change, only its position will do so.

T,

Future sea level

.....

{ j\ j\j\ Future sea level
w w, o Present sed level

e e M M -
FH

Gentle slope

Retrent

Figure 2.2: Shifting of the equilibrinm profile.

e In some cases, where greai influxes of sediment occur, e.g. in the vicinity of
a large river meuth, the shoreline may be able to maintain its position by
simply building-up the profile. In general, however, there is no such influx and
the shoreline will thus be eroded considerably. Then the land loss due to the
retreat of the profile will be several times greater than the land loss due to
direct inundation (see figure 2.2).

There are various methods to determine the shoreline retreat due to sea level rise
[Dean ef al., 1987]. Four methods are mentioned here:

1. extrapolation of historical trends [¢.g. Leatherman, 1984]. A method often applied
is to estimate future shoreline changes by means of the analysis of historical
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records. For exampie, from those records it is concluded that currently about
60 % of the world’s sandy shorelines is retreating, 30 % seems to be stable and
only about 10 % is advancing [Dean et al, 1987]. Advancing sandy shorelines
are mainly due to tectonic uphft or a great sediment influx from a nearby river
mouth,

2. a sediment budget method by Everts [1985].

3. the dynamic equilibrium model by Kriebel and Dean {1985], which describes dy-
namic cross-shore transport including the time-varying water level and wave
height.

4. the use of the go-called Bruun's Rule, formulated by P. Bruun [1962], though the

Russian scientist V. Zenkovich [1959] drew up an equivalent formula. Bruun’s
Rule formulates the relationship hetween sea level rise and the rate of shore-
line erosion. It iz a much cited and applied method to predict shoreline re-
sponse. Several laboratory and field studies have been carried out to evaluate
Bruun’s Rule, usually with confirmation. Especially for several case studies in
the United States, the predictions of Bruun’s Rule agree with actual figures
in horizontal shoreline retreat of approximately 50-100 times the sea level rise
(U.S. Department of Energy, 1989].
In many publications, Bruun’s Rule is often presented without reservation.
However, it is in fact only valid for a narrow range of parameters: e.g. steep
bottom surface, sufficient sediment supply, wave direction dominantly trans-
verse Lo the coast and absence of emerged and submerged coastal bartier fea-
tures [Selivanov, 1993]. There are various rematks to be made on the original
Bruun’s Rule:

e it is a (steady state} two-dimenstonal approach which only considers cross-
shore conditions, whereas it does not consider, among others, longshore
sand transport and deposition of suspended transport,

e the time lag between sea level rise and the adjustment of the equilibrium
profile is neglected,

+ the relationship is upset when sediments move beyond the water depth
(the so-called closure depth) where waves have no influence,

+ biogenic production of sediment is neglected.

Therefore, according to the principle that the equilibrium beach profile will only
move upwards and backwards, the shoreline retreat as expressed in Bruun’s Rule
has been modified by various authors. Equation 2.2 gives such a modification
of Bruun’s Rule by Hands in 1981 (see also figure 2.3):

SLR W

R=0G, 7

(2.2)

where



16

Chapter 2. Qverview of the physical impacts of sea ievel rise

* R = ghoreline retreat (1),

o (G, = overfill ratio, to account for loss of suspended load from the eroded
material (=). In Bruun’s Rule, G, equals 1,

¢ SLR = sea level rise (L),

e W = width of profile taking part in the process, i.e. from the point in
the profile that remains unchanged till the point where the water depth is
such (5-10 m) that waves have no influence (L},

¢ H = height of responding profile or vertical relief of active beach, total
depth of profile (L}).

iz Retreat
/ R
Height, Sea Level Rise
H Erosion ﬁg\;
\( X

W  Width of profile

=V = resp. eroded and deposited quantity of material (L%
S'= average rise in bottom level (L)

Figure 2.3: Bruun’s Rule

Studies on the coast of the Caspian Sea [Kaplin, 1990] and on other former
U.S.S.R. coasts [Selivanov, 1993] show that the original Bruun scheme for sub-
merging coasts is not universal. For instance, the Caspian Sea provides very
interesting data for studies of coastal deformations related to sea level varia-
tions. From 1929 on, the Caspian Sea coast was exposed to a relatively quick
fall of the lake level, to a minimum of -29.2 m M.S.L. By contrast, from 1978
to present the level rose with 12 cn per year. The development of the ¢oastal
zone during sea level rise appeared to depend mainly on the inclination of the
submarine coastal profile [Kaplin, 1990, as depicted in figure 2.4. At the most
gentle coast (gradient a 0.0005), land flooding has occurred without coastal
zone reformation, as waves lose their energy on the gentle siopes. Where the
gradient 22 0.001, sea level rise has resulted in the formation of a coastal ridge
in the breaking zone at some distance from the coast, forming a lagoon (that
18 a shallow body of saline or brackish water partially connected with the sea).



2.2, Impact on the coastal zone and the hinterland 17

situation before sea level rise
situation after sea level rise

Figure 2.4: Development of the coastal zone at the Caspian Sea due to sea level rise, for
different submarine slopes [after Kaplin, 1990]. Source: Greenhouse Effect, Sea Level and
Drought. Paepe, R., Fairbridge, R.W. & Jelgersma, 3. (eds}, p. 388. Copyright © 1930
Kluwer Academic Publishers, reprinted by permission of Kluwer Academic Publishers.

Steeper slopes (= 0.005) have caused waves to break near the shoreline and
a beach ridge could become a barrier with behind it a shallow lagoon. For
slopes & 0.01, no lagoon has been created, in case the area behind the barrier is
mote elevated and the beach ridge is rising and migrating. Development of the
coastal zone according te Bruun’s Rule has only occurred for gradients > 0.01.
According to Selivanov [1993], landward migration and destruction of accumu-
lative barriers may become the most disastrous consequences of the anticipated
sea level rise on the other coasts of the former U.5.5.R.

In contrast with Bruun’s Rule, it is also suggested that slow rates of sea level
rise ¢an form accumulative coastal barriers. Assuming the wave climate remains
the same, Dean et al. [1987] suggested, after analysing responses from the past,
that a sea level rise would cause a landward rather than a seaward sediment
transport, as required by Bruun’s Rule (compare figure 2.3 with figure 2.5).
During the rapid rise of the sea level (rate = (.8 m/¢) up to 6000 year BP, the
shoreward sediment transport was not suflicient to maintain a stable shoreline.
By contrast, during the slow rise of the sea level (rate & 0.08 m/c) from 6000
vear BP, the same rates of shoteward sediment transport have generally led to
reduced erosion rates and in some cases to stable or even accreting shorelines
[U.S. Department of Energy, 1989].
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Figure 2.5: Shoreward sediment iransport @, and rate of sea level rise dS/di related to
barrier island formation [after Dean, 1987}

Barriers

Along many shorelines barriers or barrier islends are found. A barrier is an oblong
piece of land close and paralle! to the shore, at one end also in connection with the
mainland. When the sea breaks through the barrier at one or more places and creates
one or more inlets, the connection with the mainland is gone and so-called barrier
islands are created. Barriers are developed under various circumstances:

+ longshore currents are transporting sediments, supplied by a large river, along
the coast where sedimentation is taking place. Wind and wave activities are
building up the barrier,

¢ longshore sand transport, caused by tidal currents, is developing a spit where a
straight coast is abruptly cut off. If the spit becomes very long, it is also called
a barrier,

e sea level rise is displacing sediments towards the shore to form barriers, in case
of very gently sloping coastal profiles (see figure 2.5}.

Barriers and barrier islands show up in wave dominated coastal areas with low-
gradient underwater profiles and, of course, sufficient sediment supply. Behind bar-
riers lagoons are found. Lagoons may become completely isolated from the sea, in
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which case they transform into coastal ponds or lakes or eventually swamps. Some-
times they contain fresh water if there is a sufficient supply of e g. river water.
When sea level rises, the response of the barrier will depend on the sediment

supply:

a. if there is enough sediment supply, the barrier will not be affected by sea level rise
and will simply continue to grow in seaward direction due to sedimentation,
while building itself upward,

b. if sediment supply is rather limited, the barrier will be built upward and also land-
ward. During storm surges, when higher water levels occur, a certain number
of waves will be able to overtop the barrier. These waves will wash away sand
from the seaside of the barrier, which will settle at the land side. So the bar-
rier is able to maintain itself by moving landward: berrier rollover (figure 2.6).
When sea level rises, surge levels will become higher and thus more sand will
be transported from the seaside to the land side of the barrier. However, if sea
level rise is even greater, the barrier eventually will become part of the new
shore,

c. if sand supply is that small that the barrier will not be able to react on sea level
rise at all, the barrier will simply be drowned at the place: darrier drowning or
barrier oversiepping (figure 2.6).

Thus, the determining factor for these alternatives is again the amount of sediment
supply. The more the sea level riges, the more sand will be needed to maintain
a certain stable profile. From the moment sand demand exceeds sand supply, the
barrier will not be able to maintain iis position, and, depending on the sediment
deficit, it will be submerged.

Tidal inlets

In general, a tidal inlet is considered as the connection between the sea and certain
sheltered waters. For instance, tidal inlets are channels through which water flows
in and out of estuaries because of tides, but they are also channels through a barrier
transporting watet to and from the bay behind it.

During every high tide, tidal inlets allow a certain volume of water to enter the
bay, which accordingly is flowing out into the sea again during low tide. This volume
of water is the tidal prism of the bay. These flood and ebb flows are transporting
gediment through the inlet. As soon as this sediment-loaded flow gets beyond the
inlet, flow velocities are decreasing which results in sedimentation on both sides of
the inlet. This process often induces the development of a delta on both sides of the
inlet: an cbb delta on the seaward side coming about due to the ebb flows and a flood
deMta on the landward side resulting from the flood flows. Their size can normally
be expressed by a more or less linear relationship with the tidal prism [Dean et al,
1987}. The required amount of sediment is generally provided by longshore sand
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Figure 2.6: Barrier movement [modified from Rampino and Sanders, 1980]. Source:
Rampino, M.R. & Senders, J.E. Holocene transgression in south-central Long Island, New
York. J. of Sedimentary Petrology, 50: 1065-1080, p. 1075. Copyright ©1980 The Society
of Economic Paleontologists and Mineralogists, reprinted by permission of The Society of
Economic Paleontologists and Mineralogists, Tusla, Oklahoma.

transport. Especially when the inlet is fixed, for example for navigational purposes,
this may lead to serious erosion of the downdrift beaches, because the longshore sand
transport carries away the sand downdrift of the inlet to account for the sand loss
because of the aforementioned delta formation.

When sea level rises and the shores of the bay behind the tidal inlet are quite
steep, the increase of the tidal prism of the bay will be relatively small, roughly equal
to the surface of the bay multiplied by the sea level rise. As a result, the flood and
ebb deltas are probably growing accordingly. However, the increase of the tidal prism
of the bay is often negligible compared to the increase of the cross-sectional area of
the tidal inlet. Consequently, flow velocities through the tidal inlet will go down
and the sediment transport capacity will decrease. Thus, sedimentation will occur
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in the estuary as well as in the tidal inlet until a new state of dynamic equilibrium
has been established. The level of the ¢bb and flood deltas are being heightened,
apart from being extended. These sedimentation processes will cause a decrease in
the sediment load of the longshore sand transport, resulting in erosion of downdrift
beaches. Again, this erosion will be even more serious if the tidal inlet is fixed by
human structures.

When sea. level rises and the slopes along the shores of the bay are gentle, some-
thing else is likely to happen, especially when large wetlands are present. Then, the
increase of the tidal prism due to sea level rise will be relatively greater than the
increase of the cross-sectional area of the tidal inlet. As a result, erosion will occur
throughout the whole estuary or bay which may lead to the destruction of wetlands.

Sand-dunes

Sand-dunes are well-known features along sandy coastlines. Protection of the hin-
terland often depends on these sand-dunes. The most important factor concerning
safety of the hinterland is the width of the dune zone. Research done in the field
of dynamics of sand-dunes is rather limited. There seems to be no general rule for
dune development associated with sea level variations. Many processes, not or hardly
known, influence sand transport and dune formation, thus the overall impact is very
hard to assess. It appears that sand-dunes, which have experienced sea level rise,
keep the same profile though & certain retreat has to be encountered: they shift in
landward direction.

2.2.2 Hard coasts

Hard coasts of natural origin

The two main types of hard coasts of natural origin are: (1) rocky coasts and (2)
coral islands.

ad 1. Rocky coasts
Rocky coasts and cliffs occur all over the world [Snead, 1972]. They are normally
very stable. They do erode but only at a very slow rate. The time scale of these
erosional processes goes far beyond the time scale of a significant sea level rise.
Therefore, sea Jevel tise is supposed to have no noticeable impact on rocky
shorelines for the next century. Only in case of gently sloping rocky shorelines
direct inundation, and thus shoreline retreat, may take place.

ad 2. Coral islands
In general, coral islands are hardly elevated above M.5.L., at most about three
metres. Thus, when the sea level rises, say one metre, a relatively large part
of these islands may be inundated. Obviously, a sea level rise would have great
impact on the people living on these islands. Their society might even be
endangered [Gilbert et al, 1990; Perdomo ef al, 1992].
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Apart from coral islands there are coral reefs?. They often serve as natural
breakwaters and protect islands and coasts against tropical storms. Sea level
rise may reduce this function considerably. Under natural circumstances, how-
ever, the growth of coral reefs can keep pace with sea level rise, as growth rates
of several centimetres per year have been observed. Naturally, the growth pro-
cess of corals is a sensitive one. Any human activity causing pollution upsets
the growth process and may bring it to a halt entirely, Thus, the impact on
these islands does not only depend on the rate of sea level rise and the local
rate of coral growth, but also on human behaviour.

Manmade protectional structures

The overtopping frequency of protectional structures such as dams, dikes and sea-
walls, can be calculated, given certain parameters such as mean sea level, storm level
occurrence and wave run-up.

When sea level rises, water depths increase and higher waves are developed. Ac-
cordingly, the wave run-up increases, see figure 2.7, The reference level, on top of
which storm surges build up their extra high levels, is elevated, and thus an increase
in overtopping frequency can be expected. For example, in the Netherlands a sea
level rise of one metre is estimated to increase the risk of flooding rather dramati-
cally, from 1:10,000 to about 1:500 [den Elzen and Rotmans, 1988). Furthermore, the
wave attack on foot and front of the dike is intensified, which may lead to erosion
and hence may endanger the structure’s stability. In addition, climate change, which
is expected to cause an accelerated sea level rise, is also likely 1o cause an increased
storm activity in certain parts of the world. These factors all point in the same direc-
tion: an increase of overlopping frequency and eventinally a collapse of protectional
structures.

Future sea level

"9, Present sea level
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Figure 2.7: Increased wave run-up.

2The optimwam growth of coral reefs is between 25 *C' and 29 °C, and hence, they flourish under
tropical conditions.
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2.2.3 Coastal wetlands

Introduction

Cloastal wetlands are areas which occupy area between land and sca. They are n-
undated regularly, not because of extreme situations, but simply because of the tide.
In table 2.1, the areas of coastal wetlands of international importance are given in
km? and as a percentage of the area of the region [Gilbert et al, 1990]. Coastal
wetlands are of great importance from an ecological point of view [e.g. Brouns, 1988,
Wolff ef al., 1993%): they serve as nursery grounds for fish, provide food for birds and
are a habitat for many other animals. Apart from that, they also provide protection
against storms and flooding.

Table 2.1: Wetlands areas. From: A global survey of coastal wetlands, their function and
threats in relation to adaptive responses to sea level rise. [PCC-CZM Workshop, Australia
1990.

{ Region [ wetlands (km*) | % of the region |
North America 32,330 1.64
Central America 25,319 . 0.88
Caribbean Islands 24,452 9.43
South America (Atlantic coast) 158,260 1.13
South America (Pacific coast} 12,413 0.63
Small islands (Atlantic) 400 3.29
North and West Europe 31,515 0.71
Baltic Sea Coast 2,123 0.18
Northern Mediterranean 6,497 0.61
Southern Mediterranean 3,911 0.10
Africa Atlantic Ocean Coast 44 169 0.56
Africa Indian Ocean Coast 11,755 0.16
Gulf States 1,657 0.08
Asia Indian Ocean Coast 59,530 1.20
Southeast Asia 122,595 3.42
East Asia 102,074 1.00
Pacific Ocean Large [slands 89,500 19.39
former USSR 4,191 0.02
Total 732,021 0.85

Coastal wetlands have the ability to adapt to sea level rise by building themselves
upwards. It is because of this so-called accretion that in the past few thousand years
the coastal wetlands have generally managed to keep pace with sea level nise and

SWolfl ¢! af. have investigated the expected ecological effects of sea level rise from different points
of view.
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have even extended. The accretion is partly from mineral origin (sediments), partly
from biological origin (organic production or peat}. Peat production in the coastal
wetlands is very important, since generally more than half the wetland accretion is
due to peat production. Sediments serve not only as building material but also deliver
the necessary nutrients for the wetland vegetation. The sediment supply for coastal
wetlands has two main sources:

a. sediment from a river: during floods, the river delta is inundated and flow velocities
in the inundated areas are small. Accordingly, sedimentation is taking place,

b. resuspended sediment: sediments, which were deposited near the coast in fairly
shallow waters, can be resuspended during severe storms. The seawater, en-
riched with resuspended sediments, inundaties the coastal wetlands where the
sediments have the opporiunity to settle down.

Coastal wetlands can roughly be subdivided in three categories, depending on their
salinity levels [Dean ef al., 1987]:

1. Salt marshes and mangrove forests
Salt marshes and mangrove forests oecur in a saline environment, the former at
higher latitudes, the latter in tropical regions. Mangrove forests are important
as they act as an effective protection against floods,

2. Brackish marghes
In brackish marshes salinity levels are less than 30 p.p.t.. They can be found
in estuaries at places with calm water and abundant sediment supply,

3. Tidal freshwater marshes
Tidal freshwater marshes occur in the more elevated parts of estuaries. Conse-
quently, they are less frequently inundated and have low salinity levels, namely
less than 5 p.p.t. Access canals for navigation may accelerate the salinisation of
freshwater marshes [Day, 1987).

Impact of sea level rise on coastal wetlands

When sea level rises, the impact may be as follows:

« the coastal wetland accretion is that much that it can keep pace with sea level
rise. Under these circumstances, the marsh area will extend, because accretion
becomes possible in areas which were originally situated above the high tide
level, see figure 2.8a. Salt marshes are found at the landward side of barriers.
In that position they are mainly indirectly threatened by sea level rise, in the
sense that they may be buried under a barrier which is moving in landward
direction. Brackish marshes are supposed to keep pace with a rising sea level
due to the abundant sediment supply and their own organic production,

*p.n.t. stands for parts per thousand. The salinity level or total dissolved solids (TDS) is
expressed in p.p.t. which approximates g/{.
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Figure 2.8: Effects of sea level rise on coastal wetlands: (a) accretion can keep pace with
sea level rise; (b) accretion canmot keep pace with (rapid) sea level rise; and (c) human
interference impedes wetland movements.

» coastal wetland accretion cannot keep pace with sea level rise, but the difference
between the rate of accretion and sea level rise is small. The coastal wetlands
will have to face losses, though they are able to adapt to the new condition to
at least some extent.

Normally, freshwater marshes can be found at the highest elevations of a wet-
| land area and salt marshes at the lowest elevations. Brackish marshes may
| appear in between, which depends on local morphological history. When sea
. level rises, a redistribution will take place. In general, freshwater marshes will
: then develop in the new area which is under tidal influence. Meanwhile, original
freshwater marshes will slowly change into brackish or salt marshes due to salt
water intrusion, which results in original plant species being replaced by more
| salt resistant ones. The brackish marshes wili become salt marshes, whereas
‘ the original salt marshes will eventually be submerged.



26 Chapter 2. OQverview of the physical impacts of sea level rise

e sea level rise is so rapid that a coastal wetland area cannot respond accordingly.
Consequently, the whole coastal wetland area will be submerged and get lost
(see figure 2.8b). Some new marshes may develop as new area comes under
tidal influence. Even if this gain is included, the overall losses are extensive.

Human interference

Human mterference can influence the coastal wetlands significantly. As mentioned
before and shown in figure 2.8a, new coastal wetlands may develop in areas which
only come under tidal influence after a sea level rise, ¢.g. higher on the shore and/or
further inland. However, this does not happen if matshes are impeded from moving
upward by e.g. structures such as dams and seawalls (see figure 2.8¢). On a worldwide
scale the losses due to impediment of upward migration will not be that great, though
locally they may be significant. For instance, in the Netherlands, most of the areas
just above the intertidal zones are occupied by human activities (e.g. grazing cattle),
which might probably lead to a decrease in the species diversity of flora and fauna.

Many rivers throughout the world, and especially their deltas, have been sub-
ject to human interference to avoid flooding, such as the construction of dams and
embankments. Accordingly, flooding of those deltaic areas is less frequent or does
not occur any motre. Furthermore, the original inflow of sediments, freshwater and
nutrients is reduced significantly or is stopped completely. The coastal wetlands then
mainly depend oh their organic production, which, as research has proven [Dean et
al., 1987], is normally too little for their survival becanse of a deficit of nutrients.

In addition, canals have been built through deltas to facilitate navigation by
improving the access to the main river. In general, these canals have spoil banks,
constructed of the material which is dredged from the canal. Normally, even during
stotm surges, these spoil banks are not overtopped, which means that the areas next
to such a canal are not flooded any more by the sea. Thus, also the sediment supply
from the sea (that is the resuspended sediment) is blocked, which implies another
reduction of the accretion rate. At the same time these canals, because of their much
greater capacity, do allow saline water to penetrate much further inland, which may
lead to losses or conversion of freshwater marshes into brackish or salt marshes.

Moreover, it is also possible that estuaries will be cut off from their connection
with the sea by man-made dams, subsequently forming brackish to fresh estuarine
reservoirs or basins. Actual examples during the past centuries can, among others,
be found in France, India, Japan, and the Netherlands. Sluices discharge the ex-
cess of river water and precipitation, and shiplocks enable navigation. The former
coastal wetlands in the enclosed reservoir will be affected in the accretion of peat and
subsequently in their ecology.



2.2. Impact on the coastal zone and the hinterland 27

224 Cases

Intreduction

Assessing the impact of sea level rise on a particnlar location is rather complex, as
numerous factors should be considered, such as the future rate of coastal wetland
accretion, the elevation of the water level, the increase of wave-activity due to deeper
tidal canals, a possible increase in frequency of storm surges and floods, and the
landward displacement or disappearance of barriers. In addition, the effect of future
human interference should also be considered, such as the construction of coastal
defence works and sand management practices.

Obviously, areas with high tidal ranges will be the least vulnerable to sea level
rise: then a sea level rise will make relatively little difference. On the other hand,
areas with small tidal ranges are rather vulnerable to sea level rise. For instance,
the Mediterranean Basin is vulnerable to sea level rise, since the amplitude of the
spring tide is very small in the Mediterranean Basin: usually less than 0.2 tc 0.3
m, increasing little near the Strait of Gibraltar (0.9 m) and at the Gulf of Gabes,
southeast coast of Tunisia (1.7 m) [Pirazzoli, 1987].

Not only many qualitative studies about the impact of sea level rise have been
performed, ¢.g. for the Mediterranean Basin [Sestini, 1990; Oueslati, 1990; Jeftic et
al., 1992), also a number of site-specific quantitative studies have been carried out,
such as in Barth and Titus [1984] and Schrdder [1988]. Furthermore, coastal defense
strategies of several case studies have already been discussed in the Coastal Zone
Management Strategies of the Intergovernmental Panel of Climate Change [Gilbert ei
al., 1990; Perdomo et of., 1992].

In this subsection, four cases are discussed: (I) the Mississippi delta, (II) the
Galveston bay, Texas and the Charleston area, South Carolina, (III} the Dutch shore-
line and (IV) the Nile delta.

I. Mississippi delta, USA

The Mississippi delta can serve as an excellent example of the impact to be expected
from an accelerated sea level rise [Day, 1987; Day et ol., 1993]. The compaction
of riverine sediments along with mining activities (cil and gas) and groundwater
recovery induce a rapid land subsidence. This causes a relative sea level rise of about
10 mm/yr, which fits well with the rate of sea level rise of one metre per century,
often assumed by scientists during the 1980’s.

In spite of the fact that the Mississippi delta is rapidly subsiding for at least
thousands of years, a large deltaic plain (50,000 £m?) of lakes, bays, near sea level
coastal wetlands and low-lying uplands has been formed. The greater part of the
20,000 km? coastal wetlands is situated within one metre above M.S.L. The historical
growth rate over the past 5000 years was somewhat greater than 4 km? [yr. However,
during the past decades the process has reversed into an accelerated land loss of about
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100 km?/yr. As a result, the Lonistana coast is retreating at an average rate of 4.2
m/fyr [U.S. Department of Energy, 1989].

The canses of the land deterioration of especially coastal wetlands appear to be
mainly man-induced:

¢ embanking the Mississippi river by dikes {which extend almost to its mouth)
in order to protect the delta against flooding from both river and sea. As a
consequence, the influx of riverine sediments on the coastal wetlands is reduced
significantly.

» dredging canals for navigation, discharge and mostly as an access for oil and gas
exploration and production. As the spoil banks from deposition of excavated

~ material are not overtopped frequently, the influx of resuspended sediments on
the coastal wetlands is reduced.

Studies have shown that embankments and canals have the following effects:
» change in the (geo)hydrologic and hydraulic systems,

e increase of salt water intrusion into originally freshwater areas. Salt water
intrusion increases the salinity level of freshwater and brackish marshes and
probably also converts cypress swamps, which are very sensitive to saline water,
into (open water) lakes. Sea level rise might speed up this process [Titus, 1987].
A number of studies has shown a correlation between the salinity of the surface
water in canals and the loss of wetlands,

s reduction of the coastal wetland vegetation, thus decreasing the vertical accre-
tion stgnificantly,

o deterioration of the natural channels.

The results from the Mississippi delta plain indicate that a complex system determines
the present land loss. One interesting observation in the Mississippi delta plain is
that there seems to be a considerable time lag (of several decades) between relative
sea level rigse and its impacts such as the rate of land loss.

il. Galveston bay, Texas and Charleston, South Carolina, USA

The impact of higher average water levels on flooding has been investigated for
the area around Galveston bay, Texas, by Leatherman [1984) and for the area of
Charleston, South Carolina, by Kana et al. [1984]. For both cases, the shoreline re-
sponse is determined by extrapolating the historical trend of local sea level variations.

For Galveston bay, Texas, a relative sea level rise is occurring due to eustatic and
1sostatic effects such as [and subsidence. Local sea level variations has been analysed
from 1850 to 1960, derived from tidal gauge records on 40 shoreline positions. The
plain is intersected by estuaries and lagoons slong the Galveston bay, The impact of
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sea level rise on the gently sloping floodplains of the Galveston bay, which are mostly
situated less than 5 m above M.S.L., would be significant. For instance, in 1980 the
area covered by the 100-year floodplain was 58.4 % of an area of 275 km?. For a sea
level rise of 92.4 e by the year 2075 (a so-called low scanario of sea level rise), the
100-year floodplain area would be increased to 94.1 % of that area. Furthermore,
Leatherman estimated that by 2075, the 5 metre Galveston seawall, which protects
Galveston city, would be overtopped by a 100-year storm for the medium (164.5 cm)
and high (236.9 em) scenarios of sea level rise.

For Charleston, South Carolina, Kana el al. conclude that up to cne-half of the
area could be flooded permanently due to sea level rise if no countermeasures are
taken. The impact of sea level rise on shoreline retreat is substantial: for instance,
by the year 2075 around 15 %, 31 % and 46 % of the area would get lost due to a
sea level rise of 88 em, 159 em and 231.6 cm respectively. In case of the medium
scenario {159 em), a 10-year storm would cause by the year 2075 as mmch flooding as
a 100-year storm would inflict today.

I1). The Dutch shoreline

Already in 1960, the Delta Commission advised to account for a relative sea level rise
of 0.2 m/c over the life span of newly designed coastal water defences [Tweede Kamer,
explanatory memory Wet op de waterkering, 1989]. Sea level rise has played an im-
portant part in the discussion on long-term coastal defence policies in the Netherlands
(Rijkswaterstaat, 1990]. Four policy alternatives have been evaluated: (1) retreat ex-
cept when erosion threatens the safety of the polders; (2) selective preservation of
polders and major interests in the dunes and on the beach; (3) preservation of the
entire coastline; and (4) seaward expansion at points of marked erosion through ar-
tificial defences, while elsewhere the present coastline would be preserved. In 1990,
the Government of the Netherlands chose the option of Dynemic Preservation: that
is preservation, though some conditional allowance should be made for the natural
movement of the coastline.

In the late 1980°s, the Tidal Waters Division of Rijkswaterstaat has commijs-
sioned several consultants to determine the development of the entire Dutch shoreline,
among others, for the period 1990-2090. For this purpose, a dynamic model has been
applied to assess the sediment balance of the entire Dutch coast [Delft Hydraulics,
1989]. Three scenarios of sea level rise were considered. The shoreline movement has
been estimated for 17 coast segments. For a sea level rise of 0.2 m/ec, which is sup-
posed to be the reference case, the shoreline movements could vary from +3.9 m/yr
(advance) to -2.2 m/yr (retreat), see table 2.2. Obviously, there are some coast seg-
ments which show advancing shorelines due to sediment deposition. However, if the
rate of sea level rise increases, the additional shoreline movements will be as follows:
from -0.2 to -1L.1 m/yr for a sea level rise of 0.6 m/c and from -0.4 to -2.6 m/yr for
a sea level rise of 0.85 m/ec.

The probability of exceedance of a critical water level, called the safety frequency
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Table 2.2: Prediction of the Dutch shoreline displacement in case of three sea level rise
scenarios [after Delft Hydraulics, 1989)].

Segment Sea level rise
02mje 06 mfec | 0.8B5m/c*
Shoreline | Additional | Additional
movement | movement | movement

(m/yr) (m/yr) {m/yr)

Zeeuws Vlaanderen | -11 -0.4 I
Walcheren -11 0.4 -1.1
Schouwen L5 -0.3 -0.8
(Goeree -0.7 -0.3 -0.9
Voorne -0.7 -0.3 -0.9
Hoek van Holland-Scheveningen 01 -0.2 -0.4
Scheveningen-Noordwijk .3 -0.2 -0.5
Noordwijk-1J muiden 04 -0.2 -0.5
I muiden-Egmond 0.2 -0.2 0.4
Egmond-Groet -0.5 0.2 -0.7
Petten-Gr. Keeten -0.9 0.2 -39
Gr. Keeten-Den Helder -1t -0.3 -1.0
Texel -1.6 -0.5 -1.6
Vheland -1.9 -0.6 -1.9
Terschelling -1.9 -0.6 -1.9
Ameland 2.2 0.6 -2.0
Schiermonnikoog il 39 -l -2.6

| *: this scenario includes changes in wird, tide and wave climate. ,

or overtopping frequency, is likely to increase significantly in case of a sea level rise [de
Ronde, 1991; den Eizen and Rotmans, 1992]. Computations have indicated that m
order to maintain the present safety standard for the central part of the Netherlands,
that is 1:10,000 years which equals the Delta standard, several billion guilders are
necessary to adapt dikes. For instance, according to the first computations of the
IPCC [Perdomo et al, 1992], the total protection and adaptation costs {without
annual maintenance costs) to maintain the present standard in case of a sea level rise
of one meire will amount o some 24 billion guilders during the next century. This
value corresponds with about 0.05 % of the Dutch Gross National Product (1990).
According to de Ronde [1991], some 7 billion guilders are needed to raise dikes in
case of a sea level rise of 60 em. Note that Rijkswaterstaat manages some 2500 km
primary water defences (700 km of dunes and dikes along the coast and tidal rivers
and 1800 km of water defences along the large rivers).
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V. Nile delta, Egypt

The Nile delta comprises the most important coastal lowland along the Mediterranean
Sea, covering an area of approximately 22,000 km?. The coastal zone of the Nile delta
consists of a number of brackish lagoons separated from the sea by barrier islands
and coastal dunes with elevations up to +30 m M.S.L. (see figure 2.9). Agricultural
land, recently reclaimed, is situated in the deltaic area with an elevation below 42
m M.S.L. Furthermore, three regions seem to be in particular vulnerable to sea
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Figure 2.9: The Nile delta [medified from Sestini, 1992]. Source: Impacts of Sea-level
Rise on European Coastal Lowlands. Tooley, M.J. & Jelgersma, 5. {eds), p. 188. Copyright
@© 1992 The Institute of British Geographers, reprinted by kind permission of Sestini and
Blackwell Publishers.

leve] rise: the Alexandria region with extensive seaport facilities, urban seafronts
and beaches; Lake Burullus which is under consideration for a freshwater storage
project; and the Lake Manzala region which includes the cities Damietta and Port
Said [El-Raey, 1990].

The Nile delta is subject to the following two processes, both induced by natural
causes as well as by human activities:

a. High rate of land subsidence
In this area, subsidence has mainly natural causes, For the last 5 million years,
not only the Nile delta, but also other great deltas in the Mediterranean Area
(e.g. Po, Rhéne, Ebro) show a rapid sedimentation rate from a geological point
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of view. As a result, the crust is buried under several kilometres of sediment.
The basins have subsided some hundreds of metres due to this weight of sed-
iment. For instance, according to Stanley [1988], the northeastern part of the
Nile delta has rapidly subsided since about 7500 years ago with rates of up to
5 mm/yr. From historic times, ancient monuments give evidence of subsidence
rates of millimetres per year, At present, the Nile delta is still subsiding at
high rates, according to several studies ranging between 0.5 and 5.0 mm/yr
[El-Fishawi, 1989).

b. Severe shoreline retreat

From drill-cores it has been derived that the shoreline has advanced in northern
direction by as much as 50 &m during the past 5000 years (an average rate of
10 m/yr). Already for centuries, the Nile delta coast has been unstable. Before
1900, the delta front was propagated seaward, e.g. the advance of the Rosetta
promontory was about 30 m/yr [Sestini, 1992]. However, from 1900 on (or after
about 1910 according to Sestini, 1992), a severe coastal erosion has oceurred.
For instance, west of Rosetta the average maximum erosion rate has been 58
m/yr [El-Fishawi, 1989]. Figure 2.10 shows the shoreline changes at Rosetta,
Burullus and Damietta during the period 1909-1988. The causes of the shoreline
retreat are assumed to be twofold: subsidence and reduced sediment load from
the river Nile.

To improve water management m Egypt, series of dams and barrages on the
Nile have been constructed since the nineteenth century [Kashef, 1981]. The
turn of the century can roughly be considered as the turning point. From then
on, both annual sediment load and river discharge of the Nile have been reduced
significantly and, subsequently, the coast has eroded. It is, however, somewhat
uncertain to attribute the sudden change in annual sediment load and river
discharge in the Nile to the effect of the construction of the Low Aswan Dam,
which was completed in 1902

However, at least a substantial contribution of the present coastal erosion has
been induced by the High Aswan Dam. The High Aswan Dam, which was
completed in the year 1964, is the last and most important one of the dams
and barriers on the Nile. This dam has reduced the sediment load downstream
to insignificant quantities, which has resulted in erosion of the Nile riverbed,
drainage ditches and irrigation canals, and in a decrease of the fertility of agri-
cultural land.

The rapid land subsidence in combination with a predicted acceleration in sea level

rise during the next decades will result in a relative sea level rise which could threaten

human activities in the area, such as present and planned land-reclamation, irrigation,

agricultural and housing projects. Stanley [1988] has predicted that relative sea level
rise in the Nile delta could lead to increased flooding and salt water intrusion in the
eastern delta,
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Figure 2.10: Shoreline changes at Rosetta, Burullus and Damietta during the period 1909-
1988 [El-Fishawi, 1989].

The acceletated sea level rise in combination with a greater wave attack may re-
duce the width of beaches (e.g. of Alexandria), decrease the extent of coastal dunes
and damage harbour structures. Furthermore, lagoons with a specific water circula-
tion and salinity could alter and especially bird habitats, fisheries and aquaculture
could be jeopardized, cansing great socio-economic impacts [Sestini, 1992].

2.3 Impact on estuaries and rivers

Nowadays, many estuaries, deltas and rivers already experience salt water intrusion,
such as the Mississippi delta, the Nile delta, the Indus river estuary [Nacem et al,
1003], the Mekong delta [Jelgersma ef ¢l, 1993] and the Gambia river [Manneh,
1993]. When estuaries are widened and deepened to be able to cope with greater ship
capacities at harbours or when river discharges are low during extended droughts,
severe problems can be expected, e.g. for drinking water intakes and for ecosystems.
Based on analyses of estuary evolutions in the past and the present prognosis of sea
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level rise, it can be assumed that sea level rise will augment the present salt water
intrusion problems in estuaries and rivers.

Up 1o some years ago, most research was focused on the impact of sea level rise
on the coastal zone, such as shoreline retreat and increased flooding. However, also
estuaries and rivers demand the scientific attention. As the phenomenon of salt water
intrusion is rather complex, mainly qualitative descriptions of the impact of sea level
rise on estuaries and rivers have been given. Local parameters and properties, such
as river discharge, sediment transport, shape of the estuary and changes in river
discharges due to changes in the hydrological regime, highly determine the overall
impact of sea level rise in a specific area. Research activities should be stimulated in
the field of mixing under wave action, combined wave and tide action, development of
fronts due to salinity, temperature and sediment gradients. So far, case studies have
mainty been focused on the effects of canal deepening and of changes in upstream
river hydrology {such as changes in runoff) on salt water intrusion, as paradigms for
what would occur in case sea level rises.

In subsection 2.3.1, the mechanisms, that determine salt water intrusion into
estuaries and rivers, are described, followed by possible impacts of sea level rise on
estuaries and rivers. In subsection 2.3.2, four cases are briefly discussed.

2.3.1 Salt water intrusion in estuaries and rivers

The following phenomena determine salt water intrusion in estuaries and in the lower
reaches of rivers:

o Density differences
The tidal average velocity near the bottom is directed inland due to differences
in density, This induces saline water near the bottom to intrude upstream the

Tiver,

o Tidal range
A higher tidal range leads to a more severe salt water intrusion. The differ-
ence in salt water intrusion between high water slack and low water slack can
llustrate what would occur in case of sea level rise. It is evident that only
a small rise is required to cause a significant horizontal movement of the salt
water front [U.S. Department of Energy, 1989],

+ River discharge
Salt water enters a river or an estuary during the rising tide unless the river
regime is such that the discharge is great enough to completely fill the en-
tire tidal prism during the rising tide phase. Only a few rivers have sufficient
discharge over the entire year to prevent salt water intrusion. Mostly, the dis-
charge 18 insufficient to prevent the intrusion of saline water. Especially during
extended droughts river discharges are low and salt water intrusion causes se-
vere problems. An exireme case is the Gambia river in Western Africa where
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at minimum discharge the saline effect is felt up to 235 km upstream from the
sea [Volker, 1987; Savenije, 1992],

» Crosssectional area
When the cross-sectional area increases due to sea level rise or due to widening
and deepening of the estuary (e.g. dredging of waterways) in order to make
harbours accessible for ships of greater capacities, saline water can intrude
further upstream,

« Mixing
One of the factors that limit the distance over which saline water can intrude
inland is vertical mixing and vertical advective salt transport. In case of mixing,
salt from the bottom layers, where predominantly landward advective transport
occurs, is carried in the upper layers, where predominantly seaward transport
occurs.

The degree of mixing in an estuary can be related to the ratic between the
river discharge times the period of tidal oscillation and the volume of the tidal
prism. An example of a mixing parameter is:

QI

M:P

(2.3)

whete

e M = mixing parameter or flood number (Canter Cremers Number) (—),
), = fresh water river discharge (L3T1),

¢ T” = tidal period (T},

» P = volume of the tidal prism (L?).

Some sketches of the isohalines (lines of constant salinity) of three river types
are shown in figure 2.11.

Fundamental approaches to the salt water intrusion problem have been applied by
Ippen and Harleman [1961] and by Abraham [1976]. Langeweg and van Weerden
[1976] summarized various empirical methods for salinity movement in estuaries, such
as stationary models [e.g. Ippen and Harleman, 1961] and non-staiionary models fe.g.
Thatcher and Harleman, 1972).

Savenije [1992] developed a rapid assessment technique to determine the salt water
intrusion in alluvial estuaries of the well-mixed type, based on 18 different estuaries
world wide. The cross-sectional area and the width of these alluvial estuaries are
described with negative exponential functions. The technique can be applied to
assess the impact of sea level rise on salt water intrusion. The salt water intrusion
length in steady state can be calculated for estimated greater depth and tidal velocity
amplitude due to sea level rise [van Dam, 1993].
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M<0.1
Mixed estuary

0.1=M<1
Partially mixed estuary

M=1
Stratified estuary

Figure 2.11: River mixing criteria.

Salt water wedge

When mixing is such that a salt water wedge occurs (the so-called stratified estuary),
methods are available to estimate the salt water wedge length for stationary situa-
tions. The salt water wedge length is the distance over which saline watet manages
to intrude.

A salt water wedge occurs when a river discharges into a saline body of water,
such as a gsea or an ocean (see figure 2.12). Sea water intrudes aleng the river bot-
tom under the fresh river water due to the difference in density. The length of the
intruding wedge is determined by an equilibrium between the friction forces along
the interface (no mixing is assumed) and the horizontal pressure gradient resulting
from the inclination of the interface. A state of dynamic equilibrium occurs, if the
salt water wedge is in stationary position with fresh water flowing seaward near the
water surface and spreading cut into a thin surface layer at sea,

For example, the length of such a salt water wedge in a prismatic, horizontal,
rectangular canal, discharging into an infinite sea, with no tidal oscillations, is given
by equation 2.4 {Kranenburg, 1986):

_  h 1 2/3 443
Lw = Py [m 0.5+075Fr 0.3 Fr
and
Ve
Fr = Tah (2.4)
where

e L,, = length of the salt water wedge (L),
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Figure 2.12: Salt water wedge in estuaries and rivers.

# h = water depth of the river (L),

e k7 = friction factor representing the stress along the interface (—), (reasonable
value in the order of 4 -1074),

e Fr = Froude number {-),

o V, = velocity in the river, upstream of the wedge, Q./A (LT™!),
» ), = fresh water river discharge (L3T!),

» A = cross-sectional area (L?),

» o = relative density difference, (p; — pr)/pr, (),

e p, = density of saline water (M L™9),

e p; = density of fresh water (M L2),

e g = acceleration of gravity (L T7%).

Note that it was assumed that no mixing occurs across the interface and that the salt
water wedge is at rest. The expression illustrates the significant parameters of the
salt water intrusion, such as the water depth, the river discharge velocity and density
differences.

Sea [evel rise versus river bed slevation

The change in length of the salt water wedge, initiated by a sea level rise SLR, can
be approximated by the aforementioned equation 2.4. If the position of the river
bed is fixed, the total water depth at the river mouth becomes A + SLR, and the
corresponding salt water intrusion length can be calculated.
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However, once the sea level is rising, this will lead to a reaction in the river:
water depths in the lower teach of the river increase, flow velocities go down and
sedimentation occurs. As a result, the river bed rises also. In theory, the river bed
elevation will finally take place over the whole length of the river, since river flow is
subcritical. Whether and how fast the river adapts to changes in boundary conditions
depends on local conditions. The time lag between the rise and the response of the
river by creating a higher bed appears to be considerable [ven den Berg and de Vries,
1979). The rate of rise of the river bed depends, among others, on the discharge and
the sediment load of the river, the botiom gradient, the geometry of the river mouth
and the rate of sea level nse. Also human activities determine the rate of rise of
the river bed, for instance by damming and embanking the river (e.g. the Nile), by
withdrawing sand and water, and by dredging of harbour entries and waterways for
navigation.

As a matter of fact, the actual sall water intrusion length Ly, should be calculated
for a depth equal to &+ ¢ SLR, 0 < ¢ < 1, where ¢ depends on the river bed elevation.
If the river bed elevation follows the sea level rise closely, then there will be hardly
any impact (¢ & 0}). This can be expected for the Chinese rivers Hwang Ho and
Yangthze Kiang, which have huge sediment loads. However, if there is a constant
increase in water depth because the river bed elevation cannot match sea level rise
due to a deficit of sediment, then an increase of salt water intrusion in estuaries and
rivers can be expected (e.g. ¢ > 0.5). This could happen in rivers such as the Nile,
the Indus, etc.

Effect of sea level rise

When estuaries and rivers experience an increased salt water inérusion, then the
following problems may arise:

o along major rivers, intakes for domestic, agriculiural and mdustrial water sup-
ply are threatened. Normally, these upstream intakes are located far enough
beyond ihe saline zone, even during dry periods. However, sea level rise may
cause the sall water wedge to shift beyond such imtakes, with the result that
they can be used only temporarily or, at worst, not any more (see figure 2.12).

¢ the seepage quantity from estuaries and rivers towards adjacent areas increases,
e.g. in the Delaware estuary [Lennon et al., 1986]. Vulnerable areas are those
in which the phreatic groundwater level is kept low with respect to the water
level in estuary or river for reasons of land-use. The seepage may become more
saline in the long-term, thus increasing the salt load in the adjacent areas and,
depending on the climatic conditions, decreasing the crop yields.

Backwater effect

Not only areas along the coast should be protected against the impact of sea level
rise, Also large areas along estuaries and, in upstream direction, rivers should be
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defended against flooding due to the backwater effect. Especially areas adjacent
to rivers with average valley slopes only slightly steeper than average river slopes
have to be protected by (higher) embankments. Both average slopes are based on
the distance between the coastline and the 100 m contourline, however, the average
valley slope is measured in a straight line whereas the average river slope is measured
along the river axis [Gilbert et al., 1990].

For instance, the Nile river has an average valley slope of approximately 8.3
em/km, whereas the average river slope is about 8.0 ¢m/km. This implies that
the backwater effect of sea level rise may threaten areas along the river over at least
tens of kilometres. A characteristic length of the backwater effect has been applied
as a guideline to determine the distance upstream from the river mouth, where the
backwater effect of the expected sea level rise of one metre is reduced to 30 % {this is
an arbitrary chosen figure) [Gilbert et al., 1990]. The length is based on the average
annual river discharge, the number of main branches and the average river slope. For
instance, the characteristic length for the Nile river is 58 km.

2.3.2 Cases

I. Delaware estuary, USA

The implications of sea level rise on increased salinity have been examined in detail
for the Delaware estuary which has a well-mixed character [Hull and Titus, 1988].
During the worst period of the severe drought in the 1960’s, the salt water {ront
(250 mg CI~ /I) advanced 53 kmn up the river. Since 1979, the Delaware River Basin
Commission has considered not only implications of droughts, but has also focused
its investigations on the implications of greenhouse warming. In a joint report by the
Delaware River Basin Commission and the Environmental Protection Agency, the
implications of sea level rise on the salinity distribution in the estuary are examined.
A mathematical salinity model of the estuary was applied, which relates chloride
distribution in the estuary to freshwater inflows, tides, and ocean salinities. It was
assumed that the position of the river bed is fixed. The computations showed that
a rise in sea level would substantially exacerbate today’s salinity problems in the
Delaware estuary. For instance, the salt water front (the 250 mg C1~ /! isochlor®)
would move about 11 and 39 km upstream in case of a repeat of the drought of the
1960’s, combined with a sea level rise of 73 and 250 cm respectively,

The upper part of the estuary (above Philadelphia) would become too salty for
most of the users, such as municipal and industrial water supply. Furthermore, an
accelerated sea level rise could even threaten the New Jersey aquifers {the Potomac-
Raritan-Magothy aquifer system), which are recharged by the Delaware river (see
also subsection 2.4.4).

% Am isochlor is a line of equal C'!~-concentration.
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Il. Nile delta, Egypt

Near the river mouths of the Rosetta and Damietta branches and the lake outlets
(see figure 2.9), the salinity ranges from 100 to 380 mg C!~ /i. Salinity levels respond
to tidal movements and to (seasonal) changes in river discharge. A relative sea level
rise at the Nile delta coast of about 94 crr by 2050 is likely to increase the salinity of
the river mouths to 500-800 mg CI- /i [El-Fishawi, 1993). The sall water intrusion
would affect the area of the Nile delta which is lying below +2 m M.5.L. This area
cormprises a densely populated area up to 20 to 30 km from the coast, which is
characterized by a high level of agriculture, industry and commerce. Furthermore,
the ecosystems in the estuaries and coastal lakes coutld be upset and fish catches could
alter in composition or even vanish.

Hi. Gambia river, Gambia

As a result of the flat topography of the estuary, the Gambia river in western Africa,
which has a well-mixed character, experiences tidal effects up to some 500 km inland.
Accordingly, more than half the total length of the river in the Republic of the Gambia
is affected by salt water intrusion. During the wet season, a great river discharge is
moving the salt water front down to a distance of about 100 &m from the mouth,
while afterwards at the minimum river discharge the salt water front is intruding up
to some 250 to 300 km upstream from the mouth [Volker, 1987, Savenije, 1992].
When sea level rises, not only fresh water resources could be affected, also a severe
soil degradation in the form of soil salinisation could be expected [Manneh, 1993].
Large potential agricultural areas along the river may become unexploitable and more
barren lands in the floodplain may be expected due to higher salinities in the river.

IV. Rijn delta near Rotterdam, the Netherlands

A simmlation mode] is applied to assess the socio-economic irnpacts of greenhouse
effect for the Netherlands {den Elzen and Rotmans, 1988]. A variety of aspects is
evaluated, such as the coastal defence, water management and energy use. Salt water
intrusicn in the Rijn delta, which has a stratified character, is treated for the aspect
water management. The length of the salt water wedge is approximated by the
following simple formula [de Hoog, 1988] (see figure 2.13):

Ps—P1 h
Lym—— 25
w PR (2.8)
where I, = tan § = bottom gradient of the river (—). When sea level rises, the salt

water wedge itself will not basically change. Howewver, the salt water wedge will shaft
in upstzeam direction over a distance AL, , on condition that the river bed stays the

same:
_SLR

ALy = 7 (2.6)
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AL,  length of salt water wedge L,

Figure 2.13: Shift of the salt water wedge due to sea level rise.

where AL, = shift of the salt water wedge (L) and SLR = sea level r1se (L). From
expression 2.6, it is clear that the smaller the bottom gradient, the greater the shift
of the salt water wedge and the further the influence of sea level rise will be sensed.
Climate change, which is expected to cause an accelerated sea level rise, may also
result in an increase in precipitation and may result in a greater discharge of the
river. Consequently, the salt water wedge is pushed further seaward, since a greater
discharge means greater water depths. The overall effect on the shift of the salt water
wedge becomes:

SLR - %{- Ah

L

where Ah = increase in water depth of the river because of climate change (L).
Obviously, a decrease in precipitation would induce the opposite effect: the salt
water wedge will be pushed further inland.

These straightforward expressions are applied for the waterways in the Rijn delta
near Rotterdam, the Netherlands. For instance, the present length, determined from
the coastline, of the salt water wedge in the Rotterdam seaway, the Netherlands is
29.2 &m. The horizontal shift of the salt water wedge has been computed at 4.6 km
in case sea level rises one metre (precipitation and river discharge remain the same).

AL, = (2.7

2.4 Impact on coastal groundwater flow regimes

Any variation in sea level will affect the coastal groundwater flow regime, as the sea
can be considered as a boundary condition. Aspects that affect coastal groundwater
flow regimes have been summarized in figure 1.1. Obvicusly, {rom a geohydrologi-
cal point of view, the most interesting areas are the coastal geohydrologic systems
with sedimentary deposits, rather than coastal geohydrologic systems consisting of
hard rocks. Coastal geohydrolagic systems of the first-mentioned type occur in the
Netherlands. The following features should be considered in the classification of the
subsoil:
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» long-term evolution, e . sea water transgressions or regressions, natural subsi-
dence,

s sea behaviour, e.g. storm surges, wave action, tidal regime, sea bottom sedi-
ments,

» climate related aspects, e.g. hydrologic regime, wind climate,

¢ human activities since several centuries, ¢.g. land reclamation; mining of oil,
gos, gravel, sand and clay; extraction of groundwater.

The impact of sea level rise can be substantial on coastal groundwater flow regimes
where fresh groundwater occurs and which are subject to human activities now and/or
in the future. Nevertheless, this impact is probably the least well known untii now,
compared to the impact of sea level rise on the coastal zone, hinterland, estuaries
and rivers. Virtually all literature has treated the coastal groundwater flow regimes
only very roughly and has concluded that volumes of fresh water resources will prob-
ably decrease and that saline seepage will probably increase in vulnerable coastal
groundwater flow regimes.

First, in subsection 2.4.1, two important characteristics of the impact of sea level
rige are discussed: the zone of influence and the time lag of sea level rise perceptible
in the coastal groundwater flow regimes. In subsection 2.4.2, the impact of sea level
rise on coastal groundwater flow regimes is clarified by making use of expressions
in combination with the Badon Ghyben-Herzberg principle. In subsection 2.4.3,
countermeasures to compensate the impact of sea level rise are described. Finally, in
subsection 2.4.4, six cases are discussed that are dealing with the impact of sea level
rise.

2.4.1 Zone of influence and time lag of sea level rise
Zone of influence

Whether or not the impact of sea level rise is significant depends on the attenuation of
the Tise in water level in coastal groundwater flow regimes. For the Dutch situation,
this implies in other werds: to what extent is the rise in sea level perceptible in the
polder areas of the western and northern parts of the Netherlands ?

It is common knowledge that, as a first approximation, the simple straightforward
formula 2.8 of Mazure [1936] can be applied to assess the zone of influence of sea level
rise for a semi-confined aquifer, the so-called Helland-profile®:

X =VEDe (2.8)

where

$The geohydrological schematisation, which consists of a Pleistocene sandy aquifer overlain by a
Holocene (clayey) aguitard, is named the Holland profile. It is representative for large (low-lying)
parts of Holland, which is located in the western part of the Netherlands.
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s & = hydraulic conductivity of the aquifer (L T-1),
e D = saturated thickness of the semi-confined aquifer (L},
e ¢ = hydranlic resistance of the aquitard (77,

e ) = kD¢ = the so-called characteristic length or leakage factor of the forma-
tion {L).

So, in case the subsoil parameters &, D and c are known, a first approximation of the
zone of influence in the aquifer of the rise in open water level (or a sea level rise) can
roughly be estimated with the characteristic length X of the formation. For instance,
at distances of z = 2 X and = 3 A from the open water boundary, only e~2 (=
about 13.5 %) and e~? (= about 5 %) respectively is still perceptible of the rise in
the open water level.

In this approach, only fresh groundwater is considered, so no density differences
are taken into account. Thus, changes in the salinity distribution of seepage due to
sea level rise cannot be assessed. The formula only gives the zone of influence of a
water level rise at a houndary like the seaside boundary. In reality, however, density
flow and spatially varving subsoil parameters highly affect groundwater flow in coastal
aquifers. In addition, human activities, such as groundwater recovery and reclaimed
low-lying polders, also disturb the groundwater flow. Hence, the straightforward
formula 2.8 should only be applied with the greatest reservation.

Time lag

Groundwater flow in a geohydrologic system responds to changes in boundary condi-
tions, which is in this study the rise In mean sea water level. The time lag, before a
new state of dynamic equilibrium is reached, is normally for (semi)-confined aquifers
and unconfined aquifers in the order of several hours and a few months respectively.
These time lags can be neglected completely compared to the time lag of sea level rise
perceptible in a geohydrologic system, which is in the order of decades to centuries,
namely a sea level rise of approximately 60 c¢m is foreseen for the next century.

Unlike the relatively rapid approach to a new state of dynamic equilibrium for
piezometric levels, the displacement of solutes in groundwater flow regimes is a very
slow process. The real velocity of groundwater, V = ¢/n. where ¢ is the filter
velocity and n, is the effective porosity, in the aquifer system plays an important
role in the salinisation process. Even in case of sudden sea level rise, salinisation of
coastal groundwater flow regimes will take at least several decades to even centuries
before a new state of dynamic equilibrium for the salinity distribution is reached,
as enormous volumes of fresh groundwater must be replaced by brackish or saline
groundwater. Fortunately, this gives mankind the time to counteract the salinisation
process, though also human countermeasures probably need a long time to become
effective. Thercfore, it is important to anticipate on the impact of sea level rise on
coastal groundwater flow regimes in due time.
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2.4.2 (Changes of a sharp interface due to sea level rise
Badon Ghyben-Herzberg principle

Several researchers [e.g. Kana ef al., 1984; Leatherman, 1984; de Ronde and de Ruij-
ter, 1986; Lennon, 1986] have estimated the extent of salt water intrusion into coastal
groundwater flow regimes due to sea level rise with the Badon Ghyben-Herzberg prin-
ciple. This approximation describes the position of a sharp interface between fresh
and saline groundwater. It should be noted that these calculations are only approxi-
mations of the real situation in the subsoil, and therefore, they only roughly estimate
the impact of sea level rise on the distribution of fresh and saline groundwater.

Unconfined aquifer

Freshwater lenses have been evolving in unconfined (phreatic, water table) aquifers
due t0 natural groundwater recharge, Sea level rise will lead to an upward movement
of the freshwater lens and a decrease in width (see figure 2.14). Note that human
activities to counteract the shoreline retreat, e.g. by sand suppletion, are left out of
consideration.

NMaturah groundwater recharge £

Shoreline
retreat R j

Figure 2.14: Effect of zea level 1ise on the f{resh-salt interface in an uncenfined coastal
aquifer,

One-dimensional phreatic groundwater flow is considered through a strip of sand-
dunes or an elongated island where a freshwater lens has evolved. The depth of the
fresh-salt interface and the phreatic groundwater levet are given in equation 2.9 [van

Dam, 1992a):
g - F(0.25 BZ — ¢2)
E(l+a)a
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h = aH, with P el /4 (2.9)
£y

where
e H = depth of the fresh-salt nterface below mean sea level (L),
» f = natural groundwater recharge (I T7!),
o B = width of sand-dunes before sea level rise (L),
+ z = horizontal position (distance from the axis of symmetry) (L},
e a = relative density difference, (p, — p¢)/p;, (~),
e h = piezometric level of fresh water with respect to mean sea level (L).

As can be seen, the depth of the fresh-salt interface H is proportional to the width B
of the sand-dune area. The volume of fresh groundwater per unit coast length below
mean sea level is given by equation 2.10:

C'= 411:' n, B Hpox (2.10}

where
e {7 = content of fresh groundwater per unit coast length below M.S.L. (L? L™},
e n, = effective porosity (—),
o Hpop = deepest position of the fresh-sali interface (in the middle) (L).

Although more sophisticated computations of the shoreline retreat can be applied
(see, e.g., section 2.2), a straightforward approximation of the shoreline retreat can
be determined as follows:

SLE
I

B-2R (2.11)

R

|l

BsLr
where
s R = landward shift of the shoreline or shoreline retreat (L),
e I; = slope of the topography (—),

e Bgrp = width of sand-dunes after sea level rise (L}).
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Circular sandy islands could also suffer from shoreline retreat by sea level rise. Con-
sequently, a decrease in the volume of the freshwater lens can be expected. Equa-
tion 2.12 gives the formulas for the axial-symmetric situation, that is a circular sandy
island with recharge [van Dam, 1992a]:

solution:
u (R =)
2k(1+a)a
h = af
= -§-1r g RE Hppar
sea level rise:
R = %, R.sin=R.~R (212)

where
¢ R, = radius of the sandy island before sea level rise (L),
e r = distance from the center of the circular island (L),
o ' = content of the freshwater body (L),
e A = landward shift of the shoreline or shoreline retreat (L),
e R.sLr = radius of the sandy island after sea level rise (L),

In many shallow phreatic aquifer, the freshwater body originally touches the imper-
vious base, thus creating a salt water wedge of length L., see figure 2.15. Stagnant
saline groundwater occurs. The length of the salt water wedge is defined by equa-
tion 2.13:

=St -2
# A1+ o)a
h = aoH
= fx+q
Ly = ——— ( )2 - _f D1l + o) (2.13)

whetre
e ¢ = groundwater flow per unit coast length (L2TY,

e Ly = length of the salt water wedge (L),
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Figure 2.15: Shift of the salt water wedge in shallow unconfined aquifers due to sea level

T15€.

e go = natural groundwater outflow at the coastline x=0 (negative sign) (L2 T-1).

When sea level rises, the position of the wedge toe L, may shift inland due to
several causes, see expression 2.14. First, the wedge may shift landward due to the
shoreline retreat R. Second, especially for thin aquifers, the increase in thickness of
the aquifer to Dgp g may cause an additional Jandward shift of the salt water wedge.
Furthermore, changes in the natural groundwater recharge due to climate change
may also be considered.

shoreline retreat:

aquifer thickness:
DSLR = [D+SLR
climate change:
fee = (f, #[08<(< 1-2]3 e = —See W
shift in the toe of the wedge:
AL, = R+ [Lu(go.ce,feesDstr, k@)~ Lu(go, f, D, k,a)] (2.14)

where W is the width of the coastal aquifer up to the water divide (L). A different
situation occurs for a coastal aguifer with at one boundary the sea and at the other
boundary land with a low phreatic groundwater level with respect to M.S.L. Fig-
ure 2.16 shows such a situation where the freshwater lens rests upon the impervious
base. Ii is possible that sea level rise may involve the end of the contact between
the freshwater lens and the impervious base. Then, saline groundwater will be able
to flow underneath the lens in the direction of the low-lying area and flow of saline
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groundwater will be introduced in the system. In the new state of dynamic equilib-
rium, a permanent inflow of saline groundwater will occur. In this situation, fresh
or brackish groundwater, if any, at the inland side will be replaced by saline ground-
water. Salt water intrusion in this coastal aquifer will permanently increase with sea
level rise, according to equation 2.15:

Natural grounchwater recharge £

T

Figure 2.16: Salt water intrusion underneath a freshwater lens into a low-lying area. A
permanent inflow of saline groundwater occurs due to sea level rise.

Ap+ SLR

=kD
qs s BSLR

(2.15)

where
» g, = flow of saline groundwater underneath the freshwater lens (L? 71},

e kD, = average transmissivity of the aquifer between the impervious base and
the freshwater lens (L2 771),

s Ap = difference between M.5.L. and phreatic groundwater level in low.lying
area (L),

» Bspr = B — R = width of the sand-dunes after sea level rise (L},
¢ B = width of the sand-dunes hefore sea level rise (L),
# R = landward shift of the shoreline (retreat) {L}.

The permanent salinisation of the subsoil is induced by sea level rise for three reasons.
In the first place, the zone with variable thickness D, between the freshwater lens and
the impervious base s increasing with sea level rise, and subsequently, the inflow of
saline groundwater is increasing into the low-lying area. Second, due to the increasing
difference in head (Ap + SLR) between M.S.L. and the adjacent low-lying area
located further inland the seepage quantity is increasing as well. Third, the distance
between the sea and the low-lying area is shortening, as the width of the sand-dune
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area Bgpp i¢ decreasing. Consequently, natural groundwater recharge occurs over a
smaller width and the thickness of the freshwater lens is becoming smaller.

Depending on the geometry of the groundwater flow regime, the brackish zone
between saline and fresh groundwater will move further inland and seepage will slowly
become more saline, In the beginning, the changes in the seepage and the solute
concentration in the subsoil will be felt in the polders which are located near the sea
with (relatively) low phreatic groundwater levels. Later on, the changes will also be
noticeable in polders which are situated further inland but still within the zone of
influence of sea level rise.

Semi-confined aquifer

A semi-confined (leaky) aquifer is bounded at the top and/or bottom by aquitards
(semi-pervious layers). The aquitard has a hydraulie resistance which suppresses
vertical groundwater flow. When sea level rises, the flow of saline groundwater ¢,
underneath a freshwater lens depends on the characteristic length A [van Dam, 1993],
see figure 2.17 and equation 2.16:

Ap+ SLR

=&D
e : Assa + BgiLr + /\fa.mi

(2.16)

where

o kD, = average transmissivity of the aquifer between impervious base and the
freshwater lens (L% 71),

® Creq, Ciand = hydraulic resistance of the aguitard at the seagide and the inland
side respectively (T7),

* Ao, Ajand = VEDsCseq, VEDsciang = the characteristic lengths of the forma-
tion at the seaside and the inland side respectively (L},

* Bgpr = B - R = width of the sand-dunes after a sea level rise (L).

Obviously, as the characteristic lengths are often in the order of kilometres, the
aquitards can considerably reduce the flow of saline groundwater ¢,, compared with
the sttuation for unconfined aquifers without aquitards,

Confined aquifer

A confined aquifer is enclosed by two aguicludes, The freshwater body touches the im-
pervious base, thus creating a salt water wedge (figure 2.18). The following siraight-
forward formula, based on the Badon Ghyben-Herzberg principle, can be applied to
determine the length of the salt water wedge L,,:

_ {—2q52
B = ko
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Figure 2.17: Salt water intrusion due to sea level rise in a semi-confined aquifer.

= a(H+A4)

kD o

Lw — -*W

(2.17)

where
» D = saturated thickness of the confined aquifer (L),

e §; = fresh groundwater flow from recharge in the uplands, possibly diminished
by groundwater extractions, per unit coast length (L2 7-1),

o A = height of the sea level with respect to the top of the aquifer (L).
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Figure 2.18: No impact of sea level rise on the salt water wedgein confined coastal aquifers.

Equation 2.17 demonstrates that the length of the salt water wedge in confined
aquifers is independent of sea level rise. The length of the salt water wedge is only
determined (inversely proportional) by the fresh groundwater flow ¢;, since all other
parameters remain constant. The fresh groundwater flow could differ due to changes
in recharge in the uplands. Possible canses are changes in the hydrological regime
(e.g. climate change) or human activities such as groundwater extraction or artificial
recharge.

2.4.3 Countermeasures against the impact of sea level rise

When sea level rises, the salinisation rate of the subsoil of groundwater flow regimes
will probably increase. Nevertheless, it will probably take a considerable time before
the impact of sea level tise on the groundwater flow regimes is actually observed,
since in the salinisation process enormous volumes of fresh groundwater have to
be replaced by saline groundwater. As countermeasures to control the salt water
intrusion probably alsc need a long time to become effective, they should be taken
in due time. In general, the impact of sea level rise may be substantial in coastal
groundwater flow regimes where the existing piezometric levels are lower than a few
metres above M.S.L. In those cases, countermeasures should be applied to reduce
salt water intrusion. The following countermeasures against the impact of sea level
rise can be considered (see also figure 2.19):

1. application of freshwater injection barriers, e.g. through injection or (deep-well)
infiltration of fresh sewage water near the shoreline. This is already applied in
Israel, at Long Island and in Los Angeles [U.S. Department of Energy, 1989].

2. extraction of saline and brackish groundwater. However, this could regret-
table result in undesirably low piezometric levels, especially in shallow coastal
groundwater flow regimes. Furthermore, the disposal of the extracted saline or
brackish groundwater could meet with prablems.

3. land reclamation, thus creating a foreland where a freshwater body may develop.
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4. increase of (artificial) recharge in upland areas to enlarge the outflow of fresh
groundwater through the coasial groundwater flow regime, and thus, to reduce
the length of the salt water wedge.

5. modifying pumping practice through reduction of withdrawal rates and/or ade-
quate location of extraction wells. In most of the situations, groundwater with-
drawal for domestic, agricultural and industrial water supply have not been
reduced during periods of droughts, so that salt water intrusion tends to occur.

6. creation of physical barriers, such as sheet piles, clay irenches and injection
of chemicals. This solution is applicable only in shallow thin aquifers and at
the expense of high costs. A srall physical barrier through pumping of cement
grout has been implemented at Okinawa-Jima Island in Japan {U.S. Department
of Energy, 1989].

The possible countermeasures to prevent and/or retard salt water intrusion due to
relative sea level rise resemble the present solutions to counteract the negative effects
of human activities [Todd, 1980; Sorensen et al., 1984; van Dam, 1992b]. In fact,
gea level rise is basically the same as equally lowering the land surface and thus the
phreatic groundwater level [van Dam, 1992b]. Nowadays, dramatic lowering of the
piezometric levels due to excessive overpumping already occurs in many groundwater
flow regimes around the world, such as in the Bangkok region. It is obvious that for
those regimes, the impact of a (relatively small) sea level rise (e.g. 0.6 m/c) on the
groundwater flow regime will be of marginal importance compared to the effect of an
inerease in withdrawal rate,

244 Cases
I. Nile delta. Egypt

The coastal aquifer system of the Nile delta is underlain by an impervious layer which
has an inclination of about 4 m/km. The thickness of the aquifer varies from about
100 m near Cairo to 900 m at the Mediterranean coast [Kashef, 1983b; Shahin, 1991;
Volker et al., 1993]. A relatively large brackish zone (mixing zone or transition zone)
oceurs between fresh and saline groundwater in the aquifer system. It is certain
that a huge freshwater body accurs, which has probably a maximum thickness of
about 300 m. It contains at least 400-10° m® of fresh water. Nowadays, the recent
excess of irrigation water can be considered as a significant source of recharge. In
the past, the position of the salt water wedge was probably shifted further inland
than today because of less recharge into the aquifer system. At the coastal strip,
which has a width of about 50 km, saline groundwater cozes through the aquitard.
The agricultural potential in this coastal area of the Nile delta is limited due to
this saline seepage, which either reaches the drainage system or evaporates [Shahin,
1991). Though many scientists have investigated the Nile delta aquifer system and
described # by means of sharp interface models [e.g. Kashef, 1983b; Farid and Amer,
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Figure 2.19: Countermeasures to control salt water intrusion in case of sea level rise.

1986; Farid, 1989], the exact distribution of fresh, brackish and saline groundwater is
not yet assessed due to the complexity of the system and a scarcity of accurate field
data.

The water policy of the Ministry of Irrigation of Egypt is to extract more ground-
water for irrigation and land reclamation purposes. Consequently, an accelerated salt
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water intrusion in the Nile delta aquifer system can be expected due to an increase
in extraction rates.

In addition, an accelerated (relative) sea level rise could threaten the aquifer
system even more than it is jeopardized today. The zone of influence of sea level
rise is in the order of tens of kilometres, as the characteristic length A of the Nile
delta aquifer system is long due to high transmissivities and hydraulic resistances’.
When sea level rises, saline water will intrude further inland. Although the hydraulic
resistance of the overlying aquitard near the coast is very high, the northern part
of the delta will receive more saline seepage. Special attention should be paid to
changes in quality of the groundwater, especially near pumping stations. Higher
solute concentrations at water intakes could threaten public health, could increase
the coste of water treatment and could damage sanitary facilities and machineries
[El-Fishawi, 1993].

if. Galveston bay, Texas, USA

Leatherman et al. [1984] have examined the potential impacts of sea level rise on salt
water intrusion in the coastal aquifers of (zalveston bay, Texas. They concluded that
aquifers in the Galveston bay area have already been polluted or salt-contaminated
and that any imcremental rise in sea level will have little affect on the two important
confined aquifers in the region.

II. Charleston, South Carolina, USA

For the case study in Charleston, South Carolina, the Badon Ghyben-Herzberg prin-
ciple has been applied by Kana et al. [1984] for a conservative estimate of the position
and change of the sharp interface between fresh and saline groundwater due to a num-
ber of accelerated sea level rise scenarios for the years 2025 and 2075, The estimates
for the sea leve] rise vary from 11.2 em to 63.8 em for 2025 and from 23.8 em to 231.6
em for 2075. “

Without site-specific modelling of the groundwater How regime, it is assumed that
a new state of dynamic equilibrium could quickly be established after a sea level rise,
since the phreatic (unconfined) aquifer has a thickness of about 13 m only and there
is a high natural groundwater recharge from local precipitation in this shallow sandy
aquifer.

The position of the interface toe is estimated at approximately 60 m infand of the
new shoreline position. This estimate is assumed to be independent of sea level rise
scenarios. Thus, the interface will always be estimated to oceur at the point where
the phreatic groundwater level is about 0.3 m above M.5.L. (1/406-13 m). Note that
the increase in thickness of the aquifer due to higher phreatic groundwater levels was

"The zone of influence of a sea level rise for the Nile delta acquifer can roughly be assessed as a
multiple of the characteristic length in equation 2.8,
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not taken into consideration. Accordingly, the salt water wedge will eventually shift
inland over a length equal to the shift of the shoreline due to sea level rise.

Salt water intrusion will not threaten existing public water supply wells (in Mount
Pleasant), except in case of the high sea level rise scenario for 2075, Furthermore,
the ultimate impact of sea level rise may be negligible in comparison with the rapid
salt water contamination of shallow coastal aquifers due to human activities over
the last 50 years (the same has occurred in Scuth Florida, New Jersey and Long
Island, New York). The shallow coastal aquifers have already been overpumped,
which has resulted in a more severe salt water intrusion than that due to sea level
rise as predicted in this case study.

[V. Potomac-Raritan-Magothy aquifer system, New Jersey, USA

Lennon et al. [1986] have examined the impacts of increased Delaware river salinity
on the adjacent Potomac-Raritan-Magothy aquifer system. This aquifer system is
the main resource for domestic and industrial water supply in the ccastal plain of
gouthern New Jersey. When the salt water front moved up the Delaware estuary
during the severe drought of the 1960°s and allowed saline water o recharge the
Potomac-Raritan-Magothy aquifer system, salinity levels in groundwater wells were
monitored. The zone of influence of sea level rise in the aquifer system is approxi-
mated by making use of groundwater velocities that are derived from inflow rates into
the aquifer. In this case study, a no solute and dispersion model has been applied
to evaluate more adequately the impact of the estuary salinity distribution on the
groundwater flow regime,

In the future, saline groundwater will move further intc the aquifer, even without
sea level rise. However, when sea level rises, the aquifer system would be recharged
by river water with higher chloride concentrations® than at present. As such, a sea
level rise would threaten parts of the New Jersey aquifer system recharged by the
Delaware river. The aquifer system, now heavily exploited for domestic water supply,
would probably become too saline for drinking water (the drinking water standard
for New Jersey equals 78 mg Cl~=/1). As a result, the extractions should be allocated
to agricultural and industrial uses. When the sea level rises 250 cm, the groundwater
wells in the aquifer would even have to be abandoned.

Also Navoy [1991] has investigated the vulnerability of (potable) groundwater
supplies in the Potomac-Raritan-Magothy aquifer system to sea level rise. The in-
teraction between the Delaware river and the aquifer system has been evaluated and
the salt water intrusion has been assessed. Navoy has applied the three-dimensional
groundwater flow model MODFLOW which is based on the finite-difference method.
A constant density is considered under non-equilibriam conditions in a heterogeneous
and anisotropic medivm. The simulated area of 60 km by 45 km is discretized by 5
layers, 106 columns and 99 rows. The groundwater flow model is combined with a

8 (thloride concentration records somstitute the basic data for simulations with several scenarios
of sea level rise.
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particle tracking procedure and a one-dimensional solute transport model (the longi-
tudinal dispersivity approximates 100 ft), which has been calibrated with historical
data of the seawater encroachment event during the severe drought in 1964. The
impact of sea level rise is assessed by means of simulations with increased chloride
concentrations in the Delaware estuary.

Navoy has assessed that a 30-day encroachment event with a return period of one
to five years and chloride concentrations of the river water of 2000 to 4000 mg CI— /I
will have a significant impact on the aquifer system. In the short-term, possible
countermeasures are temporary cessation of pumpage during severe encroachment
events and/or barrier injection. However, in the long-term, the most feasible action
may be to abandon pumpage in the affected area.

V. North Atlantic Coastal Plain, USA

Meisler, Leahy and Knobel [1984] have examined the changes in the distribution of
fresh and saline groundwater in a specific profile, the so-called Atlantic City profile,
in the North Atlantic Coastal Plain, USA, as a consequence of strong (eustatic) sea
level fluctuations in the order of many tens of metres during geologic history.

Saline groundwater is underlying fresh groundwater on the eastern side of North
America (New Jersey), see figure 2.20. A transition zone occurs with a thickness
varying from 300 to 600 m between the isochlors of 1000 and 18,000 mg CI- /i. The
position of the isochlors and thus the thickness of the transition zone during the
beginning of the 1980’s are shown in figure 2.20. Apart from the broad tramsition
zone between fresh water and saline water at great depth, another (smaller} transition
zone occurs between saline and fresh water close to the surface of the sediment wedge
(see figure 2.20). The broad transition zone may probably have been developed due to
the strong sea level fluctuations in the past million years, whereas the small transition
zone at the ocean floor may be the tesult of short-term cyclic fluctuations of sea level
cauged by storms and tides.

The profile is about 240 km long. The coastal aquifer consists of a wedge of
sediments which thickens from about 50 m at the western boundary to more than 4900
mn at the eastern boundary (not displayed in figure 2.20). The hydraulic conductivities
of the sediments of the continental shelf are not very well known, though they seem
to decrease with both depth and distance from the coast.

The finite-difference computer code INTERA [1979] was applied to simulate var-
iable-density groundwater flow and solute transport. Although the computer code
can similate the transition zone, INTERA only computed in this case study the
position of a sharp equilibrium interface between fresh and saline groundwater for
several positions of the sea level. Altogether twenty-one simulations were carried out
1o determine the position of the sharp interface as a function of sea level, hydraulic
conductivities and anisotropy factor. In figure 2.20, the effects of four positions of
the sea levels are presented, which reflect certain average levels in the geological past:
(1) the present sea level; (2} 50 ft (~ 15 m) and (3} 100 ft (~ 30 m) below present
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Figure 2.20: Schematisation of the geohydrology of the Atlantic City profile, and positions
of the sharp interface for the present sca level and for sea levels -50, -E00 and -150 ft with
respect to present sea level [after Meisler et al., 1984].

sea level; and (4) 150 ft (~ 46 m) below present sea level which is the estimated
average sea level during the past 900,000 years (see figure 3.9).

The four simmlations show that a low sea level forces the freshwater to move to
greater depths and, at the same time, to move further away from the new coastline.
Note that the coastline itself advances in eastward direction due to the simulated sea
level fall. It appears that the observed transition zone is not in equilibrium with the
present sea level, but reflects sea levels 50 to 100 ft below the present sea level. This
can be deduced from the position of the simulated sharp interface, assuming that
the 10,000 mg/! isochlor represents the center of the transition zone. In reality, the
observed transition gone is situated considerably further seaward than the simulated
sharp interface for the present sea level (that is simulation no. 1). Computations
showed that probably the interface is slowly moving landward at an estimated rate
of about 300 m per 10,000 years.

VI, The Mediterranean Basin and the Near East

Coastal groundwater flow regimes in the Mediterranean Bagin and the Near East have
suffered from salt water intrusion, mainty due to overexploitation of groundwater. In
most of the areas, the impact of sea level rise is probably only significant in the
medium term. When sea level rises, the coastal groundwater flow regimes could
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become too salty to withdraw from. Under those circumstances, withdrawal of fossil
groundwater appears to be an obvious alternative, as fossil groundwater resources are
present in all countries of North Africa and the Arabian Peninsula. In these regions,
effective infiltration and recharge have probably ceased some 10,000 years ago, thus
fossil groundwater is certain to be a nonrenewable resource. Therefore, vital reserves
should only be permitted to be mined when all relevant processes are considered and
evaluated.

2.5 Impact on water management

Based on the impact of sea level rise described in the previous sections, sea level rise
will influence the integrated management of water resources in an entire coastal area.
As the managernent system ig too complex to be described completely, only a number
of descriptive analyses about the impact of sea level rise on water management have
been carried out up till now.

In subsection 2.5.1, the impact of sea level rise on two aspects of water manage-
ment gets some mote attention: seepage and discharge (of excess water). Finally, in
subsection 2.5.2, four cases on the impact of sea level rise on water management are
discussed,

251 Effect of seepage and discharge on water management

Sea level rise and seepage

‘When sea level rises, the head difference between the level of the sea and the phreatic
groundwater level of polder areas will become greater, as already indicated [e.g. by
Volker, 1987; de Ronde, 1991]. Accordingly, the seepage quantity will increase pro-
portionally. In the low-lying polders in the vicinity of the sea, where the phreatic
groundwater level is kept low in an artificial way, an increase in seepage quantity also
implies an increase in salt load, as seepage is usually already brackish.

In addition, the seepage quantity will also increase in polders along the lower
reaches of estuaries and rivers with an open connection with the sea, because the ad-
jacent surface waters will experience a rise in their water leve]l due to the backwater
effect. Seepage may also become mors saline because saline water will probably in-
trude further upstream in these estuaries and rivers in case of sea level rise. However,
further upstream in the rivers, the increased seepage will still be fresh. The process
mentioned above will prebably occur in the Delaware estuary, USA [Lennon ef al,
1986].

For the Netherlands, straightforward computations have been executed to assess
the increase in seepage quantity due to sea level rise. For instance, straightforward
calculations, executed in 1986 by the Tidal Waters Division of the Rijkswaterstaat
within the framework of an exploratory investigation on the impact of an extreme
sea level rise of 5 m for the next 200 years, predict that the seepage quantity in
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Figure 2.21: Schematisation of the geohydrologic system, applied to assess the increase
of (saline) seepage along the Dutch coast due to sea level rise (after Bruggeman, 1987). By
courtesy of Bruggeman.

large low-lying polder areas in the western part of the Netherlands (between 2 to 6
m below M.S.L.) will increase twofold to threefold in case of a 5 m sea level rise [de
Ronde and de Ruijter, 1986; de Ronde, 1988]. As a result, the amount of fresh water
needed for flushing polders will then increase with about 50 %.

Exploratory computations in the IMAGE model (see subsection 2.5.2) also showed
an increase in seepage quantity for the coastal areas in the Netherlands [den Elzen
and Rotmans, 1988]. In this model analytical expressions have been applied which
were formulated by Bruggeman [1987]. Figure 2.21 shows the schematisation of the
geohydrologic system: two aquifers separated by an aquitard. In the top aquifer
fresh groundwater occurs and in the bottom aquifer saline groundwater. Though the
estimates are only indicative, the model has assessed an increase of the total amount
of seepage of 40 % and B0 % respectively, for a sea level rise of 0.5 and 1.0 m.

Sea level rise and discharge
Sea level rise will affect discharge of excess water as follows:

¢ Seepage quantities will increase. This means that more water will have to be
disposed of, either by gravity discharge or by pump-lift discharge. In some
areas, the natural balance between input and output will be disturbed. In any
case, the extra input of seepage will require investments: the capacity of the
discharge system has to be increased.

e An increase in seepage quantity will alsc mean a higher salt load. Too much
salt in the upper layers will affect crop yields. To avoid damage by salinisation
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of the soils, irrigation may become necessary and the discharge systern will have
to be flushed more intensively.

o Water that is pumped out of the low-lying areas will be disposed to a river or
the sea. Since the mean water levels of those systems will be higher due to
sea level rise, an increase of pumping head and consequently an increase in the
energy costs can be expected.

* Regions, which are used to drain in a natural way (that is by gravity), will have
to cope with higher water levels outside the area. In case they have to maintain
their original function, for example for agricultural purposes, pumping stations
with greater capacities will have to be built. Moreover, the total area that has
to be drained artificially may increase.

252 Cases

[. I5085: Impact of sea level rise on society

For the Workshop Impact of Sea level rise On Society (ISOS) in 1986 [Wind, 1987],
a model was developed by Delft Hydraulics and Rijkswaterstaat to assess socio-
economic impacts of sea level rise for three case studies: the Netherlands, Bangladesh
and the Maldives Islands. The interest was also focused on storm frequencies, storm
intensities and discharges of large rivers. The illustrative model simulates the situa-
tion in a specific country or geographic region. The main components of the model
are: scenarios, characteristics of the impact atea, measures and effects, see figure 2.22.
Various major impacts are foreseen for these three countries:

a, the Netherlands
.- A substantial rise in sea level would eventually require changes in coastal protec-
tion strategies. In 1987, the United Nations Environment Programme (UNEP)
and the Government of the Netherlands gave the onset for a further elabhoration
of the approach developed during the ISOS Workshop in 1986 [Delft Hydraulics,
1988; Peerbolte et al., 1991].

b. Bangladesh
Large parts of Bangladesh would be inundated or threatened by flooding. The
exact surface area in jeopardy also depends on the sediment load of the rivers
Ganges-Brahmaputra, which probably enable a substantial part of the land to
keep pace with sea level rise. Efforts to protect the country would at least
require a massive economic effort.

¢. the Maldives kslands
The entire nation may be inundaied, as the Islands are mostly less than two
metres above mean sea level. This depends, however, on the possibility of coral
reefs to keep pace with sea level rise. If not, then it might be necessary to
abandon entire islands.
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Figure 2.22: Main components and relationships in the ISOS system diagram [from Wind,
1987]. Source: Jmpact of Sea level rise On Society. Wind, H.G. (ed), p. 49. Copyright @
1987 A A. Balkema, Rotterdam, reprinted by permission of A.A. Balkema.

1. Japan

The Japanese coast is often subjected to typhoons, seasonal strong winds and earth-
quakes with tsunamis. Moreover, for centuries, reclamation and tidal land reclama-
tion has made many coastal areas in Japan even more vulnerable to sea level rise.
The complexity of canse and effect of climate change and sea level rise requires an
impact analysis of the whole socio-economic system, starting from climate change
to socicty through physical change and natural effects. A methodology, similar to
the ISOS approach, has been applied to assess the vulnerability of Japanese coastal
lowlands due to sea level rise® [Hosokawa, 1992]. Effects of inundation and flooding

$The same methodology has been applied by Mimura ¢# af. [1992] for two ather areas: Tongatapu
Island, a small coral island in the Kingdom of Tonga, and the Tianjin area, a large low-lying river
delia in China.
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related to the magnitude of typhoons, salt water intrusion into rivers and aquifers
and wave shoaling along the coast have been evaluated.

Il IMAGE and ESCAPE modals

The Netherlands National Institute of Public Health and Environmental Protection
(RIVM) uses the simulation model Integrated Model for the Assessment of the Green-
house Effect (IMAGE) to investigate some socio-economic consequences of the green-
house effect for the Dutch society. In IMAGE [den Elzen and Rotmans, 1988; Rot-
mans, 1990], sometimes rather straightforward formulas are defined to assess the
socio-economic consequences of sea level rise for the Netherlands. A variety of as-
pects are evaluated in IMAGE, such as coastal defence (risk analysis, dike raising,
dune erosion and intertidal zones), water management (seepage, salt water intrusion,
discharge) and energy use (heating and cooling).

The simulation model Evaluation of Strategies to address Climate change by Adapt-
ing to and Preventing Emissions (ESCAPE) is based, among others, on the IMAGE
model and on models applied by the Intergovernmental Panel on Climate Change
[Houghton et ol 1990]. It is an instrument of the European Committee policy based
on scientific analysis. ESCAPE assesses the relation between the future emission of
greenhouse gases and their impacts on climate and sea level. ESCAPE has been
developed by the Dutch National Institute of Public Health and Environmental Pro-
tection (RIVM) and the Climate Research Unit of Norwich, United Kingdom.

IV. |Jsselmeer, the Netherlands.

As 1t is of vital importance for the water management of a large part of the Nether-
lands (about 15,000 £m?), the Wsselmeer is likely to play an important role in the
measures against the impact of sea level rise [de Jong, 1986; de Ronde, 1988; den
Elzen and Rotmans, 1988, 1992; Volker ¢t al., 1993],

The Jsselmeer, with a surface area of about 1200 km?, used to have an open
connection with the sea. In 1932 an enclosure dam of some 30 km was constructed,
the Afstuitdigk. After closure it became a freshwater lake, as there is inflow of fresh
water from the river 1Jssel, & branch of the river Rijn. The IJsselmeer receives about

- 12 % of the Rijn discharge. It is the main storage basin of fresh water for domestic and
agricultural water supply and for flushing of canals. Furthermore, the lake is utilized
for navigation and as a source of cooling-water. It has also become an important
area for recreation and nature conservation. In winter times, the excess water of this
basin is disposed to the sea by gravity via sluice gates. The average discharge from
the lake into the Waddenzee (through the sluices) is about 50 million m?/day. In
winter the water level strived after is 0.4 m ¥.A.P. and in summer -0.2 m N AP,
There are several sources that contribute to the salt load of the IJsselmeer, such as
the river IIssel, water discharged in the IJsselmeer by the great and fow-lying polders
(in particular the Wieringermeer polder), leakage of saline water through sluices and
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shiplocks, and saline seepage through and below the Afsluitdijk (estimated at 35,000
ton CI~ fyr).

It may be possible that the present (natural) discharge system of the IIsselmeer
could not be utilized any more in case of a sea level rise of e.g. 60 cm. Two water
management strategies and their effects on dike length, seepage, salt load, discharge
and water supply are briefly discussed in case of such a sea level ris¢ [den Elzen and
Rotmans, 1988, 1992):

a. maintaining the presant level in the lsselmeer
Sea level rise will deteriorate the possibilities of gravity discharge. Conse-
quently, one or two pumping stations may be required in the future. The
Afsluitdijk will have to be heightened to maintain the present degree of safety.

The amount of saline seepage and salt load through the Afsluitdijk on the
freshwater lake will increase substantially, as the difference in head between sea
and lake increases. Meanwhile, the seepage quantity from the 1Jsselmeer to the
surrounding land will remain the same. In summer, the water supply from the
lake will remain unchanged.

b. raising the leval in the |Jsselmeer in accordance with the sea level rise

The capacity of local pumping stations will have to be increased. Despite the
heightening of the lake water level, the capacity of the sluices in the Afsluitdijk
will need to be incteased also. The reason is that the storage capacily will
decrease when water levels will be higher, since water levels will be closer to
the maximum acceptable level. Therefore, not only the Afsluitdijk will need to
be heightened, but also the dikes along the polders in and around the IJsselmeer
and the river Issel.

The amount of saline seepage through the Afsluitdijk remains the same, whereas
the seepage quantity from the IJsselmeer to the surrounding land would consid-
erably increase. As originally the 1Jsselmeer was part of the sea, groundwater
in the region is still mostly saline. Therefore, the seepage will also be saline
and the salt load on the polders and subsequently on the IJsselmeer will in-
crease. More water will be available for additional water supply during the
summertime, as the difference between summer water level (higher than -0.2 m
N.A.P) and winter water level (still strived after -0.4 m N.A.P.) is greater!?.
Then, this additional water can be applied for agriculture and for flushing of
the adjacent polders to avoid the effects of the increase in saline seepage.

1044 5 consequence, harbour structures have to be adapted for a greater difference in water level.
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Chapter 3

Sea level rise; causes, mechanisms and
estimates

3.1 Introduction

Climate plays a central role in the mechanisms that determine the level of the sea.
Climate changes mainly due to a disturbanee in the balance of incoming and outgoing
energy. The disturbance in the halance is accomplished when, among athers, solar
radiation varies, the intensity of volcanic eruptions changes, or when the concentra-
tion of atmospheric trace gases (called together the greenhouse gases) alters. The
most important greenhouse gases are water vapour (H,0), carbon dioxide (COy),
nitrous oxide (No0), ozone (O3), methane (C'Hy) and chlorofluorocarbons (CFC's).

Before the Industrial Revolution (at roughly 1850), natural processes determined
the concentration of greenhouse gases, the change of atmospheric temperature, the
global changes in climate, and thus the level of the sea. The time scale of the nat-
ural processes was in the order of millennia and more. However, there is consensus
that since the beginning of the Industrial Revolution the concentration of greenhouse
gases has rapidly increased becanse of human activities. In addition, during the past
century, global mean temperature has risen. The global warmng is most probably
enhanced by the increase in the concentration of greenhouse gases. The mechanism
of global warming is called the greenhouse ¢ffect. Note that even without the man-
induced greenhouse effect, a natural greenhouse effect keeps the Earth warmer than
it would otherwise be. A doubling of greenhouse gases in the atmosphere is to be
expected hy the middle or the end of the next century. It is generally to be expected
that the increase of greenhouse gases will enhance the greenhouse effect. This mech-
anism is called the enhanced greenhouse effect. As a consequence, the atmospheric
temperature is likely to rise some degrees.

When the climate system begins to warm, also other factors, the so-called feed-
backs, come into play. Positive feedbacks such as ice and snow, water vapour and
permafrost (permanently frozen soils) probably amplify the greenhouse effect, while
on the other hand negative feedbacks such as oceans may counteract the greenhouse
eftect.

At this moment a global warming occurs, although it is not yet clear whether

69
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the present global warming is the result of natural variability on various time-scales
in the climatic system or is induced by human activities. Either way, the atmo-
spheric temperature is certain to increase more int the near future than under natural
conditions.

When temperature rises, sea level will rise due to the following processes: ther-
mal expansion of ocean water; meliing of mountain glaciers and small icecaps; and
ablation! of the polar ice sheets of Greenland and Antarctica.

As the Netherlands is a low-lying country, sea level rise would affect the society of
the Dutch environmentally, socially and economically. The impact of sea level rise has
to be estimated in time, so that society can anticipate on them. For this reasen, it is
essential to know within what range future sea level rige can be expected. More insight
can be gained in how the sea level will rise during the next century by analysing data
how sea level changed in the past over different periods of time: decades, centuries,
millennia and even millions of years.

Quite a number of the above mentioned processes and feedbacks are still based on
assumptions only, as they are difficult to analyse. Although much research is being
accomplished concerning the cause and the rate of sea level rise, many of the complex
aspects that determine the sea level rise are not yet completely understood. First, as
climate on Earth is not only changing due to natural causes, but also due to human
activities, it 18 difficult to determine which part of the sea level rise since the beginning
of the Industrial Revolution is the consequence of which cause: natural processes or
human activities. Second, the effect of various complex feedbacks on global warming
such as oceans and clouds is difficult to assess. Third, the rise in sea level is deduced
from the rise in temperature, which is already difficult to predict. Fourth, it will still
take at least several years hefore the rise in sea level can truly be detected, since the
order of magnitude of sea level rise due to anthropogenic causes and due to natural
variability equals each other during the next decades. In conclusion, at this moment,
no exact prognosis of the sea level rise for the next century can be given. Hence,
scenarios of future sea level rise are presented.

The variation in sea level is determined by a combination of eustatic, tectonic
and compaction (of sediment) factors on a local, regional and global scale. In fact,
as these factors are hard to separale from each other, the relative sea level rise with
respect to the land-surface is meant when referring to sea level rise. The eustatic
changes in mean sea level are generally ascribed to a large group of phenomena
such as folding of the sea bed, sedimentation covering the sea floor and melting
or formation of continental ice masses |Lisitzin, 1974]. The term eustetic departs
from the assumption (of Suess in 1885) that vertical displacements of the ocean
surface oceur uniformly throughout the oceans and seas on Earth. In reality, the
sea level is an equipotential surface of the Earth’s gravity field, the so-called geoid,
Remaval of glacier ice masses changes the Earth’s gravity field and deforms the geoid
of that moment. Thus, variations in sea level are alsc influenced by glacio-isostatic

! Ablation means that accumulated ice evaporates or melts and subssquently runs off.
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effects which accompany the present deglaciation phase, with upheaval in areas of
ice melting and subsidence in a wide peripheral beli [Pirazzoli, 1991]. In addition,
tectonic movements of the crust of the Earth (e.g. isostatic uplift or subsidence) has
the same effect as a eustatic sea level fall or rise. These regional circumstances highly
determine the relative sea level rise [Robin, 1986]. As can be seen in figure 3.1, the
relative sea level rise, as a result of the retreat of Northern Hemisphere ice sheets, 1s
highly determined by regional circumstances. Furthermore, deformation of the geoid
on a local scale is also caused by human activities such as mining activities, land
reclamation, groundwater recovery and the construction of dams. This should also
be added to the relative sea level rise.
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Figure 3.1: Regional distribuiion of the sea level zones and typical relative sea level curves,
under the assumption that no eustatic change has occurred since 5000 years before present
|[adapted from Clark et al., 1978 by Pirazzoli, 1991]. Source: World Atias of Holocene Sen-
level Changes. Pivazzoli, P.A. & Pluet, J. Elsevier Oceanography Series, Vol. 58, p. 5.
Copyright © 1991 Elsevier Science Publishers, reptinted by permission of Elsevier Science
Publishers.
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The most relevant mechanisms of sea level variations are discussed i this chapter.
In section 8.2, a brief summary of the processes involving c¢limate change is given.
In section 3.3, the causes of temperature rise and greenhouse effect in relation with
feedbacks are discussed. In section 3.4, the physical processes which determine sea
level in case of temperature rise are given. In section 3.5, sea level variations in the
past during three different periods are described. In section 3.6, several prognoses of
future sea level rise are summarized. Finally, in section 3.7, conclusions are drawn.

3.2 Causes of climate change

Since the creation of the Earth, climate has been changing. During the first hundred
million years, the upper layers of the Earth’s crust were liquid. Slowly, the Earth’s
crust cooled down to temperatures that made life possible. The general condition
of the Earth’s crust is determined by a complex self-regulating geesphere-biosphere
system [Priem, 1989). This system includes the following components: atmosphere,
biosphere, oceans, ice sheets and the Earth’s crust itself,

Solar radiation warms up the Earth. External changes in global climate are forced
by varicus processes that change the flows of radiation energy within the geosphere-
biosphere system. Consequently, the absorption of solar radiation and the trapping
of long-wave radiation by trace gases in the atmosphere may change, which results
in a change in global mean temperature or global warming. Five possible causes for
change in global climate are [Dickinson, 1986);

1. a change in solar output. Solar output is known to vary both on very long time
scales and on short time scales (days to years),

2. a change in the geometry of the Farth’s orbit around the sun (the Mifankovitch
cycles),

3. a change in the fraction of incoming (short-wave) energy at the top of the
atmosphere,

4. a change in the amount of net outgoing (long-wave) energy at the top of the
troposphere,

5. a change in the amount of heat stored in the deep oceans.

It is rather difficult to detect what change is the effect of what cause, as the global
temperature is a combination of the five causes that have different (response-)time
scales. The causes 1 and 2 are beyond the scope of this chapter, whereas the causes
3, 4 and 5 are closely related to the geosphere-biosphere system on the Earth, which
will probably cause the enhanced greenhouse effect.



3.3, Causes of temperature rige 69

3.3 Causes of temperature rise

In subsection 3.3.1, the physical process occurring in the atmosphere of the Earth
causing the greenhouse effect is briefly described. In subsection 3.3.2, the ongin
of present greenhouse gases is subdivided into emission by natural processes and by
human activities. Insubsection 3.3.3, the most important feedbacks are discussed. In
subsection 3.3 4, prognoses of greenhouse gases and atmospheric temperatures during
the next century are summarized, using figures of the Villach IT Conference, Austria,
in 1985 [Qerlemans, 1989] and the IPCC? [Houghton et al., 1990].

3.3.1 Relation between greenhouse effect and temperature rise

Solar radiation that is not directly reflected warms up both atmosphere and the
Earth’s surface. Solar radiation, that reaches the Earth’s surface, is partly absorbed
by the Earth’s surface (short-wave energy) and is partly reflected (determined by
the reflection coefficient, called albedo). Part of the absorbed fraction is emitted as
long-wave (infrared) radiation, which can subsequently be absorbed by the greenhouse
gases. The amount of the short-wave energy absorbed by the Earth’s surface depends
on the state of the geosphere-biosphere system.

Temperature changes when the balance between incoming (short-wave) and out-
going (long-wave and short-wave) radiation energy is disturbed. The concentration
of greenhouse gases is the most tmportant factor that keeps the incoming and outgo-
ing energy in balance. In case the concentration of greenhouse gases s higher, more
emitted energy will be trapped in the atmosphere. As such, the higher level of green-
house gases is considered as the main contributor that warms up the atmosphere of
the Earth. This process is called the enhanced greenhouse effect.

3.3.2 Ongin and concentration of greenhouse gases

Water vapour influences global warming in about the same crder of magnitude as all
other greenhouse gases together. The greenhouse gases are comprised in the so-called
effective COs-concentration, since COy is the most imporiant of these gases from the
viewpoint of affecting climate change. The other greenhouse gases, with the exception
of water vapour, occur in rnuch smaller concentrations than the C0Os-concentration,
for instance 1.7 p.p.m. (parts per million) N2O related to 350 p.p.m. CO; [Korevaar,
1089}

Greenhouse gases originate from both natural processes and from human activi-
ties. Water vapour (the concentration of which varies widely in space and time) is
purely a natural factor, while CFCs, being of strictly anthropogenic origin, are purely
artificial. The other greenhouse gases have concentrations that are influenced by hu-
man activitias, but may also vary naturally as parts of the feedback of the climate
system as a whole [Dickinson, 1986].

2The editors of chapter ¢ Sea Level Rise are Warrick and Oerlemans.
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Natural processes

Fhe warming up and cooling of the Earth is a natural process, which can be seen in
figure 3.2 where global temperatures since the Pleistocene on three time spans are
given.
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Figure 3.2: Global mean temperature variations since the Pleistocene on three time spans:

(2} the last million years; (b) the last ten thousand years; and (c) the last thousand years,

The dotted lines nominally represent conditions beginning 20'* century. Modified from

I[PCC [Houghton et ol., 1990]. Copyright (1990 Intergovermmental Panel or Climate

Change, reprinted by permission of the Press Syndicate of the University of Cambridge.

The concentrations of natural greenhouse gases in the atmosphere have been built
up in several millions of years, Due to, among others, the greenhouse effect of these
gases, the climate was mild and made the Earth livable for some 3.5 billion years.
Without these greenhouse gases, the Earth would now have a temperature of about
-18 °C.
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Until the Industrial Revolution, the C'(»-concentration, which is taken as the
reference greenhouse gas in this chapter, was the result of the complex self-regulating
geosphere-biosphere system. An enormous amount of €0z is stored as bicabonate
in ocean water and as carbonate and biomass in sedimentary rocks, together some
200,000 times the amount of COy in the atmosphere [Priem, 1989]. In this system,
the biosphere plays a crucial role. In case the atmospheric (/Oy-concentration would
fall substantially below the present level, a worldwide cold petiod would set in. For
instance, during the last Ice Age, the C)s-concentration was 30 % lower than at
the beginning of the Industrial Revolution. This was detected from air bubbles,
locked in old ice-layers in Antarctica, e.g. at the station Vostok {Barnola et al., 1987}
(figure 3.3).
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Figure 3.3; The ('O:-concentration and the change in atmospheric surface temperature
in the Vostok area during the last 160,000 years. There appears to be a clear relationship.
The data are based on ice samples, bored at the station Vastok, Antarctica [Barnola et al.,
1987). Source: Farnola, J.M., Reynaud, D., Korotkevich, Y.5. & Lorius, C. Vostok ice core
provides 160,000.year record of atmospheric CO,. Nature, I Oct., 329: J08-411, p. 410
Copyright ©1987 Macmillan Magazines, reprinted by permission of Macmillan Magazines.

The geosphere-biosphere system reacts as follows [Priem, 1989]. During the cold
period, the sea is absorbing extra C'Qy and the biological activity as well as the
intensity of the chemical erosion at the surface of the Earth is decreasing. As a result,
less C(O4 is withdrawn from the atmosphere by formation of carbonate and biomass.
Meanwhile, the supply of €Oy has not been influenced by low temperatures at the
surface of the Earth, as volcanic eruptions and geological processes in the Earth’s
crust kept on taking place. According to this straightforward scemario, the CO4-
concentration in the atmosphere is rising again after a while, and then the climate
is warming up. In the course of this process, feedbacks counteract the increase of
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the C'O3-concentraticn in the atmosphere. Currently, the regulating processes in the
geosphere-biosphere system are reacting too slow to counteract the present increase
of COs-concentration substantially.

Human activities

It is common knowledge that since the beginning of the Indusirial Revolution at
roughly 18503 the concentration of greenhouse gases has rapidly increased as a result
of intensive human activities, The increasing concentration of greenhouse gases is
especially due to deforestation and due to large-scale burning of biomass and fossil
fuels (coal, mineral oil and natural gas). Some important contributors are industry,
traffic and agriculture.

Anyway, since 1850, the CO»-concentration increased by about 30 % [Oerlemans,
1993]. At this moment, the COs-concentration annually increases by about 0.4 %,
the NaO-concentration by 1 %, the C Hy-concentration by 0.25 % and the CFCs-
concentration by about 5 % [Korevaar, 1989]. As a consequence of the increasing
concentration of greenhouse gases, energy is absorbed and the atmospheric tempera-
ture has risen (figure 3.4). It should be noted that the global warming could be the
effect of the recovery from the L#ftle Iee Age, rather than a direct resnlt of human
activities. The Little Ice Age began about 450 years ago and came to an end only i
the 19°» century (see figure 3.2).
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Figure 3.4: Global mean {combined land-air and sea-surface) temperatures 1861-1989, rel-
ative to the average for 1951-1980. Modified from IPCC [Houghton et of,, 1990]. Copyright
©1990 Intergovernmental Panel on Climate Change, reprinted by permission of the Press
Syndicate of the University of Cambridge.

3Recently drilled ice cores from Greenland indicate that the increase of the concentration of
greenhouse gases started earlier, arcund 1810, which could be the result of changes in land use and
deforestation.
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3.3.3 Feedbacks

Feedbacks affect the change in the concentration of greenhouse gases and consequently
the temperature, as feedbacks are components in the geosphere-biosphere system.
They can either counteract or amplify the rise in temperature. It is still quite unclear
how most of the feedbacks react exactly to climate changes. Scientific research on
the interaction between feedbacks is still in development. The six most important
feedbacks are characterized as follows:

1. Influence of water vapour

A higher concentration of the greenhouse gases will raise the temperature.
Thus, more water vapour will enter the atmosphere by evaporation. More
outgoing radiation energy is absorbed, and consequently, the temperature is
raised even more. As such, this positive feedback amplifies global warming.
According to some scientists, e.g. [Rind et el, 1991], the influence of water
vapour is underestimated in the so-called general circulation models (GCMs);
it is of the same order of magnitude as the influence of all other greenhouse
gases.

2. Influence of ice and snow

Mauch of the solar radiaiion is absorbed at the Earth’s surface. Therefore, the
reflection coefficient (albedo) at the surface is the most important factor in
determining the actual amount of absorbed solar radiation energy. The albedo
may vary from as low as 0.02 (~) to higher than 0.95 (—), depending on the
kind of surface [Dickinson, 1986]. In general, ice and snow surfaces have much
higher albedos than most of the land surfaces and all water surfaces. Therefore,
when temperature rises because of an increasing concentration of greenhouse
gases, ice and snow will melt, and thus the extent of ice and snow surfaces on
the world will decrease. The incoming solar radiation is reflected less, and as
a resul$, the temperature ai the Earth’s surface rises even more. This positive
feedback also amplifies global warming.

3. influence of clouds

Especially this feedback is unclear, because the following parameters of clouds
are difficult to assess: cloud-thicknesses, fractional covers, altitudes of the tops
of the clouds, liquid water contents, drop sizes and spacial scales. It is possible
that future change in cloud propertics could alter the net radiation budget of
the climate system by either more absorption of outgoing energy or, possibly, by
maore reflection of incoming energy. Hence, clouds could either amplify or coun-
teract the effect of the increased concentratior of greenhouse gases [Dickinson,
1986).

Ramanathan and Collins [1991] investigated the influence of clouds by mea-
suring, with satellites, the radiation at the top of the atmosphere during the
1987 El Nific event. They found in that particular study that especially highly
reflective cirrus clouds counteract the enhanced greenhouse effect.
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4. Influence of oceans

Still little is known about the role of oceans if the concentration of greenhouse
gases increases. Scientists are familiar with the fact that oceans can absorb
large amounts of C'(;, but the precise saturation level is unknown. A first
assessment of the saturation level is that about half of what mankind emits
in the atmosphere is absorbed by oceans [Zwerver, 1989]. If this is correct,
oceans are a reservoir for positive feedback. They counteract the rise of the
concentration of greenhouse gases and consequently the nise of temperature.

Anocther important agpect of oceans in case of climate change is the possibility
that the directions of ocean currents {e.g. the Atlantic conveyor) may alter,
which could have great affects on 'regional’ climates. For instance, note that
the North Atlantic Drift (Gulfstream) is essential for the climate in Western
Europe.

5. Influance of permafrost
By warming up permafrost, which are permanently frozen soils occurring at
high northern latitudes such as in Canada and Siberia, more methane (CH4)
will enter the atmosphere, which will amplify the greenhouse effect.

6. Influence of volcanic activities

Volcanic eruptions bring, apart from solid material, large amounts of dust par-
ticles and gases in the atmosphere. Together with the dust particles emitted by
burning biomass and fossil fuels, the volcanic dust will reflect tncoming energy.
As a result, the greenhouse effect could be counteracted. Furthermore, dust
particles form the cores of clond drops that may probably reflect sunlight {see
also item 3.). Anyway, the influence of these aerosol particles, which are solid
or liquid particles in the size range 0.001-10 pm radius, on cloud processes and
thus on the radiation budget of the chmate system is very difficult to assess.

3.3.4 Future CO,-concentration and temperature rise

It is not yet possible for the scientific community to detect statistically significant
effects on climate of changing concentrations of greenhouse gases, though the observed
global-scale warming experienced over the past century is compatible with model
estimates. Hence, in order to avoid this uncertainty, several scenarios have been
applied for the future development of the concentration of greenhouse gases.
Evaluating the results of the GCM’s leads to the conclusion that the Icrease in
global mean temperature due to a doubling of the atmospheric C'O;-concentration
(referred to as the climate sensitivity) is likely to be in the range of 1.5-45 °C.
This well-known scenario is formulated at the Villach II Conference, Austria, in 1985
[Bolin et al., 1986]. The temperature scenario for the next century of the Villach I1
Conference is illustrated with a probability range in figure 3.5. Although no value in
the range of uncertainty (1.5-4.5 °C} can be excluded, it is plaunsible that the increase
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Figure 3.5: The temperature scenario: the outcome of the Villach II Conference dis-
cussion, Vertical bars indicate the standard deviation. Modified from Oerlemans [19889].
Source: Oerlemans, J. A projection of Futwre Sea Level. Clim. Change, 15: 151-174, p.
155. Copyright © 1989 Kluwer Academic Publishers, reprinted by permission of Kluwer
Academic Publishers.

in temperature may be found in the lower half of this range. This range is valid in
case the present trend of emission of greenhouse gases is continuing.

Another widely known scenario was suggested by the Working Group 1 of the
IPCC. The IPCC [Houghton et al] predicted in 1990:

“under the IPCC Business-as-Usual (Scenario A} emissions of greenhouse
gases, a rate of increase of global mean temperature during the nezi cen-
tury of about 0.3 °C per decade {(with an uncertginty range of 0.2°C to
0.5 °C per decade), which is greater than thal seen over the past 10,000

years...”

Furthermore, the IPCC presents three other emission scenatios of the greenhouse
gases for the next century. In these scenarios, a broad range of possible controls to
limit the emission of greenhouse gases is suggested, and various levels of technological
development and environmental controls are described. The rate of increase in global
mean temperature is for:

s Scenario B, Low Emission: 0.2 °C per decade,
» Scenario C, Control Policy: just above (.1 °C per decade,

e Scenario D, Accelerated Poliey: about 0.1 °C per decade.
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3.4 Causes of sea level rise

An important consequence of the increase of global mean temperature is sea level rise.
Four physical processes relate the change in sea level to the change of atmoespheric
temperature:

1. Thermal expansion of ocean water

Thermal expansion of ocean water is an important factor contributing to sea level rise,
depending on the temperature level and the salt concentration of the ocean water,
For instance, a layer of ocean water of 100 m thickness at a temperature of 25 °C
will expand 3 e¢m per degree temperature rise, while a layer of ocean water of 100 m
thickness at a temperature of 0 °C will only expand 0.5 cm per degree temperature
rise. Because the warming up of deep ocean layers is a long-term process (it takes at
least some centuries), sea level rise during the next centuries is mainly due to thermal
expansion of the upper ocean layers of only a few hundred metres thickness.

2. Melting of mountain glaciers and small icecaps

Although mountain glaciers and small icecaps contain only a small part of the total ice
mass on Earth (see table 3.1}, they are located in warmer climates than the polar ice
sheets of Greenland and Antarctica. Therefore, these ice masses are more active and
react more quickly to climate change [Oerlemans, 1989]. Since the beginning of the
Industrial Revolution, a great number of mountain glaciers has shown a withdrawal
of their tongues. In figure 3.6a, a few long records are displayed, showing variations
in glacier length. Despite the fact that data of essential mountain glaciers such as in
the Andes, Himalaya and Alaska are rare, the impression is that the withdrawal of
glacier tongues is worldwide (see figure 3.6b).

The main reason for thiz withdrawal appears to be that temperature rise melts
glacier tongues. Because the albedo of the ice surfaces is great (about 0.3), glacier
tongues are quite sensitive to changes in the net radiation budget of the climate
system. Moreover, the incoming short-wave radiation is more intensive than bhefore
becanse of two processes. First, as the concentration of CFCs* increases, the thick-
ness of the ozone layer reduces, and as a result the incoming radiation increases.
Second, since the beginning of this century, the number of volcanic activitics has
been small. As a result, less dust is in the atmosphere, and hence, the incoming
radiation is greater than before this century.

3. Accumalation on and ablation of polar ice sheets

The polar ice sheets of Greenland and Antarctica will also react to climate change.
These ice sheets differ from the mountain glaciers and small icecaps due to other

40n a molecule-for-mdecule basis, e.g. CFC —11 is about 12,000 times more «ffective than OO0z,
whereas methane is about 21 times more effective than Qs [[PCC Houghton et al., 1990].
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Table 3.1: Some characteristics of the polar ice sheets of Greenland, Antarctica and moun-
tain glaciers and small icecaps. Dala from Wilhelm [1975], Flint [1971], Ambach [1980],
Radok [1982], Drewry [1983] and Orheim {1985]. From Oerlemans [1989].

I Characteristic “ Antarctica l Greenland_LGlacie‘.rs & Ice%
Area (10° km?) 11.97 1.80 0.60
Volume (10° km3) 29.33 3.00 0.18
Mean thickness (m) 2488 1667 300
Largest thickness (m) 4700 3400 -
Mean elevation (m) 2000 2080 -
Sea level rise at entire melting (m) 65 7.8 0.50
Accumulation (km?®fyr) 2200 500 -
Losses of ice by calving (% of loss) 99 58 -
Losses of ice by melting (% of loss) 1 42 -

physical characteristics (see table 3.1). A higher atmospheric temperature will not
immediately imply smaller ice masses on these ice sheets. This depends on the surface
temperature above the polar ice sheets.

For most geographical and climatological conditions (when surface temperature is
not too low), increasing air temperature indeed implies decreasing ice masses. This
is the case for the Greenland Ice Sheet and the edges of the Antarctic continent.
By contrast, for the coldest polar regions, particularly over Central Antarctica, the
annual surface air temperature is very low and it limits snow (or rime} accamulation.
When the annual sutface air temperature above Ceniral Antarctica increases, the
saturation vapour pressure will increase also. Scientists suggest that the atmosphere
above Central Antarctica will then contain more water vapour, ahd as a consequence,
ice masses wilt accumulate. This leads to the situation that ice masses wounld increase
with air temperature.

Recent computations suggest that the net effect is small: the accumulation of snow
on Central Antarctica and the ablation on Greenland and the edges of the Antarctic
continent are somewhat in balance. However, this is a temporary situation. In the
long run (centuries to millennia, if the warming would last that long), mass loss on
Greenland will probably dominate [Oerlemans, 1993]). Meanwhile, there are scientists
[e.£. Miller and De Vernal, 1992] who predict that global warming could lead to an
accumulation on polar ice-sheets. This would dominate all other contributions during
global warming, resulting in a possible sea level fall of -0.7 m/c.

4. Disintegration of West Antarctic ke Sheets

During the first period of attention for the issue of greenhouse effect and sea level
rise, several authors, such as Mercer, Thomas ef al., Lingle and van der Veen [from
IPCC, Houghton et al., 1990], have argued that the West Antarctic Ice Sheets (WAIS)
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Figure 3.6: Historic variations in the length of some glaciers throughout: (a)} Europe, and
(b) the world over the last centuries. From [PCC [Houghton ef of., 1990]. Ad a.: Data from
Bjornsson [1979]; Ostrem et al. [1977); Kasser [1967, 1973]; Kasser and Haeberli [1979);
Muller [1977]; Vivian [1975] and Haeberli [1985]. The position of the glacier tongue is
given, relative to the axis that is determined by the average position of the glacier tongue
during the whole record. Ad b.: Data from Grove [1988] and other sources. Copyright
(1990 Intergovernmental Panel on Climate Change, reprinted by permission of the Press
Syndicate of the University of Cambridge.

(figure 3.7} might be sensitive o small variations in sea level or meliing rates of the
ice shelves. Then, it might be possible that grounded ice starts to float, which could
be the beginning of the disintegration of the WAIS, resulting in a sea level rise of
5 to 6 m within a few centuries. Though many aspects still need more research,
the present consensus is that the early estimates of the sensitivity of the WAIS were
exaggerated.
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Figure 8.7: Map of Antarctica. The following areas can be distinguished: Central Antarc-
tica (*East Antarctica’) with the station Vostok; the two major West Antarctic Ice Sheets:
the Ronne-Filchner ice shelve and the Ross ice shelve (the two large black areas); and some
smaller polar ice sheels at the edges of the Antaictic continent.

3.5 Sea level variations in the past

Since the creation of the Earth, climate, atmospheric temperature and thus sea level
have changed. By analysing sea leve] variations during different periods of time in the
past, the mechanisms involved are better understood. Accordingly, scientists may be
able to give more reliable prognoses of sea level rise.

In this section, the variations in sea level during three different periods m the past
are presented: (1) the Cenozoic: Tertiary and Quaternary periods; (2) the Holocene;
and finally (3) the last few centuries.

ad 1. The Cenozoic: Tertiary and Quaternary periods

Cycles of cold periods on the Earth (Ice Ages) alternated by warm periods (inter-
glacial eras) have already occurred for many millions of years. For instance, the
Quaternary is characterized by an alternation of several warmer and colder phases,
whereas the uppermost cold phases (Elsterian, Saalian, Weichselian) comprise some
interphases of less severe cold (Zagwijn el al., 1986].

Figure 3.8 shows the relative sea level variations during the Tertiary and Quater-
nary periods. The sea level during the Early Tertiary period was, in general, higher
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Figure 3.8: Relative sea level curve during the Cenozoic: Tertiary and Quaternary periods.
Modified from Vail, Mitchum, and Thompson [1977], figure 3. From Meisler et ol {1984].
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Figure 3.9 Sea level curve. Modified from Zellmer [1979)], figure 17. From Meisler et al.
[1984].

than during the Late Tertiary period. Figure 3.9 displays the sea level during the
last. 900,000 years, when the mean sea level was approximately 45 m below present
M.S.L. It is clear that the present sea level has a high posilion.
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ad 2. The Hoelocene

At this moment, the Earth finds itself in an interglacial era. The last lce Age the
Weichselian lasted for 60,000 years. Since the beginning of the Holocene era (about
10,000 year ago), the climate has become warmer. As a result, sea level has risen.
As can be seen in figure 3.1, the Netherlands are situated in the sea-level zone 2. In
figure 3.10 a more detailed time-depth diagram for the Netherlands is shown with the
sea level trend curves during the last 8000 years [van de Plassche, 1982a, 1982h]. Tt
shows that during the last millennia, sea level rose less than during the first millennia
of the Holocene. Keeping this in mind, it is remotely possible that sea level will rise
several tens of metres during the next millennia, because the amounts of ice masses
stored in mouniain glaciers, small icecaps and in the polar ice sheets of Greenland
and Antarctica, which will participate in the melting process, are relatively smail.
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Figure 3.10: Time-depth diagram with sea level trend curves for the Netherlands, devel-
oped by Louwe Kooijmans [1676], Jelgersma (1979] and van de Plassche [1982]. From van
de Plassche [1982a, 1982k]. Source: Mededelingen Rijks Geologische Dienst, Vol. 36-1, p.
85. Reprinted with permission of van de Plassche and the Rijks Geologische Dienst.

A promising pilot area in the world for research on the possible impacts of the
global sea level rise is the Caspian Sea, which has a present level of about -28 m with
respect to M.S5.L. During the Holocene, the Caspian Sea has shown great sea level
oacillations, probably due to eustatic and isostatic changes [Pirazzoli, 1991}, The sea
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water level in the Caspian Sea was subject to at least four major oscillations of §
to 10 m for the last 10,000 years. Especially during historic times, strong sea level
fluctuations have occurred in the Caspian Sea. For example, during the last decade
the sea level has risen one metre.

ad 3. The past few centories

Since about the beginning of the Industrial Revolution, a deviation in the trend of
sea level rise can be detected. This is illustrated for example in figure 3.11, where
the mean sea levels of Amsterdam, Brest, Den Helder and 'Global’, explicitly show a
deviation in the trend of sea level rise.
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Figure 3.11: Mean (custatic) sea levels of Amsterdam, Brest, Den Helder and Global mean,
put together in one figure. The sea levels of Amsterdam are measured till 1932, when the
inlet of the 1Jaselmeer (former Zuiderzee) was closed by a dam (the so-called Afsluitdijk).
The Global mean sea level is derived by Gornitz et al. [de Ronde, 1988]. By courtesy of de
Ronde.

Table 3.2 shows the results of various scientists who have estimated the change in
mean 'global’ sea level during the past century. In conclusion, the sea level has risen
about 10 & 20 cm per century during the period 1880-1980, whereas no author gives
a sea level rise of more than a few decimetres over this period. Barnett’s estimates
show that during the past fifty years sea level has risen faster than during the first
fifty years of the period 1880-1980.

The estimates of the IPCC [Houghton et al., 1990] have the same tenor. The
panel judges that:

“the average rate of rise over the last 100 years has been 1.6-2.0 ynm per
year.”



3.6. Predicticns of future sea level rise 83

Table 3.2: Estimates of mean global’ sea level increase. From Lisitzin [1974]; Barnett
[1983); Robin [1986] and [PCC [Houghton et al,, 1990].

Author L | Rate (¢m/c) | Comments ]
Thorarinsson [1940] >5 Cryologic Estimate
Gutenberg [1941] 11+ 8% 1807-1939 (69 stations)
Kuenen [1950] 12 - 14 -1942 Different Methods
Lisitzin [1958] 11.2 4+ 3.8f | 1807-1943 (six stations)
Wexler [1961] 11.8 Cryologic Estimate
Fairbridge & Krebs [1962] 12 1900-1950 (selected stations)
Emery et ¢l [1980] 30 1935-1975 (many stations)
Gornitz et al. [1982] 12* 1880-1980 (many stations)
Klige [1982] 15 1900-1975 (many stations)
Barnett {1983] 15.1 4+ 1.51 | 1903-1969 (selected stations)
Barnett [1984] 14.3 + 1.4f | 1881-1980 {many stations)
Barnett [1984] 22.7 + 2.3% 1930-1980 (many stations)
Gornitz & Lebedeff [1987] 12 £ 3t 1880-1982 (130 stations)
Barnett [1988] 11.5 1880-1986 (155 stations)
Peltier & Tushingham [1989, 1990] | 24 + 9t 1920-1970 (40 stations)
Trupin & Wahr [1990] 17+131 1000-1980 (84 stations)
* = 12 ¢m/c is the uncorrected value: 10 cm/c is corrected for crustal motion

{long range trends, e.g. residual isostatic uplift of continents),
1 = value plus 95 % confidence interval.
1 = mean and standard deviation.

and that

“there is no firm evidence of accelerations in sea level rise during this
centyry {although there is some evidence that sea level rose faster in this
century compared 1o the previous two centuries}.”

3.6 Predictions of future sea level rise

It is difficult to prove what part of sea level rise is the result of climate changes
caused by human activities or by natural processes. For instance, in order to detect
the specific part of sea level rise caused by human activities, scientists should detect
about one millimetre sea level rise per year in a wave-amplitude of e.g. one metre.
Therefore, it will probably take quite a few years before the scientific community can
statistically confirm that an accelerated sea level rise occurs due to human activities.
As a firet step towards a persuasive confirmation, variations in sea level should be
observed more intensively through related tide gaunge networks around the world.
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Even so, many scientists have even so attempted in the meantime to predict the rise
in sea level, especially for the next century.

First, in this section, the two processes are described that determine the prognoses
of the future sea level rise. Second, the different contributions to the sea level rise (see
also section 3.4) are specified for one particular prognosis. Third, some prognoses of
future sea level rise for some specific years are given. Fimally, fuiure sea level rise
scenarios are selected, that are applied in the procedure of numerical groundwater
modelling.

Processes of future sea level rise

The two processes that determine the prognoses of sea level rise are:

1. Natural processes
Natural changes in climate with short (order of decades or centuries} and long
(order of millennia) response-time scales will influence the future sea level rise.
Although sea level has not risen much during the past millennia (see figure 3.1Gj,
still no steady state situation is reached.
Short response-time scale processes are associated with apper oceanic layers and
adjustment of smail glaciers. Response-time scales of the order of a century are
assoclated with deeper oceanic layers and larger glaciers.
Long response-time scale processes are the melting of continental jce sheets and
resultant adjustment of the Earth’s crust to changing ice loading, which could
lead to relative sea level rise [Robin, 1986]. For instance, since the end of the
last Ice Age Scandinavia is rising, whereas, at this moment, some parts near the
Dutch coast (Noord-Holland and the area near Rotterdam) are falling more than
-0.08 m/e [Noomen, 1989]. This process of land-subsidence is indirectly taken
into account in the scenario g. land-subsidence in section 9.3. In most cases,
however, land-subsidence is small in the Netherlands and it can be neglected
with respect to the sea level rise.

2. Human activities

Human activities, such as the extra emission of greenhouse gases, accomplish
the changes in climate. They are probably amplifying the greenhouse effect.
Therefore, in addition to sea level rise caused by natural processes, sea level is
now also rising due to human activities. The response-time scale appears to be
short, just in the order of decades.

According to Sahagian et el [1994], anthropogenic contributions have lead to
at least a third of the observed sea level rise in the twentieth century. They
have evaluated that human activities, such as storing water in reservoirs (which
results in a sea level fall), deforestation, groundwater withdrawal, surface water
diversion, destruction of wetlands and land-use changes, have directly affected
the level of the sea.
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Contributions to future sea level rise

Some scientists, such as Oerlemans [1989, 1993], predict the future sea level zise by
subdividing the coniributions into the four groups of section 3.4: In figure 3.12, the
predicted contributions to changing sea level is demonstrated in case of the 1985 Vil-
lach I temperature scenaric {figure 3.5). The most important contribution appears
to be the thermal expansion of ocean water, directly followed by the melting of moun-
tain glaciers and small icecaps. The coniributions of Greenland, Antarctica and the
West Antarctic Tce Sheets almost compensate each other. Since for the 1985 Villach
I1 temperature scenaric (figure 3.5) a standard deviation is given, also the probabil-
ity distributions of sea level rise can be determined. This is done in figure 3.13: it
indicates how rapid uncertainties of the prognosis of future sea level grow in time
[Oerlemans, 1939].
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Figure 3.12: Estimated contributions to sea level change for the 1985 Villach II temper-
ature scenario of figure 3.5. Modified from Oerlemans [1989]. Source: Oerlemans, J. A
projection of Future Sea Level. Clim. Change, 15: 151-174, p. 167. Copyright © 1989
Kluwer Academic Publishers, reprinted by permission of Kluwer Academic Publishers.

Still, some scientists suggest that global warming might lead to growing of ice-
sheets. For instance, Miller and De Vernal [1992] examined & recent geological record
of 130,000 years to present. They found that accumulation on ice-sheets by ice-sheet
growth at high northern altitudes (65-80°N) occurred for climate conditions at the
begin of the last glacial cycle, under climate conditions rather similar to the present
conditions. As a result, they suggest that this accumulation on polar ice-sheets can
contribute to sea level rise with a (negative) rate of up to -0.7 m/e.
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Figure 3.13: Probability distributions of sea ievel relative to 1985, for some selected times.
From Oetlemans [1989]. Source: Oerlemans, J. A projection of Future Sea Level. Clim.
Change, 15: 151-174, p. 169. Copyright © 1989 Kluwer Academic Publishers, reprinted
by permission of Kluwer Academic Publishers.

Prognosis of future sea levels for some specific years

It is easy to understand that, after analysing quite a few prognoses of sea level rise,
the prognoses by scientists are not very consistent, as so many mechanisms that
determine the sea level rise are quite indistinct.

In table 3.3 a few prognoses of the future sea level rise at specific years are
summarized. Because many prognoses are calculated with different scenarios and
parameters, a straightforward comparison is not entirely possible. Various other
prognoses of sea level rise (without projections in specific years} are:

¢ Revelle predicted in 1983 that the sea level rise is likely to be 70 ¢m in 2085
relative to 198(). He ignored {(and not added) the impact of global warming on
Antarctica, though he noted that the latter contribution is likely to be 1 to 2
mfe after 2050 [Titus, 1987].

s The USA National Academy of Science Polar Research Board [1985] predicted
a sea level rise between 50 and 200 cm in 2100 relative to 1980 [Titus, 1987).

@ Robin [1986] estimated, based on a linear relation between sea level change and
global temperature trend), that:
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Table 3.3: Comparison of prognoses of future sea level rise in cm relative to 1980, except
for the prognosis of Oerlemans which is relative to 1985.

| Author | 2000 2025 | 2050 | 2075 2100 |
Extrapolation of historic data® 2.3 | 4.5-6.8 | 7-10.5 | 9.5-14.3 12-18 |
Hoffman et ol [1984]°
- Conservative Scenario 48 13.0 238 38.0 56,2
- Mid-range Moderate Scenario 8.8 26.2 52.3 91.2 144.4
- Mid-range High Scenario 13.2 393 78.6 136.8 216.6
- High Scenario 17.1 54.9 | 116.7 212.7 345.0
Robin {1986]° 25.1 52.6 70.8 89.1
Qerlemans [1989] 20.5 33.0 50.5 65.6

* The historical sea level rises have been estimated by Barnett [1983] and Gornitz et
al, [1982): 10 3 1§ cm per century in the period 1880-1980. The data are based on
measurements of sea level variations with tidal gauges at particular locations
over the past century-

® Hoffinan et al. [1984] made projections of sea level rises for the next century at in-
termediate years, based on special cese scenarios for changes in greenhouse gases.
They assumed that the glacial contribution would be one to two times the contri-
buticn of thermal expansion.

¢ These prognoses were calculated by Rebin from the sea level-time regression (lin-
ear relationship) to estimate sea level rise for 2 3.5 K warming [Oecrlemans, 1989].

“the prediction of global warming of 3.5°C £ 2.0°C due {0 COy dou-
bling over the nexl century would lead to o sea level rise of T

om.”

o In the statement of the Villach II Conference, Austria, in 1985 the following
future sea level rise is predicted:

“on the basis of ebserved changes since the beginning of this century,
global warming of 1.5°C to 4.5°C would lead to a sea-level rise of
20-140 centimeters” [Bolin, 1986).

The following fature sea level rises are presented in two impact studies that predict
the effects of climate change ou society:

e In the ISOS-study (see subsection 2.5.2) [Wind, 1987; Delft Hydraulics, 1388],
the following three scenarios of sea level rise are proposed for the period 1990-
2090: (1) the high scenario 85 cm, (2) the middle scenario 60 em, and (3) the
low secenario 35 cm.

o In IMAGE (see subsection 2.5.2), four different scenarios for emissions of the
most important greenhouse gases are applied to determine the future sea level
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rise (see table 3.4).

Table 3.4; Four scenarios of futnre sea level rise in the period 1985-2100, as input in the
IMAGE model (in cm relative to 1985). From den Elzen and Rotmans [1988].

| Scenarios of greenhouse gases in IMAGE ]| 2000 [ 2025 | 2050 [ 2075 { 2100 |

Scenario A: unrestricied trends 67 | 21.1 | 389 | 61.1 | 86.5
Scenario B: reduced trends 63 | 187 | 336 | 505 | 67.8
Scenario C: changed trends 6.0 | 178 | 288 | 41.3 | 53.8
Scenario D: forced trends 58 | 168 | 2451 332 | 41.8

Finally, the prognoses of the IPCC are given in table 3.5. The IPCC employs simple
madels to calculate the rise in sea level to the year 2100, relative to 1990. The best
estimate of global mean sea level rise under the JPCC Business-as-Usual emission
scenario A is about 60 ¢m over the next century with an uncertainty range of 30 to
100 em per century. Note that the rise will not be linear in time, but is supposed to
accelerate as a function of time. In table 3.5, also the best estimates of sea level rise
of the three other policy emission scenarios of the greenhouse gases are given.

Table 3.5: Four scenarios of future sea level rise in the period 19902100, determined by
the IPCC (in ¢m relative to 1990). From IPCC [Houghton et al., 1990).

| Greenhouse gases scenarios in IPCC | [ 2030 ] 2070 | 2100 |
- high [ 29T 71 [ 110
Scenaric A: Business-as-Usual best estimate || 18 44 66
low 8 21 31
Scenario B: Low Emission best estimate || 16 32 47
Scenario C: Control Policy best estimate || 15 29 40
Scenario D: Accelerated Policy best estimate I4 26 34

Scenarios of future sea level rise

As could be seen, many prognoeses of future sea level rise are possible, In order to
reckon with all realistic prognoses, six sea level rise scenarios are selected:

1. no sea level rise,
2. a sea level fall of -0.6 m/e,

3. a natural sea level rise of 0.15 m/c,
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4, a sea level nse of 0.6 m/e, which is the best estimate according to the IPCC
[Houghton et ¢l., 1990] during the next century,

5. a sea level rise of 1.0 m/c,
6. an ertreme sea level rise of 1.5 m/c,

In the procedure of numerical groundwater modelling, all six sea level rise scenarios
are applied in chapter 8, whereas only the scenarios (1), (2) and (4) are applied in
chapter 9 to arrive at a comprehensive view over the results of the simulations.

3.7 Conclusions

Climate changes especially because of disturbances in the balance of incoming and
outgoing radiation energy. The concentration of greenhouse gases in the atmosphere
influences the energy balance. The higher the concentration of greenhouse gases in
the atmosphere, the more energy is absorbed by the atmosphere. As a result, the
atmosphere will warm up: this is the greenhouse effect. Of all greenhouse gases,
carbon dioxide (CQ3) 1s the most important greenhouse gas, though water vapour
influences the greenhouse effect in about the same order of magnitude as all other
greenhouse gases together.

When the temperature tises, feedbacks such as ice and snow, water vapour and
permafrost substantially amplify the greenhouse effect. On the other hand, the sci-
entific community believes that the oceans counteract the greenhouse effect, because
large amounts of C'(?z and heat can be stored into the deep oceans. Furthermore,
the influence of clouds on the greenhouse effect is still too indistinct, though several
scientists assurne that clouds counteract the greenhouse effect.

Until the beginning of the Industrial Revolution, a complex self-regulating geo-
sphere-biosphere system had determined the concentration of the greenhouse gases.
However, from about 1850 on, human activities have increased the concentration of
greenhouse gases in the atmosphere due to deforestation, changes in land use, and
burning of biomass and fossil fuels. Scientists predict that as a result of human activ-
ities, between 2050 and 2100 the concentration of greenhouse gases in the atmosphere
will probably have doubled compared to that at the beginning of the Industrial Rev-
olution. As a result of the established enhanced greenhouse effect, the temperature
will probably have risen approximately 3 °C with an uncertainty range of 1.5-4.5 °C.

An important consequence of global mean temperature rise is sea level rise. The
following physical processes contribute te sea level rise: thermal expansion of ocean
water; melting of mountain glaciers and small icecaps, and ablation of polar ice sheets.
Note that accumulation on polar ice sheeis contributes to sea level fall, whereas the
present congensus is that the West Antarctic Ice Sheets do not disintegrate during
the next century. At the beginning of the Holocene, which started about 10,000 year
ago, the sea level has risen a few tens of metres within a geologically short period of
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some millennia. By contrast, during the last three millennia, the sea level has not
risen more than a few decimetres. In the period 1880-1980, the sea leve] has risen
only about 10 & 20 em per century.

As the present era is an interglacial, the level of the sea is already high and
relatively small amounts of ice masses are stored. Therefore, a sea level rise of
only several decimetres for the next century is to be expected. The present range
of predictions of the future sea level rise for the next century is rather consistent:
in the range of 30 to 100 cm. The main contributors to this sea level rise will be
thermal expansion of ocean water as well as melting of mountain glaciers and small
icecaps, whereas accumulation on and ablation of polar ice sheets are supposed to be
in balance.



Chapter 4

Selection of a suitable model

4.1 Introduction

Groundwater flow models applicable in this study are devices which are able to sim-
ulate groundwater flow regimes along the Dutch coast. Mostly non-uniform density
distributions occur in these Dutch geohydrologic profiles with Holocene and Pleis-
tocene deposits of marine and fluviatile origin, as the present situation is the result
of various processes during geological history [e.g. Meinardi, 1973; Maas, 1989).

Only three groundwater flow models, which are capable of simulating the rele-
vant processes involved, have been selected for further analysis: the adapted MOC
model {Method Of Characteristics), SUTRA (Saturated-Unsaturated TRAnsport)
and SWICHA. The adapted MOC model and SUTRA are two-dimensional models,
whereas SWICHA is a three-dimensional model, In this chapter, it is demonstrated
that the adapted MOC model is preferred above SUTRA and SWICHA. Simula-
tions will show that only this adapted MOC model is capable of simulating the
actual hydrodynamic dispersion by means of small dispersivities, whereas the other
two models cannot aceurately match caleulated salinity profiles with observed ones.
These shortcomings of SUTRA and SWICHA are caused by numerical approxima-
tions in the process of spatial discretization, resulting in severe numerical dispersion
and oscillation?,

In section 4.2, various models and solution techniques, that are capable of han-
dling variahle density groundwater problems, are summarized. In section 4.3, the
pregram of requirements of snitable models is specified. In section 4.4, truncation
and oscillation errors, which occur in groundwater flow models, are briefly discussed.
In section 4.5, the influence of longitudinal dispersivities on the solution is pointed
out by simulation of the groundwater flow in a profile through Noord-Helland with
the three selected models. Finally, the choice of the adapted MOC model, preferred
above SUTRA and SWICHA, is argued in section 4.6.

10seillation means that the maximum and minimum solute concenirations, that are originally
inserted in the model, are over and undershot.

9
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4.2 Enumeration of groundwater flow models

In the past, the behaviour of density dependent groundwater flow has been investi-
gated by means of analogue models (e.g. the Hele Shaw model and electric models
[Bear, 1972]) as well as by means of models which apply analytical methods (e.g. the
hodograph method),

Since computers appeared on the scene, mathematical models? gained ground.
At present, a large number of mathematical models is available, which are capable
of handling fresh and saline groundwater flow in aquifer systems. They are subdi-
vided into analytical and numerical models. The analytical models are based on (e.g.
Laplace} transformations and the hodograph method (¢conformal mapping), whereas
numerical models are based on computer codes. A computer code solves (partial
differential) equations by means of numerical methods on a digital computer.

Sharp interface models: Badon Ghyben-Herzberg principle

The Badon Ghyben-Herzberg principle (see also subsection 2.4.2) can be applied to
gain a clear insight in the behaviour of fresh and saline groundwater, though some
restrictions on the applicability of the principle should be considered. Two restrictions
are mentioned here.

First, the Badon Ghyben-Herzberg principle only approximates the actual occur-
rence of fresh, brackish and saline groundwater in the subsoil. The principle can
only be applied in case the brackish zone between fresh and saline groundwater is
only a few percents of the thickness of the saturated freshwater body. Subsequently,
the situation can be schematised by a fresh-salt interface. In practice, the maximum
thickness of the brackisk zone that is allowed should be in the order of several me-
tres only. This condition applies only in rare situations where the freshwater lens is
evolved by natural recharge, as occurs in sand-dune areas or in (eoral) islands.

Second, the Badon Ghyben-Herzberg principle assumes a hydrostatic equilibrium,
whereas in reality the groundwater flow regime might considerably deviate from this
equilibrium situation. In those cases, e.g. in freshwater bodies near the shoreline, the
Badon Ghyben-Herzberg principle should not be applied, as the computed position
of the sharp interface significantly deviates from the actual position as the coast is
approached.

The shatp interface models are still widely applied. These models are based on the
(Badon Ghyben-Herzberg) assumption that a sharp interface between fresh and saline
groundwater is able to represent the actual sitwation. Techniques, that apply sharp
fresh-saline interfaces, are given by e.g. van Dam [1976]; Bear and Kapuler [1981];
Wilson and Sa da Costa [1982]; van Dam and Sikkema {1982]; Kashef [1983a, 1983b];
Essaid [1986); Bear and Verruijt [1987: Beaversoft]; IWACO [SALINA, 1987]; Chan

244 mathematical model simulates groundwater Bow indirectly by means of a governing equation
thought to represent the physical processes that occur in the system.” [Anderson and Woessner,
1992).
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Hong et al [1989] and Olsthoorn {1993]. Most of the calculation methods are based
on the finite-element method ot the finite-difference method. Also other technigues
are applied to solve groundwater flow in combination with a sharp interface, such as
the boundary-integral-equation methed [e.g. van der Weiden, 1988); the analytical
element method [e.g. Strack, 1989]; and the method based on the vortex theory which
has an analytic character [e.g. de Josselin de Jong, 1977; Haitjema, 1977; Peters,
1983].

Solute transport models

In most of the cases, a relatively thick brackish zone® is present, since saline and
fresh groundwater have mixed because of, among others, hydrodynamic dispersion.
For exarople, Cooper ¢f al [1964) found that circulation of brackish water occurs in
the Biscayne aquifer near Miami due to inflow of saline groundwater in the lower
part. of the coastal aquifer and hydrodynamic dispersion. The brackish zone of the
coastal aquifers is also increasing due to the tidal regime and human activities, such
as (artificial) recharge and groundwater extraction at high and variable rates.

Under such conditions, models are required that are more sophisticated than
models just with expressions for sharp fresh-salt interfaces, namely models which take
into account variable densities. In this chapter, these models are referred to as solute
transport models. As the solute transport models apply numerical schemes, they can
also be utilized to simulate groundwater flow regimes with complex geometries and
salt-fresh inversions.

Various calculation methods have been developed to simulate the density depen-
dent flow of groundwater in combination with the (complicated} transport of solute.
Four major methods that solve the groundwater and solute equations are [Kinzel-
bach, 1987a]: (1) the finite-difference method; (2) the finite-element method; (3) the
random walk method; and (4) the method of characteristics. Suitable computer codes
are already available since at least two decades.

Several two-dimensional models, which take mto account the sclute {advection-
dispersion) transport, apply the finite-difference method, such as a model by Pinder
and Cooper [1970], MOC [Konikow and Bredehoeft, 1978] which has been adapted
for density differences by Lebbe [1983] and MOCDENSE by Sanford and Konikow
[1985]. These models also utilize the method of characteristics by means of parti-
cle tracking for solving the solute equation. Other models apply the finite-element
method, such as models developed by Lee and Cheng [1974], Segol et al. [1975], Frind
[1982], SUTRA [Voss, 1984] and Galeati et af. (1992].

Three dimensional models, that represent solute transport, are INTERCOMP
[1976], INTERA [1979], HST3D by Kipp [1986], SWICHA by Lester [1991] and
METROPOL by the Dutch National Institute of Public Health and Environmental
Protection RIVM [Sauter ef ef. 1993]. The NAtional GRondwater Model (NAGROM),
developed by de Lange [1991), is a model based on Strack’s analytical element method

30ther terms are the mixing zone, zone of dispersion or transition zone.
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[Strack, 1989]). The advantage of this model is that refinement of the discretization
can easily be accomplished. From April 1995, it is ready for use for density de-
pendent groundwater flow regimes in the Netherlands. The model departs from a
quasi-dynamic density distribution. Hydrodynamic dispersion will be implemented
in the model after 1996. A recently (1994) new released model is the modular three-
dimensional transport model called MT3D that is completely compatible with the
well-known MODFLOW model [McDonald and Harbaugh, 1984]. MT3D applies the
method of characteristics, the modified method of characteristics or a hybrid of these
two methods,

The U.S. Geological Survey is one of the leading institutes in developing two and
three dimensional groundwater flow models. Important distributors of affordable
models are, among others, the International Ground Water Modeling Center [1G-
WMC: Delft, the Netherlands and Golden, U.S.A ., 1992] and the Scientific Software
Group, Washington D.C. U.S.A. [1995].

Reviews of literature on fresh and saline groundwater ahd available computer
models are given in e.g. Bachmat ¢ ol [1980], CHO-TNO [1980], Reilly and Good-
man {1985], Custodio et ¢l [1987], Thorborg and Jousma [1989] and Strack [1989].

4.3 Program of requirements

A numerical model, which is applied to simmlate groundwater flow in a coastal geo-
hydrologic system, must be validated with available groundwater data in order to
prove its predictive capability, accuracy and reliability.

A sea level variation can be simulated by changing the piezometric level at the
seaside boundary. Note that a sea level rise can be considered as only one specific
scenario among many scenarios such as human interventions (e.g. land reclamation,
groundwater extraction and deep-well infiltration). Once the groundwater flow model
has proven its credibility, it can also be applied to simulate the groundwater flow in
any other scenatio.

Sharp interface model versus solute transport model

As broad transition zones are present in Dutch coastal groundwater flow regimes,
models have to be applied which can represent the transition zone between fresh,
brackish and saline groundwater. As such, sharp fresh-salt interface models are
unsuitable?, whereas solute transport models should be applied which take into ac-
count density differences. They are able to simulate, among others, changes in solute
concentration, changes in volumes of freshwater in sand-dune areas and changes in
the salinity of seepage in low-lying polder areas.

#Notwithstanding the restrictions of the straightforward sharp interface models, they can be
applied as an educational means to get more insight in the behaviour of coastal groundwater flow
regimes in case boundary conditions change.
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Two-dimensional versus thrae-dimensional models

Though two-dimensional groundwater flow models require quite some effort before
they are completely understood, they can be applied in various situations. Obviously,
an important restriction of these codes is that only two-dimensional profiles can be
simulated. Therefore, a proper profile should be carefully selected.

It may happen, however, that the groundwater flow perpendicular to the coastline
is disturbed in such a way that the schematisation of the actual situation by a two-
dimensional profile cannot be allowed any more. Such situations occur for instance
in the vicinity of polder areas where the controlled phreatic groundwater levels have
led to radial flow patterns, or in the vicinity of singular wells where groundwater is
exiracted.

Under those circumstances, three-dimensional models shouid be applied to simu-
late density dependent groundwater flow. The application of these three-dimensional
models on a broad scale is still at a primary stage. Three-dimensional models natu-
rally require even more effort to be understood, implemented and utilized effectively
than two-dimensional models.

Availability of data

An important aspect for the calibration of numerical models is the availability of
groundwater data. Data, such as subsoil parameters, groundwater extraction rates,
and salinity and piezometric level distributions as a function of space and time, are
necessary to calibrate the applied groundwater flow model as accurately as possible.
Regrettably, in many cases sufficiently reliable data are scarce. For instance, cali-
bration of groundwater flow models with salinities changing over time is still rather
laborions. As it takes quite some years before an accelerated salinisation can be de-
tected, long time series of monitored salinities have to be available. Unfortunaiely,
long time series are available only occasionally.

Obviously, the availability of enough reliable data is even more pinching for three-
dirnensional models than for two-dimensional models.

4.4 Numerical accuracy and stability

The numerical approximations, that define the derivatives of the groundwater flow
and solute transport equations, may introduce truncation and oscillation errors. As
such, these errors limit the techniques that solve the partial differential equations.

Artificial numerical dispersior may occur in the solution of the solute concentra-
tion as a result of numerical approximation of the nonlinear solute transport equation
{see figure 4.1). 1t depends on the applied discretization scheme of the advective
term in the solute transport equation whether or not a truncation error occurs. This
truncation error has the appearance of an additional dispersion-like term. It may
dominate the numerical accuracy of the solution.
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Over and undershooting of the solute concentration values, which is called os-
cillation (see figure 4.1), may lead to escillation errors in the solution of the solute
concentration. If the oscillation reaches unacceptable values, the solution may even
become unstable.

Concentration Concentration

A h Overshooting
N

C
C Exact solution

e X
Numnerical dispersion Oscillation (‘U‘nde,shm,ing

Figure 4,1; Schematisation of numerical dispersion and oscillation.

There exists a close relation between numerical accuracy (numerical dispersion)
and stability (oscillation) [Peaceman, 1977; Pinder and Gray, 1977]. In fact, numer-
ical dispersion acts to stabilize the solution of the equation. Numerical dispersion
spreads the sharp front by generating a solution which applies a greater dispersion
than the hydrodynamic dispersion. In order to suppress the numerical dispersion,
the numerical scheme (spatial as well as temporal) can be adapted. Meanwhile, this
scheme may lead to over and undershooting, and subsequently, oscillation can be
amplified. For these reasons, the discretization scheme should be chosen carefully in
order to control both numerical accuracy and stability.

441 Numerical dispersion

Standard finite-difference methods may generate significant truncation errors. In this
subsection, a one-dimensional schematisation is applied to demonstrate in a simple
way the principle of assessing truncation errors. The standard (one-dimensional)
advection-dispersion equation is defined as follows:

ac oc 8C
ﬁ.{ = -—*VEE +Dh§£§ (41)

where
¢ V' = real velocity of groundwater (L7},

s D, = hydrodynamic dispersion (L? T—1).
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Approximations of the first-order derivatives generate errors in the order of magnitude
of the second-order derivatives. This can be shown by using Taylor series expansions
[e.g. Lantz, 1971; Bear and Verruijt, 1987]. The truncation errois depend on the
chosen numerical approximation scheme, presented and discussed below:

» Forward difference in time {explicit)
A truncation error in the time derivative may cause numerical dispersion for
the finite-difference approximation in time:

ac _Ccu+ AN -c@ty 1,..,8°C
B a3t (4.2
By applying the original equation 4.1, this expression can be rewritien as [Lantz,
1971):
_ 2
9C _C+ A -Ct) L1y, 8¢ (4.3)

ot At 2 a2

Accordingly, the term which contributes to the numerical dispersion is — 3V 2At,
In table 4.1 the truncation error forms for the one-dimensional equation are
summatrized.

Table 4.1: Summary of numerical dispersion for the one-dimensional equation. Modified
from Lantz [1971]; INTERCOMP {1976]; Bear and Verruijt [1987].

Approximation scheme Numerieal dispersion
Time | Spatial Truncation error
FIT: forward in time | BIS (upstream) + ¥ _ VoAt
(explicit) CIS (centered) — V:T""“—
BIT: backward in time | BIS (upstream) Yoz g YA
(implicit) CIS (centered) VoAt
CIT: centered in time | BIS (upstream) oz
(Crank-Nicholson) CIS (centered) none

o Backward differance in time {implicit)
Analogous to the forward difference in time, the backward difference in time
induces an equivalent error in numerical dispersion, though now the sign is
opposite: +5V2At (see table 4.1).

e Central difference in time {Crank-Nicholson})

This scheme is the most often applied second order time approximation, as the
contribution of the time truncation errer to numerical dispersion is removed.
Nonetheless, oscillations in time can still occur [INTERCOMP, 1976},
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¢ Backward difference in space (upstream weighting)

The finite-difference approximations in space also introduce truncation errors.
The backward difference in space approximation derives the following equation
for the term &<.

8C  Clz)-C(z Aa:) &c

= — 3 A .

52 s "eat T (44)
The term % should be multiplied with —V to be inserted properly in equa-
tion 4.1. In the backward spatial approximation, the numerical dispersion D,
due to the truncation error in space is (see also table 4.1):

Doum = +%vm (4.5)

o Central difference in space
As the central finite-difference in space does not generate a space truncation
error of the second-order derivative, no aumerical dispersion due to this ap-
proximation occurs.

0C _ Cla+4Az)-C(z-A &
a - (:B .’(‘.‘)ZAQ: (2 3) +0 ((Ax)2’5x_§) (4.6)

¢ Forward difference in space
Forward difference in space also results in a truncation error term, as the deriva-
tion for the term %BQ gives:
8C _ Clz + Ar) - C(a:) 1, 8%

3 Ax gtz (4.7)

As this spatial difference approximation is not commonly applied for the ad-
vective term, this truncation error is not displayed in table 4.1,

4.4.2 Oscillation

Oscillations may occur in case the total dispersion (that is the sum of hydradynamic
dispersion I, and numerical dispersion D,y ) is negative. To counteract oscillations,
the following expression should be obeyed:

D+ Doy 20 (4.8)

A stability analysis indicates whether or not the approximation scheme for the so-
lute transport equation causes an unstable solution INTERCOMP, 1976; Peaceman,
1977). Various analyses can be applied to determine the stability criteria for each
approximation scheme. Two examples of a central difference in space approximation
scheme are briefly discussed:
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1. Central difference in time (Crank Nicholson)

No numerical dispersion occurs if a central difference in time scheme is ap-
plied in combimation with central difference in space (see table 4.1). Hence,
this approximation scheme seems to be ideal. There is, however, a tendency of
central difference approximations to over and undershoot maximum and min-
imum solute concentrations, and subsequently, oscillations in time are caunsed.
These osciilation errors can be reduced by limiting the time step. The cri-
terion appears to be related to the criterion of the explicit scheme: in fact,
it equals about one-half of the forward in time first order stability criterion
[INTERCOMP, 1976]:

VA
A, <2 (4.9)

2. Backward difference in time (implicit)
No stability criteria exist for implicit schermnes. However, still, a so-called spatial
osciilation may occur in the central in space approximation [Price ef al., 1966;
INTERCOMP, 1976]. In order to limit this oscillation, the following equation
should be fulfilled:
VAz VAz

2 S Dh or Pegrid =

D, <2 {4.10)
where Peg.;q = grid-Peclet-mumber (—), which determines the relative size of
the advective and dispersive fluxes on the level of a discretization element. This
restriction is not really compulsory, because the results can be satisfactory if
Pegriq 18 somewhat greater than 2 though in some places over and undershoot-
ing may occur.

443 Analysis of truncation and oscillation errors

The sclution of the solute transport equation may be faced with difficulties, since
standard finite-difference and finite-element models may yield unreliable results if
the discretization conditions are not met. Although in general, representation of
the dispersion by the finite-element method® is accurate if aumerical dispersion is
small with respect to the hydrodynamic dispersion [Bear and Verruijt, 1987], it is
recommended to analyse the solute transport equation anyway.

In order to quantify numerical accuracy, an eigenveluee analysis of the advection-
dispersion equation should be performed. Such an analysis will demonstrate the
importance of mesh spacing [e.g. Frind and Pinder, 1983]). In addition, a stability
analysis should determine the stability condition [e.g. Peacernan, 1977]. In order to

*The analysis of {fruncation and oscillation) errors due to mumerical dispersion and osciliation
for the finite-difference method by means of central finite-difference approximations is similar for
the finite-element method [Pinder and Gray, 1977, Kinzelbach, 1987a).
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obtain real and distinct eigenvalues, the spatial discretization in the finite-element
formulations should meet the condition [Daus et al., 1985]:

VA
Z <2 (4.11)

Pegrid =

In advective-dominant solute transport, the hydrodynamic dispersion Dy can be ex-
pressed as Dp=ar V (see subsection 5.3.1}, and thus, equation 4.11 becomes:

Azr
Peypjg= — < 2 .
Egrid oL = (4 12)

Daus et al. [1985] derive for the temporal discretization:

At ri
Co = ";E < PC; d (4.13)

where C'o = Courant-number {—). The Courant condition Co is physically interpreted
as the ratio of the advective transport distance during one time step to the spatial
discretization. Figure 4.2 illustrates the Courant condition in a numerical scheme. If
the grid-Peclet-number Pegr;q is assumed to be maximum (that is Pegriq = 2), the
Courant constraint becomes:

Co=—=<1 (4.14)

VAt Var
Co=22 50 Co= 22
o el >0

Figure 4.2: Schematisation of the Courant condition.

Grid-Peclet-numbers and Courant-numbers have been menticned in various quan-
titative descriptions. Whether or not the numerical dispersion is suppressed, depends
on the applied discretization technique applied [e.g. Jensen and Finlayson, 1978;



4.5  Comparison of MOC, SUTRA and SWICHA 1m

Campbell et al., 1981; Voss and Souza, 1987]. In summary, the criteria for the grid-
Peclet-number are:

Pegrig < 2 Finite difference algorithm, central in space
Pegria < 2 Finite element algorithm, linear basic functions
Pegria < 4 Finite element algorithm, quadratic basic functions (4.15)

or, if mechanical dispersion dominates over molecular diffusion:

Ar <2ap Finite difference algorithm, central in space
Ar< 2o Finite element algorithm, linear basic functions
Ar < 4 ag Finite element algorithm, quadratic basic functions (4.16)

It appears that hydrodynamic dispersion is small for geohydrologic circumstances in
the Netherlands. This manifests itself in sand-dune areas along the Dutch coast,
where freshwater lenses with relatively sharp fresh-salt interfaces have been formed.
Computations will indicate that if a great hydrodynamic dispersion {that means great
dispersivities) is simulated, unrealistic solutions are generated (see, e.g., seclion 7.5
and subsection 8.2.3).

45 Comparison of MOC, SUTRA and SWICHA

In this section, the results of the three selected groundwater flow models MOC
(adapted), SUTRA and SWICHA are mutually compared with respect to the mag-
nitude of the longitudinal dispersivity &z, The interest is focused on numerical
dispersion and on numerical stability of the solutions for a case study with a profile
through the sand-dune area of Gemeentewaterleidingen Amsterdam along the Dutch
coast and the Haarlemmermeer polder lying inland of the sand-dunes.

In subsection 4.5.1, the three models are briefly described and some differences
between the models are discussed. Moreover, in this subsection, the maximum num-
ber of grid cells for each model is determined that can be applied under the 8 Mb
Ertended Memory RAM of the applied computer. In subsection 4.5.2, the influence
of the longitudinal dispersivity @y, on the numerical solution is discussed.

45.1 Short description of the three models
The two-dimensional adapted MOC model

The original MOC model is a widely applied and widely accepted groundwater flow
model throughout the world. Version 3.0 of MOC {1989] has been adapied by the
author for density differences, making use of documentation of Lebbe [1983] and van
der Eem [1987]. The adaptation implies that the variations in fluid density now
affect the velocity distribution. In order to obtain the adapted MOC mode! from
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the original MCGC model, small adjustments due to density differences have been
accomplished. As a consequence, the model is capable to simulate density dependent
two-dimensional groundwater flow with solute transport. In chapter 5, an extensive
description of the theoretical background of the adapted MOC model is given.

As MOC applies the method of characteristics to solve advection through a par-
ticle tracking procedure, numerical dispersion is suppressed considerably. This prop-
erty makes the adapted MOC model a very suitable groundwater flow model for
simulaiing groundwater flow regimes with Holocene and Pleistocene deposits of ma-
rine and fluviatile origin such as occur along the Dutch coast.

Note that a computer code similar to the adapted MOC model came on the
market in 1985: MOCDENSE [Sanford and Konikow, 1985]. It is a modified version
of the original MOC medel. Whereas the original and the adapted MOC model
are still based on (freshwater) heads, MOCDENSE is based on pressures. Although
MOCDENSE was remioved from the IGWMC software-list for a few years because
of (small) errors in the computer code, it is gaining ground again [e.g. Calvache and
Pulido-Bosch, 1991]. It is now beginning to enjoy a good reputation with respect to
other solute transport models suck as SUTRA.

The two-dimensional model SUTRA

This paragraph only consists of a summary of SUTRA’s fundamentals, as the manual
of the groundwater flow model SUTRA is well-documented [see Voss, 1984]. The
model has been applied successfully for the simulation of salt water intrusion in
various types of profiles, which is demonstrated in a large number of publications
such as Voss and Souza [1087]; Souza and Voss [1987]; Reilly [1990]; Ghassemi et
el [1990); Samper and Garcia-Vera [1993); Shearer and van Wonderen [1993]; Vogel
et al. [1993]; and Das Gupta and Loof [1993]. Gradually, SUTRA has become a
widely accepted groundwater flow model throughout the world, and accordingly, it
has a prosperous future in store in the field of two-dimensional modelling of solute
iransport in density dependent (coastal) aquifer systems.

SUTRA can simulate two-dimensional density dependent groundwater flow with
(thermal) energy transpors or chemically reactive (single-species) solute transport.
The SUTRA fiow simulation can be applied for areal and for cross-sectional mod-
elling of saturated groundwater flow regimes, and for cross-sectional modelling of
unsaturated zone flow. It applies a weighted residual numerical method combining
Galerkin finite-elements with integrated finite-differences to solve groundwater flow
and transport equations (either energy or solute). As SUTRA is a finite-element
model, the system is represented by nodes and (quadrilateral) elements. The applied
temporal discretization is based on a backward finite-difference approximation for
the time derivatives.

A unique aspect of SUTRA is the availability of a flow-direction-dependent lon-
gitudinal dispersion form (besides the flow-direction-independent form) which allows
the longitudinal dispersivity to vary with direction. However, this feature appears to
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be redundant in this study, as the dispersivities are small in gechydrologic systems
with Holocene and Pleistocene deposits of marine and fluviatile origin such as occur
along the Dutch coast. Longitudinal dispersivities should be in the order of the size
of either the largest geohydrologic or flow inhomogeneities along the transport reach
or of that of the distance between those inhomogeneities, whichever is the greater
value. Narrow transition zones require a careful choice of spatial and temporal dis-
cretization. Voss and Souza [1987] stated that oscillations in the numerical method
do not occur if the following expression is obeyed:

|V‘ A:Cg

(o Wi+ Dg < .17

Pegria =

where
» Ag; = longest distance between sides of an element (L),
¢ |V| = magnitude of the real velocity (LT1),
e D; = molecular diffusion {L2T-1).

This expression appears to be a severe restriction.

The three-dimensional model SWICHA

SWICHA, developed by Lester [1991], is a three-dimensional finite-element computer
code. It simulates variable density fluid flow and solute transport processes in fully-
saturated porous media. The groundwater flow and solute equations are solved by
the Galerkin finite-element technique. An implicit Picard iterative scheme is applied
to treat the nonlinearity of the problems. For a transient solution of the seawater
intrusicn probiem, the Crank-Nicholson time stepping scheme is applied to handle
the temporal discretization. Spatial discretization is performed using rectangular
and triangular elements. A vertical slicing approach can be applied. Various sets of
material properties can describe the subsoil characteristics of aquifers or aquitards in
the geohydrologic system.

The version 5.05 of SWICHA is based on an easlier version described in Huyakorn
et al. [1987). The mentioned problems range from simple one-dimensional to complex
three-dimensional, coupled flow and solute transport.

The solution of the solute transport equation may not converge, if the critical
Peclet-number Pe,,;; is exceeded in an element. In order to solve this problem,
SWICHA has introduced a trick at the uset’s option: a minimum of numerical dis-
persion (the so-called artificial dispersion) is added to the solute transport equation
matrix, until the Peclet-number in that element equals the critical Peclet-number
Pecrqi. Then, spatbial oscillations are suppressed by a factor and, subsequently, the
solution will converge. Especially when the applied dispersivities are small, a lot of
artificial dispersion must be added (see subsection 4.5.2).
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HST3D [Kipp, 1986] is another three-dimensional model that has been considered.
Ossenkoppele [1993] showed in her M.Sc. thesis that modelling the sand-dune area
of Gemeentewaterleidinger Amsterdam along the Dutch coast (dimensions: 12,000 -
20,000 m? by 160 m) with HST3D appeared to be rather complicated. She applied
a Geographic Information System to determine accurately the hydraulic conductiv-
ity matrix of the geohydrologic system. Large dispersivities (e.g. ap=200 m} were
applied as otherwise the equations did not converge to a solution. As a consequence
of stmulations with great dispersivities, excessive hydrodynamic dispersion created
unrealistic extensive brackish zones which could not be matched with the observed
situation. For this reason, HST3D is certain to be unsuitable in this study.

Differences between the models

Implementation of the boundary conditions differs between the adapted MOCT model
and both SUTRA and SWICHA. As MOC is a finite-difference model, the (freshwa-
ter) heads and concentrations are given in the center of a grid cell. This is in contrast
with SUTRA and SWICHA which use the finite-element method. As a consequence,
the heads and concentrations are given in the nodes of the elements (or gnd cells).
Therefore, the freshwater head and the chloride concentration in the vicinity of the
boundary corditions will differ somewhat between the models.

In the adapted MOC model, spatial oscillations of concentrations caused by great
dispersivities do not occur. As such, the convergence of the solution is not directly
influenced by the magnitude of the dispersivities. Hence, the dispersivities that are
applied in the adapted MOC model can remain constant during the simulation. In
hoth SUTRA and SWICHA, however, spatial escillations of concentrations may oceur
when dispersivities are great and the mesh is coarse. In SUTRA, the dispersivities are
not modified automatically, whereas in SWICHA, artificial dispersion can be added,
even if the solution does not converge directly.

In the adapted MOC model, an extra procedure enables the user to simulate a
sea level variation at a selected boundary on every time step the groundwater flow
equation is solved (that is the so-called flow iime step, see subsection 5.2.3). In
the original SUTRA version, however, a scenario with sea level rise cannot easily be
implemented. By contrast, in SWICHA, a sea level variation can easily be simulated,
as time-dependent boundary conditions for the head are implemented in the model.

Number of grid cells

The maximum allowable namber of grid cells, allocated under the 8 Mb Extended
Memory RAMS® of the applied Highscreen computer, has been determined by trial
and error. MOC can reproduce some 20,000 (e.g. 500 - 40) grid cells with 9 particles
per grid cell. SUTRA can teproduce only some 5500 grid cells. The matn reason for

8Note that in a 8 Mb Extended Memory RAM computer, only some 7 Mb is available for execution
of programs.
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this small number of grid cellg relative ta MOC is that SUTRA has to allocate more
arrays. The model applies the finite-element method and it presents more subsoil
characteristics for each element (grid cell) than MOC has. For instance, two arrays
are required for location of the nodes of the elements, one array is required for the
porosity, three arrays for the representation of the permeability and three arrays for
the dispersivities. SWICHA can reproduce some 5500 grid cells in combination with
20 slices.

4.5.2 lInfluence of dispersion on the numerical solution
Introduction

The influence of longitudinal dispersivities on the solution is analysed through sim-
ulation of a specific profile in Noord-Holland with the three selected groundwater
flow models. The profile throngh the sand-dune area of Gemeentewaterleidingen
Amsterdam up to halfway the Haarlernmermeer polder is taken as the reference case.

The schematisation and calibration of this profile will be discussed extensively in
chapter 7. The simulations start with an initial chloride distribution at the beginning
of 1854 AD (see figure 4.3), as it 1s propoesed by Kooiman through ’trial and error’
[1989). Each of the models computes the chloride distribution after a shnulation
time of 134 years, from the reclamation of the Haarlemmermeer polder till the end of
1987. The following longitudinal dispersivities are applied: ar=0.02 m; ep=0.2 m;
ap=2.0 m and ar=20.0 m. In order to compare the three models one with another,
the dimension of the grid cells should be equal for each of the models. The dimension
is set to Az=250 m and Az=10 m. This implies for a profile with the dimensions
12,500 m by 180 m: 50 - 18 = 960 grid cells. Only one slice is modelled in the
three-dimensional model SWICHA.

When a three-dimensional situation has to be schematised, the mumber of elements
in SWICHA would be much more than the allowed 5500 elements (and 20 slices) under
8 Mb Extended Memory RAM. For instance, if the gechydrologic system has the
following dimensions; 12,500 - 10,000 m? by 180 m, and the dimensions of an element
would be Az=250 m, Ay=250 m and Az=10 m, then the program would require
at least 27 Mb Extended Memory RAM. However, in order to obey the numerical
restriction (e.g. Az < 4 ey, see equation 4.16), whereas longitudinal dispersivities
should be small, the chosen horizontal dimensions Az, Ay of the element of 250 m
are very likely to be too large. Moreover, such a number of elements would require
a lot of calculation time. In addition, the simulation time for the impact of sea
level rise on groundwater flow regimes is very likely to be in the order of centuries.
Based on the reflections mentioned above, one can imagine that for the time being
three-dimensional modelling for this specific purpose is still unfeasible.
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Figure 4.3: Initial chloride distribution {values in mg CI™ /i) at the beginning of 1854 AD,
computed for 900 grid cells [Kooiman, 1989].

Discussion

Figure 4.4 shows six chloride distributions in the profile at the end of 1987, after a
simulation time of 134 years. The three models MOC, SUTRA and SWICHA have
simulated the profile in combination with the longitudinal dispersivities ey =0.02 m
and op=20.0 m. In addition, figure 4.5 shows six chloride distributions at the end of
1987 for the three models with o7 =0.2 m and a;=2.0 m.

The calculated chloride distribution matches the observed chloride distribution
best if the longitudinal dispersivity oy is small. The cases with small longitudinal
dispersivities, that is ay=0.02 m and ar=0.2 m, have freshwater lenses that cor-
respond with observations. In all three models, the case with az=2.0 m shows a
freshwater lens that is too small. In all three models, the case with oy =20.0 m does
not simulate a freshwater lens any more. The geohydrologic system consists of only
a large zone with brackish groundwater. Obviously, this situation does not match
reality.

Moreover, as can be seen in the figures 4.4 and 4.5, the chloride distributions by
the adapted MOC model are smooth. This is in contrast with the distributions by
SUTRA and SWICHA. When longitudinal dispersivities are small, these two models
compute inaccurate chloride distributions, and over and undershooting of the maxi-
mum and minimurmn chloride concentration frequently occur.

For instance, table 4.2 shows that in SUTRA over and undershaoting always occur
in several grid cells. The smaller the longitudinal dispersivity, the more grid cells are
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. Figure 4.4: Six chioride distributions (in mg C17 /1) at the end of 1987 for the case with
‘ 900 grid cells, calculated with MOC, SUTRA and SWICHA for o1 =0.02 m and ar=20.0

.

subject to over and undershooting.
When the longitudinal dispersivity is small, the grid-Peclet-number Pegqiq ap-

pears to be very great. Figure 4.6 displays for the adapted MOC model the grid-

Peclet-number in horizontal direction: Pegria, = |Z5f£| (see also equation 5.48).

As the velocities are small near the no-flow boundary at z=12,500 m, the grid-
Peclet-number is smaller there than in the center of the geohydrologic system. The
figure shows that Peg,ig,: is so great that the numerical method of SUTRA obvi-
' ously produces oscillations in the sclution, as the restriction Peg ;4 < 4 predicts (see
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Figure 4.5: Six chloride distributions {in mg C!~ /1) at the end of 1987 for the case with
900 grid cells, calculated with MOC, SUTRA and SWICHA for ¢1=0.2 m and ar=2.0 m.

equatio

n 4.17).

In SWICHA, when the critical Peclet-number Pe..;1=0, the solution does not
even converge in case the longitudinal dispersivity ar equals 0.02 m and 0.2 m.
Therefore, artificial dispersion must be added to the solute transport equation matrix.
In table 4.3 the influence is demonsirated of the critical Peclet-number Pe.yi:, applied
in SWICHA, on the accuracy of the salinity distribution. By decreasing Pe ¢ (10
a minimum of 0.57) more artificial dispersion is added during the simulation. As a
consequence, the over and undershooting decrease in absclute value and in humber

"The smallest critical Peclet-number Pecr;; that is allowed in SWICHA equals 0.5.
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Table 4.2: Influence of the longitudinal dispersivity on the accuracy of the solution: the
minimum and maximum chloride concentrations; and the number of grid cells undershooting
a chloride concentration of 0 mg CI~ /1 and overskooting 17,000 mg CI~ /1.

SUTRA
oy, Minimum Maximum | Undershoot | Overshoot
(m) | (mg Ci=/I) { (mg Ci= /1) | {grid cells) | (grid cells)
0.02 -8707 37,580 66 133
0.2 -7506 25,436 50 130
2.0 -7063 27,089 21 70
20.0 -1958 22,970 6 14
§ Haarlemmermaer
Seq © Sand—dunas Rifnland polders palder
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Figure 4.8: Distribution of the grid-Peclet-number in 2z-direction at the end of 1987. The

simulation is done with the adapted MOC model: 900 grid cells and oz =0.02 m.

of grid cells: viz. less grid cells contain chloride concentrations > 17,000 mg C1= /1
and < 0 mg C1~ /1. In the cases with small longitudinal dispersivities az=0.02 m
and ap=0.2 m, the solution converges for a critical Peclet-number 0.5 < Pe.; £
6. When the critical Peclet-number Pe,.;, is greater than 6, apparently not enough
artificial dispersion is added and the solution does not converge.



110 Chapter 4. Selection of a suitable mods)

Table 4.3: Influence of the critical Peclet-number of SWICHA on the solution: the longi-
tadinal dispersivity; the critical Peclet-number; the minimum and maximum chlortde con-
centrations; and the number of grid cells undershooting a chloride concentration of 0 mg
€1~/ and overshooting 17,000 mg CI™ /. When Pe.y: is set to 0, no artificial dispersion
is added.

SWICHA

a7, | Pegin | Minimum Maximum | Undershoot | Overshoot
(m) | (=) | (mg CU=/D) [ (mg CI=/1) | (grid cells) | (gnd cells)
0.02 0.5 -4 18,660 1 10
1 -2 18,300 1 7
3 -2201 17,330 10 20
5 -7875 19,600 16 Pri
6 -30,500 28,670 22 36

Peyyy = (i no convergence
Peyi > T no convergence

0.2 0.5 -3 18,660 1 3

6 -30,130 28,330 23 28
Peceip = 0: no convergence
Pe it > 7: N0 convergence

2.0 0 3558 30,830 34 73
L ~ 6 -4327 | 21,120 17 11
200 ] 0] 2006 | 18,040 10 23

1 - 18,290 0 3
5 -3 18,020 2 3
B 217 18,090 4 3

4.6 Choice of the groundwater flow model

In conclusion, small dispersivities should be applied in the simulations of groundwater
flow regimes with Holocene and Pleistocene deposits of marine and fluviatile origin
such a8 occur along the Dutch coast in order to match calculated salinity distributions
with actual ones. In addition, the spatial discretization (viz. the dimension of a grid
cell or grid block) should also be small in order to suppress truncation and oscillation
€ITOrsS.

Whereas the finite-element models SUTRA and SWICHA cannot generate accu-
rate solutions of the salinity distributions in case of small longitudinal dispersivities,
the adapted MOC model is very well capable of generating accurate solutions. Mainly
for that reason, the adapted MOC maodel is applied for simulations of the groundwater
flow regime along the Dutch coast.

The dimensions of the grid block of (standard) three-dimensional codes with dis-
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persive solute transport may not be larger than e.g. two times the magnitude of the
(longitudinal) dispersivity that represenis the hydrodynamic dispersion. Unfortu-
nately, as the {longitudinal) dispersivities are at maximum in the order of metres for
most of the Dutch geohydrologic systems, the dimensions of the grid blocks should
be in the order of meires as well.

During the past years of this study, the state of affairs of (personal) computer
performances was such that the application of three-dimensional models (solving
solute transport by the finite-element method) was limited. As the dispersivities are
small, a very large number of grid blocks was necessary to model geometries of a few
hundreds of metres. When, however, the scale of the geohydrologic system in question
is extensive (e.g. several square kilometres and the thickness of the geohydrologic
system equal to a hundred metre}, the required number of grid blocks would be
enormous. The allowed number of grid blocks was below the required number, as
computer memory capacity was limited. In addition, such an enormous number
of grid blocks demanded a lot of calculation time, though computer performances
increased rapidly. These strict demands severely restricted the practical application
of these three-dimensional solute transport models. In conclusion, they made it
unfeasible to model the Dutch geohydrologic system with SWICHA.

Now (1996), however, the spectacular boom in computer performances has made it
possible to cope indeed with geometries of several kilometres (viz. with grid blocks of
only some metres and small dispersivities (order of decimetres)). For instance, in the
oil-industry, the maximum possible number of grid cells in three-dimensional models
is already in the order of millions. Hence, in the near future, three-dimensional
modelling of solute transport by means of the method of characteristics (particle
tracking) will certainly be possible.
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Chapter 5

Background of the adapted MOC model

5.1 Introduction

In this thesis, an adapted version of the two-dimensional model MOC 15 applied to
simulate the density dependent flow of groundwater in the geohydrologic systems
along the Dutch coast. Qriginally, MOC, which was developed in 1978 by Konikow
and Bredehoeft for the United States Geological Survey, was only applied as a horizon-
tal two-dimensional groundwater flow model. The adaptation for density differences
was necessary because in mosl parts along the Duich coast a non-uniform density
distribution occurs, and thus, fluid density variations affect the velocity distribution.

Lebbe was the first to adapt MOC! for vertical groundwater flow and density
differences. He presented his results on the eighth Salt Water Intrusion Meeting
(SWIM) in Bari, Italy, in May 1983. In 1986, van der Eemn and Peters of the Natienal
Institute of Public Health and Environmental Protection (RIVM, formerly RID), also
adapted MOC? for density differences.

In March 1990, the author adapted MOC? for density differences, using documen-
tatton of Lebbe [1981, 1983] and van der Eem [1987]. Since August 2, 1985, MOC
is also sutted to simulate non-conservative solute transport in saturated groundwater
systems, such as transport affected by radioactive decay, sorption and exchange (re-
tardation). Hence, the adapted MOC model applied in this thesis can simulate not
only density dependent groundwater flow but also chemical and physical reactions.

In this chapter, different aspects of MOC, adapted by the author and applied in
this thesis, are described. In section 3.2, the theoretical background concerning the
equations of groundwater flow is summarized. In section 5.3, the theoretical back-
ground concerning the equation of solute transport is discussed. In section 5.4, model
and subsoil parameters of the adapted MOC model are deseribed. In section 5.5, some
limitations of the adapted MOC model ate discussed. Finally, in section 5.6, several
postprocessors that present the results are suminarized.

1Lebbe, of the Laboratory of Applied Geology and Hydrology of the State Universily of Ghent,
Belgium, adapted the updated version of MOC of August, 1981.

2Van der Eem and Peters adapted the updated version of MOC of June-August, 1984,

3The aushor adapted the updated version of MOC of March, 1989. This medel (version 3.0,
1689) was purchased from the International GGround Water Modeling Center (IGWMC).

113
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5.2 Groundwater flow

This section comprises the fundamentals of the numerical algorithm, applied in the
adapted MOC meodel, to represent two-dimensional density dependent groundwater
flow,

5.2.1 Equation of motion

The equation of motion for two-diinensional laminar groundwater flow in an anisotropic
non-homogeneous porous medium in the principle directions is described by Darcy’s
law [Bear, 1972):

_ Ky Op _ K, Op
9z = i Oz qz—_P!_(az +7) (5’1)

where

® ¢;,q. = Darcian apecific discharges in the principal directions, respectively
horizontal and vertical (L 71),

o p = pressure (M L=1T"1),

® Kg,k, = principal intrinsic permeabilities, respectively horizontal and vertical

(L?),
e u; = dynamic viscosity of water at point [z, z] (M L=1T1),
e ¥ = p;g = specific weight (M L~2T"?),
e p; = density of groundwater at point [z, z] (M L™3),
o g = gravity acceleration {L T~%).

The dynamic viscosity p highly depends on the temperature, see table 5.1. Voss
[1986] uses in SUTRA the following expression:

u(T) = (239.4-10"7) 10T (kg/ms) (5.2)

The dynamic viscosity p is relatively insensitive to pressure within the limiting values
that can occur in the studied areas. Furthermore, the dynamic viscosity also depends
on the solute concentration, though only for very high solute concentrations.

In general, the range in temperature in the deep aquifers of the Dutch groundwater
flow regimes is small. For instance, data from Stuyfzand {1986a, 1988] in sand-dune
areas along the Dutch coast show that the temperature of groundwater in the aquifers
directly under the Holocene agquitard {at roughly -20 m N.A.P.) is normally between
10.0 and 11.0 °C, while the annual mean air temperature near the coast is roughly
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Table 5.1: Variation of the dynamic viscosity g with temperature T at a pressure of 100
kPe (1 bar) {Verrnijt, 1970; Bear, 1972; Voss, 1986; CRC, 1994].

Temperature T Dynamic viscosity x4 (kg/ms)
(°C) Verruijt, Bear, CRC | Voss, equation 5.2

0 1.79-10° 1.76-10-3

5 1.52.107% 1.50-10-3

10 1.31-10°3 1.30-10—3

15 1.14.1072 1.14-10-3

20 1.00-1073 1.00-10-3

40 0.65- 103 0.65-10"3

70 0.41-103 0.40-10-2

100 0.28.103 0.28 - 1073

9.5 °C. In deeper layers, the mean temperature of the groundwater varies between

11.0 and 12.5 °C.
The relation between the pressure and the so-called, fictive, freshweter head is as
follows [e.g. Lebbe, 1981] (if the atmospheric pressure equals zero):

r
pf=—+1z 5.3
f Prg ( )
where

o ¢, = fictive freshwater head (L),

. 3:?3 = pressure head, expressed in fresh water (L),

e p; = density of fresh groundwater (M L~%),
e z = elevation with respect to the reference level (N.4.P.) (L).

The horizontal and vertical hydraulic conductivities of fresh groundwater are defined

as follows: K Kap g
b, = F2Pi8 kb, = Z2AE (LT™Y (5.4)
Iy By

Density differences in groundwater flow

The density distribution in the deep groundwater flow regimes along the Dutch coast
is non-uniform and varies with depth. As the density p; varies with position, effects of
density difference have to be considered. Henceforth, the Darcian specific discharge
in vertical direction takes into account density differences [Lebbe, 1983]. Inserting
equation 5.3 inte equation 5.1 gives:

a0, o (8 )
=TT e =T Oz * Pi (55)
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If the density varies with position, the intrinsic permeabilities «y, 5, and the dy-
namic viscosity 4 should be applied instead of the hydraulic conductivities &, or k.
However, smalt viscosity differences may be disregarded in case density differences are
taken into account i groundwater flow problems in vertical profiles {Verruijt, 1980;
Bear and Verruijt, 1987]. As such, the factor u;/p;, which is close to 1, is ignored
in the development of the adapted MOC model from this point on, alsc because of
the lack of accuracy by which the horizontal and vertical hydraulic conductivities are
determined. Making use of equation 5.4, equation 5.5 becomes:

3 7,
z (;lf 4 = —k, ( (.f)! ) (56)

where T = (p; — pf)/py is the relative density difference, the so-called buoyancy
(—). As can be seen, the vertical Darcian specific discharge has an extra term in
comparison with groundwater flow with a uniform density: this term is called the
vertical densily grodiend velocity.

52.2 Equation of continuity

Equation (5.7) describes the non-steady two-dimensional mass flow in a small ele-
ment of a saturated anisotropic, porous medium [e. g. Bear 1972, van der Heide and
Boswinkel 1982):

Bpgz) | Ooite)| _ B(nepi) | o
—[ o iR =—5 + W (z,z,1) (6.7)
Or
B¢ 8g, 3p; Op; 31% 3Pa
[p,,—a——k ‘3 4,V . neVz—a;] Pi ‘% ¢ +Wiz,z,1) (5.8)
where

o W'(x,z,t) = source function, which describes the mass flux of the fluid into
(negative sign) or out of {positive sign) the system (Af L=3T~1),

¢ ¢ = time (T,
* n, = effective porosity of the medium (-),
e n. Vi= ¢;, where V; = real velocity of the groundwater in the direction of ;.

When the effective porosity is a function of pressure, n. = n.(p), and the density of
groundwater is a function of pressure, concentration of dissolved solutes and temper-
ature of the fluid, g; = p:(p, C, T), equaticn 5.8 gives (Zijl and Nawalany, 1993):
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2p; & f8p: 8C dpi Bgpi 8 8gy 2
nte (BR+BEHE) 0 (BE+BE+HE)

&y dz &C T ar
Hp B 2py g4
+p¢%‘-%§+ns (_a%g‘%‘l“ﬁ%k%‘;‘ —5.'%%)+W’(r,z,t) {5.9)
Or
89y Bg: | — 1 & & 3 ac =[#)
(o gtm] = 1o (pe e n )+ 258 (5 + V0 + V52
8 2 & ng 2 KR
+oe8e (V24 v, 32) 4 i (F+ V. E+ V. E) + He2d (510)

It is reasonable to assume that the term ( + Vz‘;f + V; %f) which is in fact a
stripped version of the advection-dispersion equataon for conservalive solutes whereas
the dispersion is negligible (see equation 5.43}, is also negligible small in the equation
of continuity (Zijl and Nawalany, 1993). The term { V,gﬁ- + Vi gf) is generally small
enough to be neglected in relation to the other terms. Furthermore, it %-;—:' can be
neglected with respect to the pressure gradient term, equation §.10 is simplified to:

¢,  Oq.] _ lap( One 8py Wz, z,1)
B [33: * 32] T\ T )T T 61D

Due to the fact that a slightly compressible fluid is present, it is necessary to introduce
the specific storativity S, [Bear, 1972]. It is assumed that the specific storativity is
independent of variations in fluid density [van der Heide and Boswinkel, 1982].

_ ang 3'03

(5.12)

with
(5.13)
where

e S, = specific storativity (L™1),

¢ 5 = storage coefficient (-},

o b = saturated thickness of the aquifer (L}.

Taking the partial derivative of equation 5.3, that is after rewriting %‘} = py ggg';t,
and assuming that the factor py/p: is close to 1, and the pressure gradient can be
replaced by a term containing the gradient of the piezometric level ¢;:

[l 4 2] < 5281, ez

== 4 == 5 po

= (5.14)
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5.2.3 Numerical algonthm
The combination of the equations 5.6 and 5.14 gives the groundwater flow equation®:
8k, 22y Bk, (5L + 1)) a¢, L Wizt
+ =8 —_—

dz (92 i

When equation 5.15 is multiplied by the thickness of the aquifer &, and the z and 7 are
the principal directions with respectively principal values T, and T,, the following
equation 1s derived:

(5.15)

NTee$h) | ATuBh)  BTuY) _ 84,
5z e 3 = 5 a3 T Wz, z,1) (5.16)
where
o Wz, z,t) = (W(z,z,t)-b)/p: = volume flux per unit area (positive sign for

out.ﬁow e.g. well pumpage; negative for inflow, e g. well injection and natural
groundwater recharge) (LT!),

& Ty, T,. = respectively horizontal and vertical transmissivities (L2 T~1).

In the original horizontal version of MOC, also evapotranspiration and steady leakage
into or from the aquifer through a semi-confining layer can be simulated. However,
in the adapted vertical MOC model, this steady leakage is utilized otherwise (see
subsection 5.4.2 item 7. Recharge and discharge). In the adapted MOC model, the
volume flow W comprises fluxes such as injection of surface water by well injection
{the so-called deep-well infiltration) and extraction of groundwater by well pumpage.
The volume flow W also comprises natural groundwater recharge (see subsection 5.4.2
item 7. Recharge and discharge).

To solve the equation of groundwater flow numerically, the derivatives are replaced
in the finite-difference approximation by values of the difference quotients of the
function in separate discrete points, using Taylor-series [Pinder and Bredehoeft, 1968],
see figure 5.1:

oy _ S5 ¢’?<e—m +0(-3 255 )
dz 2Az dze
Pos _ Piinn) = Wiy ¥ ¢’f(=‘—1,:‘) 1, 28%;
2 (Az)? +0(—ﬁﬂ$ Bt T ) (5.17)

and similarly

0¢r _ Sfasen = oy 200s

0z 24z +06- A 5 )

2 ko =2 bE

P By~ e ¢f{=.;—1}+0( A 2 8* ¢f+ ) (5.18)

oz (A7) EX

“The fact is ignored that Darcy's law describes flow with respect to the elastically moving solids
(Zijl and Nawalany, 1393)
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Figure 5.1: Nodal atray for development of finite-difference expressions. Note that now the
z-axis has been taken as positive downward, so that the gravity acts in positive sdirection.
The buoyancy of the vertical velocity ¢.(i ;+1/2) is determined over the hatched area.
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X d o

Py

where pyy 5y, pi j+1) are the densities of groundwater in respectively the grid cells [7, ]
and {#, 7 + 1}. The ¢, j and k are the indices in respectively the z, z and t dimensions,
and the Az, Az and At are increments in respectively the z, z and ¢ dimensions. The
approximation for the time derivative is expressed as:

Tesy = (5.19)

k
s _ Y~ $1iia) 20%41
ot R [ VR L) &t
ot ar TOCEA SE
where At is the so-called flow time step (7).
The Darcian specific discharges at the boundary of the grid cell [¢, §], the so-

called borndery velocities are given by the explicit finite-difference formulations (see
figure 5.1):

+.) (5.20)

$564) ~ $heani)
‘If:(i+1j'3,j) = ka(ivif24) ! Az 4 {5.21)

and

K $ics) ~ Paitn)
G g1/ = RaGg+1/2) e +Te, 1) (5.22)
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where
. q§(£+1}2,j) = boundary velocity in the z-direction on the boundary between the
nodes [1,7] and [i + 1, ) (L T71),
. qf{; 412 = boundary velocity in the zdirection on the boundary between the
nodes [1,j] and [i, j + 1) (L.T-1),
® kr(iyi/e,i) Raijr1/2) = weighted harmonic mean of the hydraulic conductivity
in respectively the £ and z-direction:
265541 )k25.9)
k(i g4y + Kagig)

2ka(iy 1) ke(g)
kotit1,5) + ket )

kaaing) = Ko jarya) = (5.23)

Before November 21, 1988, the original MOC model computed the Darcian specific
discharges in the center of the node directly, for example in the s~direction:

Fti=15) ~ $ir1id
& i=1,7 ih1,5
Goti) = koG5 (5.29)
However, in order to avoid discontinuities in velocity in heterogeneous media, the
Darcian specific discharges in the center of the node [z, j] have been computed since
then by:

k k k 13
v Gy T Gi-172) po_BGanyn oy o
() = 3 Litg) = 5 (5.25)

The real velocily of groundwater flow can be derived by dividing the Darcian specific
discharges by the effective porosity n. of the medium.

Writing out equation 5.16 in terms of finite-difference approximations {(and ap-
plying equation 5.20) yields:

E i
2 m) 2 (7. 8% 2 -
L2 T‘r‘” [ (i';)+ 8z (T;z F:2) )(i,JJ + bz (TzeT](t,j) -
RSN
5 [ﬁ”“u] + Wi, n(z, 2,1) (5.26)
The transmissivity midway between [z, j]1 and [i — 1, 7] in the r-direction is given by
the Taylor-series:

Az 6sz(a' i) (sz) 32T2x t3
Testi-1/2) = Trati) = 5 + g —a

(5.27)

or after rearranging

Az T 5 Az?) T 4
Teog) = Toaimrr2) + = Bif"” - 8 : 3I§=.;) (5.28)
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and similarly

Arx aTa‘z(: (A-Z'z) 323"”(; 3]
Txm‘(i..f} = Tz:z(!-i-l”:.?) T Bz 1) _ 8 a2 ! (529)

Now, according to Pinder and Bredehoeft [1968], the transmissivity at the midpoint
between two nodes is applied to solve equation 5.26. Rewriting the first term of
equation 5.16 yields:

x — direction
k
8 3¢ 8Tz: i3 a¢
e (T"I 2z )(a‘..f) = Toaony 5ok + i (5.30)

or, by applying equation 5.17, after rearranging:
x — direction
& (T%), | = [T - o 5] W — #hin)
+ [Tt + ke 2] o) ~ ¢ (5.31)

&
The expressions of the Taylor-series in the form (—%ﬁmz%), (- L ﬂ::z-a—x%) ete.,
are neglected. Similarly, the same procedure can be followed for t.he zdirection:

z — direction
E
a [<2] — | Teeti. 18T,
() = [ b T -

Tesiins 8T i)
{ﬁv" + Zéz az } [¢f}(i.j+1} - ‘35’}(;',_{)] (5-32]

Substituting the equations 5.28 and 5.29 into equation 5.31, the finite-difference ap-
proximation in the z-direction becomes equation 5.33. Note that the Taylor-series
in the equations 5.28 and 5.29 have been truncated after the second term, so that

expressions of the form L’%ﬁ%ﬂ have been neglected [Pinder and Bredehoeft,
1968)].

x — direction

k
8 a¢
5z (T“T'"-"L)(s no

aT_,;;,-; 1 aTtx!lln E k
[(&‘Flz ( ce(i=1/2j) T 3 4 . T Zar oz }[‘!'f(i»l.f)"ﬁf(i.f)]

.tx £ 8T;r +.
+ [(m:)e (Tn(wla’m) - = n.) + z::..z_ul] [$hcesy — 564 (5:33)

oT

x — direction
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= (Tm%) :-'.:') -

Biim =i AP
Teati-1724) (*‘”—“JT“—‘“EM 2 ) + Teo(iv1/2.5) (Jli’j-r‘”-”lzaz ) (5.34)
and similarly for the zdirection:
2(n.%) -
BATE
o=~ $r 4 ~Piies
Toatii-1/2) (-‘“-"731'57'“—"") + oo j+142) (—I(—"(’ﬁ’;gﬂ—u) (5.35)

To obtain the final finite-difference approximation for the groundwater flow equation,
the equations 5.35 and 5.34 are substituted into equation 5.26;

4"kf-"""‘ki' $5iid1,)~Prii
Ton(i-1/2,) ('”7‘5’;71'”) + Tea(ir/zi) (-‘"‘(‘i’m*“"”)
Sion=ts) . Tug Py~ T
o io1sa) ( b Hion 4 T g) + Tosens) (_rs_.%HTﬂ_a _ 45:1) -

3 Ly k-l,
S [‘ﬁff":)a:s”h!!] + I"V(i,j}(:ﬂr z, t) (536)

z — direction

5.2.4 Alternating-direction implicit procedure

In the applied version of MOC, the iterative alfernating-direction implicil procedure
(ADI), developed by Peaceman & Rachford and Douglas & Peaceman in 1955%,
is applied to solve the equations. This (backward difference in time) technique is
unconditionally stable, and thus, there are no stability restrictions on the length of
At as in an explicit {forward difference in time) technique. A brief summary of the
technigue from Pinder and Bredehoeft [1968] is given, though they applied the non-
iterative AT, whereas here the iterative version is applied in order to allow greater
time steps. The difference between the iterative and the non-iterative version can be
concluded from the use of iteration parameters [Trescott, Pinder and Larson, 1976).

The piezometric levels ¢ in equation 5.36 are unknown in only cne coordinate
direction, the known piezometric levels are calculated at the time level k. During one
complete cycle of 2N calculations, the entire matrix is solved twice, using the two
equations 5.37 and 5.38:

column: implicit in z—direction, explicit in z~direction

s (‘f’?(i—l,f) - ‘iﬁ(«.j)) + T (¢f'[i+1,:') - ¢”}{e.ﬂ)

5This procedure has extensively been used by the petroleum industry for predicting il and gas
reservoir behaviour.
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_(‘ELF’“( Fi-) ‘»”ff'iif)““T(f-J‘-l)ﬁ"‘)
sl ( Sy — 95 — Tande) =

[ ¢”” ] + W(,J) T,z t) (5.37)

and
row: implicit in z—direction, explicit in z—direction
e (¢?3im oit) + T (S - 9ith)
et (ghEL | ghL 4T, As)
+5 34}* (¢5then = 58 — Tends) =
S [~L<+-=1>—"'i— + Wi (2, 2,1) (5.38)
The technique first calculates values by sweeping the matrix column by column (using
equation 5.37), and then recalculates the matrix by sweeping row by row (using

equation 5.38). For instance, rewriting equation 5.37, the fimte-difference expression
for any column gives:

column
Tysfrd- k+1 Tzz(i,'+lf2) szf: f=172) 5 k+1 Tesiigt1/2 k-1
_('Azﬁ %J(a.s p— A + GG Al Y RS P =
Tee =1} sali=1/2, zafaf1/)2, 5 k Tze. s 31f2,
o R C + T~ 10k 5 — 2 )

"*‘*“‘-}i‘;—u’f(f 1)+ DRI o 4 W (2,2, ) (5.39)

rj"
Anaslogous expressions for these equations are of the form:
Bi¢pi+Cids2 = Ih
Ajpi-1+ Bjbs i +Cidripn = Dy, for 2<j<n -1,
Aﬂ¢f,ﬂ—1 + Bﬂ '35)‘,91 Dn (540)

where
e 7 is the length of the row ot colomn under consideration,

¢ A;, B; and C; are the coefficients of the unknown piezometric level values A;
stands for the term that belongs to ¢f(‘ y in equation 5.39, B; to qSI(‘ ) a.nd

k41
G 10 ¢ ery

e D; is the sum of all known parameters, namely all terms on the right hand side
of equation 5.39.
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The following dummy variables w; (T-1)and g; (L) are defined:

ACiy
Dy — Ajg5-
g = J—w;?!._l (5.41)

When the last node in the row or column is reached, the piszometric level is calculated
in order of decreasing j as follows:

o Cidsia
¢f,.1 - gj' I.U', )
if j=n then ¢;; =y (5.42)

To take inte account the boundary conditions, some small adjustments must be ex-
ecuted. For instance, if the edge is a darrier boundary, the reflection technique is
employed: ¢f|_f—1~ = éfr.?‘"'l and .A]_ = C].

In MOC, additional terms are appended in the dummy variables. These terms
represent iteration parameters, as the #lerative version of the alfernating-direction im-
plicit procedure ADI is applied. Iteration parameters are applied to compute rapidly
the acceptable freshwater head ¢;. The determination of the iteration parameters is
not discussed here. See for more information Trescott, Pinder and Larson [1976).

5.3 Solute transport

The two-dimensional equation for solute transport in homogeneous isotropic porous
media can be written as follows [Konikow and Bredehoeft, 1978]:
o(Ch) a ad C'wW

at ‘ax( ”3 )"T,(bcv‘) ne

(5.43)

where
e ' = concentration of the dissolved solutes (M L~?),
¢ D;; = coefficient of hydrodynamic dispersion (a second-order tensor) (L2 T-1),
» Vi = ¢;/n, = real velocity of the groundwater in the direction of z; (LT},
¢ (’ = concentration of the dissolved solutes in a source or sink (Af L—3),

¢ b = saturated thickness of the aquifer (L).

This equation is called the advection-dispersion equation or transport-dispersion equa-
tion. The first term on the right hand side represents the change in concentration of
solutes due to hydrodynamic dispersion. The second term represents the effect of ad-
vective transport®, that is the movement of solutes attributed to transport by flowing

SSometimes this advection process is erroneously called the convection process. In fact, the term
convection is reserved for thermally driven groundwater flow [Freeze and Cherry, 1979).
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groundwater. The third term represents the contribution and removal of solutes due
to fluid sources and sinks.

Already since August 2, 1985 (and medified again for more extensive chemical
reactions by Goode and Konikow {19891}, MOC is suited to simulate non-conservative
solute transport in saturated groundwater flow regimes, Nonetheless, the effects of
e.g. radioactive decay, sorption and exchange is not considered in this thesis, as the
attention is only focused on a conservative solute, the chloride ion.

The solution technique of the advection-dispersion equation 5.43 in the adapted
version of MOC dces not differ from the solution technique in the original version.
Therefore, the solution technique applied by Konikow and Bredehoeft [1978] is only
summarized here.

5.3.1 Dispersion coefficient

Hydrodynamic dispersion D, is defined as the sum of two processes, Dy, = Dy, + Dy

1. mechanical {or convective) dispersion Dy
This process is caused by velocity variations at the microscopic scale. The
spreading depends on both fluid flow and the characteristics of the pore system
through which the flow takes place,

2. molecular diffusion Dy
This process is caused by the random movement of molecules in a fluid and
depends on concentration gradients, the properties of the fluid and the soil.

Under normal groundwater flow conditions, molecular diffusion is of marginal impor-
tance with respect $o mechanical dispersion. The subdivision of the hydrodynamic
dispersion into mechanical dispersion and molecalar diffusion is artificial. From anal-
ysis of experimental values in the 1950's, the coeficient of hydrodynamic dispersion
Dp is, in general, a {unction of the Peclet-number of molecular diffusion [Bear, 1972]:

— Vd _ (‘I/Re)d

where
¢ Pe = Peclet-number (—),

e d = mean grain size or any other characteristic medium length (a measure of
the pore spacing) (L).

Five zones of mixing were proposed by Pfannkuch (in 1863) which are related to
the Peclet-number. For small Peclet-numbers, e.g. Pe < 0.4, molecular diffusion
predominates because the average velocity of the flow is very small. For Peclet-
numbers approximately within the range 0.4 < Pe < 5, the effects of molecular
diffusion and mechanical dispersion are of the same order of magnitade. For Fe > 5,
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three zones can be distinguished, in which the mechanical dispersion dominates. For
an extensive description of hydrodynamic dispersion, see, e.g., Bear [1972].

The mechanical dispersion coefficient, which is a second-rank symmetrical tensor,
ig given by Scheidegger [1961):

Via Vo <
Dy = (l‘ijmnW {5.45)

where
~ » Dy; = coefficient of mechanical dispersion (L2 T1),
® Qiima = geometrical dispersivity tensor of the aquifer (L),
¢ Vo, Vo = components of the real velocity in m and » direction (L T-1),

¢ |V| = magnitude of the real velocity (L7-1).

Scheidegger defines the dispersivity tensor for an isotropic aquifer in terms of two
conatants:

Dp=ap|V]
Dy = ear V| (5.46)

where
¢ o = longitudinal dispersivity of the aquifer (1),
e ap = transversal dispersivity of the aguifer (L).
In the adapted MOC model, not only mechanical dispersion, but also molecular

diffusion Dy is considered. Thus, the components of hydrodynamic dispersion {(in the
. principal directions) for two-dimensional fiow in an isotropic aquifer are as follows:

(V) (V:)?
Da:r = DL Ivlz + DT |V|2 +Dd
_ p ) o (%)
D, = Dr e + Dg Vi + Dy
Ve V.
Dzz = Dzz‘ = (DL —DT)W (54?)

See subsection 5.4.5 for more information on the applied hydrodynamic dispersion.
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5.3.2 Method of characteristics

Which of the terms of the advection-dispersion equation is more prominent depends
on the advective and dispersive fluxes at the level of the discretization element [Kinzel-
bach, 1987a]. The so-called grid-Peclet-numbers Peg,.;q can be applied to assess the
most dominant process:

VeAz
DIF

V. Az
Dzz

Pegfid,:ﬂ = and Pegrid,z = (548)

whete
o Peyiac, Pegrids = grid-Peclet-numbers in z and zdirection (),
e V., V, = real velocity of the groundwater in z and »direction (£ 71).

For small grid-Peclet-numbers (Pegriq < 1) the parabolic nature of the advection-
dispersion equation prevails, whereas for great grid-Peclet-numbers {Pegrig > 2)
the hyperbolic nature dominates. As it appears that advective transport of solute
dominates over dispersive transport in most fleld problems, the hyperbolic nature
prevails. Unfortunately, numerical solving of an equation with a hyperbolic nature is
more difficult than solving an equation with a parabolic nature.

Equation 5.43 is rewritten by expanding the derivatives:

ac ab a ac ac aV; a W
oL e _ @ LB St e 82 )
b ot + Cé?t dz; (b D 6‘::}-) W‘aw,» ¢ dx; CV; dz; N, (5.49)

Note that in the original MOC model, the thickness b is still considered as a variable.
In combination with equation 5.16, which can be rewritten as:

B O(bgi) _ .09y
5o S_Hat + W (5.50)
o oV ob 8¢
- ALV S AN WY -1 7 4
e (bamg + V’B:c,-) =5 T + W (5.51)

equation 5.49, divided by b, gives the simplified formulation:

¢y W — by _ v
ac 18 ( o, aC)_Va_c+C(S 4+ W—ngh)-C 5.5)

Bt b0z \  Y8x;) o n, b
The term (S%f"- + W — n.Z) in equation 5.52 needs some explanation. This term

was completely taken inte account in the original MOC model for transient flow
cases”. However, since December 4, 1980, this termn was simplified, leaving only

TThe original model of Konikow and Bredehoeft [1978] assumed that for § < 0.005, the aquifer
would be confined and thus & = 0, while for § > 0.005 the model assumed 2 = Z3¢.
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the sources and sinks term W by assuming Sa;; = n, g‘: This was realized in

order to reduce numetical errors, as then errors in the groundwater flow equation
could not propagate in the advection-dispersion equation. The modification led to a
more simplified formulation of the advection-dispersion equation, the so-called flow-
equation-removed equation [Goode, 19921

oC 19 oc 8Cc W -¢"
201 (w,,a )— (g o) (5.53)
Nevertheless, it was demonstrated that ignoring temporal changes in fluid-storage for
transient flow (S#0) could result in significant errors in solute travel time [e.g. Goode,
1992]. Subsequently, Goode and Konikow updated MOC once again in November,
1988 by accounting for the product n.b of porosity and aquifer thickness for temporal
changes.

Note that the discussion mentioned above does not affect the adapted MOC
model. As a matter of fact, in the adapted MOC model, the removal of the time
derivative of the fluid-storage term from the advection-dispersion equation would not
have consequences for two reasons: first, the simulated vertical profiles have a hypo-
thetical constant thickness or width of one foot (unit of length), and second, the time
scale of solute transport is so great that the transient component of the groundwater
flow is of negligible importance.

Anyway, the rate of change of concentration %—f, as observed from a fixed point
(e.g. the node or center of a grid celi), can be redefined by:

ac (90 §Cdz HCdz

o tnatna (5.54)

where

. % the so-called material derivative of concentration: the rate of change of

coneentration as observed when moving with the fluid particle,

¢ 2C = rate of change of concentration as observed from a fixed paint.
The material derivatives of position %% and % which correspond with the movement,
of fluid particles through the flow field, in equation 5.54 are defined by the real
velocity:

dz
== Va (5.65)
dz
i V. (5.56)

Thus, combination of the equations 5.53 to 5.56 yields:

W(C - '
e 13(MD BC)+ (C-c")
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The solutions of the system of equations 5.55, 5.56 and 5.57 are:
z = a(t); 2 = z(t); C = C{t) {5.58)

which are called the characieristic curves. Garder, Peaceman and Pozzi [1964] were
the first to introduce the so-called method of characteristics into the solution of mul-
tidirmensional miscible displacement. They stated that:

“Bach poini corresponds to one characteristic curve, and the values of z,
y and C are obtained as functions of 1 for each characleristic.”

The basic concept of the method of characteristics is to solve the components of the
advection-dispersion equation separately [Konikow and Bredehoeft, 1978):

a. the advection term {equations 5.55 and 5.56) through a so-called particle tracking
procedure,

b. the dispersion term as well as the term for sources and sinks (equation 5.57)
through finite-difference approximations, using a ceordinate system at rest rel-
ative to the advective movement.

ad a. In fact, the method of characteristics is developed for solving the advective
term. The solution of the equations 5.55 and 5.56 can be obtained by following
the characteristic curves. This following of curves is numerically achieved by
introducing moving points, namely particles that can be traced through the
flow ficld within the stationary coordinates of the finite-difference grid. This
process is called particle tracking.

The following procedure is performed in MOC. Each particle has & position and
a concentration associated with it. The initial concentration assigned to each
particle is the initial concentration associated with the node of the grid cell
containing that particle. As a result, a number of particles are placed in each
grid cell of the finite-difference grid to form a set of particles that is distributed
in a geometrically uniform pattern. For each time level &, every particle is
moved over a distance through the flow field in proportion to the length of
the time step, the so-called solute time siep Ai;, and the flow velocity at the
lacation of that particle:

= _1;;—1 +bzp, = 3§—1 + ALy Vo gk 22)

oA

r

-4

oo

= z:—l + éz, = z:—l + At, V‘f”;'zﬂ (5.59}
where

s p = index number for particle identification,
s 8z,,62, = distances moved in the z and zdirection (L),

e A#, = solute time step at time level & (T7),



Chapter 5. Background of the adapted MOC model
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Figure 5.2: Example of how to calculate the velocity of a particle by bilinear interpolation
of the velocities (after Konikow and Bredehoeft, 1978).

e 1 [e%,2%] = real velocity at the position of any particular particle p in the
i-direction (L T"1).

The velocity at the location of the particle is determined by bilinear inter-
polation of the velocities at adjacent nodes in combination with the so-called
boundary velocities, which are situated at the edges of grid cells (see figure 5.2
and Konikow and Bredehoeft, 1978).

Obviously, particle path lines are sensitive to what technique is applied for spa-
tial interpolation of the velocities within block-centered finite-difference schemes,
especially for heterogeneous aquifers [Goode, 1990]. Goode evaluated three in-
terpolation schemes: the linear, the bilinear and the so-called grad scheme,
which applies bilinear interpolation of hegd gradients. It appears that the se-
lection of the best interpolation scheme depends on how transmissivity changes:
e.g. the grad scheme is the most accurate of the three in block-heterogeneous
systems, that is if transmissivity changes abruptly. However, if transmissivity
varies smoothly, the bilinear scheme appears to be more accurate than bath
the linear scheme and the grad scheme. As profiles in the Netherlands can
be schematised by heterogeneons media, it might be worth to investigate the
sensitivity of the solution for the applied spatial interpolation scheme used in
the particle tracking procedure. Nevertheless, this investigation is beyond the
scope of this thesis.
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ad b. the changes in concentration caused by hydrodynamic dispersion, and fluid
sources and sinks are solved by an explicit finite-difference approximation of
equation 5.57:

e Az (19 ..QQ) w(C -C)
A =4k [5’ Bz *Dy g5 ) T T b (5.60)
or
aq‘fi = (ACﬁj—); + (Acf":j ir (5.61)
where

. (AC,-", ;) = change in concentration by hydrodynamic dispersion,

. (AC{fj) 11 = change in concentration by sources and sinks.

As computation of the concentration gradient for a large number of particles
appears to be laborious, equation 5.61 is solved in MOC at each node of the grid
rather than directly at the location of each particle [Konikew and Bredehoeft,
1978). The first right hand term in equation 5.61 can be rewritten as follows:

o) AL, B L 80, 00 a0, 00
(A==~ [a‘m(w“ gz Yo Do)+ g0 Dua gy + 0 Dea )
(5.69)

Substitution of spatial derivatives of the concentration gives an explicit finite-
difference approximation that is applied in Konikow and Bredehoeft [1978]. The
second right hand term in equation 5.61 can also be rewritten by an explicit
finite-difference approximation:
k Aty E (k=1 _ vk
(Aci,j)” ey [m,jtce,j - Ci.j)] (5.63)

k
e by j

The equations 5.55, 5.56 and 5.57 should be solved simultaneously. However, this

is not achievable, since equations 5.55 and 5.56 are solved by particle movement on

implicitly computed freshwater heads, while equation 5.57 (or rather equations 5.62

and 5.63) is solved explicitly with respect to concentrations. Obviously, the accuracy

of estimating the concentration gradient affects the accuracy of the numerical results.
The change in concentration is the sum of the following terms:

Cfj = Clj + ACH (5.64)
where
e Cf; = new nodal concentration at the end of time level k (M L™%),

e CF; = average of the concentration of all particles in cell 7, j] for time level &
after only advective transport (M L~3),
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. AC}"J = change in conceniration caused by hydrodynamic dispersion {disper-
sion. term), sources and sinks (M L~9),

The procedure is as follows:

1. first, the concentration gradients at the previous time level (k — 1) are deter-
mined at each node,

2. second, based on equation 3.59, the particles are convected to new positions
for time level k*, which is 2 new time level & prior to the adjustments for
concentration for dispersion and mixing (sources and sinks). The time index is
distinguished with an asterisk #, because this temporarily assigned average con-
ceniration represents the new time level only with respect to advective transport
[Konikow and Bredehoeft, 1978],

3. after all particles have been moved, the concentration at each node is temporar-
iy assigned the average of the concentration C¥ ; of all particles which are at
that moment located within the area of that specific grid cell,

4. at the new positions of the particles, the concentration gradients are computed
again at each node from concentrations at the time level k*,

5. finally, since the concentration gradients are continnously changing with time,
e.g. from the & — 1 to the k time level, a two-step explicit procedure is applied
to adjust the concentration distribution at each node: thus first based on con-
centration gradients at k — 1, and second based on concentration gradients at
k*. Thus, the change in concentration due to dispersion and sources and sinks
is determined by:

et Aol kol _ k=l
: 8¢, Wap Cof -Cij )]
4

5 A a . ud
ACE, = %&[m(mj 7e) + L

ack
+0.5;&t, [ﬁf(éDU 3.;;)].'-

WE(Cr-ci) ]

e

(5.65)

5.3.3 Stability criteria

A number of stability criteria determine the explicit rumerical solution of the advec-
tion-dispersion equation in Konikow and Bredehoeft [1978]. These criteria may re-
quire that the flow time step At, applied to solve the groundwater flow equation,
must be subdivided into a number of smaller solute time steps At, to accurately
solve the advection-dispersion equation. During such a solute time step, particles are
moved to new positions. The distance over which a particle is moved is propertional
to the length of that solute time step and the velocity at the location of that particle
(see equation 5.59}.

Three stability criteria of the advection-dispersion equation, which must all three
be satisfied in MOC, are discussed here:
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1. The explicit solution of equation 5.62 is stable, according to Redell and Sunada
[1970), if:
Dysbty | Dyl
(Az)*  (Az)?
This expression is called the Neumann-criterion. Solving equation 5.66 for At,
yields:

1205 (5.66)

0.5
Af, < min N |5 — 5.67
(over grid) [(_Ia):%_l_ (%25‘5] (5.67)

From equation 5.67 ¢an be deduced that the maximum permissible time step in

the simulation is the smallest At; computed for any individual node in the entire

grid. Thus, the smallest permissibie time step Af, for solving the advection-

dispersion equation occurs in the node that has the greatest value of r%ﬁ, +

&

2. Consider the mixing of groundwater of cne concentration C;; with injected
or recharged (surface) water of a different concentration Cj;. The change in
concentration in that specific source node is not allowed to exceed the difference
between the concentration in the aquifer C; ; and the source concentration f ;:

(ACE) 1 < CfH -G (5.68)

In combination with equation 5.63, equation 5.68 produces:
. fie b?j
At, < min : — (5.69)
s (over grid) [ ij

3. The last stability criterion for the maximum permissible time step At, involves
the particle movements to simulate advective transport. Equation 5.59 shows
that the distance a particle moves is a linear spatial extrapolation from one
time level to the next. However, as the streamlines are curvilinear, an error is
introduced into the numerical solution. In order to suppress the deviation of
the particles from the streamline, the solute time step should be such that no
eritical distance is exceeded:

AtV [zk,2%] <(Ae
AtV ek 2%) LCAz (5.70)
where

» ¢ = the maximum relative distance across a grid cell, in which a particle
is allowed to move during one solute time step Ai,. It is usually a fraction
of the grid dimension {0 < ¢ < 1) in order to ensure that the particle
movernents are controlled within one solute time step.
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Obviously, this criterion is based on the Courant-number C'o, see subsection 4.4.3.
Rewriting equation 5.70 gives:

Ap, < SAz

- (L};’)mﬂf

AL, < SB%

- (Vz)maz

(5.71)

where

® (Ve)maz, (V:)}mar = the maximum real velocity at a node or boundary of
2 grid cell respectively in the z and zdirection.

Finally, the smallest sclute time step Af, is applied which is determined by the
equations 5.67, 5.69 and 5.71. If the flow time step At is greater than the smallest
solute time step At,, then the flow time step At is subdivided into the appropriate
number of smaller time steps A, required to solve the advection-dispersion equation.
It may occur that the stability criteria are not so strict that the smallest required
solute time step At, is greater than the flow time step Af. Then, Af, must be equal
to At, as the flow time step is imposed in advance.

5.3.4 Numerical dispersion

Numerical dispersion is caused by the numerical calculation process. Although the
method of characteristics itself does not introduce numerical dispersion [Garder,
Peaceman and Pozzi, 1964], solving the advection-dispersion equation generates nu-
merical dispersion due to, among others, the movement and tracking of particles, the
conversion from particles to grid cells and finite-difference approximations. Examples
of how numerical dispersion occurs in MOC are:

e solving the concentration gradient by finite-difference approximations. For in-
stance, the spatial derivatives of concentration in equation 5.62 are approxi-
mated by the average (weighted arithmetic mean) of the concentration in adja-
cent grid cells,

e averaging the concentration C,"J, in a grid cell, based on all particles that are
located within a grid cell at the time level &~

e assigning concentrations at nodes of sources and sinks to the entire area of
the grid cell. Concentration variations within the area of the grid cell are
eliminated,

¢ climinating concentration variations within individual grid cells. This occurs
when too many grid cells have become void of particles (e.g. two percents of all
participating grid cells). Then, a procedure (called GENPT) is executed that
initiates again a uniform distribution of tracer particles throughout the entire
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grid. The procedure attempts to preserve an approximation of the previous
concentration gradient within each grid cell,

¢ calculating zero change in concentration due to convective transport {equa-
tion 5.59) at nodes which became void due to divergent flow, though the nodal
concentration is still adjusted due to hydrodynamic dispersion, fluid sources
and sinks (equation 5.60).

Some special problems associated with MOC, in particular moving and tracking of
particles in the particle tracking procedure, are pictured only briefly here. See for
further information Konikow and Bredehoeft [1978]. Some special aspects are: -

s in order to prevent that groundwater or solute cross a no-flow boundary, parti-
cles have to be relocated within the aquifer by reflection across the boundary,
see figure 5.3,

i-1 i i+l

cerfter of grid cell
\‘

flmgv line

& Particle on previous location
jtl * ' ’ A computed location of particie
m corrected location of particle

f— AY ——p]

Figure 5.3: Possible movements of particles near an impermeable (no-flow) boundary [after
Konikow and Bredehoeft, 1978].

¢ in areas with fluid sources or sinks in grid cells, a special procedure is required
to maintain a reagonably uniform and continuous spacing of particles,

« in order to maintain the total number of particles in the entire flow field at
a nearly constant value, new particles have to be created at sources and eld
particles have to be removed at sinks or discharge boundaries.
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Changes in the solute concentration of particles due to chemical reactions or physical
processes may also cause problems in the particle tracking procedure. However, as
mentioned before, this is not considered in this thesis. Finally, numerical disper-
sion also occurs in combination with numerical instabilities in the (vertical) velocity
field due to, among others, density differences. This phenomenon is discussed in
subsection 5.5.1.

5.4 Parameters in MOC

In MOC, parameters are specified in the so-called énpui dafa file to properly com-
pute the freshwater head distribution, the solute concentration distribution and both
horizontal and vertical velocities as a function of specific moments in time. They are
subdivided into:

* model parameters which determine the setup of the computation,

o subsoil parameters or geohydrologic parameters which determine the geometry
and geohydrology of the schematised profile,

e initial and boundary conditions.

As MOC is adapted for density differences, two classes of parameters are distin-
guished: (1) those parameters that have the same meaning in the adapted as well
as in the original MOC model: they are only discussed occasionally; and (2) those
parameters that have a different physical meaning in the adapted MOC model or are
additionally defined due to the density differences.

The sensitivity of the sclution for both model and subsoil parameters is discussed
in various case studies, ¢.g. sections 6.2, 6.3 and chapter 7.

54.1 Model parameters

As several parameters, such as the maximum permitted number of iterations for the
groundwater flow equation and the printing output options, have the same meaning
in both the original model and the adapted model, they are not discussed in this
thesis. See for further information Konikow and Bredehoeft [1978].

1. Number of grid cells

MOC uses rectangular, block-centered grid cells, as the finite-difference method is
applied to solve the groundwater flow equation and the advection-dispersion equa-
tion. Originally (1978), the maximum number of grid cells was 20 by 20 (with a
maximum of 3200 particles). During the 1980’s, the maximum number of grid cells
was expanded to some 900 (e.g. 30 - 30° with 12,500 particles), if the program had

IMOC uses dummy grid cells around the finite-difference grid, thus m fact 32 .32 grid cells were
applied.
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to be executed under Conventionel Memory of 640 Kb. If more memory was avail-
able (the so-called Extended Memory), e g. on the Mainframe or on V AX-computers,
then more grid cells could be applied (e.g. 3600 or 60 - 60 grid cells witk 20,0600
particles). The adapted MOC model with larger numbers of grid cells was applied
by: the Laboratory of Applied Geology and Hydrology of the State Universily of
Ghent, Belgium (Lebbe); the National Institute of Public Health and Environmental
Protection (RIVM, formerly RID) (van der Eem and Peters); the Testing and Re-
search Institute of the Netherlands Waierworks (KIWA) [van der Eem, 1986]; and
Gemeentewaterleidingen Amsterdam (Kooiman).

In the late 1980’s, the boom in computer capacities had attained such proportions
that even stand-alone Persona! Computers with Extended Memory of several Mb
RAM could accommodate a much larger number of grid cells than originally possible.
For instance, during the first years of this study the author apphed a 4 Mb RAM
computer (Hewlett-Packard®) that could reproduce some 9000 (e.g. 25036} grid cells
with some 76,000 particles. The latest stand-alone PC the author applied, a 8 Mb
RAM computer {Highscreen!?), can reproduce some 20,000 (e.g. 500 - 40} grid cells
with 180,000 particles. In order to address the Extended Memory RAM, a Lahey
Foriran compiler!! and a Lahey/Ergo Operating System!? was utilized.

When vertical profiles are simulated, the number of grid cells in herizontal direc-
tion is usually greater than the number of grid cells in vertical direction. The shape
of a grid cel! can be rectangular. The ratio horizontal length Az to vertical height
Az can range from 25 to 1 without numerical problems, as is demonstrated in the
simulated case studies.

2. Number of particles

The following numbers of particles in a grid cell could be applied in the original MOC
model of 1378: 4, 5 and 9 particles. Obvicusly, the solute transport is simulated more
exact with more particles per grid cell. Since June 10, 1985, the computer code was
adapted by Sanford in order to specify 16 particles per grid cell, as this could lead
to an increase jn numerical accuracy of the solution of the solute transport. Since
August 12, 1983, it is allowed to specify 1 particle per grid cell in order to reduce
the caleulation time if input data files are only tested or if the interest is just focused
on the groundwater flow equation. However, this leads to an increase in numerical
inaccuracy of the solution of the solute transport.

%Some spedifications: Hewlett-Packard Vectra RS/25C, 80386 micro processor, OPU with 4 Mb
RAM, 25 MHz 20387 mathematical co-processor RS/25C. Price: about DAl 21,000,-. Month of
purchase: June 1990.

198ame specifications: Highscreen LE 1024, 80486 micro processor, CPU with 8 Mbh RAM, 50
MHz 80487 mathematical co-processor. Price: about Dfl 6000,-. Month of purchase: August 1992.
The calculation time is approximately 5 times faster than of the Hewlett-Packard of June 1990.

11f,ahey Fortran compiler FTTL-EM/22 (version 3.01}. Price: about Dfl 2250,-. Month of pur-
chase: June 19390.

12] shey/Ergo Operating System (DOS Extender) 0S/386 (version 2.1.04). Price: about Dfl
1000,-, Month of purchase: June 1990.
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3. Solute time step AL,

The solute time step Aiy is the time increment in which a particle 1s moved over a
distance proportional to the length of that time increment and the velocity at the
position of that particle. Several stability criteria determine the length of the solute
time step (see subsection 5.3.3). Normally, several solute time steps are applied
to simulate the solute transport during one flow time step of the groundwater flow
equation.

4. Flow time step At

After each flow time step, the buoyancy is deduced from the computed solute con-
centration, and a new freshwater head distribution as well as a new velocity field is
calculated.

Note that the flow time step in the adapted MOC model should be chosen with
care. The reason for this is that the groundwater flow equation depends on density
differences, and thus the solute concentration also determines the solution. The
salinity distribution changes after every solute time step, while the velocity field is
kept constant during that flow itme step (see figure 5.4). It may happen that the
salinity distribution changes so rapid during one flow time step (there is a large
number of solute time steps within one flow time step), that the velocity field does
not closely match any more with the salinity distribution, and thus, with the current
density. This could lead to numerical instabilities (see subsection 5.5.1). In order to
remedy this problem, the length of the flow time step should be shortened. A flow
time step of 1 year appears to be an appropriate value in a large number of case
studies see, e.g., chapter 8.

datermination of a st = flow time step = 1 year

new velocity field

determination of a new solute
concentration in each particle

at = solute time step = 1/6 year,
depends on stability criteria

*velocity field remains constant during 1 year
* solute concentration changes during each solute time step

Figure 5.4: Example of the relation between the flow time step and the solute time step.
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5. Convergence criterion TOL

The convergence criterion TOL for the iterative calculation of the freshwater head
in the groundwater flow equation is presented in ft, as MOC uses the Anglo-Saxon
system of units. In the adapted MOC model, the criterion for the groundwater flow
equation should range from about 10~* to 10=% fi. This criterion seems to be rather
strict. Nonetheless, the freshwater head should be given precisely, especially at the
constan$ piezometric level bonndaries of vertical profiles where hydrostatic conditions
ought to apply. At those boundaries, small deviations in the fixed freshwater head
could lead to significant (erroneous) velecities in vertical direction. The accuracy of
the solution of the groundwater flow equation can easily be enlarged by decreasing
the value of the convergence criterion TOL.

6. Maximum relative distance { across one grid cell

The maximum relative distance ¢ across one grid cell, in which a particle is allowed to
move during one solute time step, is normally set to a fraction of a grid cell dimension.
This is to ensure that particles do not move beyond several grid cells.

7. Qbservation points

Observation points can be degignated in the nodes of grid cells. The model can follow
changes in freshwater head and solute concentration as a function of time. In the
adapted MOC model, a maximum of five observation points can be allocated, but
this number can easily be expanded.

5.4.2 Subsoil parameters

The conversion from the original horizental model to the adapted vertical model has
its effects on several subsoil parameters. The following eight modifications in the
adapted MOC model are implemented in comparison with the original model:

1. Anisotropic and heterogeneous media

The simulated geohydrologic profiles can be considered as anisotropic, since in each
grid cell the hydraulic conductivity in horizontal direction can differ from the hy-
drauliec conductivity in vertical direction through the so-called anisotropy factor:
k./kz. As each grid cell has a discrete hydraulic conductivity, the simulated ground-
water systems can be considered as heterogeneous. In conclusion, MOC is suited for
modelling anisotropic and heterogeneous gechydrologic systems.

2, Saturated thickness of the aquifer

As the adapted MOC model is applied, the saturated thickness b of the aquifer,
that could vary spatially, represents the thickness of the aquifer perpendicular to the
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vertical profile. This pazameter is set to the unit length of one foot, the so-called
strefched fool. As a consequence, the hydraulic conductivity &; corresponds with the
transmissivities Tj; through equation 5.72:

Tu=bk (5.72)

3. Specific storativity S,

MOC can simulate not only steady state, but also transient flow problems. The
storage coefficient 5 which is applied in the original MGC model represents the
specific storativity S, in the adapted MOC madel, as the saturated thickness b is
equal to one fool: 5, = S/1 fool.

The values of the storage coefficient S in the Netherlands, obtained from pumping
tests, are in the range of 1072 to 10™* for (semi)-confined aquifers [Uffink, 1982].
Todd [1980] finds for most of the (semi)-confined aquifers values in the range of
0.5-1072% to0 0.5 - 1071 In Maidment ef al [1993], some representative values of
specific storativity S, are given (see table 5.2). Todd [1980] gives the rule-of-thumb
relationship S,=3 - 10~ %m~1, An empirically determined formula, developed by van
der Gun [1979] who applied results of pumping tests of almost sixty cases in Dutch
sandy aquifers, generates values of the specific storativity S, of the geohydrologic
system in the range of 0.5-10~5m~! t0 3- 10~ *m™?,

Table 5.2: Representative values of the specific storativity S, [Maidment et ol., 1993].

Sediment type Specific storativity S, (m~!
Unconsolidated clays 107¢ —107*
Unconsolidated sands 10~ - 10-5
Unconsolidated gravels 1074 - 10-°
Compacted sediments 10-%-10-7

The time lag of solute transport is 5o great in relation to the time lag of ground-
water flow that the transient component of groundwater flow can be neglected, and
thus, the specific storativity S, can be taken equal 1o zero. A specific storativity S,
equal to zero significantly sirnplifies the calculations with the adapted MOC model.
In section 6.2, the sensitivity for S, is deterrmined for a specific groundwater flow
regime. Simulations in section 7.5 demonstrate that it is justified to set S, equal to
zero.

4. Hydraulic resistance

Aquitards, semi-pervious layers ot resistance layers, such as a Holocene clayey layer,
are normally characterized by the Aydraulic resistance ¢ in days. Aquitards, as they
occur in geohydrologic systems, are represented in the hydraulic conductivity matrix
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of the adapted MOC model after conversion with the following equation:

d 1

k(i,j) = m =T, where 1= gé‘l_o[] (573)

where

e k(; ;) = data in the input data file of MOC which represents the (horizontal)
hydraulic conductivity in grid cell [¢, 5] (f¢/s),

o d = thickness of the aquitard {ft). Note that, as rectangular grid cells of
constant dimensions are applied in MOC, the thickness of the aquitard has to
be schematised and subsequently to be inserted in the input data file as the
height of the grid cell Az or a multiple of Az,

¢ ¢ = hydraulic resistance of the aquitard (days),
o k,/k; = anisotropy factor {—),
s 7 = time conversion factor (1 day==86400 s) (—).

In this thesis, the properties of aquitards (e.g. loam aquitards and clayey Holocene
aquitards) remain constant. However, research has indicated that especially such
aquitards may react chemically on changes of solutes in groundwater {Goldenberg
et al., 1086; Mehnert and Jennings, 1985]. Irreversible changes in permeability may
occur, especially due to the chloride-ion which flows through these layers. When saline
groundwater is replaced by fresh groundwater, the hydraulic conductivity decreases
with small fluctuations until a lower value of hydraulic conductivity is finally reached.
This process takes place as a tesult of chemical processes, such as deflocculation of
clay minerals. Thus, the hydraulic conductivity of such layers should be adapted in
MOC for changes in solute content of passing groundwater. However, this adaptation
15 beyond the scope of this thesis.

B. Initial solute concentration

The initial distribution of sclute concentration of the entire geohydrologic system
must be known, as the density distribution is apphied into the groundwater flow
equation of the adapted MOC rodel. The conversion from chloride concentration to
density is given in subsection 5.4.3.

6. Extraction and infiltration

MOC allows lines of extraction and injection wells in grid cells. The following conver-
sion must be applied for the extraction of groundwater out of the medium or injection
of surface water into the medium:

3.2808°

= 365.25 - 86400 (5.74)

qig) = Q. 72, where 73

Ly
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where

* g ;) = datain the input data file of MOC that represents the rate of extraction
or infiltration of water in grid cell [3, j} (f£3/s/ ft’),

e ) = rate of extraction (+) or infiltration (—) (m3/ys),
& T3 = time conversion factor {1 year =~ 365.25 days; 1 m ~ 3.2808 fi) (-),

+ L, = width over which water is extracted or infiltrated, perpendicular to the
profile (m). Note that the applied data should be implemented in the input
data file per unit length of one foot. As such, the three-dimensional situation
must be schematised to a two-dimensional profile, which introduces a major
problem. The width or the so-called sphere of influence I , over which injection
and extraction wells perpendicular to the profile should be taken into account,
is difficult to assess.

7. Recharge and discharge

Spatially varying (natural groundwater) recharge or discharge is simulated in the
adapted MOC model as follows. The flux in or out of the geohydrologic system is
computed by multiplying the recharge or discharge quantity (LT!) with the area
of a grid cell Az - Az, thus obtaining L* 7-!. In the adapted MOC medel, however,
a vertical profile is considered (see figure 5.5). Now, the area of the grid cellis Az -1
foot. Nonetheless, as the adapted MOC model still uses the spatial area Ar - Az,
the data has to be divided by the height of the grid cell Az:

3.2808

= 365.75 . 86900 (3.75)

infig = ;&f—z -7s, Wwhere 13

where

o infq iy = datain the input data file of MOC that represents the rate of recharge
or discharge in grid cell [, j] (ft/s/ft"),

» f = rate of recharge (—) or discharge (+) (m/yr),
& Az = height of the grid cell (fi),
e 71 = time conversion factor (—).

The ariginal groundwater recharge and discharge facilities can alse be applied in
the adapted MOC model. As vertical profiles are simulated, the supposition that
groundwater flow perpendicular to the profile ought to be negligible, should be valid.
It often happens, however, that cases with groundwater flow perpendicular to the
profile occur, for instance when high rates of groundwater are extracted or when
deep polder areas (several metres below N.A.P.) in the vicinity of the chosen profile
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Ciginal MOC model Adapted MOC model

Natusal groundwater secharge Natural groundwater recharge f
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Figure 5.5: Determination of the natural groundwater recharge for both the original model
and the adapted MOC madel.

induce groundwater flow perpendicular to the profile. In those cases; a groundwater
discharge out of the geohydrologic system can be introduced as a trick to counteract
the effect n the third dimension. This facility is imposed in section 8.3, where
groundwater is discharged in the central part of a profile in Noord-Holland,

8. Boundary conditiens

Two'2 different types of boundary conditions for the groundwater flow can be imposed
in MOC:

# a conslant flow boundary, the so-called Neusmann problem.
This type of boundary can be implemented in the adapted MOC model by
means of two tools: (1) ‘Extraction and infiltration’ (e.g. lines of extraction
and injection wells), and (2) *Recharge and discharge’ (e.g. natural groundwater
recharge into the geohydrologic system). A particular example of this constant
flow boundary type is the no-flew boundary.

s a conslani piezomelric level boundary, the so-called Dirichlet problem.
As MOC computes freshwater heads, the constant piezometric level boundary
has to be converted into a freshwater head boundary in case density differs from
fresh gronndwater. This is further explained in subsection 5.4.4.

In the adapted MOC model, a constant prezometric level boundary along spe-
cific segments of the model area is imposed by applying a parameter of the
original MOC model: the so-called leakage coefficient!®. If the leakage coeffi-

13The Cauchy or mixed boundary, which specifies a head-dependent flow, cannot be imposed in
MOC.

141n the original MOC model, the piezometric level is separated from the phreatic groundwater
level {e.g. a polder level] by an aquitard (e.g. the Holocene clayey aquitard). This lealeage coefficient
(T} is the reciprocal value of the hydraulic resistance ¢ (T). In the original MOG model, this
leakage coefficient is called the feakance coefficient.
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cient of the aquitards, which is in fact tmaginary in the adapted MOC model, is
set to a sufficient high value, e.g. 1 571, the phreatic groundwater level nearly
equates the (fictive) freshwater head. As such, a (nearly constant) boundary
condition is imposed for the freshwater head. Konikow and Bredehoeft already
indicated this application in 1978.

Fluxes of water and solute are still passing through the aquitard, though they
should not be taken into account in the adapted MOC model. These fluxes
make that the mass balances, applied in the original MOC meodel, cannot be
employed any more for the adapted MOC model (see subsection 5.5.2).

Implementation of sea level rise

An additional procedure is implemented in the adapted MOC model by the au-
thor, using documentation of van der Eem. This procedure enables the user to
change after each pumping period not only the rates of injection and extraction
(this is standard in MOC), but also freshwater heads, solute concentrations and
boundary conditions. Thus, sea level changes can be simulated in the adapted
MOC model with this procedure by inserting in the input data file a number
of pumping periods with different constant piezornetric level boundaries.

Moreover, in order to simulate sea level rise in chapter 9 as accurate as possible,
a brief procedure is implemented in the adapted MOC model to adjust the
freshwater head in selected grid cells before every flow time step:

¢}$_3] = ¢§w) +¥ - At (5.76)

where

— ¢&F1. ok . = freshwater heads respectively at the (k + 1)** time level
FICHRIRS L(F))
and the k** time level (L),
—~ At = flow time step (77),

— ¥ = rate of sea level rise (LT1).

5.4.3 Densities

As stated before, density should be considered to be a function of pressure, temper-
ature of the fluid and concentration of dissolved solutes. However, the influence of
pressure can be neglected under the given circumstances of the considered geohydro-
logic systems. Furthermore, the influence of temperature on the density is of minor
impottance with respect to the influence of dissolved solutes concentration within the
range of the applied geohydrologic systems. Therefore, in this thesis, the density of
groundwater is only related to the concentration of dissolved solutes in the groundwa-
' ter, whereas the temperature is considered to be equal to 10 °C. The conceniration of
dissolved solutes is subdivided into negative (anions, e.g. CI~, SO, HCO3™) and
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positive ions (cations, e.g. Nat, Mg?t, K1), Since in coastal groundwater chloride
(CI7) is the predominant negative ion, which is moreover investigated intensively,
the interest in this thesis 13 focused on the chloride distribution. When, in fact, only
changes in the chloride distribution are simulated with the adapted MOC model,
the distribution of all dissolved solutes is meant. In other words, the distribution of
chloride ions is considered to represent the distribution of all dissolved solutes. As
such, a proporticnal distribution of all dissolved solutes, which is present in ocean
water, is also assumed to be present in groundwater under consideration.

The applied classification of fresh, brackisk and saline groundwater based on chlo-
ride concentrations according to Stuyfzand [1986b] is presented in table 5.3, Obvi-
ously, there are various other classification systems possible, e.g. because the def-
mition for fresh groundwater depends on the application of the groundwater. For
instance, the drinking water standard in the Eurcpean Community equals 150 mg
Ci~ /1 [Stuyfzand, 1986b], while according to the World Health Organization, a conve-
nient chloride concentration limit is 200 mg G~ /i [Custodio et al., 1987). A chloride
concentration equal to 300 mg Ci~ /I indicates the taste limit of human beings ac-
cording to ICW [1976], while Todd [1980] gives 100 mg Ci~ /I as the limit when salt
can be tasted. The chloride concentration of sprinkler water for horticulture should
be less than 200 mg Ci~ /i, while livestock can endure higher concentrations: up
to 1500 mg Ci~ /I may be accepted, provided that the chloride concentration stays
constant.

Table 5.3: Classification into six main types of fresh, brackish or saline groundwater de-
pending on the basis of chloride conceniration, after Stuyfzand [1986b].

Main type of groundwater || Chloride concentration [mg Cl™ /]
fresh Ccl— < 150
fresh-brackish 150 < C1= < 300
brackish 300 < CF < 1000
brackish-saline 1000 < Ct~ < 10,000
saline 10,000 < C1~ < 20,000
hyperhaline or brine 1™ = 20,000

The conversion from chloride concentration to density, that is applied in the
adapted MOC model, is as follows:

ps —pr  Cligy
P =pr-(1+=—L. 5.77
6= oy (14 B2 2 (577)

wherte
* p(i;) = density of groundwater in grid cell [i,7] (M L~3),

s p; = reference density, usually the density of fresh groundwater (without dis-
solved solids) at mean subgoil temperature (M L=%),
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¢ p, = density of saline groundwater at mean subsoil temperature (A L~3),
o (ps — p1)/ps = relative density difference (-},

» (i ;) = chloride concentration or the so-called chlornity in grid cell [4, 7] (mg
cr= /),

¢ C, = reference chloride concentration {mg CI{~ /{). In equation 5.77, a linear
relation exists between p, and C,.

In this thesis, the following data are applied for the Duich situation: p; = 1000
kg/m3; p, = 1025 kg/m?; thus (p, — ps)/p; = 0.025; and C, = 18,630'° mg Cl- /L

Ir Dutch coastal aquifers, the chloride concentration of groundwater does nor-
mally not exceed 17,000 mg G~ /I, as sea water that intrudes the groundwater flow
regime is mixed with water from mainly the river Rijn. The density of that saline
groundwater p, equals about 1022.8 kg/m>.

Lebbe [1983], who also applied the adapted MOC model, used in equation 5.77 the
salinity or the total dissoived solids (TDS) instead of the chlorinity for the conversion
to groundwater density. Then, Cy; ;) is the actual TDS in a grid cell [, j] and C, is
the reference TDS, e g. the TDS of ocean water of 34,500 mg/i. The TDS of several
oceans around the world is higher than 34,500 mg/! due to, among others, a high
degree of evaporation and oceanic currents, and consequently, the density is higher
than p, = 1025 kg/m3. For instance, the chloride concentration in the Mediterranean
Sea can be as high as 21,000 mg Cl~ /I, and the TDS of the Red Sea and some areas
of the Mediterranean can reach some 45,000 mg/l.

5.4.4 Conversion to freshwater head

As a non-uniform density distribution in the groundwater flow regime is simulated
with the adapted MOC model, the piezometric levels in {resh, brackish or saline
groundwater must be converted into freshwater heads ¢;. The determination of the
(fictive) freshwater head is as follows (see also figure 5.6):

b = (h = Zos) ";;’ + 2o, (5.78)

where

o ¢ = freshwater head of the observation well with respect to the reference level
(L),
» i = observed piezometric level relative to the reference level (L),

e zp5s = elevation of the point of observation relative to the reference level (L},

& p,bs = density of the water column in the observation well (M L‘3)A



5.4, Parameters in MOC 147

Ground surface

obs

Figure 5.6: Conversion from observed piezometric level to freshwater head.

For example, at a vertical boundary with a constant piezometric level the freshwater
head configuration can be assessed assuming that no vertical groundwater movements
occur. This means the situation is supposed to be hydrostatic. If the piezometric level
in the upper grid cell, ¢ ](,-]2)16, and the density distribution in vertical direction are
known, the freshwater heads in all grid cells underneath the upper cell in the same
column can be determined. For each grid cell at an increasing depth with respect to
the reference level, e.g. N.A.P., the freshwater head in the center of the grid cell [¢, j]
is as follows:

ér6.5) = Gs5-1 + Ty - Az (5.79)
where

. (f]f(z-_j-), ¢ 1(i.;—1) = freshwater heads respectively in the grid cells [¢,5] and [i,5 -

e T(;; = relative density difference, the buoyancy between the grid cells (2, 5]
and [§,7 + 1] (=), see equation 5.19.

15 Aceording to Todd [1980], sea {ocean) water contains about £y = 19,300 my CI= i, while van
Dam [1992a] proposes a chlorinity of ¢, = 19,000 mg C!~ /I for ocean water.

180 OC uses dunmy grid cells around the finite-difference grid, thus the upper row which partic-
ipates has the index ;7 = 2.
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545 Hydrodynamic dispersion

The mixing process of (hydrodynamic) dispersion not only depends on the velocity
distribution, but also on the geometry of the geohydrologic systems with its good
permeable aquifers and less permeable aquitards.

Mechanical (or convective) dispersion Dy,

The determination of the longitudinal dispersivity ay, and the iransversal dispersivity
or is based on both laboratory and field experiments.

Laboratory experiments in homogeneous sand columns suggest that ay is of the
order of magnitude of the average sand grain [Bear and Verruijt, 1987). According
to literature studies, laboratory dispersion experiments report measurements of the
longitudinal dispersivity ez in the range of 10~ to 10~? m, thus the best estimates
of laboratory experiments appear to be very small. Laboratory experiments [e.g.
Berisch, 1978] proved that dispersion is affected by molecular diffusion at groundwa-
ter flow velocities smaller than about 5 - 10~° m/s. For groundwater flew velocities
greater than about 5-107% m/s and smaller than about 1.10-2 m/s, ar equals 0.063
cmt in a homogeneous, isotropic, sandy to gravelly porous medium.

By contrast, field experiments in heterogeneous sand and gravel aquifers (espe-
cially in the USA) are calibrated with much greater values of ay, in the range of 1
to 100 m. Gelhar et ol [1992] reviewed 59 different field sites in order to classify
the dispersivity data into three reliability classes. The representative scale of the
cases ranges from 107! to 10° m. They found that for these cases, the longitudinal
dispersivity ranges from 1072 to 10* m. For instance, Bredehoeft and Pinder [1973)
applied for the case study Brunswick, Georgia, USA, a longitudinal dispersivity of
about 60 m as the best estimate in order to match the calculations with measure-
ments. Also smaller values are found by trial and error, such as oz =6.6 m for the
Cutler area of the Biscayne aquifer near Miami, Florida {Segol and Pinder, 1976].
In conclusion, the variation in dispersivity reflects the influence of different degrees
of aquifer heterogeneity at different field sites. The values determined appear to be
scele-dependent, Gelhar et ol [1992] concluded that in general, longitudinal disper-
sivities in the lower part of the indicated range are more likely to be realistic for field
applications. Furthermore, they indicated that there is a need for very large-scale,
tong-term experiments extending to several kilometres.

In contrast with the field sites in especially the U.S A., the best estimates of
the longitudinal dispersivities in Dutch (and Belgian} large scale groundwater flow
regimes appear to yield rather small valnes. This observation is based on various
case studies, such as Lebbe [1983], Lebbe and Pede [1986], Kooiman et af. [1986), van
der Eem el al. [1989), Lebbe et ol [1990] and Walraevens ef ¢l [1993). According to
Stuyfzand [1991], the order of magnitude of oy for dune sand probably ranges from
0.04 to 0.1 m,

Much less information is available on transversal dispersion. Nonetheless, the
ratio oy /og is likely to range from 1:5 to 1:24 [Bear, 1979], though a ratio of 1:3 has
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been widely applied in numerical simulations [Gelhar ¢f al. 1992]. For the transversal
dispersivity ar, Stuyfzand and Stuurman [1985] determine for sand-dune areas the
range 0.01-0.05 m.

In chapter 8, it is demonstrated that the calculated profiles best match field
measurements when ay, is small (in the order of magnitude of e to dm).

Molecular diffusion Dy

Molecular diffusion is defined as solute spreading in response to concentration gradi-
ents. The molecular diffusion D3, which even occurs if groundwater does not flow,
mainly depends on temperature. As mentioned before, the influence of diffusion on
hydrodynamic dispersion becomes visible only at very small velocities of the ground-
water (e.g. < 1-107% m/s, according to Bertsch [1978]). For a conservative solute as
chloride, the molecular diffusion Dy for porous media is approximately 10~2 m?2/s at
a temperature of 25 °C.

5.5 Limitations of the adapted MOC model

55.1 Numerical instabilities

Numerical instabilities, which make the soletion of the solute transport inaccurate,
are caused by: (1) numerical approximations that already occur in the original MOC
model; and (2) density flow that additionally arises in the adapted MOC model. The
latter cause is discussed here.

Numerical instabilities in the (vertical) velocity field can occur when particles
from a grid cell with a high solute concentration and thus a high density enter in a
grid cell with a low solute concentration. Af the end of every flow time step, new
solute concentrations and thus new densities are determined for both the grid cells.
This may lead to abrupt differences in density between the two adjacent grid cells.
Subsequently, the groundwater flow equation is solved again at the beginning of a
new flow time step, and thus a new velocity field is calculated. The new vertical
velocity field could have changed significantly, as it depends on the changed density
distribution. Qccasionally, the direction of the vertical velocity may even alter in some
grid cells, at least if the initial vertical velocity was small. During that subsequent
flow time step, the new computed velocity field may move particles in the opposite
direction. This may, once again, lead to new abrupt changes in density of some
adjacent grid cells, etc., and the velocity fluctuations in vertical direction can cause
numerical instabilities.

Figure 3.7 shows a schematisation of how numerical instabilities due to density
flow occur. Several particles enter into other grid cells during the first flow time step
(of 1 year). Subsequently, the solute concentration in each grid cell is determined
by averaging over all available patticles of the grid cell. When the groundwater flow
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Figure 5.7: Schematisation showing how numerjcal instabilities due to density flow car
occur. The solute and the flow time step have the same length of 1 year. Only the verti-
cal groundwater flow is displayed. Because particles are moved to other grid cells, abrupt
changes in solute concentration and thus in density in several grid cells can create fluctua-
tions in vertical velocity,

equation is solved again at the beginning of the second flow time step, the vertical ve-
locities at the boundaries of grid cells differ abruptly due to the differences in density,
namely the vertical velocities have even changed in the opposite direction. During the
second flow time step, particle movements cause lower solute concentrations. Once
again, the solute concentrations of adjacent grid cells differ and the vertical velocities
alter in the opposite direction. After solving the groundwater flow equation, verti-
cal velocities may alter again, etc. This phenomenon of fluctuating vertical velocities
due to density flow causes numerical instabilities. Under certain circumstances, these
instabilities may get out of hand and could locally disturb the solute concentration
to such an extent that the result of the simulation is not reliable anymore.
Numerical instabilities occur at those places where the densities in adjacent grid
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cells differ rapidly, for example at places where the transition zone between fresh and
saline groundwater is small or at places where surface water is injected with a density
different from that of the original groundwater at that depth. It depends, among
others, on the geometry of the geohydrologic system whether the vertical velocities
in the grid cells fluctuate in direction with approximately equally small amplitudes,
or diverge to (unacceptable) strong amplitudes. Anyhow, in the (adapted) MOC
model, the particle tracking technique suppresses severe over and undershooting of
respectively the maximum and minimum solute concentration,

In this subsection both model and subsoil parameters that can limit numerical
instabilities in the velocity field due to density flow are briefly discussed:

1. Number of particles in each grid cell
Changes in solute concentration and density are less abrupt if more pariicles
per grid cel] are present. Thus, more particles per grid cell counteract numerical
instabilities and lead to a more exact simulation of the solute transport.

2. The convergence criterion TOL
If the groundwater flow equation is solved more precisely (that is TOL is
smaller), the velocity field and the particle movemenis are represented more
accurately. As a result, numerical instabilities are counteracted, although this
parameter has less influence on the exactness of the solute transport than the
number of particles per grid cell.

3. Size of the flow time step At
If too many solute time steps take place within one flow time step, the solution
of the advection-dispersion equation may be changed too much to match the
solution of the groundwater flow equation. As a result, numerical instabilities
can occur, To limit them, the length of the flow time step should be shortened,

4. Initial density distribution
The simmlation of the gechydrologic system starts with an initial density distri-
bution. If vertically adjacent grid cells have relatively great density differences
in the initial situation, this may immediately create numerical instabilities in
the vertical velocity field. In order to suppress this phenomenon, the initial
solute (chloride) distribution must be as smooth as possible, though it must be
in accordance with the measured distribution.

5. Total number of grid cells
The groundwater flow equation is solved more accurately and the particles
are moved more precisely, if the total number of grid cells increases. On the
other hand, changing only the grid cells to smaller dimensions does not always
counteract numerical instabilities. The explanation is as follows. If the grid cells
are altered into smaller dimensions than originally and hydrodynamic dispersion
is small, the brackish zone between fresh and saline groundwater can be also
small. As the flow time step for recalculating the groundwater flow equation
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remains the same, the new case with smaller grid cells applies more and smaller
solute time steps due to the equations 5.67 and 5.71 than the original case.
Thus, each particle is moved more often during one flow time step. As the
velocity field remains the same during this flow time step, particles in a brackish
(unstable) zone may pass adjacent grid cells with completely different density.
The smaller the grid cells are, the more often particles enter adjacent grid cells
with completely different densities. Consequently, abrupt changes in solute
(chloride) concentration and in density may occur in several grid cells. The
density of a grid cell in the brackish zone may fluctuate during the computations
of the gronndwater flow equation, and this may create or amplify numerical
instabilities. An example of this phenomenon is given in section 6.3.

Forturately, in general, the favourable characteristics of more and smaller grid
cells dominate over the negative characteristics.

6. Hydrodynamic dispersion
When hydrodynamic dispersion is small, mixing of solute between adjacent
grid cells is small too and a small transition zone may occur. Then, it is
possible that a great difference in solute concentration and density can occur
between adjacent grid cells, and subsequently, numerical instabilities in the
vertical velocity field occur.

In conclusion, exercises with the parameters mentioned above have indicated that in-
creasing the number of particles per grid cell seems to have the greatest influence on
suppressing nurnetical instabilities, followed by shortening the length of the flow time
step, and finally by lowering the value of the convergence criterion TOL. Further-
more, numerical instabilities can be counteracted if the initial density distribution is
smoothed, especially in transition zones. Enlarging the total number of grid cells does
not necessarily decrease numerical instabilities. However, reducing the dimension of
the grid cells is effective in combination with shortening the length of the flow time
step.

5.5.2 Accuracy of the solution

The accuracy of the numerical solution of the groundwater flow mode]l MOC can be
estimated by analysing the errots in both the groundwater volume and the solute
mass balances. Unfortunately, the balances as derived in the original MOC model
cannct be applied for the adapted MOC model. The reason is that the fluxes of both
water and solute through the imaginary aquitard are also considered in the balance
evaluation (see also subsection 5.4.2: item 8. Boundary conditions). Therefore, a
new procedure is applied for the adapted MOC model to determine the errors in
the balances. Obwiously, it is still based on the principle of mass conservation for
respectively groundwater and solute.
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Accuracy of groundwater flow

The incoming and outgoing fluxes (groundwater volumes) over specific boundaries of
the geohydrologic system are calculated by applying the velocilies perpendicular to
those boundartes and the total length of the boundaties. In addition, extractions, in-
filtrations, recharges and discharges are also considered. Figure 5.8 shows an example
how the incoming and outgoing groundwater volumes in one grid cell are determined.
For the determination of the error in the groundwater volume balance of an entire
geohydrologic system, the following equation s applied:

R OW 0 2 Qgeryai DZT DY + oy DAL + well*AL

i 2 G Groundwater volume balance in a grid cell:
AZ ]--— low,, : gz AZ AL + G, gy AXAL + sourceAt,
(i-1/2

net volume flux = flow,, - flow,,
z (,i+1/2)

L_m_.l

Figure 5.8: Example of the determination of ircoming and ontgoing groundwater volumes
in one grid cell per stretched fool during one solute time step.

flow;, — flow

Euater = 100 - Vi

(%) (5.80)

where
o E.s.r = error in the groundwater volume balance (%),
e Vj = initial groundwater volume per stretched foot (L3 L~1),

o flow;,, flow,,¢ = respectively the cumulative sums of incoming and outgoing
groundwater volumes in the geohydrologic system per stretched foot (L3 L=1).

The error in the groundwater velume balance appears to be insignificant for com-
monly used parameters (e.g. for TOL=10"% ft): < order of magnitude 1071%. Even
if initially a relatively great error in the groundwater velume balance would exist,
it can easily be diminished by lowering the value of the convergence criterion TOL.
For all cases with commonly applied parameters, the error in the groundwater vol-
ume balance is small compared to the error in the solute mass balance. An example
of incoming and outgoing groundwater volumes is given in section 7.7: item Water
balances.
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Accuracy of solute transport

The accuracy of the solution of the solute transport equation is quantified by the error
in the solute mass balance. In the original MOC model, three methods were defined
to represent the error, while the MOC version 3.0 of 1989 computes even another
error. The test problems, applied in the original MOC model, obtained errors in the
solute mass balance of, mostly, in the range of -10 % to +10 %. Unfortunately, as
stated before, all the methods given in the original MOC model cannot be applied
due to the adaptation of the model for vertical profiles. Therefore, a new error in the
solute mass balance is defined by applying: (1) the cumulative sums of the incoming
and outgoing fluxes over the boundaries (net mass flur My) and (2) the change in
mass stored in the system (mass accumulation AM,). The error in the solute mass
balance is expressed by:

R, .
Esofute =100- uﬂ?; {%) (581)

where R,, is the mass residual (M L™1) (that is the difference between nef mass fluz
M; and mass accumulation AM,) and My is the initial mass of solule present in the
entire geohydrologic system (M L~1).

In general, the error in the solute transport is great in comparison with the error
in the groundwater flow. The errors can be significant because changes in solute
concentration are {mainly) caused by particle movements to other grid cells. These
particles may cause relatively random changes in the solute concentrations of those
grid cells. Abrupt changes in solute concentration directly affect the error in the
solute mass balance. For mstance, particles with high soluie concentrations enter
grid cells where the particles have low solute concentrations. After (arithmetic)
averaging of solute concentrations over the currently available particles, the solute
concentration in those grid cells may increase considerably. These described changes
in solute concentration also occur at the boundaries of the system. At those places,
the changes may induce a substantial change in mass stored in the system (mass
accumulation AM,), which directly affects the error in the solute mass balance.

Another significant cause of the error in the solute transport is the reposition of
particles to a new uniform distribution throughout the entire grid, when too many
grid cells become void due to particle movements (the procedure is called GENPT).
The maximum number of grid cells that can be void of particles, NZCRIT, is initially
set to 2 %. Though an approximation of the previous concentration gradient within
each grid cell is preserved, relevant information, such as the exact position of parti-
cles, is eliminated whenever new particle distributions are generated. Consequently,
as particle movements to ofher grid cells cause the main changes in concentration,
discontinuities in the changes in concentration may occur, which lead to errors in the
solute mass transport. If NZCRIT is too small, then a new particle distribution is
generated too often which could amplify errors in solute mass transport.

The etror in the solute transport E,,i.: is only slightly aflected by the longitu-
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dinal dispersivity and by model parameters such as the number of particles In each
grid cell, the convergence criterion TOL, and the dimensions of the grid cells.

5.6 Graphical presentation

In this section, a postprocessor is briefly described that provides the graphics ca-
pability for data output of the adapted MOC model. The package is based on the
graphical presentation of data output developed by Lebbe [personal communication,
1990]. The author adapted and added several (new) features'? in the postprocessor'®;
o Freshwater head and solute concentration
The distributions of both freshwater head and solute concentration of the pro-
files can be displayed for selected moments in the simulation time (at the ead
of the so-called pumping periods). The presentation can be twofold: (1) by
contour lines {respectively the so-called freshwater head isohypses and lines of
equal solute concentration) or (2) by a coloured block distribution (each grid
cell is presented by a coloured rectangular block). The colour of the blocks cor-
responds with a range in respectively freshwater head and solute concentiration
in a defined classification. Purthermore, the postprocessor is able to produce
ASCII files of respectively the freshwater head and the solute concentration in
each grid cell. These files can be applied in packages such as SURFER.

» Velocity field
The real velocity in the center of a grid cell is deduced by linear interpolations
between the velocities at the boundaries of the grid cell. The vector of the
velocity in the center of a grid cell is determined by muitiplying the velocity
with a certain time step. The orientation and the length of the vector presents
respectively the direction and the distance in the geohydrologic system that a
groundwater particle in the center of that grid cell would displace during that
time step, on condition that the velocity field is constant during that time step.

The velocity vectors can be superimposed on the freshwater head contour lines
and/or on the coloured block solute distribution in one single picture. That
picture can be stored in an output data file as HPGL-instructions. The
output data file can be applied as a direct hardcopy print or can be retrieved
in graphics packages such as WP Presentations for editing.

e Streamlines and travel times at one specific moment in time
Two types of streamlines can be determined: (a) streamlines which indicate the

17Examples of the features are displayed in the following chapters.

18 nfortunately, the postprocessor, written in Pascal and available for the personal computer,
has not yet been made user-friendly due to lack of time. However, within a few man-weeks the
postprocessor can be made suitable for at least undergraduate students.

1BHPGL, stands for Hewlett-Packard's Graphics Language, which was originally developed to depict
pictures on plotters.



156

Chapter 5. Background of the adapted MOC model

travel that particles would make if the velocity field is in a stationary situation,
and (b) streamlines based on a non-stationary situation in the velocity field,
which in fact occurs for the groundwater flow regimes with changing densities.

ad a. The streamlines based on a stationary velacity field can be computed in
a straightforward way. The velocity field, taken at one specific moment
in time, is not adjusted during the travel of the particles. Fluid particles
at any location in the grid can be tracked, based on bilinear interpolation
of the velocities at adjacent nodes and at boundaries (figure 5.2). The
streamlines are constructed by continuous determination of the velocity at
the position of the particles and moving the particles through the geohy-
drologic system during a certain time step. The travel time of a particle
through the system is computed by adding up all time steps that particle
needs to move through the system. Note that the condition of the bound-
aries of the entire geohydrologic system should be known in advance,

ad b. In a non-stationary situation, the ectual streamlines, path fnes or flow
paths are assessed by tracking a number of particles through the gechy-
drologic system during the simulation. This is not difficult to accomplish
as MOC already uses the particle tracking method. Tt generates a spe-
cific output data file in which information of the travel of certain particles
through the grid is stored. The postprocessor constructs the path lines.
Unfortunately, if a new uniform distribution of particles throughout the
entire grid is generated (the procedure GENPT is applied), the coding of
tracked particles may be assigned to other particles. If that happens, the
positions of the assigned particles may be altered and as a result, the path
lines are not functional anymore from that moment in time.

o Changes in volume distribution of groundwater

At the end of each pumping period, the postprocessor counts the number of grid
cells with fresh (C1™ <300 mg CI~ /1), brackish (300<CI~ <10,000) and saline
(CI= 210,000 mg CI~/I) groundwater. Subsequently, the change in salinity
distribution in the gechydrologic system as a funetion of time can be quantified.

Film option for changes in freshwater head and solute concentration

The film option of the postprocessor can display changes in the distribution of
freshwater head and solute concentration in the profile as a function of time.
Note that in most of the cases a large number of pumping periods is required in
order to visualize significant changes in the distribution as a function of time.

Freshwater head and sclute concentration in cbservation points

The freshwater head and sclute concentration at specific observations points can
be displayed as a function of time. The postprocessor can generate ASCII files
that can be applied in packages such as SigmaPlot for producing (sophisticated)
diagrams or charts.



Chapter 6

Hypothetical cases with the adapted MOC
model

6.1 Introduction

Model testing comprises, besides comparison with the results of other models and
with reality, model verification of problems for which analytical solutions exist. Nu-
merical models, that simulate not only groundwater flow but also solute transport,
can be tested or validated! by various models with analytical solutions. Analytical
solutions of solute transport can be complex, and therefore, mostly straightforward
hypothetical cases are considered. For instance, analytical solutions are given for
the one-dimensional form of the advection-dispetsion equation by Ogata and Banks
[1961], Shamir and Harleman [1966], Kinzelbach [1986, 1987a], Gethar and Collins
[1971], Freeze and Cherry {1979] and Uffink [1990]. Bear [1072, 1079} has summa-
rized examples of analytical solutions of the hydrodynamic dispersion with specific
boundary and initial value problems. .

The original MOC model [Konikow and Bredehoeft, 1978] has already been tested
intensively, e.g. by Huyakorn et al. [1984]) and Beljin [1988]. The author has success-
fully tested his adapted MOC meode), that, in addition, simulates density differences
in vertical profiles, through comparing his results with results of others. For in-
stance, the following cases have been reproduced: Lebbe [1983], Peters [1983] and
Lebbe [1984] (movement of fresh water injected in a salaquifer), and van der Eem et
al. [1989].

In this chapter, additional testing is done. The simulations with the adapted
MOC model are compared with analytical solutions of the following three problems:

a. Case similar to Edelman’s sudden change in boundary condition [1947], where un-
steady one-dimensional flow is considered in a confined aquifer without recharge,
density differences, solute transport and hydrodynamic dispersion.

10ften the testing of the computer cocles for problems with lmown solutions is (erronecusly) called
validetion. A mathematical model is said to be vakidated, if sufficient testing has heen performed to
show an acceptable degree of correlation [Huyakorn et al., 1984]. However, as a matter of fact, the
models can only be invaliduted, since the testing is only a limited demonstration of the reliability of
the model [Konikow and Bredehoeft, 1992].

157
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b. Henry’s problem [1964], where saline water intrudes in a hypothetical rectangular
aquifer and merges by a constant dispersion coefficient,

c. Chan Hong’s sharp interface [1989), where a sharp interface between fresh and
saline groundwater is simulated.

It should be noted that several conclusions drawn in this chapter highly depend on
the geometries and the (subsoil and model) parameters of these specific cases.

6.2 Case similar to Edelman’s sudden change in boundary
condition [1947)

A case s considered that is based on Edelman's type {a)? [1947): sudden change in
boundary condition, namely the open water level in a canal is changed which has its
effects on the piezometric level in the adjacent aquifer (see figure 6.1). In this section,
however, the aquifer is confined and a rise of the open water level at the boundary
canal is implemented rather than a lowering of the open water level as occurs in
Edelman’s type (a). The rise in open water level can stand for a sudden sea level
rise SLR. Then, the change in piezometric level in the confined aquifer is due to a
sea level rise at the so-called seaside boundary. A fully penetrating ditch bounds the
aquifer at the seaside boundary #=0. As MOC cannot simulate an mfinite boundary,
which occurs in the original types of Edelman, a no-flow boundary is supposed at
the land side at z=I. The aquifer is sitnated above an impervious base or no-flow
boundary. At the top, the confined aquifer is alse bounded by an impervious layer,
and thus, no natural groundwater recharge occurs. Before =0, the open water level
in the boundary canal equals that of the top of the aquifer. At =0, the open water
level has risen, e.g. due to a sudden sea level rise,

In subsection 6.2.1, the analytical solution of the case similar to Edelman’s type
(a) is given and the subsoil and model parameters used in the adapted MOC model
are enumerated. In subsection 6.2.2 the results are discussed of the adapted MOC
model which are compared with the analytical solution. The sensitivity of the aquifer
for the specific storativity S, is determined and the influence of the flow time step is
analysed. Finally, in subsection 6.2.3, some conclusions are drawn.

2Edelman [1947] derived four Lypes of solutions for unsteady one-dimensional flow in an uncon-
fined aquifer of semi-infinite extend withont recharge: (a} a sudden lowering of the water level in a
boundary canal; (b) a suddenly occurring constant groundwater discharge into a canal; {c) a linearly
increading lowering of the water level in a boundary canal; and (d) a linearly increasing groundwater
discharge intc a canal. For the types {b) and (d), the water level in the canal is being lowered
accordingly.
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Figure 8.1: Schematic representation of the case similar to Edelman’s type (a): a confined
aquifer with a no-flow boundary at z=l.

6.2.1 Definition of the case similar to Edelman’s case

Analytical solution

Equations 6.1 to 6.8 describe the flow problem, representing the unsteady ome-

dimensional flow in the aquifer [Carslaw and Jaeger, 1959; de Marsily, 1986]:
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where
s ¢ = groundwater flow per unit width of the aquifer (LZT-1),

¢ kD = transmissivity of the aquifer, considered as constant (L2 T~1),

® ¢ = piezometric level in the aquifer with respect to the reference level, that is
the horizontal top of the aquifer (L),

¢ S = storage coefficient or specific yield of the aquifer {—),

z = distance from the boundary canal [},

! = length of the aquifer up to the land side no-flow boundary (L),

erf(u) = 1 - erf(u) = complementary error function {(—). The solution of
the erf(u) is tabulated, among others, in Abramowitz and Stegun [1965] and
Huisman [1972).

Density differences are not taken into account. Effects of tides, that make the problem
unsteady, and recharge are neglected. Only changes in piezometric level are computed
and analysed, as solute transport is not considered.

Carslaw and Jaeger [1959] also derived formulas for equivalent problems in the
theory of conduction of heat in solids. Their analytical formulas are similar to those
for groundwater flow in aquifers. For instance, for an aquifer with an initial piezo-
metric level ¢ equal to 0 and for { >0 ¢=SLR at =0 and ¢=0 at z=I, the solution
betomes:

#{=,t) = SLRi f @r+i-(-=z) erfc @ntN+U-2) {6.10)

eTIC
kD32 kD1
n=D 2\/—5 2\/-3_
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Subsoil and model parameters

The following reference case is defined for simulation with the adapted MOC model:
an aquifer with a length of {=12,500 m and 2 height of D=100 m, containing fresh
groundwater with a density equal to 1600 kg/m?®. Furthermore, the hydraulic con-
ductivity equals k=20 m/d (the anisotropy factor k,/k, is set to 1 (—)) and the
effective porosity is set to 0.35. As no solute transport is considered in this case,
the dispersivities oz and e are set to zero. In Dutch sandy aquifers, the specific
storativity S; ranges from 0.5-10~% m~1! to0 3-107% m™~! van der Gan [1979] (see also
subsection 5.4.2: item 3. Specific storativity S,). For the reference case, the specific
storativity S, is set to 1-10~% m~?. According to equation 5.13 ($=5,-5), the storage
coefficient $ (—) is equal to the specific storativity S, (£~!) in the adapted MOC
model, as the saturated thickness b of the aquifer perpendicular to the profile is set
to the unit length.

The aquifer is schematised with 250:10=2500 grid cells, thus a grid cell has a length
of 50 m and a height of 10 m. The convergence criterion TOL for the (iterative)
caleulation of the freshwater head in the groundwater flow equation is 10=% ft. The
initial flow time step is set fo a small value of 1 day.

6.2.2 Discussion
The adapted MOC model compared with the analytical solution

Figure 6.2 shows that the computations of the adapted MOC model are in good
agreement with the analytical solution of equation 6.7. As can be seen, the time
lag, before a new state of dynamic equilibrivin of the piezometric level distribution
is reached, depends on the value of the specific storativity S,, which ranges from
8,=3.10"5 m~! to §,=3- 105 m~!. The smaller the specific storativity S, is, the
faster the geohydrologic system reacts on sudden changes in open water level at the
seaside boundary. For instance, for Ss=1-10"% m~!, 95 % of the ultimate elevation
in piezometric level at x=7425 m is reached within some 100 days. Under normal
conditions in sandy aquifers of the Netherlands, the time lag is for confined aquifers
in the order of several hours (to at most several days at large distances from the
changing boundary), whereas for unconfined aquifers the time lag is substantially
greater, viz. in the order of weeks (to at most a few months at large distances from
the changing boundary). It is evident that the time lag for both types of aquifers
can be neglected compared to the time scale of sea level rise, which is in the order
of decades or centuries, namely a sea level rise of approximately 60 cm takes place
during one century. A relevant consequence of this observation is that it is justified
to set the specific storativity S, equal to zeto when a sea level rise is simulated. The
piezometric levels in the coastal groundwater flow regimes reach the new state of
dynamic equilibrium almost immediately after a sudden sea level rise.

Obviously, the part of the aquifer that is situated near the seaside boundary
reaches the new state of dynamic equilibrium earlier than the part of the aquifer near
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Figure 6.2: Influence of the specific storativity S, on the change in piezometric level as a
function of time in an observation point at r=7475 m from the scaside boundary, in case
the open (sea) water level is changed suddenly. For MOC, the piezometric level at every
second flow time step is displayed.

the land side boundary. This is demonstrated in figure 6.3, where the changes in
piezometric level of four observation points are displayed. Here again, the computa-
tions of the adapted MOC model are in good agreement with the analytical solution
of equation 6.7.

Figure 6.4 shows the changes in piezometric level due to the elevation at the
seaside boundary as a function of the distance in the aquifer at several moments in
time. After a number of days the piezometric level in the aquifer has already risen
significantly due to the elevation at the seaside boundary. Within 100 days 95 % of
the new state of dynamic equilibrium (¢#=SLR) is reached.

The length of the flow time step

The length of the flow time step in the adapted MOC model is rather important,
if the specifie storativity S, is not equal to zero. When the interest is focused on
the development to a new state of dynamic equilibrium for the piezometric level, the
length of the flow time step should not be too great, since the new state of dynamic
equilibrium may be reached within some {(tens of) days. Figure 6.5 shows the influence
of the length of the flow time step on the development of the piezometric level to a
new state of dynamic equilibrium. Simulations with great flow time steps generate
inaccurate piezometric levels as a function of time, whereas simulations with small
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Figure 6.5. Influence of the length of the flow time step on the piezometric level as a
function of time in an observation point at £=12425 m.

flow time steps, in the order of 0.1 day, appear to approach the exact development
of the piezometric level sufficiently accurate.

6.2.3 Conclusions

In this hypothetical case which is inspired by Edelman’s achievements, the piezomet-
ric levels in a finite confined aquifer are changing due to an instantaneous elevation
in open water level in a canal boundary.

The simulations, computed with the adapted MOG model, are in good agreement
with an analytical solution, borrowed from Carslaw and Jaeger [1959]. The specific
storativity .S, highly determines the time lag before a new state of dynamic equi-
librium of the piezometric level distribution is reached. In this specific hypothetical
case, 95 % of the new state of dynamic equilibrium is reached at the land side no-flow
boundary at £=12,500 m within one year for specific storativities S, in the range of
0.510~% m™* t0 3107% m~1. These values occur in the sandy aquifers of the Nether-
lands. This meang that when long periods are simulated, such as when the impact of
sea level rise on the groundwater flow regime is assessed, the specific storativity S,
can be set equal to zero.

For cases with a gpecific storativity S not equal to zero, the computations with
the adapted MOC model should be performed with small flow time steps to suppress
inaccurate solutions of the groundwater flow equation.
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6.3 Henry's problem: sea water in coastal aquifers [1964]

In ihis section, some characteristics of the adapted MOC model are discussed through
simulations of Henry’s preblem. In Henry's problem, saline water intrudes a coastal
aquifer and merges by a constant dispersion coeflicient. The results are compared
with the solution of Henry himself and with various solutions of other techniques.
It is cormnmon practice to apply Henry’s problem {1964] as a benchmark for new
two-dimensional groundwater flow models that can simulate solute transport and
density flow [Segol, 1994]. Various researchers use Henry’s problem to verify their
own model. A few of these scientists, such as Lee and Cheng [1974], compared their
numerical solutions with Henry's final steady state solution; other scientists, such as
Pinder and Cooper [1970], Segol et al. [1975], Frind [1982], Voss [1984], Sanford and
Konikow [1985] and Galeati ef al. [1992], compared their solutions with the unsteady
state solutions of Henry’s problem. These unsteady state situations are stages in
the evolution of the salt water intrusion. Originally, hydrodynamic dispersion could
only be presented in MOC as a veloctly-dependent hydrodynamic dispersion. As a
constent dispersion coefficient has to be applied in Henry’s problem, the author has
also adapted the computer code to simulate a consfant dispersion coefficient (see
subsection 5.3.1).

In subsection £.3.1, the geometry of Henry’s problem is described and the applied
subsoil and model parameters are summarized. In subsection 6.3.2, the solutions
of the adapted MOC model and six other techniques are compared. Moreover, the
results of computations with different numbers of grid cells, particles and values of
dispersion coefficients are discussed, and an analysis of the simulation of a sharp in-
terface and the development of the brackish zone is given. Finally, in subsection €.3.3,
some conclusions are drawn.

6.3.1 Definition of Henry's problem
Geometry

Henry formulated in 1964 the sea water intrusion in a homogeneous, isotropic, con-
fined, rectangular aquifer including dispersion. The effect of dispersion on salt en-
croachment in coastal aquifers was investigated. He solved the equations with the
Galerkin method by using Fourier series.

The boundary conditions of Henty’s problem are shown in figare 6.6. The top and
bottom boundaries are impermeable and thus no-flow boundaries. A constant fresh
water flux ) enters the aquifer along the vertical at £=0. The seaside boundary at
z=[ is a constant saliwater head. In the adapted MOC model, mass transport oceurs
over the seaside boundary. This is in contrast with the solution of Henry, where no
mass transport over the seaside boundary occurs. Relevant dimensionless variables
of this problem are defined as follows:

£ =1/d, e=Qfkd and b= DW/Q (6.11)
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Figure 6.6: Schematic representation of Henry’s problem.

where
e £ = Ifd = aspect ratio (-),
¢ [ = length of the aquifer {L),
o d = height of the aquifer (L),
e Dy, = coefficient of hydrodynamic dispersion (LZ2T1),
e ( = net fresh water discharge per unit length of beach (£2T~1),

o k= k%ﬁ = hydraulic conductivity # times the relative density difference
(LT,

e pg,ps = density of Tespectively fresh and saline water (M L~3),
¢ b= Dy /Q = inverse of the (seepage) Peclet-number Pe ().

The parameters in Henry’s problem are set to £=2, a=0.263 and $=0.1. Effects of
tides and recharge, that make the salt water intrusion preblem unsteady, are averaged
and all included in the value of the hydrodynamic dispersion coeflicient I, .
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Subseil and model parameters

In order to satisfy the parameters £=2, a=0.263 and 5=0.1, the following character-
istics are applied in the reference case: a hypothetical aguifer of d=1.0 m by 1=2.0
m; a hydraulic conductivity of k=1 e¢m/s; a fresh water discharge per unit length
of beach of Q=6.6-10"% m?/s, which is uniformly distributed over the number of
vertical grid cells; and an effective porosity of 0.35. No anisotropy occurs in Henry’s
problem (k,/k:;=1.0) and the specific storativity S, is set to gero.

The reference case has 800 grid cells: 40-20, thus the {square) grid cell has a length
Az and a height Az of 8.05 m. The convergence critetion TOL for the (iterative)
caleulation of the freshwater head in the groundwater flow equation is 10~% f¢, and
the relative distance ¢ in a grid cell; in which a particle is allowed to move during
one solute tume step, is set to 1.0. Each grid cell has 9 particles. The flow time step
is set to 5 min.

The anthor has added a constant molecular diffusion coefficient Dj; to the dis-
persion components in the computer code of the adapied MOC model {see subsec-
tion 5.3.1), as Henry’s problem assumes that the hydrodynamic dispersion is repre-
sented by a constant dispersion coefficient rather than by a velocity-dependent dis-
persion coefficient. The constant molecular diffusion coefficient Dy is set to 0.066
em?/s.

In the initial condition of the reference case, the entire aquifer only confains
fresh groundwater, which has a density equal to 1000 kg/m® Saline groundwater
has a density equal to 1025 kg/m?*, thus the relative density difference ‘a’jT_p"- is
0.025. During the evoluiion of the brackish zone, a brackish outflow at the seaside
appears in the upper part of the aquifer. It is assumed in this hypothetical case that
brackish groundwater, which flows out of the aquifer at the seaside, immediately
mixes with salt seawater outside the aquifer and is discharged immediately. Hence,
this boundary is kept constantly saline, and thus, a constant saltwater head rather
than a brackishwater head is simulated at the upper part of the seaside boundary.

Results of the reference case

Figure 6.7 shows the {reshwater head distribution, several isolines of saltwater fraction
and the velocily field after a simulation time of 400 min. Near the seaside, a landward
flow of saline water occurs in the lower part of the aguifer and a seaward flow of fresh
water occurs in the upper part of the aquifer. Obvicusly, sea water mixes with
fresh water and circulates. Especially in the outgoing fresh water at the seaside the
velocities are great. Mixing, which is caused by hydredynamic dispersicn, restricts
the landward extent of salt water intrusion. This phencimenon was predicted by
Cooper [1964] and observed in the field by Kohout [1964].
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Figure 6.7: Freshwater head distribution (in m), several isclines of saltwater fraction and
the velacity field of the reference case, computed by the adapted MOC model. The constant
dispersion coefficient equals 0.066 cm?/s. The simulation time is 400 min. The lengths of
the arrows correspond with the displacement of groundwater during a time step of 4.0 min,
beginning at the indicated moment in time.

6.3.2 Discussion

Solution of Henry's prablem by the adapted MOC model compared with solutions by six
other techniques

1. Pinder and Cooper [1970] were one of the first to use Henry’s problem for testing
their numerical model. In a way, their model is a precursor of MOC. They used
the methed of characteristics to solve the transport equation and the iterative
alternating-divection implicit procedure (ADI) to solve the groundwater flow
equation. They considered an unsteady flow development under conditions
similar to Henry'’s problem, thus with the same seaside boundary. Pinder and
Cooper assumed two initial conditions for the salinity distribution in the aquifer:
(1) fresh groundwater, and (2) a steady state sharp interface between fresh and
galine groundwater.

Figure 6.8 shows the position of the isclines of 0.5 saltwater fraction, 30 and
100 min after the beginning of the salt water intrusion for the initially fresh
condition. Although they deduced that their numerical solution approaches
Henry’s steady state solution after a long time, they only showed in their article
the unsteady state solutions of the isolines of 0.5 saltwater fraction till 100 min
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Figure 6.8: Unsteady state situation of the isoline of 0.5 saltwatet fraction of Henry's
problem, computed by the adapted MOC model (the reference case), Pinder and Cooper
[1970), Segol et gl [1975]) and SUTRA [Voss, 1984]. Alse the solution of Henry [2964) and
the steady state sharp interface with no dispersion are given.

for the initially fresh condition and till 70 min for the initially sharp interface
condition. Their results for both conditions cannot clearly demonstrate that
the computations are eventually in good agreement with Henry’s sieady state
solution.

2. Segol el el [1975] used a Galerkin Finite Element technique to solve the set
of nonlinear partial differential equations. The positions of the isolines of 0.5
saltwater fraction after 30 and 100 rrin are shown in figure 6.8, Note that
Segol et el had to use another seaside boundary condition for the transport
of solute than Henry because of the application of the finite-element method:
the condition is modified to allow mass transport over the top portion of the
seaward boundary. Therefore, the top parts of the isolines cannot be compared.

3. Frind [1982] applicd the classical Galerkin Finite Element appreach to simulate
density-dependent transport problems, with emphasis on computing cost-saving
measures. The positions of the isclines of 0.5 saltwater fraction of Frind appear
to be in very good agreement with Segol et al’s solutions that are shown in
figure 6.8.

4. Galeati et al. [1992) compared computations of their technique (a ’modified’
method of characteristics, implicit with backward tracking of particles) with
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Frind’s solution [1982]. They found that the comparison with Frind was good
except near the seaside boundary, which was treated in a different way.

5. Voss [1984] developed the finite-element simulation model SUTRA that employs
a two-dimensional hybrid finite-element and integrated finite-difference method
to approximate the governing equations (see also subsection 4.5.1). In figure 6.8,
the position of the isoline of (.5 saltwater fraction is given of the unsteady state
situation after 100 min, which agrees with the results of the other solution
techniques.

6. Lee and Cheng [1974] formulated and solved the coupled nonlinear conserva-
tion equation of mass and salt in terms of stream functions by the finiie-element
method with the aid of iteration and underrelaxation. They used Henry’s orig-
inzal seaside boundary condition. Nonetheless, figure 6.9 shows that the steady
state position of the isoline of 0.5 saltwater fraction 1s not really in good agree-
ment with the position of Henry’s solution in the vicinity of the toe of the izoline.
Note that this conclusion is in contrast with what Lee and Cheng deduced in

1974.
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Figure 6.9: Steady state situation of the isolines of 0.5 saltwater fraction of Henry’s prob-
lem, computed by Henty (1964], the adapted MOC model (the reference case) and Lee and
Cheng [1974). Also the solution of the steady state sharp interface is given (no dispersion).

In conclusion, the unsteady state solutions (namely 30 and 100 min after the be-
ginning of the salt water intrusion for the initially fresh condition) of the varions
techniques are in good mutual agreement. By contrast, it appears that currently
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no method has succeeded in duplicating Henry’s steady state solution. Especially
near the bottom of the aquifer, Henry’s solution substantially differs from all numer-
ical selution techniques. It appeared that the inaccuracies of Henry'’s results are a
consequence of the limited computer facilities at the time [Segol, 1994].

Influence of number of grid cells

The sensitivity of the solution for the simulated number of grid cells is investigated.
Four cases with different nurbers of grid cells are compared, to observe differences
in the position of the isoline of 0.5 saltwater fraction:

a. 20-10 = 200 grid cells: Az and Az is 0.1 m,

b. 40- 20 = 800 grid cells: Az and Az is 0.05 m,

c. 8040 = 3200 grid cells: Az and Az is 0.025 m,
d. 12060 = 7200 grid cells: Ar and Az is 0.0167 m.

The explicit numerical solution of the solute transport equation has several stability
criteria (see equations 5.66 to 5.71). These criteria may require that the flow time
step, used to solve the gronndwater flow equation, is subdivided into a number of
smaller solute time steps during which all particles are moved to new positions. For
further information, see subsection 5.3.3.

Two stability criteria for the maximum permissible solute time step are affected
by the number of grid cells:

o the stability criterion equation 5.67:

0.5
At., S min id l—FD 3] ] (6.12)
(over grid) B+ D
The smallest Af, occurs at the node having the greatest value of r%ﬁ, + (%ﬁ;.
As the dimension of a grid cell (Az,Az) decreases in case of an increasing
number of grid cells, the value of E%;ﬁ; + (gz in equation 5.67 increases. As
a result, the maximum permissible sclute time step decreases also.

+ the stability criterion equation 5.71:

(Az Az
d At, <
(Va)mar an * = V) maz

As the dimension of a grid cell (Az,Az) decreases in case of an increasing
number of grid cells, the maximum permissible solute time step also decreases
if ¢ remains the same. In this study, this stability criterion mostly dominates
the simulation, and thus mostly determines the length of the solute time step
for computing the solute transport equation.

Al < (6.13)
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In summary, if the number of grid cells increages, the number of calculations to move
the particles during a flow time step of b min also increases. This observation is
demonstrated in table 6.1. Initially, each grid cell has 9 particles during the compu-
tation of the reference case. The particles move from one grid cell to another. Some
particles go out of the aquifer at the upper part of the seaside boundary and new
particles enter into the aquifer at the land side and at the lower pari of the seaside
boundary (see figure 6.7). Therefore, more pariicle movements are counted than
just the number that is determined by the rumber of grid cells times the numéber of
particles per grid cell times the number of solute time steps.

Table 6.1: Some characteristics of the adapted MOC model for Henry’s problem during
the first 400 min: four cases with different numbers of grid cells; the total number of solute
time stepg; the mean number of yolute time steps per flow time step of 5 men; the calculation
time on the computer; and the total number of particle movements. The molecular diffusion
i5 0.066 ¢m? /s and each grid cell initially has 9 particles.

Number || Number of || Mean number of || Calculation Number
of solute solute time steps timet of particle
grid cells || time steps || per flow time step (sec) movements
200 322 | 4 70 625,969
8060 666 9 420 5,219,227
3200 1524 21 3780 50,466,597
7200 2619 33 13,020 181,340,983
t: specifications of the computer applied: Highscreen LE 1024, 50486 micro processor,
CPU with 8 Mb RAM, 50 MHz 80487 mathematical co-processor.

When more grid cells are used to simulate groundwater flow and sclute transport
in an aquifer, the solute transport equation should be solved more accurately. Fig-
ure 6.10 displays the isolines of 0.5 saltwater fraction of the four cases with different
numbers of grid cells. The figure shows that the position of the isoline of 0.5 saltwater
fraction of the case with 200 grid cells only deviates a little from the other three cases
with more grid cells. The position of the isoline of 0.5 saltwater fraction of the case
with 7200 grid cells is only a bit more smooth compared to the case with 800 grid
cells. In conclusion, cases with 800 grid cells are accurate enough in comparison with
the cases with 200 (less accurate), 3200 and 7200 grid cells. In addition, the calcula-
tion time of the computer is acceptable for the cases with 800 grid cells, namely 420
sec calculation time for a simulation of 400 min, see table 6.1.

Influence of the number of particles per grid cell

The influence of the number of particles in a grid cell on the accuracy of the solution
appears to be small according to figure 6.11, unless only 1 particle in each grid cell
is imtially inserted. The difference between the cases with respectively 4, 5, 9 and
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Figure 6.10: The isolines of 0.5 saltwater fraction of Henry’s problem, computed by Henry
himself and the adapted MOC model. Four cases with different numbers of grid cells are
shown. The simulation time is 400 min.

16 particles in each grid cell can be neglected for the solution of Henry’s problem,
though these solutions deviate from the solution of Henry himself.

Several values of constant dispersion coefficients

Because ihe isoline of (.5 saliwater fraction in the reference case with 800 grid cells
lays near the isolines of (.5 saltwater fraction of the cases with 3200 and 7200 grid
cells {see figure 6.10), cases with 800 grid cells are chosen to assess the influence of sev-
eral dispersion coefficients. Figure 6.12 shows four different coefficients of dispersion
varying from 0 em?/s to 0.66 cm?/s.

The greater the dispersion coefficient, the smoother the isolines of 0.5 saltwater
fraction. If the dispersion increases, the isolme of 0.5 saltwater fraction moves towards
the seaside and the brackish zone broadens. A greater dispersion coefficient implies
a smaller maximum permissible solute time step A, (see equation 5.67), Thus, the
number of particle movements per flow time step increases with greater dispersion
coefficients.

The smaller the dispersion coeflicient, the larger the numerical instabilities for
the solute transport may be (see figure 6.12). The reason is that in case the dis-
persion coefficient is small, mixing between adjacent grid cells is small too. Then
it is possible that a great difference in density occurs between adjacent grid cells.
When a particle in a grid cell with a high density (saline groundwater) moves to
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Figure 6.13: Advance of the position of the isoline of 0.5 saltwater fraction of Henry's
problem at the bottom of the aquifer for both the constant dispersion coefficient and the
velocity-dependent dispersion coefficient as a function of time, computed by the adapted
MOC model and Frind [1982].

an adjacent grid cell that has a low density {fresh groundwater), the new density
(e.g. brackish groundwater) may be completely different after averaging for the new
flow time step. In this example, the density in such a grid cell is so much higher
that the vertical velocity may subsequently alter in direction. In the next flow time
step, the density of the grid cells in the evolved brackish zone may change once again
due to particle movements in the other direction. At some grid cells, this process of
alterations in vertical velocity due to changes in density could be repeated for the
following flow time steps, and consequently, numerical instabilities are introduced.
See subsection 5.5.1 for more information.

The constant versus the velocity-dependent dispersion coefficient

The velocity-dependent dispersion coefficient i1s represented by the dispersivities ay,
and ap (see the equations 546 and 5.47). In this case, both ay and op are set to
0.035 m. Figure 6.13 shows the advance of the position of the isoline of 0.5 saltwater
fraction at the bottom of the aquifer as a function of time for the velocity-dependent
digpersion coefficient. The results of Frind [1982], who applies the classical Galerkin
Finite Element approach, are compared with the computations with the adapted
MOC model. As can be seen, both techniques are in reasonable agreement. The
cases with the constant dispersion coefficient approach the steady state situation
faster than the cases with the velocify-dependent dispersion coeflicient.

Comparing figure 6.7 with figure 6.14 demonstrates that the displacement of the
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isoline of 0.5 saltwater fraction in the aquifer is greater and the transition zone is
smaller for the veloctty-dependent dispersion coefficient than for the constant disper-
sion coefficient,

Simulation of a sharp interface

In figure 6.15, the isolines of 0.5 saltwater fraction are shown for four cases with
different numbers of grid cells. As the dispersion coefficient is equal to 9.0 cm?/s,
these cases simulate a sharp interface. The resulis are in reasonable agreement with
the solution for the sharp interface by Heunry [1964], though the toe of the isoline of
0.5 saltwater fraction does not reach £=0.0 m as a result of numerical dispersion.
The figure shows that the cases with more grid cells, viz. 3200 and 7200, create
more unstable isolines of 0.5 saltwater fraction. This is in contrast with the case
where the constant dispersion coeflicient is not equal to zero. For instance, when
the dispersion coefficient is D, =0.066 cm? /s, the cases with 3200 and 7200 grid cells
have more stable isolines of 0.5 saltwater fraction than the case with 800 grid cells
{see figure 6.10). The explanation of this behaviour is as follows. Applying many
grid cells for Henry’s problemn means small dimensions of the grid cells. The case
with small grid cells must have small solute time steps 1n order to meet the stability
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Figure 6.15: The isolines of 0.5 saltwater fraciion of Henry’s problem. The dispersion
coefficient is 0.0 ¢m>/s: a sharp interface is simulated. Four cases with different numbers
of grid cells. The flow time step is 5 mirn. The simulation time is 600 min.

ctiteria (the equations 5.87 and 5.71). Consequently, when the flow time step remains
5 min, more solute time steps and thus more particle movements are necessary. As
the velocity field 15 not adapted during the flow time step, particles in the brackish
zone may pass several grid cells with a completely different density. In addition, if the
dispersion coefficient equals zero, only a small brackish zone stretches over only a few
grid cells due to numerical dispersion. Anyway, after the new density distribution is
determined, abrupt changes in solute concentration and thus in density may occur in
several grid cells. The densities of grid cells in the brackish zone may fluctuate during
geveral] flow time steps. This process could create unstable isolines (see figure 6.16).
In conclnsion, too many solute time steps within the same flow time step may induce
numerical instabilities and numerical dispersion. Figure 6.17 shows that shortening
the length of the flow time step creates more stable isolines.

Evolution of the brackish zone

In figure 6.18, the isolines of 0.5 saltwater fraction are shown during the develop-
ment to the steady state situation. Calculations are made with two different initial
conditions for the density distribution: (1) the aguifer is initially filled with saline
groundwater and (2) the aquifer is initially filled with fresh groundwater. As can
be seen, the salt water front is rapidly moving in the beginning of the simulation.
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grid cells. The flow time step equals 5 min. The simulation time is 600 min.
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Figure 6.17: Grid cells with solute concentrations greater than 0.0 and smallex than 1.0.
A sharp interface is simulated, thus Dy=0.0 cm?/s. Both cases have 7260 grid cells. The
flow time step is 1 and 5 min respectively. The simulation time is 200 min.

However, when the steady state situation is approached, the salt water front is mov-
ing slowly. These resulis are in good agreement with computations of Pinder and
Cooper [1970] and Segol et al. [1975]. The final steady state situation of the whole
simulation in Henry's aquifer is reached, when the toe of the iscline of 0.5 saltwater
fraction near the bottom of the aquifer has approached about z=1.15 m.

Figure 6.19 shows the development of the solute concentration as a function of
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Figure 6.18: The isolines of 0.5 saltwater fraction of several unsteady situations. The cases
have 800 gxid cells and the dispersion coefficient is equal to 0,066 em? [s.

time for four observation points. From the observation point at »=0.925 m, 2=0.025
m it can be deduced that a steady state situation in Henry’s problem is reached after
190 min. Note that Voss and Souza [1987], who use the groundwater flow model
SUTRA, suggested that the concentrations do not change appreciably after 100 min.

6.3.3 Conclusions

The adapted MOC model is used to simulate several unsteady state situations of
Henry’s problem. For steady state as well as unsteady state situations, the adapted
MOC model is in good agreement with the six other solution techniques. Conversely,
especially in the vicinity of the toe of the iscline of 0.5 saltwater fraction, the steady
state solution of Henry himself does not match the adapted MOC model and the
other solution techniques.

The results of computations with different nembers of grid cells show that the case
with 800 grid cells is accurate enough. In general, the positions of the isolines of cases
with more than 800 grid cells are smoother. However, if the dispersion coefficient is
small (e.g. equal to zero, thus no dispersion occurs), the case with 7200 grid cells has
unstable igolines due to numerical instabilities. A remedy to suppress the instability
of i1solines is to decrease the length of the flow time step. Solute transport in Henry’s
problem is about equally accurate for 4, 5, 9 and 16 particles per grid cell. Only if a
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Figure 6.19: Solute concentration as a function of time for four observation points. The
case has 800 grid cells and the dispersion coefficient is equal to 0.066 cm?/s.

grid cell contains only 1 particle, the solution is unstable.

The salt water front approaches the steady state situation very slowly during the
last phase of the unsteady state period. The final steady state sirnulation in Henry'’s
problem is reached after 190 min.

6.4 Chan Hong et al.: sharp fresh-salt interface model [1989]

In this section, the adapted MOC model is compared with the numerical sharp fresh-
salt interface model of Chan Hong ef ol [1989]). Two-dimensional flow of fresh and
saline groundwater in a homogeneous aquifer is simulated. It is assumed that no
mechanical dispersion and no meolecular diffusion occur, so the two fluids are supposed
to be separated by a sharp fresh-salt interface. The density difference befween fresh
and saline groundwater induces a flow of the fluids. The exact displacernent of the
interface depends on the initial and the boundary conditions. Special attention is
given to how the position of the salt-fresh interface evolves in time.

The ability of the adapted MOC model to simulate a sharp interface is tested
and the influence of numerical dispersion is briefly evaluated. In subsection 6.4.1,
the geometry of the simulated case and the numerical sharp interface model are
described. In subsection 6.4.2, the results of the simulations are discussed. Finally,
in subsection 6.4.3, some conclusions are drawn.
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6.4.1 Definition of Chan Hong's case
Geometry

The problem consists of a homogeneous porous aquifer with fresh and saline ground-
water, separated by a sharp fresh-salt intetface. The flow is induced by denmsity
differences. All boundaries are impermeable: namely the two vertical boundaries
and the two horizontal boundaries are no-flow boundaries. The sharp fresh-salt in-
terface u.; in Chan Hong’s geometry initially obeys the following conditions (see
figure 6.20):

= —

!ai?.
fresh
D sharp interface

w

] . /\

: \/ U,

¢ U.o saline

; —— ——
-1.0 0.8 0.6 0.4 -02 0.0 0z 4 (2] 0.8 (R
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Figure 6.20: Homogeneous porous aquifer with fresh and saline groundwater, separated
by a sharp fresh-salt interface . .

0, 1<z <-4,
2z +1, —%52(—%,
upp =4 —-r+35, —3 <r< +§. {6.14)
2z, +;i-‘ Sr<+35
1, +1 <z <+l

The results mentioned in Chan Hong ef ol [1989] are rescaled to the following d:-
mensionless variables:

t, =2/D, z =2/D, u - =u /D ¥ =%/TD, t.=tI'/Dn,, (6.15)
where

e r = an index that implies the rescaled parameter used in the numerical sharp
fresh-salt interface model,



182 Chapter 6. Hypothetical cases with the adapted MOC model

® z,z = respectively horizontal and vertical space coordinates (L),
¢ D = thickness of the homogeneous aquifer (L),

¢ u,; = height of the fresh-salt interface at the horizontal space coordinate z as
a function of time ¢ (L),

e ¥ = stream function of the flow (L2 T~1),

F= %0y —) (2T7),

¢ & = intrinsic permeability (L?),

p = flmid viscosity (M L=1 T-1),

Y1, (= pr g, Psg) = tespectively fresh and saline water specific weight (M L=2772),
s t = time (T),

o n, = effective porosity ().

Background of the numerical sharp interface model

This brief theoretical description of the numerical sharp interface model is based
on the article of Chan Hong et al [1989]. The model is used by the Faculty of
Technical Mathematics and Informatics, Delft University of Technology. It consists
of a mathematical formulation which accurately determines the displacement of the
sharp fresh-salt interface in a homogeneous aquifer.

The stream function is represented by a Poisson equation which is solved with
the finite-element method. The moving fresh-salt interface is represented by a time
evolution equation. A predictor-corrector method is used to follow the moving fresh-
salt interface. The displacement of the fluid is based on the momentum balance
equation (Darcy’s law) and the continuity equation, assurning an incompressible fluid.
The stream function ¥ is rewritten for the finite-element method, while the fresh-salt
interface equation is described with a method called the S second order esplicit
scheme, introduced by Lerat and Peyret in 1973. The geometry is discretized with
a mesh method that generates a triangular mesh. A fine mesh is generated near the
interface and a coarse mesh further away. The triangular mesh is able to follow the
displacement of the sharp fresh-salt interface. Consequently, only the values of the
stream function ¥ at mesh points are required.

An interesting feature is the position of the x-coordinates, defined as S;(f) and
Sa(t), of the points where the interface reaches the bottom =0 and the top z=1 of
the aquifer respectively. Obviously, the location of the sharp fresh-salt interface is
only computed between 5:(f) and Sa(%).
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Subsoil and model parameters

For the reference case applied in the adapted MOC model, the following dimensions
and parameter values are chosen:

¢ an aquifer with a length of 2 m and a height of 1 m,

o n.=0.3,

o k=4.724-107' m? and g = 1073 kg/(ms),

o vy =pyg = 1000-9.8 kg/(m?s%) and v, = p, g = 1025 - 9.8 kg/(m?s?),
o I'=2(y, — ) =1157- 0% m/s = 1 m/d,

o hydraulic conductivity: kr = = 4.630-10~* m/s = 40 m/d,

& no anisotropy: k,/k; = 1.0,

& no hydrodynamic dispersion: «y, and ay = 0.0 m,

» dimension grid cell Az = Az = 0.05 m, so 40 - 20 = 800 grid cells,

o 16 particles per grid cell.

The most interesting parameter is the position of the fresh-salt interface at particular
moments in time. The time parameter ¢, used in the numerical sharp interface model
is transformed to a value that is used in the adapted MOC model:

t:t,Dne

=03t (day). (6.16)

The discretization of the sharp interface by the adapited MOC model differs from
the discretization by the numerical sharp interface model. Since the adapted MOC
model uses rectangular grid cells instead of triangular grid cells, the shape of the
sharp interface can only be approximated roughly. In figure 6.21, the initial density
distribution is given for both models. As the figure shows, the position of the {resh-
salt interface for the adapted MOC model and the numerical model differs slightly
one from another.

6.4.2 Discussion

In this subsection, the results of the computations with the adapted MOC model and
the numerical sharp interface model are discussed on the basis of eight features.
During the simulation of the displacement of the fresh-salt interface, the adapted
MOC model computes in several grid cells densities between fresh (1006 kg/m?) and
saline groundwater (1025 kg/m®). These brackish grid cells are created due to nu-
merical dispersion. From the moment these brackish grid cells originate, the exact
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Figure 6.21: Position of the fresh-salt interface in the initial density distribution, used in
the numerical sharp interface model as well as in the adapted MOC model.

position of the 'sharp’ fresh-salt interface cannot be displayed any more. Subse-
quently, the position of the ’sharp’ fresh-salt interface is estimated with an average
density of 10125 kg/m® between that of fresh and saline groundwater. So, the posi-
tion of the ‘sharp’ fresh-salt interface, shown in the figures of this subsection, equals
in the adapted MOC model the 1012.5 kg/m3-iscline for t > 0.

1. Number of grid cells

The displacement of the fresh-salf interface is aleo simulated with a fourfold increase
of the number of grid cells: namely 3200 (80-40) instead of 800 {40-20) grid cells. The
influence of the number of grid cells is limited, as the results in figure 6.22 show. The
reference case with 800 grid cells computes about the same position of the fresh-salt
interface as the more accurate case with 3200 grid cells.

2. Number of particies per grid cell

The number of particles per grid cell slightly affects the accuracy of the displacement
of the fresh-salt interface. For instance, in figure 6.23 it is demonstrated that the
difference between 5 or 16 particles per grid cell can be neglected.

By contrast, however, if only 1 particle per grid cell is used, then the accuracy
of the simulation of the fresh-salt interface is much less accurate (figure 6.23). More
numerical instabilities occur, and accordingly, the velocity distribution of the case
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with 1 particle per grid cell differs completely from the velocity field of the cases with
b or 16 particles per grid cell as well as of the case with the numerical sharp interface
model. Consequently, when the steady state situation is reached, the position of the
fresh-salt interface is significantly different for the case with 1 particle per grid cell
compared to the cases with § or 16 particles per grid cell.

3. Numerical dispersion

Since the dispersivities oz, ap are set to zeto in the adapted MOCG model, all grid
cells should have densities equal to either fresh (1000 kg/m?) or saline (1025 kg/m3)
water. Thus, numerical dispersion can be visualized when grid cells with densities
between fresh (1000 kg/m?®) and saline (1025 kg/m®) groundwater occur. In the
figures 6.24 (800 grid cells) and 6.25 (3200 grid cells) can be seen that grid cells
with a density between fresh and saline groundwater are created due to numerical
dispersion. Note that the density of groundwater is nowhere smaller than 1000 ¢ /m?®
or bigger than 1025 kg/m?, thus no over and undershooting occur. The figures show
that the influence of numerical dispersion is limited to at maximum three grid cells
in the vicimity of the supposed fresh-salt interface. Therefore, the case with 3200 grid
cells has a smaller dispersion zone. Nonetheless, the position of the fresh-salt interface
(the 1012.5 kg/m3-isoline} for both the cases is almost the same (see figure 6.22).
Eventually, most of the brackish grid cells will disappear when the fresh-salt interface
approaches the steady state situation.

4. Fresh-salt interface in the 2 -1 m? aquifer

Figure 6.26 shows the development of the fresh-salt interface in the 2. 1 m? aquifer.
The fresh-salt interface rotates around the point £==0 m and z=0.5 m. As can be
seen, the fresh-salt interface rapidly smooths out between about £=-0.3 and z=40.3
m. From roughly ¢=0.334 day on, the shape of the fresh-salt interface is nearly a
straight line. The difference with the numerical sharp interface model cannot be
neglected during the first time steps, for instance at the situation ¢=0.042 day and
between —0.15 < 2 < 0.15 m. The main canse of this difference is likely to be
the computation of the velocity field; for the adapted MOC model the velocities are
computed at the boundaries of the grid cells, whereas for the numerical sharp interface
model the velocities are computed at ezactly the fresh-sall interface.

5. Fresh-salt interface in the 6 - 1 m? aguifer

The displacement of the fresh-salt interface is also sirmlated for an aquifer that is
three times longer than the aquifer of the reference case, namely with a length of 6
m instead of 2 m (figure 6.27). Initially, the fresh-salt interface has the same shape
as in the 2. 1 m? aquifer. Obviously in this aquifer of 6 - 1 m?, it takes more time
until the state of dynamic equilibrium (steady state situation) is reached. Here again,
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Figure 6.24: Visualization of numerical dispersion at some moments in time for the case
with 800 grid cells, The grid cells with densities not equal to those of fresh or saline

groundwater are displayed.

the resuits of the adapted MOC mode! and the numerical sharp fresh-salt interface
model are in good mutual agreement.

6. Velocity distribution

Figure 6.28 shows the velocity distribution of the adapted MOC model in the 2-1 m?
aquifer at the moment in time ¢= 0.042 dey, (t,=0.14). In figure 6.29, the velocity
distribution of the numerical sharp interface model of Chan Hong et al is shown.
A comparison of these two figures is somewhat difficult, since the velocities are not
given at precisely the same points. The adapted MOC model only computes velocities
at the boundaries (and centers) of grid cells, whereas the numerical sharp interface
model computes velocities at the exact position of the fresh-salt interface. This is
an essential difference between the adapted MOC model and the numerical sharp
interface model. The difference can be substantial in places where the fresh-salt
interface is situated somewhere between the boundaries and the centers of grid cells.
In that situation, the velocity ai the fresh-salt interface is determined in the adapted
MOC model by bilineat interpolation of the velocities at adjacent boundaries and
centers of grid cells (see figure 5.2 in subsection 5.3.2). Thus, in the adapted MOC
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Figure 6.25: Visualization of numerical dispersion at some moments in time for the case
with 3200 grid cells. The grid cells with densities not equal to those of fresh or saline
groundwater are displayed,

model the velocity at the interface is determined by an averaged value, whereas in
the numerical sharp fresh-salt interface model the velocity is determined exactly.

Numerical dispersion generates grid cells with brackish densities, and consequently,
the vertical velocity is affected. Therefore, the displacement of the fresh-salt interface
in the adapted MOC model differs from the displacement of the fresh-salt interface
in the numerical sharp interface model. This difference is significant in the begin-
ning of the simulation, when the velocities are great and alter in direction over short
~ distances (this means within a few grid cells), for instance near the interface be-
tween —1 < z < +% m. Nonetheless, the displacement of the fresh-salt interface in
the adapted MOC model closely corresponds with the displacement in the numer-
ical sharp interface model (see e.g. figure 6.26). This occurs in particular: (1) in
the vicinity of the no-flow boundaries where the velocity does not alter in direction
over short distances; and (2) when the fresh-salt interface has become smoother after
several hours.

When the fresh-salt interface is moving towards its steady state situation, the
velocities in the aquifer are decreasing. This can be seen in figure 6.30 which displays
the evolution of the velocity field computed with the adapted MOC model. The
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Figure 6,27 Development of the fresh-salt interface for the 6 -1 m® aguifer computed
with the adapted MOC model. The interfaces ate given for t=10, 1=0.072, {=0.180, 1=0.429,
t=0.831, t=1.371, #=2.371, #=5.371 and t=25.372 days. Also the interfaces at six moments
in time computed with the numerical sharp interface model are given [Chan Hong et of.,
1989).
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Pigure 6.28: Velocity field computed with the adapted MOC model. This case has 800
grid cells. The moment in time is 0.042 day. The lengths of the arrows correspond with
the displacement of groundwater during a time step of 1.5 hour, beginning at the indicated
moment in time.
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- Figure 6.29: Velocity field computed with the numerical sharp interface model {or the
moment in time 1,=0.14, 1=0.042 day [Chan Hong et al., 1989). Source: Chan Hong, J.R.,
Duijn, C.J., van, Hilhorst, D. # Kester, J., van. The interface between fresh and salt
grounduwater: a numertcal study. IMA J. of Applied Mathem., 42: 209.240, p. 232. Copyright
©1989 Oxford University Press, reprinted by permission of Oxford University Press.

10

velocities near the sharp interface are greatest at the beginning of the simulation, but
they are decreasing during the evolution of the fresh-salt interface. The velocities are
very small after a few days, which means that the state of dynamic equilibrium in
density distribution is approached.
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lengths of the arrows correspond with the displacement of groundwater during a time step
of 1.5 hour, beginning at the indicated moment in time.

7. Approaching the state of dynamic equilibrium

Eventually, the state of dynamic equilibrium in density distribution will be ap-
proached. An arbitrary criterion is defined to follow the evolution of the fresh-salt
interface to this state of dynamic equilibrium. The equilibrium criferion considers
the average distance between the 1012.5 kg/m3-isoline and the equilibrium position
of the interface, with respect to the equilibrium position of the interface:

Pl —w
equilibrium criterion (2) = Lim s = Vool 4 (%) (6.17)

N Uy 0o

where

® n = number of the horizontal grid cells (40 and 120 for respectively the 2.1
m? and § - 1 m? aquifers) (),

o u}, = height of the 10125 kg/m®-isoline at grid cell ¢ (L),

& 4, ., = equilibrium position of the interface: us e0=0.5 m for # € [—1,1m]
(2 -1 m? aquifer) and for z € [—3,3m] (6 -1 m® aquifer).
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Figure 6,31: Equilibrium criterion which determines the time until the state of dynamic
equilibrium is reached. Both aquifers are displayed: the 2.1 m® and the 6.1 m? aquifer. For
example, the equilibrivm criterion equals approximately 50 %, when the fresh-salt interface
is located in the vicinity of the points [-1,0m], [0,0.5m] and [1,1 m] for the 2.1 m? aquifer.

The equilibrium criterion as a function of time is shown in figure 6.31. The equilib-
rium criterion is given from the moment the toe and top of the fresh-salt interface are
situated in the vicinity of respectively the bottom left corner and the top right corner
of the aquifer. The figure shows that the evolution of the fresh-salt interface to its
equilibrium position is slower in the 6- 1 m? aquifer than in the 2.1 m? aquifer. The
time until the equilibrium criterion has a value equal to 5 % differs for both cases:
after approximately 1.75 days and 14.90 days for the 2-1 m? and 6 - L m? aquifer
regpectively. Applying the equilibrium criterion equal to 1 %, the state of dynamic
equilibrium in the density distribution of the 2. 1 m? aquifer is reached after some
2.44 days, while in the 6 - 1 m? aquifer the fresh-salt interface takes some 18.45 days
to reach the state of dynamic equilibrium.

8. Path lines with travel times

Some path lines with corresponding travel times are shown in figure 8.32 in the 2. }
m? aquifer (3200 grid cells). As it takes just a few days to reach the steady state
situation, the path lines are simulated during only 3.5 deys. In order to construct
path lines, a number of groundwater particles are tracked during the simulation with
the adapted MOC model (see section 5.6).

Figure 6.33 shows several path lines in the 6 - 1 m? aquifer. At the beginning,
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194 Chapter 6. Hypothetical cases with the adapted MOC model

the displacernent of groundwater is the greatest in the vicinity of the sharp fresh-salt
nterface. After some days, the fresh-salt interface approaches the boundaries, and
subsequently, groundwater in the vicinity of the left and right no-flow boundaries will
displace faster than at the beginning of the simulation.

6.4.3 Conclusions

The adapted MOC model is able to simulate a sharp fresh-salt interface of the geomn-
etry as chosen in this section. The results of the adapted MOC model are in good
agreement with the results of the numerical sharp interface model of Chan Hong et
al. [1989], except at places where the velocities alter in direction between adjacent
grid cells,

Increasing the number of grid cells from 800 to 3200 grid cells does not significantly
improve the accuracy of the displacement of the fresh-salt interface. The number of
particles in a grid cell does not significantly affect the displacement of the fresh-salt
interface, as long as the number of particles in a grid cell is more than 1. The adapted
MOC model sometimes creates grid cells near the fresh-salt interface with densities
between fresh (1000 kg/m?) and saline (1025 kg/m?®) groundwater, which is the result
of numerical dispersion. These brackish grid cells only occur in the close vicinity of
the fresh-salt interface.



Chapter 7

Parameter analysis in a selected profile

7.1 Introduction

The main objective of this chapter is to analyse the influence of subsoil and model
parameters applied in the adapted MOC meodel on the simulation of groundwater
flow and solute transport in a profile in the southern part of Noord-Holland.

In section 7.2, the situation in the profile concerning phreatic groundwater lev-
els and the deep groundwater exiractions during the period 1853-1988 is described.
In section 7.3, the schematised geohydrologic system is presented, and subsoil and
model parameters applied in the simulation of the profile are given. In section 7.4,
five approaches to calibrate the geohydrologic system are discussed. In section 7.5,
the influence of several subsoil parameters is analysed, and in section 7.6, a model pa-
rameter analysis is executed. In section 7.7, the results of the simulated geohydrologic
system (without sea level rise) are given. Finally, in section 7.8, some conclusions are
drawn.

7.2 Present situation

The profile, simulated in this section, is located perpendicular to the Dutch coastline
through the sand-dune area of Gemeentewaterleidingen Amsterdam, the Rijnland
polders with its bulb fields up to halfway the Haarlemmermeer polder. The length of
the profile equals 12,500 m perpendicular to the North Sea coastline. Figure 7.1 shows
the map of the studied area. This area is selected because it has some representative
characteristics of most of the groundwater flow regimes in the provinces of Noord and
Zuid-Holland: namely a thick freshwater lens is present in the sand-dune area and a
relatively strong seepage occurs in the low-lying polder area situated some kilometres
inland.

The study of Kociman [1989)] is pursued in this research. HWis results constitute
the basis for the present research. He simulated, among others, the development
of the freshwater lens in the sand-dune area of Gemeentewaterleidingen Amsterdam
from the end of 1853 till the end of 1987. Furthermore, he estimated effects of
human interventions, such as the reclamation of the Haarlemmermeer, groundwater
extractions for water supply, artificial recharge and deep-well infiltration.

195
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Figure 7.1: Map with the sand-dune area of Gemeentewaterleidingen Amsterdam, the
Rijrland polders and the Haarlemmermeer polder. The profile C — C' is from Stuyfzand
[1988).

The sand-dune area of Gemeentewaterleidingen Amsterdam! has a surface of
roughly 36 - 10° m?: an average length of 9000 m parallel to the coastline and an
average width of 4000 m perpendicular to the coastline. At present, the phreatic
groundwater levels in the sand-dune area fluctuate around constant mean levels.
The maximum differences in local phreatic groundwater levels due to seasonal effects
and extraction rates appear to be small (in order of magnitude of decimetres), mainly
because numerous infiltration gullies, drains and canals control the area. The Rijn-
land polders are situated more inland. The phreatic groundwater levels in this area,
where horticulture (bulb cultivation) is practiced, are controlled at less than 1.0 m
below N.A.P. (-0.6 to -1.0 m N.4.P.2). More inland the low-lying Haatlemmermeer
polder is situated. The lake Haarlemmermeer was reclaimed during the years 1840-
1852 [Schultz, 1992). The polder is separated from the Rijnland polders by the canal
De Ringvaart. It has a controlled phreatic gtoundwater level that varies between -4.5
and -6.0 m N.A.P.

The evolution to the present situation in terms of the salinisation process is as
follows. During many centuries, natural groundwater recharge has built up a fresh-
water lens in this gechydrologic system. Before the middle of the nineteenth century,
the situation of the freshwater lens was supposed to be stationary [Venhuizen, 1971).
From the momtent the lake Haarlemmermeer was reclaimed?®, a severe salt water in-

1Gemeentewaterleidingen Amsterdam is one of the greatest water supply company in the
Netherlands.

2N.A.P. stands for Normaal Amsterdams Peil and is the reference level in the Netherands, V. A.P.
roughly eguals Mean Sea Level,

2In this chapter, 1854 AD is taken as the moment the reclamation of the lake Haarlernmermeer
was completed.
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Figure 7.2: Deep groundwater extractions and phreatic groundwater levels in the sand-
dune area of Gemeentewaterleidingen Amsterdarm during the period 1854-1987. The whole
period is subdivided in nine specific pumping petiods. During each pumping period, the
adapted MOC model simulates constant extraction rates and constant phreatic groundwater
levels. The phreatic groundwater levels are given of the representative profile [after Kooiman,
1989} as well as of the specific profile {see section 7.3).

trusion has occurred from the sea. Meanwhile, Gemeentewaterleidingen Amsterdam
had started the extraction of raw water from the sand-dune area [Schuurmans, 1983].
Puring the 49 years that followed (1854-1902), groundwater was withdrawn from the
phreatic aquifer only. From 1903 on, shortage of drinking water made it necessary to
extract also groundwater from the deeper semi-confined aquifer {figure 7.2}. The ex-
traction of groundwater by deep-wells increased from a few million m®/yr to nearly
18 million m®/yr during the period 1851-1956. The once ’sharp’ salt-fresh inter-
face in the sand-dune area moved upward and transformed into a brackish transition
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zone. To counteract thege negative consequences, Gemeentewaterleidingen Amster-
dam started in 1957 with the injection of riverwater (Rijn water) at the surface,
while the deep groundwater extractions were reduced to some 6 million m?/yr. Until
1974, the situation of the freshwater lens did not change significantly. From 1974 on,
the deep groundwater extraction was diminished to an average of some 1.75 million
m?/yr. During the past two decades, the effect of injection of fresh surface water
in the aquifers (called deep-well infiltration) has been studied [e.g. Schuurmans and
van den Akker, 1981; Kociman et al, 1984; Kooiman and Uffink, 1986). Artifi-
cial recharge has increased the volume of the freshwater lens and has counteracted
the salinisation process underneath the sand-dunes and towards the polders to some

extent.

7.3  Schematisation

The reference case comprises the simulation of the profile from the reclamation of
the lake Haarlemnmermeer till the situation at the beginning of 1988. The sand-dune
area of Gemeentewaterleidingen Amsterdam has been investigated intensively during
at least the past century. These investigations have yielded sufficient data about the
composition of the subsoil and the piezometric levels. Nevertheless, the values of
some subsoil parameters are still inaccurate, such as the hydraulic conductivities of
the aquifers, the hydraulic resistances and the exact position of the aquitards; the
effective porosity; and the hydrodynamic dispersion. Since a two-dimensional profile
is applied, the simulation always differs from the actual situation on-site. Therefore,
two different profiles, namely 2 representative profile and 1 specific profile | are sim-
ulated in order to assess the effect of different values of the hydraulic resistances of
the Holocene aquitard and the phreatic groundwater levels on the final solution.

The data of the geohydrological schematisation of the area have been borrowed
from the following sources:

e an article of Venhuizen [1971], presenting some data on groundwater flow masses
through the studied area,

o the ICW report Regionale Studies 9 [1976], displaying several important subsoil
parameters of the central western part of the Netherlands,

e the Grondwaterkaart van Nederland, Zandvoort en Amsterdam, from the TNO
Institute of Applied Geoscience [1979a], representing the position and compo-
aition of the geohydrologic system,

» an article of Schuurmans {1983], giving water balances of the sand-dune area of
Gemeentewaterleidingen Amsterdam,

» 2 detailed report of Stuyfzand [1988), extensively describing the geohydrologic
situation of the ¢oastal area between Noordwijk aan Zee and Zandvoort,
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Figure 7.3: Initial chloride distribution {values in mg Ci™ /I) in 1854 [Koociman, 1989).

o an article of Kooiman [1989], describing the representative profile applied in
this case study.

In this section, relevant subsoil parameters of both the representative profile and the
specific profile are given. The model parameters applied in the reference case are
summarized below.

Subsoil parameters in the reference case

The anisotropy factor k, /%, (the ratio vertical and horizental hydranlic conductivity)
is 0.1 {—) and the effective porosity n. is 0.35 {(—). The longitudinal dispersivity af
is equal to 0.02 m, see also Koociman [1989)], while the ratio transversal to longitudinal
dispersivity arfoy is 0.1 (=). The specific storativity S (L~!) is set to zero. In
figure 7.3, the initial chloride distribution is given at the beginning of 1854, as it is
proposed by Kooiman [1989].

The geometries of the two profiles are discussed below:

a. Representative profile
Figure 7.4 shows the subsoil parameters of the represeniative profile that are
applied by Kooiman [1989]. The subsoil parameters and the phreatic ground-
waler levels are averaged over an area of some 3000 m parallel to the coastline.
The width of the sand-dune area is 4000 m {Irom 1500 to 5500 m).
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re 7.5 shows the subsoil parameters of the specific profile. The (measured)
subsoil parameters and phreatic groundwater levels best match a parficelar
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profile perpendicular to the coastiine, which exact position is given in figure 7.1.
In this profile, local discontinuities in the Holocene aquitard are considered. The
width of the sand-dune area is 3500 m (from 2600 to 5500 m).

As can be seen by comparing the figures 7.4 and 7.5, the value of the hydraulic
resistance of the Holocene aquitard in hoth profiles differs. In reality, the hydraulic
resistance in the Haarlemmermeer polder near the Cruquius pumping station is very
low. As the hydranlic resistance in the representative profile is averaged over a length
of 8000 m parallel to the coastline, a relatively high value of 4400 days? was found.
This is in contrast with the hydraulic resisiance of the Holocene aquitard in the
specific profile, which equals a low value of only 750 days. The phreatic greundwater
level at the upper boundary in the sand-dune area differs for both profiles during the
nine pumping periods (see figure 7.2).

Model parameters in the reference case

The initial number of grid cells is 4500: 250 in horizontal direction and 18 in vertical
direction. This means that a grid cell has a length Az of 50 m and a height Az
of 10 m. Each grid cell has five particles. The flow time step is set to 1 year.
The convergence criterion TOL, which represents the difference in freshwater head
between two iterations, is set to 10~% ft. The maximum relative distance ¢ in a grid
cell in which a particle is allowed to move during one solute time step is set to 0.5.

[t appears that in the reference case with the given initial condition 42 solute time
steps are required to stmulate sclute transport during a flow time step of 1 year. The
main reascn why so many solute time steps are necessary is that the velocity between
some adjacent grid cells is relatively great due to a great difference in piezometric
level. From equation 571 it can be deduced that in that case the solute time step
should be small. Such a situation occurs at the boundary between the Rijnland
polders and the Haarlemmermeer polder, where the piezometric level in the top row
of grid cells changes very abruptly from -0.6 m to -5.5 m N A P. respectively (see
figure 7.4).

7.4 Calibration

The calibration of the groundwater flow model (or history matching) is executed in
five approaches:

1. Chloride distribution of some years in the past

The calibration of the chloride distribution for this profile was done by Koeiman
{1989). He did this as follows:
4This value of the hydraulic resistance is derived from Schuurmans [1983], who calculated water

balances for the phreatic aquifer and the deep aquifer in the sand-dune area of Gemeentewaterlei-
dingen Amsterdam.
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“The initial chloride distribution in 185§ was nol known and had to be
estimated. Starling with this estimated situation the chloride profiles of
1904 and 1974 are calevlated and compared with existing profiles in a cer-
tain cross-section {...) of these years [Schuurmans, 197{] By ’trial and
error’ the initial situation (...} waes found, with the use of the calibre-
tion graphs (...). The differences, especially in 1974, are due to the fact
that the real profiles ere not completely ‘representative’: firstly because the
supposed distribution io the three exiraction poinis of the deep eztraction
differs from the real disiribution, end secondly the map of 197{ does not
exactly show the results of upconing.”

[Kooiman, 1989]

2. Piezometric levels at two depths with respect to N.AP.

The freshwater heads calculated with the adapted MOC model are compared with
measured piezometric levels, given by Stuyfzand [1988], at: (a) -30 m = 5 m N.AP.
and (b) -100 m £ 30 m N A.P.

ad a. Figure 7.6 shows the piezometric levels, expressed in freshwater®, at -30 m +
5 m N.A.P. They are calculated with the adapted MOC model for both the
representative and the specific profile® and measured by Stuyfzand [1988] for
the specific profile. The reference level at -30 m £ 5 m N.A.P. is situated in
the (middle) aquifer system underneath the Holocene aquitard. The measured
piezometric levels have been converted to piezometric levels expressed in fresh-
water by correcting them in vertical direction for deviation of the groundwater
density in an observation well from the standard density p;=1000 kg/m?®.

In general, the calculated piezometric levels at -30 m £ & m N.A.P. of the
specific profile under the Haarlemmermeer polder differ only some decimetres
from the measured piezometric levels. By contrast, the calculated piezometric
levels of the representative profile are higher, especially in the Rijnland polders
and the Haarlemmermeer polder. The reason is that the subsoil paratneters in
the representative profile are averaged over the entire width of the area: 9000 m
along the coast of the sand-dune area of Gemeentewaterleidingen Amsterdam.

ad b. Figure 7.7 shows the piezometric levels, expressed in salfwater”, at -100 m £ 30
m N.A.P. They are calculated with the adapted MOC model for both profiles

5The adapted MOC moadel calculates freshwater heads which are in fact ficiive piezometric levels,
This means that in each grid cell the piszometric level is converied to a freshwater head with a
standard reference density p; of 1000 kg/ 3. This procedure is described in subsection 5.4.4.

®The exact position of the specific profile is displayed in figure 7.1.

"The freshwater heads, calculated with the adapted MOC model, are converted to piezometric
levels expressed in saltwater in order to enable comparison of the calenlated valies with the mea-
surements of Stuyfzand [1988]. The piezometric level expressed in saltwater has a reference chloride
concentration of 16,500 myg C!~ fL
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over 1981 for the specific profile.
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Figure 7.7: Piczometric levels, at -100 m £ 30 m N.A.P, cxpressed in saltwater. Only
points with chloride concentrations higher than 15,000 mg CI™/! are shown. The levels,
calculated with the adapted MOC model for both the representative profile and the specific
profile, are compared with the levels, measured by Stuyfzand [1988] and averaged over 1981
for the specific profile.
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Figure 7.8: Calculated seepage and infiltration intensities through the Holocene aguitard
at -20 m N. AP of the representative profile at specific moments in time.

and measured by Stuyfzand [1988] for the specific profile. Stuyfzand only ob-
served measurements at locations where the chloride concentrations are higher
than 15,000 mg CI-/l. As ne chloride concentrations higher than 15,000 mg
C!= /1 are calculated further inland than 9500 and 10,500 m for the represen-
tative and the specific profile respectively, the calculated piezometric levels in
figure 7.7 are only given up to 9500 and 10,500 m inland respectively.

The measured ptezometric levels correspond better with the calculated levels of
the specific profile than with those of the representative profile, except at the
location of the Rijnland polders.

3. Seepage through the Holocene aquitard in the Haarlemmermeer polder

Figure 7.8 shows the seepage and infiltratior intensities through the Holocene aquitard
at -20 m N.A.P. of the representative profile, calculated with the adapted MOC
model, at several moments in time. The figure shows that during periods with high
extraction rates from the middle aquifer (e.g. 1951-1956), the infiltration through
the Holocene aquitard is high in the vicinity of the lines of extraction wells. At the
same moment, the seepage intensity in the Haarlemmermeer polder is lower than
during periods with low extraction rates from the middle aguifer (e.g. 1975-1987),
as a high extraction rate from the middle aquifer diminishes the seepage intensity i
the Haarlemmermeer polder. It appears that the calculated seepage intensities in the
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Figure 7.9: Calculated and measured seepage and infiltration intensities through the
Holocene aquitard of the specific profile at several moments in time., The measurements
in the Haarlemmermeer polder (1971} are averaged over specific subareas [Wit, 1974; ICW,
1976]. In addition, the intensities at the end of 1987 are given for a simulation with the
hydraulic resistance in the reach 7008-10,000 m egual to 250 deys instead of 750 days,

Haarlemmermeer polder are substantially lower than the measurements in a small
subarea situated next to the Rijnland polders [Wit, 1974]. The reason for this is that
the representative profile does not include the local discontinuities in the Holocene
aquitard near the Cruquius pumping station.

To overcome this discrepancy between reality and simulation, the specific profile
has been simulated with a low hydraulic resistance of the Holocene aquitard of the
subarea near the Rijnland polders and the Haarlemmermeer polder, namely the hy-
draulic resistance is 750 days in the reach 7000-10,000 m (compare figure 7.4 with
figure 7.5). Figure 7.9 shows the seepage and infiltration intensities of the specific
profile, calculated with the adapied MOC model. Scarce comparative material is
given by Wit [1974]. He calculated the magnitude of averaged seepage and infiltra-
tion intensities in the Haarlemmermeer polder by means of water balances for specific
subaregs. The calculations for the Haarlemimermeer polder correspond slightly better
with the measurements of Wit.

It appears that the value of 750 days for the hydraulic resistance of the Holocene
aquitard in the specific profile is still too high. The hydraulic resistance of the
Holocene aquitard in this area should lie in the reach 0-250 days [Wit, 1974; ICW,
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1976). Hence, a simulation is made for the specific profile with a hydraulic resistance
of 250 days in the reach 7000-10,000 m. The seepage and infiliration intensities in
1987 are given in figure 7.9. Though the calculated seepage intensity in the Haar-
lemmermeer polder (the reach 8000-10,000 m) is strong, the differences in seepage
intensity between reality and simulation are still substantial. Ii is obvious that the
value of the hydraulic resistance of the Holocene aquitard directly affects the seepage
intensities in the Haarlermmermeer polder.

4. Deep groundwater percolation through the Holocene aquitard in the sand-dune area

In the sand-dune area, water from the surface® infiltrates in the phreatic aquifer as
groundwater recharge. Part of the infiltrated water flows off through the upper aquifer
and anether part percolates through the Holocene aquitard, as the groundwater level
in the phreatic aquifer is higher than the piezometric level in the middle aquifer. The
latter part is called the deep groundweler percolation.

The deep groundwater percolation intensities in the sand-dune ares of Gemeen-
tewaterleidingen Amsterdam are determined by calculating the vertical flow through
the Holocene aquitard with the adapted MOC model for all nine pumping periods
(see table 7.1). The adapted MOC model simulates three different profiles: (1)
the representative profile ("repre.’); (2) the specific profile (*spec.’); and (3) the so-
called percolation profile ("perco.’). The profiles (1) and (2) have constant phreatic
groundwater levels, whereas the percolation profile is defined as follows: it equals
the representative profile but groundwater recharge into the phreatic aguifer of the
sand-dune area is at a constant rate of 360 mm/yr®. This recharge into the phreatic
aquifer includes three groundwater fluxes: the natural groundwater recharge, the ar-
tificial recharge of fresh surface water as well as the groundwater extraction from the
phreatic aquifer.

The table shows that the deep groundwater percolation intensities through the
Holocene aquitard of the representative profile correspond for several pumping pe-
riods with the values of Schuurmans. In the specific profile, the deep groundwater
percolation intensily through the Holocene aquitard is the highest of the three sim-
ulated cases. The reason is that this profile is situated in the central part of the
sand-dune area of Gemeentewaterleidingen Amsterdam where the phreatic ground-
water level is the highest.

5. Inland boundary condition

The calculations of the reference case with a no-flow boundary {or 2 Neumann condi-
tion) at x=12,500 m from the seaside are compared with the actual situation in the
geohydrologic system. Two maps of isohypses with piezometric levels at -25 and -80

#The sources of the surface water are natural {e.¢. precipitation} as well as artificial (e.g. Rijn
water by means of infiliration ponds).

?The groundwater recharge equals 12.96 million m? fyr for the sand-dune area of Gemeentewa-
terleidingen Amsterdam of 9000 m by 4000 m.
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Table 7.1: Deep groundwater percolation intensities through the Holocene aquitard in
the sand-dune area in million m®/yr for three cases, calculated with the adapted MOC
model and compared with figures of water balances, estimated by Venhuizen [1971] and by
Schuurmans [1983].

Period Duration | Pumping adapted MOC model Schuurmans || Venhuizen
(vears) (years) _period |l repre. spec,‘TL pPerco. f1953]° [1971]1__
1853 -T 1 [ 52 85 | 5.7 6.4 7
1854-1902 49 2 5.2 9.9 6.0 5.9 8
1903-1920 18 3 4.5 7.0 6.3 4.9 7
1921-1929 9 4 6.2 8.7 7.6 49 7
1930-1946 17 5 5.7 8.1 7.5 54 ki
1947-1950 4 6 71 8.5 8.3 6.0 7
1951-1956 6 ki 7.5 3.5 8.7 6.0 7
1957-1974 - 18 8 5.8 11.5 7.0 6.8 8
1875-1987 13 9 52 8.0 6.3 T1 -

*: a strip of 3500 m perpendicular to the coastline is considered: from r=2000 to 5500 m.
2: the geometiry of Schunrmans’ stndy equals the dimensions of the representative profile,
namely 9000 m. The hydraulic resistance of the Holocene aquitard equals 4400 days.

: the length of the sand-dune area of Gemeentewaterleidingen Amsterdam parallel to the

coast is 8000 m instead of %000 m.

m N.A_P. are considered. The observed values are corrected for density differences

[ICW, 1976; Wit, 1974).

On the map at -25 m N. 4. P. (figure 7.10), a waterdivide is situated in the center
of the Haarlemmermeer polder near Hoofddorp. Surface water recharges into the
geohydrologic system in the Westeinder plassen!? and flows as groundwater into the
direction of the waterdivide. Although on the map at -80 m N.A.P. (figure 7.11) a
waterdivide is situated in the vicinity of the Groot-Mijdrecht polder {which is located
some 30,000 m from the coast), the actual (flow) situation in the middle aquifer is
best simulated with a no-flow boundary at #=12,500 m. Moreover, this boundary
condition is also chosen for reasons of practicability, that is to limit the calculation
time of the computer. Note that Kooiman [1989] also imposed a no-flow boundary
at £=12,500 m.

However, when the impact of a substantial sea level rise on the geohydrologic
system during the next centuries is assessed, the (fixed) inland boundary at ©=12,500
m is located too close to the seaside. Then, the inland boundary should be located
further inland. For instance, in section 8.2, the gechydrologic system is schematised
with the inland boundary at £=39,000 m from the seaside.

10The Westeinder plassen have a relatively high open water level of about -0.6 m N.A P
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Figure 7.10. Map of ischypses at -25 m with 1espect to N.A. P., averaged over 1971. Levels
are with respect to N.A. P, [after Wit, 1974], By courtesy of Wit.

Figure 7.11: Map of isohypses at -80 m with respect to N.A. P, averaged over 1971. Levels
are with respect to N.A.P. [after Wit, 1974). By courtesy of Wit.

7.5 Influence of subsoil parameters

The influence of the following four subsoil parameters are analysed: (1) the specific
storativity Ss; (2) the longitudinal dispersivity ag; (3) the presence of the loam
agquitard between -70 and -90 m N.A P.; and (4) the groundwater recharge.

1. Specific storativity 5,

Figure 7.12 shows that the new state of dynamic equilibrium is reached within a timne
lag of several tens of days for all three realistic specific storativities S, in the sand-
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dune area of Gemeentewaterleidingen Amsterdam from 0.5 - 107% to 3 - 10~%m™!

(derived by Uffink [1982] from pumping tests). In these simulations, the phreatic
groundwater level in the Haarlemmmermeer polder is changed instantaneously!? from
0.6 m N A P. (before 1854) to -5.5 m N.A.P. (after the reclamation in 1854). The
changes in freshwater head, calculated with the adapted MOC model, are recorded
in a go-called observation point, positioned at 2=7475 m and 2=-105 m N.4.P. As
the interest is focused on the salinisation of the geohydrologic system, the new state
of (dynarnic) equilibrium of the piezometric level distribution is reached so fast that
it is justified to take the specific storativity S, equal to zero. This will simplify the
calculations with the adapted MOC model significantly and not affect the results.

= * -5
57300

i SS=1.O*10 m

v 5.=05*10 m

-

.lllilllllllll

0.00 T e ........
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|A'P' 1
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Freshwater head (m)

—-0.50

Figure 7.12: Influence of the specific storativity 5, on the calculated freshwater head
as a function of time in an cbservation point with the position £=T7475 m and 2=-103
m N.A.F., when the phreatic groundwater level in the Haarlemmermeer polder is lowered
instantaneously in 1854, The flow time step is 1 day.

2. Hydrodynamic dispersion

The influence of the longitudinal dispersivity «r. is evaluated by comparing the re-
sults of simulations with five different values of longitudinal dispersivity ar: 0 m,
0.02 m, 0.2 m, 2.0 m and 20.0 . In figure 7.13, four chloride distributions of the
profile are given after a simulation time of 134 years from the reclamation of the
Haarlemmermeer polder (in 1854) till the end of 1987, The calculated chloride dis-
tribution matches the observed distribution best if small longitudinal dispersivities

11Note that, in reality, lowering the phreatic groundwater level in the Haarlemmermeer polder
must have lasted about a year, so this is only a hypothetical case. Moreover, as a first approximation,
the influence of phreatic storage is left out of consideration.
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Figure 7.12: Chloride distributions {(in mg CI™/{} at the end of 1987 for the reference case,
calculated with four different longitudinal dispersivities: a1 =0.02 m, a1 =0.2 m, a1 =20 m
and ap=20.0 m.

are applied, namely o7,=0.02 m and «;=0.2 m. By contrast, the case with ar=2.0
m shows a freshwater lens that is too thin, whereas the case with ar=20.0 m does
not simulate a freshwater lens any more: the geohydrologic system only consists of
a large 2one with brackish groundwater. This situation does not occur in reality. It
appears that for the case with ar =0 m, the difference in choride distribution with
the cases with small longitudinal dispersivities is negligible.

Figure 7.14 shows the distribution of fresh {C1~ <300 mg CI~ /i), brackish (300«
Ci~ «10,000) and saline (CI~>10,000 mg CI~ /1) water in percentages of the total
volume of water in the gechydrologic system during the past 134 years for five values
of longitudinal dispersivities. The figure shows that especially the case with oy =20.0
m differs from the case with oy, =0.02 m which is the best match. The fresh as well
as the brackish volume fraction demonstrate that also the case with ay = 20 m
deviates from the cases with relatively small longitudinal dispersivities.

As a small longitudinal dispersivity is the best estimate, the influence of the
transversal dispersivity e and the ratio o7 /ep on the simulation of the chloride
distribution is likely to be negligible.

The effective molecular diffusion Dz is of minor importance in the middle and
deep aquifer. However, ag the longitudinal dispersivity is small, the contribution of
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Figure 7.14: Volume percentages of fresh, brackish and saline groundwater in the gechy-
drologic system during the past 134 vears after the reclamation of the lake Haarlemmermeer
for five values of longitudinal dispexsivity. The geohydiologic system is bounded in the hor-
izontal direction by =0 m and £=12,500 =, and in vertical direction by the levels z=-10
m and z=-170 m N.A.P.

the effective molecular diffusion D4 to the magnitude of the hydrodynamic dispersion
is not insignificant in some places. For instance, in the center of the loam aquitard
between -70 and -90 m N.A.P. where only small (vertical) velocities occur, the ratio
longitudinal dispersion cocflicient to effective molecular diffusion Dy /Dy, where Dy
= ayz |V| (see equation 5.46) and Dy = 107 m?/s, is smaller than 1.0. Thus, in the
lvam aquitard the effective molecular diffusion should not be neglected with respect
to the longitudinal dispersion coefficient.

3. Loam aquitard

A case without the loam aquitard between -70 and -90 m N.A.P. is sirnulated in
order to assess the influence of the loam aquitard on the fresh, brackish and saline
groundwater disttibution. As groundwater flow is a slow process, the simulation time
of 134 years appears to be not long enough to clearly detect the influence of the loam
aquitard on the volume distribution of fresh, brackish and saline groundwater.
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Figure 7.15: Volume percentages of fresh, brackish and saline groundwater in the geohy-
drologic system from 1854 till the end of the next millennium. Two cases with and without
the loam aquitard are simulated in the representative profile. Groundwater vecharge into
the phreatic aquifer equals 364 mm/yr. The gronndwater extraction rate during the next
centuries equals the rate during the period 1975-1937.

Figure 7.15 shows that, during the past 134 years, the changes in volume of fresh
and saline groundwater are caused, at first, by the reclamation of the Haarlemmer-
meer polder, and subsequently, by changes in groundwater extraction rates. During
the past 134 years, the difference in volume percentage between the two cases with
and without the loam aquitard is less than two percents. However, when the simula-
tion time is one millennium'?, the differences increase. The groundwater extraction
rate is low during the next centuries, so there is a surplus of fresh groundwater flowing
into the geohydrologic system.

Based on results of the simulations not shown here!? it is concluded that the loam
aquitard only slightly affects the groundwater flow in the geohydrologic system. The
loam layer decreases the seepage quantity and retards the oozing of mainly saline
groundwater out of the deep aquifer into the middle aquifer. Accordingly, fresh
groundwater, that infiltrates in the sand-dune area, intrudes in the middle aquifer
and flows towards the Haarlemmersneer polder. What is more, the loam aquitard

L2During this long simulation time, many processes that affect the geohydrologic system have not
been considered, such as hydrological, morpholegical and man-induced processes,

L3For instance, by means of the film-option (see section 5.6), changes in the solute distribution in
the profile as a function of time can be compared for both cases with and without the loam aquitard.
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appears to restrict the growth of the freshwater lens into the direction of the deep
aquifer.

4. Groundwater recharge

The influence of a change in groundwater recharge into the phreatic aquifer of the
sand-dune area of the representative profile is investigated by means of three ground-
water recharge scenarios during the next millennium:

a. 216 mm/yr {-40 % compared with the reference case),

b. 360 mm/yr (during the past 134 years, this figure has been applied in the simu-
lation of the reference case),

¢. 432 mm/yr (+20 % compared with the reference case).

The groundwater recharge can alter due to a change in: (1) the natural component:
e.g. change in precipitation due to climate change [IPCC, Houghton et al,, 1990], and
(2) the anthropogenic component: e.g. change in artificial recharge or withdrawal of
groundwater from the phreatic aquifer. Figure 7.16 shows the volume distributions
of groundwater in the geohydrologic system during the next millennium for the three
scenarios of groundwater recharge. Small changes in the volume percentages, espe-
cially of brackish groundwater, are the result of the presence of the loam aquitard,
which retards the inflow of saline groundwater in the middle aquifer. The volume
of the freshwater lens changes considetably when the groundwater recharge in the
phreatic aquifer of the sand-dune area 15 216 mm/yr or 432 mm/fyr. Even without a
change in groundwater recharge, saline groundwater replaces brackish groundwater.
The increase of the saline groundwater fraction due to a dectease in groundwater
recharge (216 mun/yr) is already significant after several tens of years.

7.6 Influence of model parameters

The relation of model parameters to causes of numerical instabilities in the velocity
field is investigated by means of comparing the reference case with a so-called ac-
curate case. In this accurate case, three model parameters, which can increase the
accuracy of the solution, are adapted: (1) the number of particles per grid cell; (2)
the convergence criterion for the groundwater flow equation; and (3) the flow time
step. The influence of these three model parameters on the solution is also analysed
separately. Moreover, the mmfluence of the dimenston of the grid cells and the initial
density distribution on the solution are also studied. Finally, the accuracy of the
solute transport in the geohydrologic system is determined by assessing the error in
the solute mass balance.
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Figure 7.16: Volume percentages of fresh, brackish and saline groundwater in the geo-
hydrologic system during the next millennium for three different scenarios of groundwater
recharge: 216 mm/yr, 360 mm/yr, and 432 mm/{yr,

Comparison of the reference case and the accurate case

Before model parameters are analysed separately, the combined influence of the fol-
lowing three model parameters are investigated by comparing the reference case ver-
sus the accurate case: (1) the number of particles per grid cell of 5 versus 16; (2) the
convergence criterion TOL of 102 versus 10710, and (3) the flow time step of 1 year
versus 1 month. The suppression of numerical instabilities in the velocity field by
model parameters is clearly demonstrated by comparing figure 7.17 with figure 7.18.
Nonetheless, numerical instabilities remain even for the accurate case.

Figure 7.19 shows the fluctuations of the chloride concentration as a function of
iime in a so-called observation point in the center of a grid cell for cases with differ-
ent model parameters. Note that the observation point is situated in the transition
zone between fresh and saline groundwater, thus the fluctuations in chloride concen-
tration can be strong. After a simulation time of about 100 years, the observation
point is located in saline groundwater and accordingly, (strong) fluctuations do not
occur anymore. Fluctuations in the chloride concentration can be suppressed nearly
completely when the accurate model parameters are applied.

Figure 7.20 shows the change in chloride concentration at the end of 1987 between
the reference case and the accurate case. The differences in chloride concentration
between the reference case and the accurate case are in most grid cells smaller than
250 mg C1~/i. However, in the surroundings of the transition zone under the sea,
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Figure 7.19: Chlonide concentration as a function of time in the observation point at
2=3475 m and z=-105 m N.A.P. The influence of different model parameters is shown.
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the coast and the sand-dunes, the difference in chloride concentration can go up to
some thousands of mg C17 /I in a few grid cells,

Numerical instabilities in the velocity field

Numerical instabilities in the velocity field due to density differences arise from the
numerical approximation. They may occur at places where the transition zone be-
tween fresh and saline groundwater is small and where the vertical velacities are
small. In subsection 5.5.1, the causes of numerical instabilities in relation with the
model parameters have been discussed in detail.

For illustration, figure 7.21a shows the velocities through the geohydrologic system
for the accurate case at the end of 1987, 134 years after the reclamation of the lake
Haarlemmermeer in 1854. There are three lines of groundwater extraction wells in
the sand-dune area. As can be seen, saline groundwater intrudes in the deep aquifer
and vertical groundwater flow dominates in the aquitards. A downward groundwa-
ter flow occurs in the sand-dune area through the Holocene aquitard (that is deep
groundwater percolation), while in the Haarlemmermeer polder groundwater flows in
upward direction (that is seepage). Even.for the accurate case, the velocities fluctu-
ate in vertical direction in some places. This occurs especially in the middle aquifer
in the coast segment in the vicinity of £=150¢ m, where a small transition zone be-
tween fresh and saline groundwater is present. The fluctuations seem to be strong
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Figure 7.21: Velocity field in the gechydrologic system at the end of 1987 between a. z==i)-
12,500 m, b, £=0-3000 m, ¢. x=1000-2000 m. This is the accurate case. The distortion of
the vertical direction with respect to the horizontal direction equals: a. a factor 35, b, a
factor 8, ¢. no distortion. The lengths of the arrows correspond with the displacement of
groundwater during a time step of a. 10 years, b, 3 years, ¢. 3 years. The velocity field is
constant during that ¢ime. The velocity is displayed in the center of: a, every fifth grid cell,
b. every grid cell, ¢. every grid cell.
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becanse the vertical dimension is distorted with respect to the horizontal dimension
with a factor 35. However, figure 7.21b and figure 7.21c show two segments of the
geohydrologic system with smaller vertical distortions of the velocity field. In real-
ity, the fluctuating vertical velocities appear to be small compared to the dominant
horizontal velocities of groundwater in the geohydrologic system.

Number of particles per grid cell

When more particles per grid cell are present, the change in density at the end of a
solute time step is less sudden after averaging the chloride concentration (and thus the
density)} over the available particles. As such, more particles per grid cell counteract
numerical instabilities.

Figure 7.19 clearly shows that the chloride concentration as a function of time of
the reference case (5 particles) has quite some fluctuations, while for the cases with
9 and 16 particles the chloride concentration is more smooth, The figure also shows
that the simulation with only 1 particle per grid cell is completely inaccurate.

Convergence criterion TOL

When the convergence criterion TOL is smaller, the groundwater flow equation is
solved more accurately, and thus, the velocities and particle movements are calculated
more precisely. Figure 7.19 shows that this parameter has less influence on the
accuracy of the solute transport than the number of particles per grid cell.

Length of the flow time step At

When too many solute time steps are simulated within one flow time step, the chloride
distribution and thus the density distribution may be changed too much to maich
the solution of the groundwater flow equation. Figure 7.19 clearly shows that when
this parameter At is too great (2 year instead of 1 year), the fluctuations are very
strong and solute transport is simulated inaccurately.

Dimension of grid cells

More grid cells with smaller dimensions than used in the reference case does not
always mean that the groundwater flow equation is also solved more accurately and
that the particles are moved more precisely. Numerical instabilities may even be
amplified, because particles in an unstable zone can enter more often adjacent grid
cells with a completely different demnsity. Note that this phenomenon applies on
condition that the length of the flow time step is kept constant,

Cases with the following different numbers of grid cells are simulated: {1) the
reference case: 250 . 18=4500 grid cells; (2) 50 - 18=900 grid cells; (3) 100 - 36=3600
grid cells; and (4) 250 - 36=9000 grid cells. In figure 7.22, the chloride concentrations
for these four different numbers of grid cells are compared as a function of time in
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Figure 7.22: Chloride concentration as a function of time {in years after 1854). The
influence of different numbers of grid cells is shown. As the observation points of the cases
with 3600 and 9000 grid cells are located at -107.5 m N.A.P. instead of at -105 m N.A.P.
(the cases with 800 and 4500 grid cells), see figure 7.23, the chloride concentrations as a
function of time differ significantiy.
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Figure 7.23: Position of the observation point in the four cases with different numbers of
grid cells.

so-called observation points, which are located in a transition zone. The observation
points of the three new cases have slightly different positions compared to the refer-
ence case, as an observation point must be situated in the center of a grid cell (see
figure 7.23).

As can be seen in figure 7.22, the reference case has the strongest fluctuations in
chloride concentration. So, in this particular situation, cases with less grid cells (900
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and 3600 grid cells) do not necessarily lead to less accurate solutions. The length
Az of a grid cell is larger for the two cases with 900 and 3600 grid cells than for the
reference case with 4500 grid cells, and thus, particles are displaced less frequently to
adjacent grid cells. As a consequence, abrupt changes in chloride concentration occur
less frequently. As the occurrence of numerical instabilities depends on the geometry
of the geohydrologic system as well as on the location of transition zones, no general
recommendation can be given for the most effective number of grid cells in horizontal
direction.

More grid cells in vertical direction may reduce the fluctuations in chloride concen-
tration as well. In this particular case, the favourable characteristics of smaller (and
thus more) grid cells dominate and numerical instabilities are counteracted. This can
be demonstrated by comparing the reference case (45004 grid cells) with the case with
9000 grid cells: the fluctuations are smaller for the case with more grid cells in verti-
cal direction. In the transition zone, abrupt changes in density between adjacent grid
cells are smaller, and numerical instabilities are counieracted. Note that the overall
effect on the numerical instabilities also depends here on other (model} parameters,
such as the length of the flow time step. Decreasing the length of the flow time step
in combination with more grid cells will certainly suppress the numerical instabilities
(see, for instance, figure 6.17).

Table 7.2 shows the influence of four cases with different grid cells on three geo-
hydrologic features at the end of 1987: (1) the deep groundwater percolation through
the Holocene aquitard, located in the sand-dune area in the reach 1500-5500 m; (2)
the seepage quantity through the Holocene aquitard at -20 m N.A. P, located in the
Haarlemmermeer polder in the reach 8500-12,500 m; and (3) the volumes of fresh,
brackish and saline groundwater, caleulated for the geohydrologic system between
#=0 and 2=12,500 rn, and between z=-10 and z=-170 m N.A.P. Altogether, the
results appear to be very similar. The greatest differences between the four cases are
less than & few percents,

Table 7.2: Influence of different numbers of grid cells on some geohydrologic features at
the end of 1987.

Number Percolation Seepage || Volurnes in the geohydrologic system
of sand-dunes Haarl, meer || fresh Braskish saline
grid cells || (m=fyr) w2y [GoFmD) [ (my | 00°m™) | () || 8% m™) | (%)
ED] 573.3 555.6 168.0 24.0 196.0 B0 336.0 48.0
3600 560.0 £53.3 165.2 238 195.4 8.3 336.5 48.1
4500 572.1 650.2 1728 24.7 194.6 27.8 3326 47.5
8000 562.2 850.0 165.8 23.7 19%.1 34 435.1 47.9

Initial density distribution

The adapted MOC model requires an initial density distribution, and thus an initial
chloride distribution, of the geohydrologic system. The initial density distribution
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must be as smooth as possible in order tc suppress numerical instabilities in the
velocity field. Figure 7.24 shows that numerical instabilities in the velocity field
occur already at the beginning of 1854, thus before the simulation has even started.
The numerical instabilities especially occur in transition zones, where adjacent grid
cells in vertical direction have relatively great differences in density. The chloride
concentrations of adjacent grid cells in these vulnerable zones should be smoothed as
much as possible, of course in accordance with the observed chloride distribution.
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Figure 7.24: Velocity field in the geohydrologic system at the beginning of 1854. Thisis the
reference case. The lengths of the arrows cortespond with the displacement of groundwater
during a time step of 10 years, beginning in 1854 and with a coastant velocity field.

Error in solute mass balance

The accuracy of the solution of the solute transport equation is visualized by the
error in the solute mass balance E,ope. This errot is defined by equation 5.81
in subsection 5.5.2. The error Fypure is (mainly) caused by the particle tracking
procedure: (a) particles are moved to other grid cells, which induce relatively random
changes in the solute concentrations of those grid cells; and {b) particles are reposited
to a new uniform distribution throughout the entire grid, when too many grid cells
have become void due to particle movements.

Figure 7.25 shows the error Esyue during the simmliation of the 134 years after
the reclamation of the lake Haarlemmermeer, The effect of more accurate model
parameters on Eyglure 15 relatively small, because the initial mass of solute My in
the total geohydrologic system is some orders of magnitude greater than the sclute
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Figure 7.25: Errot Esotute in the solute mass balance. The reference case is compared
with the accurate case.

incoming and ocutgoing fluxes (net mass flux My).

7.7 Results of the simulated profile

In this section, the results of the simulated geohydrologic system are discussed, based
on six features: (1) the chloride distribution at the end of 1987 and the change in
chloride concentration between 1854 and 1987; (2) the freshwater head distribution
(which are piezometric levels converted for the density of fresh water); (3) the veloc-
ities in the centers of the grid cells; (4) the change in volume distribution of fresh,
brackish and saline groundwater; (5) the water balances during some specific years;
and {6) streamlines from specific points in the geohydrologic system.

1. Chleride distribution

Figure 7.26a shows the chloride distribution for the representative profile at the end of
1987. The three lines of extraction wells create upconing of especially the isochlors?
40 and 100 mg ¢~ /1. Furthermore, the loam aquitard has retained brackish ground-
water at some 1500 m from the seaside, while its surroundings has already become
saline.

The change in chloride concentration between 1854 and 1987 is given in fig-
ure 7.26b. Tt shows that especially the gechydrologic system underneath the sand-
dune area and the Haarlemmermeer polder has become more saline.

14 41 isochlor is a line of equal CI™-concentration.
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Figure 7.26: 3. The chloride distribution {values in mg C1~/I) at the end of 1987 calculated
with the adapted MOC model for the reference case. b. The change in chloride concentration
(values in mg CI™ /1) between the years 1987 and 1854. Positive values mean that the area
has become mote saline, negative values mean that the area has become more fresh.

2. Freshwater head distribution

In figure 7.27a, the freshwater head is presented at the end of 1987 calculated with
the adapted MOC model. At the seaside boundary, a hydrostatic situation occurs.
The freshwater head is determined with equation 5.79. The freshwater head is high in
the phreatic aquifer in the sand-dune area and groundwater recharge occurs through
the Holocene aquitard. In the Haarlemmermeer polder, the freshwater head is low
in the phreatic aquifer and groundwater oozes out of the middle aquifer through the
Holocene aquitard.
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Figure 7.27: Freshwater head distribution {(in m) of the geohydrologic system for the
representative profile: a. at the end of 1987 and b. at the end of 1955.

The freshwater head in the middle aquifer in the sand-dune area changes through-
out the pumping pertods with different extraction rates and phreatic groundwater
levels in the sand-dune area (see figure 7.2). For instance, figure 7.27b shows the
freshwater head distribution at the end of 1956 calculated with the adapted MOC
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Figure 7.28; The uncorrected piezometric level distribution (in m) for the specific profile
at the end of 1987.

model. As can be seen, a high groundwater extraction rate in the sand-dunc area
has its influence on the freshwater head distribufion.

In figure 7.28, the uncorrected piezometric levels are presented for the specific
profile at the end of 1987 (that is the end of the pumping period 1875-1987). To 2
certain extent, these levels correspond with the measured (uncorrected) piezometric
levels, averaged over 1981, in profile C — C’ of Stuyfzand [1988]. The position of the
profile C — €’ is indicated in figure 7.1,

3. Velocities

Figure 7.29 displays the velocities through the geokydrologic system at the end of
1056, when the extraction rates are the highest. Saline groundwater in the deep
aquifer oozes through the loam aquitard into the direction of the lines of extraction
wells. By comparing this figure with figure 7.18, it can be deduced that groundwater
extractions seriously affect the grondwater flow in this geohydrologic system.

4. Volumes of fresh, brackish and saline groundwater

The change in chloride distribution is quantified by determining the total volumes of
fresh, brackish and saline groundwater in the geohydrologic system. The tables 7.3
and 7.4 summarize the volume distributions in several years. Both tables show that,
during the period 1854-1902, the volume of the freshwater lens has slightly increased;
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Figure 7.29: Velocity field in the geohydrologic system at the end of 1956. This is the
accurate case. The lengths of the arrows correspord with the displacement of ground water
during a time step of 10 years, beginning in 1956 and with a constant velocity field.

Table 7.3: Percentages and volumes (in 10% m®/m’) of fresh, brackish and saline ground-
water in the entire geohydrologic system in five striking years. This is the reference case,
The porosity equals 0.35. The area is calculated between z=0 and *r=12,500 m, and z=-1¢
and z=-170 m N.A.P.

[ The entire geohydralagic system |

Year | fresh brackish | saline

(in 10°m*} T (%} [[ n 10°m*) T (%) || {in 10°m®) | (%)
15854 151.6 217 257.2 36.7 291.2 41.6
1902 173.3 25.6 242.0 34.6 278.7 39.8
1956 168.3 24.0 211.2 30.2 320.5 45.8
1974 169.5 24.2 200.3 286 330.2 47.2
1987 172.8 247 194.5 27.8 332.7 47.5

this is due to natural groundwater recharge. Since the end of 1956, the distribution
in fresh, brackish and saline groundwater is more or less stabilized. From then on,
groundwater extraction for water supply from the deep aquifer was substantialiy
reduced and artificial recharge of riverwater in the phreatic aquifer was started.
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Table 7.4: Percentages and volumes (in 10* m*®/m’) of fresh, brackish and saline ground-
water in the sand-dune area in five striking years. This is the veference case. The porosity
equals 0.35. The ares is calculated between £=1500 and £=5500 m, and between z=-10
and z=170m N.A.P.

| The sand-dune area |

Year fresh brackish i saline

{in 10°m*) | (%) [ {in 10°m*) [ (%) || (in 10°m*) T (%)
1854 95.7 427 33.8 15.1 94.5 42.2
1902 103.6 46.2 34.4 15.4 86.0 384
1856 80.0 35.7 27.3 12.2 116.7 52.1
1974 78.6 35.1 25.3 11.3 120.1 83.6
1987 80.6 35.9 25.2 11.3 118.2 52.8
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Figure 7.30: Symbols of water masses in the geohydrologic system.

5. Woater balances

The incoming and outgoing water masses over a boundary are determined from the
velocities perpendicular to that boundary and the lengths of the boundary segments.
In figure 7.30, the symbols and positive directions of the water masses are given
flowing over specific boundary segments of the gechydrologic system. Table 7.5 shows
the flow of water masses during specific years in million m®/yr totalled over 9000 m
parallel to the coastline. Some striking features of water masses over boundaries are:

e the salt water intrusion; M1 and D1
The reclamation of the lake Haarlemmermeer in 1834 influences the salinisation
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Table 7.5: Flow of water masses {(in million m®/ yr}) during some specific years. The water
masses are totalled over 3000 m parallel to the coastline. See figure 7.30 for the meaning of
the symbols.

Profile [ repre. | repre. | repre. [l spec. || repre. | repre.
year [ 1853 ] 1956 [ 1987 || 1987 I 1956 | 1087
Imposed condition phreatic groundwater level pereolation
in sand-dune arca see figure 7.2 l] 360 mm/yr
Holocene a.quita-r-d_ -

H1 -04 0.1 -0.5 f -0.9 0.0 -0.6
H2 0.4 0.4 0.3 0.0 0.3 0.1
H3 6.3 7.5 5.2 8.0 BT 6.3
H4 -4.1 36 0.3 -2.5 34 0.1
H5 -0.8 -4.5 -5.¢ -5.6 -4.6 -5.9
Middle aquifer

M1 -1.2 28 0.3 0.4 2.4 0.0
M2 -2.2 3.1 0.3 -1.0 26 -0.9
M3 22 -0.4 1.8 2.4 -0.2 1.8
M4 0.2 2.5 2.9 2.3 2.5 29
Loam aquitard

L1 0.6 0.2 0.2 0.3 0.2 0.2
L2 0.4 0.0 0.2 0.2 0.0 0.2
L3 1.9 -6.9 1.4 2.9 -6.4 1.9
1.4 -2.1 0.7 08 -24 0.7 -1.0
L5 -0.6 -2.0 -3.0 -3.3 -2.1 -3.0
Deep aquifer

D1 -0.2 8.0 2.0 2.3 76 1.7
D2 0.8 8.2 24 2.8 7.8 2.1
D3 2.7 1.3 3.8 5.7 14 4.0
D4 0.6 2.0 3.0 3.3 21 3.0
Extraction of groundwater

Ex R 0] 179 17 17| 179] L7

m the geohydrologic system as follows: before 1854, groundwater has flown
from the deep and middle aquifers towards the sea, while since 1854 salt water
intrusion occurs, High groundwater extraction rates from the middle aquifer
seriously affect the groundwater flow in the entire geohydrolegic system. For
instance, the salt water intrusion from the sea in both the deep aquifer and
the middle aquifer is more severe during the period 1951-1956 than during
the period 1975-1987, when the groundwater extraction rates from the middle
aquifer are low.
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o the seepage quantity in the Haarlemmermeer polder: HS
The seepage quantity 1s much higher since 1854 than before the reclamation of
the lake Haarlemmermeer. Furthermore, the seepage quantity in the Haarlem-
mermeer polder decreases when groundwater extraction rates during the period
1951-1956 are high.

» the flow through the loam aquitard in the sand-dune area: L3
High groundwater extraction rates in the middle aquifer during the period 1951-
1956 cause a great upward Aow through the loam aquitard in the sand-dune
area. This upward flow turns into a downward flow, when groundwater extrac-
tion rates in the middle aquifer ate reduced during the period 1975-1937.

6. Streamlfines

Two types of streamlines are determined (see also section 5.6): (a) streamlines which
indicate the path that particles would make through the geohydrologic system when
the velocity field is in a stationary situation, and (b) streamlines or path lines based on
a non-stationary situation in the velacity field, which in fact occurs for geohydrelogic
systems with changing densities.

ad a. The velocity field, taken at one specific moment in time, is not adjusted during
the travel of the particles. The travel time of a particle through the geohy-
drologic system is computed by adding vp all time steps that particle needs to
move through the system.

Figure 7.31 shows several streamlines and travel times through the geohydro-
logic system of the representative profile for the velocity field at the end of
1987. Saline groundwater particles, that intrude in the deep aquifer at the sea-
side boundary, have travel times of many centuries before the Holocene aquitard
in the Haarlemmermeer polder is reached. In the long run, all groundwater par-
ticles in the deep aquifer will eventually reach the Haarlemmermeer polder on
condition that the groundwater extraction rate from the middle aquifer is not
too high. This situation occurred at the end of 1987,

By contrast, when the groundwater extraction rates from the middle aquifer
are high (e.g. at the end of 1956, see figure 7.32), the sifuation is completely
different. Then, great volumes of saline groundwater, that intrude in the deep
aquifer at the seaside boundary, will coze through the loam aquitard and will
end in the lines of extraction wells. The travel times are shorter than when the
groundwater extraction rates are low.

ad b, Path lines and travel times are determined by recording the movements of
selected groundwater particles during the simulation with the adapted MOG
model (see also section 5.6). This implies that the velocity distribution is con-
stantly adapting, €.g. due to changes in phreatic groundwater levels, groundwa-
ter extraction rates or changes in density distribution. Since the particles can
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Figure 7.31: Some streamlines and travel times in years through the geohydrologic system,
calculated with the velocity field that occurs at the end of 1987, This representative profile
was simulated with model parameters of the accurate case.
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Figure 7.32: Some streamfines and travel times in years through the gechydrologic system,
calculated with the velocity field that occurs at the end of 1956. This representative profile
was simulated with model parameters of the accurate case.
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Figure 7.33: Some path lines with travel times in years through the geohydrologic system.
This representative profile was simulated with model parameters of the reference case. Note
that path lines may cross each other.

only be tracked during the simulation time, the selected groundwater particles
are only followed during the 134 years after the reclamation of the lake Haar-
lemmermeer (see figure 7.33). The figure shows that a groundwater particle,
that started at £=1625 m, z=-15 m N.A P., was moving towards the seaside
boundary during the first decades (that is exactly 67 years) after the recla-
mation of the loke Haarlemmermeer. Subsequently, the flow direction of the
groundwater particle altered towards the adjacent line of extraction wells, from
the moment the groundwater extraction rate from the middle aquifer had been
increased from some 3.6 million m3/yr for the period 1903-1920 to some 11.2
million m?/yr for the peried 1921-1929 (see figure 7.2). From the beginning of
1975 on, the extraction from the middle aquifer has been reduced to such alow
rate thal the groundwater particle changes its flow direction towards the sea
once again.

Concluding remarks on groundwater flow and solute transport in this profile

Based on the simulations with the adapted MOC model, the following conclusions
can be drawn.

Since the 1850s, groundwater flow in this profile has been dominated by human

activities. The lowering of the phreatic groundwater level in the Haarlemmermeer
polder in 1854 has generated a strong saline groundwater flow from the sea through
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the deep aquifer, inducing a severe salt water intrusion. During the first half of the
20°* century, high groundwater extraction rates from the middle aquifer in the sand-
dune area have decreased the volume of the freshwater lens and have mncreased the
fraction of saline groundwater in the middle and deep aquifers. However, from 1957
on, the extraction of groundwater from the middle aquifer has been diminished and
the freshwater lens has grown slightly. Moreover, artifictal recharge in the phreatic
aquifer since 1957 has accelerated the refreshening of the gechydrologic system.

In this section, human interventions have been simnulated only tentatively to coun-
teract the salinisation process of the geohydrologic system, to enlarge the freshwater
lens and to diminish the seepage through the Holocene aquitard in the Haarlemmer-
meer polder. Some feasible countermeasures are probably: (1) extraction of saline
groundwater from the deep or middle aquifer; (2} injection of fresh surface water into
the aquifers (deep-well infiltration); and (3) raising the phreatic groundwater level in
the polder area.

As the salinisation of the subsoil is a slow process, it takes many centuries before
saline groundwater, that has intruded the gechydrologic system at the seaside bound-
ary and that has flown through the deep aquifer, will coze out of the geohydrologic
system in the Haarlemmermeer polder as seepage. Hence, it takes many centuries
hefore a state of dynamic equilibrium for the chloride distribution is reached.

7.8 Conclusions

The adapted MOC model is able to simulate the geohydrologic system of this profile
perpendicular to the Dutch coastline where density flow cannot be neglected.

Subsoil parameters may seriously affect the groundwater flow and the solute trans-
port in this profile. The loam aquitard between -T0 and -390 m N.A.P. retards the
salinisation process in the geohydrologic system. The longitudinal dispersivity af,
that represents the hydrodynamic dispersion in MOC, should be simulaied with a
small value (in the order of centimetres to decimetres), so that the calculated chloride
distribution can match the observed chloride distribution.

Numerical instabilities in the velocity field occur due to a combination of both
density flow and the numerical solution technique. The numerical instabilities due
to density flow especially arise in those places where the transition zone hetween
fresh and saline groundwater is small. The fluctuations in vertical velocities in those
unstable zones can be counteracted by adapting several model parameters. Increasing
the number of particles per grid cell is the most effective, followed by the length
of the flow time step, and then by the convergence criterion TOL. Smoothing the
initial density distribution also suppresses numerical instabilities in the velocity field.
Reducing the dimension of the grid cells is usually only effective in combination with
shortening the length of the fiow time step.



Chapter 8

Simulation of two profiles perpendicular to
the Dutch coastline

8.1 Introduction

The main objective of this chapter is to assess, by means of numerical modelling with
the adapted MOC model, the impact of six scenarios of sea level rise on the following
two vulnerahle groundwater flow regimes perpendicular to the Dutch coastline during
the next millennium:

1. a profile in the southern part of Noord-Helland from the coast through the
intake area of Gemeentewaterleidingen Amsterdam, several polder areas behind
the sand-dune area to the Vinkeveense plassen (a lake area)} in the province of
Utrecht. The length of the profile is 39,000 m.

This profile resembles very much the profile in chapter 7. The reason! why the
length of this profile is longer than that of the profile in chapter 7 is to agsure
that the inland boundary, which is situated far from the coast, does not affect
the propagation of sea level rise in the geohydrologic system.

2. a profile in the northern part of Noord-Holland from a narrow sand-dune area
near Petten to Enkhuizen at the IJsselmeer. The length of the profile equals
44 500 m.

In the sections 8.2 and 8.3, the impact of sea level rise on the two profiles is discussed.
Moreover, an limited parameter analysis is carried out. The interest 1s focused on
the following itemns:

1At the beginning of this study, the interest was focused only on the impact of sea level rise during
just the next century. This implied that the sea level would rise only some decimetres. However,
the first simulation results demonstrated that the changes in chloride distribution appeared to be
insignificant during the next century. In order to abserve substantial changes, the total simulation
time was extended several centuries, which implied that the sea level would rise several metres.
As a conmsequence, the inland boundary at »=12,500 m from the coast, as applied in the profile of
chapter 7, could not be applicable any mwore. Therefore, the boundary was removed more inland,
namely 39,000 m from the coast, where the ¢onditions could be leept constant during the simulations.
This is the profile in section 8.2,

233
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a. propagation of sea level rise in the piezometric level distribution, thus the extent
of the zone of influence of sea level rise is assessed.

b. changes in the chloride distribution, especially the salt water intrusion in the deep
aquifers.

¢. changes in the volumes of fresh, brackish and saline groundwater, that is the
freshwater lens in the sand-dune area of Gemeentewaterleidingen Amsterdam

(secticn 8.2).

d. changes in the seepage (both quantity and quality} in the low-lying polder areas,
namely the Haarlemmermeer polder (section 8.2) and the pelder area near
Schagen (section 8.3).

e. effects of (hypothetical) countermeasures for the negative impact of sea level rise,
such as extraction of saline groundwater, artificial recharge of fresh surface wa-
ter {deep-well infiltration), raising the phreatic groundwater levels, and recla-
mation of land in front of the coast (only in section 8.2),

8.2 Profile to the Vinkeveense plassen

The selected groundwater flow regime is situated through the sand-dune area of
Gemeentewaterleidingen Amsterdam with its thick freshwater lens, the Rijnland pold-
ers, the low-lying Haarlemmermeer polder to the polder and lake areas (the Groot-
Mijdrecht polder and the Vinkeveense plassen) sitnated more inland (figure 8.1).

Haaxlem

-

-~
f ‘.‘ zandvaort S

profile 5
E Clty Nogzdwijlk

Figure 8.1: Map with the sand-dune area of Gemeentewaterleidingen Amsterdam, the
Haarlemmermesr polder, and the polder and lake areas lying more inland.

This area is chosen because it contains some representative characteristics of
groundwater flow regimes in Noord and Zuid-Holland {see fizure 1.3): a freshwater
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lens in the sand-dune area along the coast, and more inland relatively high scepage
in the low-lying polder areas and surface water infiltration in relatively high-lying
lakes. Moreover, the sand-dune area of Gemeentewaterleidingen Amsterdam has
been investigated tensively, thus numerous subsoil parameters are known. The
Groot-Mijdrecht polder, which is situated at some 30,000 m from the coastline, was
reclained during the period 1872-1877. As it is a very low-lying polder (the con-
trolled phreatic groundwater level varies between -5.60 and -6.25 m N.A.P.) and the
hydraulic resistance of the Holocene aguitard is very low (order of magnitude: some
tens to some hundreds of days), the seepage quantity is high, more than 5 mm/d.

The profile of this geohydrologic system is 39,000 m long, because the inland
boundary must be located beyond the zone of influence of sea level rise. The suppo-
sition, that the groundwater flow perpendicular to the profile must be neglected, is
not valid any more in all places of this entire geohydrologic system. Therefore, the
interest in this study is mainly focused an the impact of sea level rise for about only
the first tens of kilometres from the coast, where the supposition can still be justified.

In subsection 8.2.1, the geohydrologic system of the reference case is schematised,
and relevant subsoil and model parameters are summarized. In subsection 8.2.2, the
calibration of the geohydrologic system is discussed by means of two approaches:
the piezornetric levels and the groundwater flow through the Holocene aquitard. In
subsection 8.2.3, a brief subsoil and model parameter analysis is executed. In sub-
section 8.2.4, the results follow of the simulated geohydrologic system for the year
1990, thus without sea level rise. In subsection 8.2.5, the impact of different sea level
risc scenarios is ¢uantified on the items of interest. In subsection 8.2.6, the effects
of several (hypothetical) countermeasures are described. Finally, in subsection 8.2.7,
some conclusions are drawn and a recommendation is given.

8.2.1 Schematisation
Subsosil parameters of the reference case

Figure 8.2 shows the geometry and subsoil parameters of the profile. The data of
the geohydrological schematisation have been borrowed from the following sources:
Kooitnan [1989], Stuyfzand {1988], ICW [1976] and TNO Institute of Applied Geo-
science [1979a). For the first 12,500 m of the profile, the study of Kociman [1989] is
pursued (see also chapter 7). The longitudinal dispersivity @y, is set to a small value:
0.02 m [Kooiman, 1989). The ratio transversal to longitudinal dispersivity ar/op
is set to 0.1 {—). The anisotropy factor k./k: (the ratio vertical and horizontal hy-
draulic conductivity) is set to 0.1 (—). The efiective porosity n. equals 0.35 (=) and
the specific storativity S, is set to zero.

Figure 8.3 shows the chloride distribution of the profile in 1990, derived from
ICW [1976), Stuyfzand [1988] and van Koppen [1985). A freshwater lens occurs in
the sand-dune area of Gemeentewaterleidingen Amsterdam. The inflow of saline
groundwater fTom the sea in the gechydrologic system has increased due to the low
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Figure 8.2: Subsoil parameters of the profile through the sand-dune area o the Vinkeveense
plassen.

phreatic groundwater level in the Haarlemmermeer polder. Subsequently, a severe
salt water intrusion occurs (see the 15,000 mg C!~ /lisochlor). Saline groundwater
cones up in both the Haarlemmermeer polder and the Groot-Mijdrecht polder.

The phreatic groundwater levels in the polder and lake areas are derived from ICW
[1976). The levels at the upper boundary are kept constant during the simulation
of the reference case. The groundwater recharge in the phreatic aquifer of the sand-
dune area is 360 mm/yr. Three lines of extraction wells are placed in the middle
aquifer of the sand-dune area, each line with a rate of about 64.1 m?/(m'yr). A
constant piezometric level boundary is introduced for both the seaside boundary and
the inland boundary. The situations are supposed to be hydrostatic. The piezometric
level at the North Sea side is set to -0.15 m N.A.P.2 and at the inland side to -1.90
m N.AP.

Model parameters of the reference case

The applied number of rectangular grid cells is 2808: in horizontal direction 156 and
in vertical direction 18 grid cells. FEach grid cell has a length Az of 250 m and a

?The average water level of the sea is not equal to N.A.P. [Atlas van Nederland: Deel 15 Water,
1986].
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Figure 8.3: Initial chloride distribution (values in mg €I~ /{} in 1990.

height Az of 10 m, thus the total geohydrologic system is 39,000 m Jong and 180 m
high. Each grid cell eontains five particles. The convergence criterion TOL is 10~°
ft. The flow time step At equals 1 year. The maximum relative distance in a grid
cell { is set to 0.9. Under normal conditions, only two solute time steps are necessary
to simulate solute transport during one flow time step.

8.2.2 Calibration

The calibration of this profile is carried cut for piezometric levels at some depths
relative to N.A.P. and for seepage and infiltration intensities through the Holocene
aquitard. The chloride distribution of the profile near the coastal zone was calibrated
in the study of Kociman [1989] at certzin moments in time during the past (see
section 7.4).

1. Piezometric levels at -25 m and -80 m with respect to N.AP.

Figure 8.4 shows the piezometric levels, expressed in freshwater, at -25 m and -80 m
N.A.P. The levels, calculated with the adapted MOC model, are compared with mea-
sured piezometric levels JCW, 1976 and Stuyfzand, 1988]. The measured piezometric
levels are corrected for the density of groundwater in the observation well which dif-
fers from the standard reference density p;=1000 kg/m®. The {corrected) measured
piezometric levels differ only some decimetres from the caleulated piezometric levels.
Only near and in the Groot-Mijdrecht polder and the Vinkeveense plassen the differ-
ences arc greater than some dccimetres, probably due to the following two reasons:
{1) the simulated hydraulic resistance of the Holocene aquitard is too high, and (2)
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Figure 8.4: Calculated and measured piezometric levels, expressed in freshwater, at -25
and -80 m N.A_P. The observations of Stuyfzand are only given in the first kilometres from
the coast.

in the vicinity of the Groot-Mijdrecht polder groundwater flow perpendicular to the
profile is not anymore of marginal importance.

2. Seepage and infiltration intensities through the Holocene aquitard

Figure 8.5 shows the (calculated) secpage and infiltration intensities at -15 m N AP
The deep groundwater percolation through the Holocene aquitard in the sand-dune
area of Gemeentewaterleidingen Amsterdam, calculated with the adapted MOC model,
is about 700 m®/(m’yr) in 1990. Schuurmans [1983], who based his figure on water
balances in the area, estimates about 785 m3/(m’yr) {see also table 7.1).

However, the hydraulic resistance of the Holocene aquitard in the profile varies
significantly over short reaches. As a result, the calculated seepage intensities through
the Holocene aquitard in the Haarlemmermeer poldet cannot easily be matched with
observed seepage intensities, which are determined by means of water balances of
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Figure 8.5; Calculated seepage and infiltration intensities at -15 m N.A.P.

specific subareas. In fact, the scale of the present schematisation of the geohydrologic
system is too large (e.g. the length of a grid cell is 250 m) to describe local details.
Nevertheless, the calculated seepage intensity in the Haarlemmermeer polder is in
good agreement with the observed values. The overall influence of the local details in
subsoil parameters on the deep groundwater flow appears to be of minor importance.
Ouly in the Groot-Mijdrecht polder, the calculated seepage intensity appears to be
too small, since the actual hydraulic resistance in situ seems to be (much) lower than
the ane applied in the model.

In figure 8.6, the differences are compared between the reference case and a case
where the hydraulic resistances are lowered in specific segments of both the Haarlem-
mermeer polder and the Groot-Mijdrecht polder. In these specific segments of both
polders, seepage and infiltration intensities are substantially higher in the case with
lower hydraulic resistances than in the reference case. The average seepage inten-
sity of the Groot-Mijdrecht polder is more in accordance with the observed seepage
intensity in this case than in the reference case.

8.2.3 Parameter analysis

The influence of the following three parameters are briefly analysed: (1) hydrody-
namic dispersion; (2) density differences; and (3) the error in the sclute mass balance.

1. Hydrodynamic dispersion

The influence of the hydrodynamic dispersion on the salinisation of the geohydrologic
system is assessed by simulating cases with different longitudinal dispersivities ay.
Figure 8.7 shows that the greater oz, the greater the volume of brackish groundwater
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Figure 8.6: Calculated seepage and infiltration intensities at -15 m N.A.P. for different
hydraulic zesistances of specific segments of the aquitard.

becomes in the geohydrologic system. For the two cases with great longitudinal
dispersivities (0z=2.0 m and az=20.0 m), the position of the saline groundwater
tongue (the 15,000 mg CI~ fi-isochlor) in the deep aquifer displaces in the direction
of the seagide boundary during the next millenninm. This phenomenon hardly seems
to be realistic.

Obviously, the effect of molecular diffusion s on the salinisation process appears
to be of minor importance. Figure 8.8 displays the difference in chloride distribution
between the reference case with ey =0.02 m and a case with only a molecular diffusion
coefficient Dy equal to 1-10-2 m?/s.

2. Density differences

Figure 8 9 shows the influence of density differences on the geohydrologic system. This
hypothetical case indicates the importance of taking into account density differences
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Figure 8.7: Chloride distributions (in mg CI™/I) in 2990, calculated with four different
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in the coastal groundwater flow regimes in the Neiherlands. If no density differences
are taken into account ((p, — py)/py = 0.0 instead of 0.025), no salt water intrusion
from the seaside boundary would occur, because natural groundwater recharge in
the sand-dune arca would dominate the entire flow regime in the vicinity of the
coast. If the relative density difference is greater than in the reference case ({p, —
pr)/ps = 0.035 instead of 0.025) a stronger inflow of saline groundwater occurs. As
a consequence, the volume of the freshwater lens is substantially smaller and the
seepage in the Haarlemmermeer polder consists of slightly more solutes.
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Figure 8.9: Influence of density flow on the chloride distribution (values in mg CGI~ /1) for
cases with a relative density difference {p. — ps)/ps of 0.025 (the reference case: moments
in time 1990 AD and 2990 AD); no density difference (2990 AD); and (g, — py)/p; of 0.035
(2990 AD).

3. Error in the solute mass balance

The accuracy of the solution of the solute transport is assessed by comparing the
reference case with a case with more accurate model parameters, namely 16 particles
per grid cell instead of 5 and TOL is 1071¢ f¢ instead of 107% fi. Figure .10 shows
that the error in the solute mass balance increases as a function of time for both
cases: up to about 3 % in 2990, The difference in the error in solute mass balance
between the reference case and the accurate case is insignificant.
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Figure 8.10; Error in the solute mass balance. The reference case is compared with the
accurate case (16 instead of 5 particles per grid cell and TCL=10"'" ft instead of 10~° ft).
One millennium is simulated.

8.2.4 Results of the simulated profile
Piezometric leve! distribution expressed in freshwater

Figure 8.11 shows the piezometric level distribution in 1990, expressed in freshwa-
ter (corrected for density differences), calculated with the adapted MOC model. A
hydrostatic situation occurs at both the seaside and the inland boundary. Clearly,
the low phreatic groundwater levels in both the Haarlemmermeer polder and the
Groot-Mijdrecht polder mduce low piezometric levels in the underlying aquifers.

Velocity field

Figure 8.12 shows the velocity field in the geohydrologic system in 1990. In the sand-
dune area, a downward groundwater flow occurs through the Holocene aquitard.
Saline groundwater intrudes in the deep aquifer at the seaside boundary. Ground-
water flows upward as seepage in the Haarlemmermeer polder. Especially in the
segment closest to the seaside, the seepage quantity is high due to the Yow hydraulic
resistance of the Holocene aquitard. A very strong groundwater flow oceurs in the
Groot-Mijdrecht polder due to a combination of the low phreatic groundwater level,
the Jow hydraulic resistance of the Holocene aquitard and an opening in the deep
aquitard. Note that in some areas the velocities fluctuate m vertical direction, which
is the result of numerical ingtabilities.
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Figure 8,11: Calculated piezometric level distribution in 1990 (in m), expressed in fresh-
water, of the geohydrologic system.

Groundwater fluxes

The groundwater fluxes over the following four segments of the geohydrologic system
are analysed in table 8.1:

1. inflow of saline gronndwater at the seaside boundary in the deep® aquifer be-
tween -90 and -170 m N. A P.

2. deep groundwater percolation? in the sand-dune area through the Holocene
aquitard in the reachk 1000-4500 m.

3. seepage quantity through the Holocene aquitard in the Haarlemmermeer polder
in the reach 8000-19,500 m,

4. seepage quantity through the Holocene aquitard in the Groot-Mijdrecht polder
in the reach 29,500-32,000 m.

The groundwater fiuxes in the gechydrologic system are analysed for (a) the reference
case and for three (hypothetical) cases®: (b) no density flow; (c) inundation of the
Haarlemmermeer polder {the phreatic groundwater level equals -0.6 m N¥.A.P.}; and
(d) inundation of the Groot-Mijdrecht polder {the phreatic groundwater level equals
-0.6 m N.A.P). The hypothetical case (b) indicates what happens if the effect of

3In the shallow aquifer between -20 and -70 m N.A.F,, the inflow of saline groundwater is limited
due to the outBow of fresh groundwater from the sand-dune area, and hence, it is not considered.

145 defined in section 7.4 item 4., page 206.

5The hypothetical cases are simulated only to demonstrate the sensitivity of the groundwater
flow regimes for changes in (boundary) cenditions.
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Figure 8.12: Velocity field in the entire geohydrologic system in 1990. The lengths of the
arrows correspond with the displacement of groundwater during a time step of 20 years,
beginning in 1990 and with a constant velocity field. The distortion of the vertical direction
with respect to the horizontal direction equals a factor 110. The velocity is displayed in the
center of every second horizontal grid cell.

density differences is not taken into account in this coastal groundwater flow regime,
whereas the cases (¢} and (d) demonstrate the substantial influence of the two low-
lying polders on the groundwater flow in the geohydrologic system.

Table 8.1 shows that, obviously, the differences in density cause a strong inflow
of saline groundwater in the deep aquifer and reduce the deep groundwater percola-
tion in the sand-dune area. Moreover, the present low phreatic groundwater levels in
both the Haatlemmermeer polder and the Groot-Mijdrecht polder induce high seep-
age intensities. The low phreatic groundwater fevel in the Haarlemmermeer polder
(with its western boundary situated at x=8000 m) appears to cause a strong inflow
of saline groundwater in the deep aquifer, namely the inflow of saline groundwater
decreases from 417 to 222 m®/(m'yr) in case the phreatic groundwater level is raised
from -5.5 (and -4.5 ;) N A.P. to -0.6 m N.A.P. Inundation of the low-lying polders
(Haarlemmermeer as well as Groot-Mijdrecht) induces high infiltration rates of sur-
face water, as can be seen by comparing the seepage quantities: from +1694 to -634
m3/(m'yr) for the Haarlemmermeer polder and from +1657 to -2601 m®/(m’yr) for
the Groot-Mijdrechi. polder.
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Table 8.1: Groundwater fluxes in m®/(m’yr) in 1990 over four segments of the geohydro-
logic system: the reference case and three other cases. Note that the error in the water
balance between the incoming and outgoing groundwater volumes is insignificant.

) ® 6] @

Groundwatier fluxes Reference | No density | Inundation Inundation
over case flow Haarl. meer | Gr.-Mijdrecht
segments: -0.6 m -0.6 m

1. Inflow of saline gronndwater 417 61 232 416
2. Percolation in sand-dune area 639 822 642 699
3. Seepage Haarlemmermeer +1694 +1672 ~-634 +1808
4. Seepage Groot-Mijdrecht +1657 +1980 +1751 -2601

8.2.5 Impact of sea level rise

In this subsection, the stimulations of the geohydrologic system during the next mil-
lennium are discussed, though the interest is especially focused on the next century.
As many prognoses of future sea level rise are conceivable (see section 3.6), six sce-
narios of sea level rise are nnposed (see figure 8.13): -0.6 m/c; 0 m/fe; 0.15 m/fe;
0.8 m/fe; 1.0 m/fe; and 1.5 m/e. The simulations are initiated at the beginning of
1990. Sea level rises are imposed as step by step elevations of the piezometric level,
expressed in freshwater head, at the seaside boundary for every 25 years. The first
elevation takes place at the beginning of 2015, thus no sea level rise is imposed over
the period 1990-2015°.

Since a relatively long period is simulated, all processes that affect the geohydro-
logic system should be considered. However, in the reference case, some processes
ate left out of consideration: for instance, hydrological processes (e.g. less precipita-
tion, more evapotranspiration due to climate change), morphological processes (e.g.
land-subsidence; shoreline retreat) and man-induced processes (e.g. reclamation of
new land in front of the coast, sand-suppletion at the coast and creation of new
sand-dune areas to counteract shoreline retreat).

Sea level rise induces a rise of the phreatic groundwater level in the sand-dune
area. In reality, the rise of the phreatic groundwater level could be impeded due ic a
fixed land surface. In those places, sand-suppletion is supposed to rullify the possible
impediment of the rise of the phreatic groundwater level.

Piezometric level expressed in freshwater and the zone of influence

Figure 8.14 shows the difference in piezometriec level, expressed in freshwater, at -25
m N.A.P. in 2090 for five scenarios of sea level rise with respect to the scenario with

®The sea level has risen some 01 m/c to 0.2 m/c over the past century (see section 3.5 item 3.
The past few centuries, page 82). This fact is taken into account in the determination of the mean
s2a level at the beginning of the shimmlations in 1990.
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Figure 8.13; Scenarios of sea level rise, imposed at the seaside boundary during the next
millennium.
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Figure 8.14: Differences in the piezometric level, expressed in freshwater, at -25 m N.A.P.
in 2090 for five scenarios of sea level rise with respect to the scenario with no sea level rise.

no sea level rise. Since the inland boundary is a constant piezometric level boundary
for all scenarios, the rise in piezometric level at x=%59,000 m from the seaside is
equal to zero. The figure displays that the zone of influence of sea level rise in the
geohydrologic system is some 8000 to 10,000 m. For instance, at 8500 m inland of
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the seaside boundary, the rise in piezometric level is only about 5 % of the rige in sea
level.

Path lines in the geohydrologic system

Figure 8.15 shows several path lines through the geohydrologic system during the
next millennium for the reference case with no sea level rise. Saline groundwater
particles enter the deep aquifer at the seaside boundary. The groundwater velocity is
apparently small, e.g. a horizontal displacement of less than 20 m per year is rather
common. A combination of three geohydrologic characteristics of the Groot-Mijdrecht
polder causes a strong groundwater flow towards that polder: (1) the low phreatic
groundwater level; (2) the low hydraulic resistance of the Holocene aquitard; and
{3) an opening in the deep aquitard. Surface water infiltrates in the geohydrologic
system in the Vinkeveense plagsen and rapidly flows towards the Groot-Mijdrecht
polder.
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Figure 8.15: Scme path lines and travel times in centuries through the geohydrologic
system, calculated with a continuously adapted velocity distribution. The reference case
with no sea level rise is simulated during the next millennium.
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Figure 8.16: Chloride distribution (in mg Cl™ /i) in the geohydrologic system during the
next millennivm at different moments in time. The reference case with no sea level rise is
simulated.

Chleride distribution

Figure 8.16 shows the chloride distribution during the next millennium for the refer-
ence case with no sea level rise. A severe salt water intrusion occurs in the gechy-
drologic system. Saline groundwater replaces brackish groundwater in the deep and
middle aquifers behind the sand-dune area up to many kilometres inland. Neverthe-
less, the salinisation is a rather slow process. The.freshwater lens not only remains
during the next millennium but increases even slightly. This occurs as groundwater
extraction rates during the past decades were higher than the rates that are applied
in the reference case during the next millennium. Since the surface water level in the
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Figure 8.17: Chloride distribution (in mg CI7 /1) in the geohydrologic system during the
next ten millennia at different moments in time. The reference case with no sea level rise is
simulated.

Westeinder plassen (a lake area) and the Vinkeveense plassen is high with respect to
their surroundings, fresh surface water infiltrates in the geohydrologic system. Sub-
sequently, fresh groundwater bodies are formed under these lakes during the next
millennium,

The chloride distribution is still changing after one millennium. This can be de-
duced from figure 8.17, where the change in chloride distribution is simulated during
the next ten millennia for the reference case with no sea level rise. In the vicinity of
the Groot-Mijdrecht polder, the state of dynamic equilibrium of the chloride distri-
bution is reached after some seven to eight millennia. Saline groundwater is coning
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Figure 8.18: Chloride distribution (in mg CI~/I) in the geohydrologic system during the
next millenninm at different moments in time. The constant rate of sea level nise is 0.6 m/c.

up in the Haarlemmermeer polder, becanse the polder water level is low and the hy-
draulic resistance of the Holocene aquitard is low. Saline groundwater, that originates
from the sea, has reached the Haarlemmermeer polder after several centuries. As a
result, seepage in this area consists of more chloride. Eventually, when the state of
dynamic equilibrium is reached in this part of the geohydrclogic sysiem, the seepage
in the central part of the Haarlemmermeer polder consists of saline groundwater (see
figure 8.17).

Figure 8.18 shows the chloride distribution during the next millennium for the
scenario with a sea level rise of 0.6 m/c. By comparing figure 8.18 with figure 8.18, it
can be seen that the differences in chloride distribution between no sea level rise and
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a sea level rise of 0.6 m/c appear to be small during the next centuries, However,
after some more centuries, the freshwater lens diminishes and the seepage in the
Haarlemmerineer polder consists of more saline groundwater due to sea level rise.

Figure 8.19 shows the chloride distribution in the geohydrologic system in 2990
for six scenarios of sea level rise. The influence of sea level rise can be neglected in
the segment of the geohydrologic system that is situated more than about 20,000 m
from the seaside boundary. However, it depends on the rate of sea level rise whether
or not the freshwater lens in the sand-dune area remains during the next millennium.
Furthermore, for all scenarios the seepage in the Haarlemmermeer polder consists of
more brackish or saline groundwater than at present, though the quantity of seepage
differs. The position of the saline groundwater tongue (15,000 mg €1~ /l-isochlor)
in the deep aquifer displaces from about 9500 m in 1990 (see figure 8.16) to about
19,500 m to 23,000 m in 2990 depending on the scenario of sea level rise: so with a
rate of 1.0 km/ec to 1.35 km/c for a sea level fall of -0.6 m/c and a sea level rise of
1.5 m/e respectively.

Volume distributions of fresh, brackish and saline groundwater

The change in chloride distribution due to sea level rise is quantified in figure 8.20 by
calculating the distribution of fresh, brackish and saline water in percentages of the
total volume of water in the geohydrologic system. In 2090, the differences in volume
disiribution between the six scenarios of sea level rise can still be neglected. Only
after some more centuries, the differences in volumes become significant. The volume
of brackish groundwater in the geohydrologic system decreases for all scenarios of
sea level rise. Even when no sea level rise occurs, salinisation of the geohydrologic
system clearly takes place during the next centuries compared to the situation in
1990. The reason for this is that the low-lying Haarlemmermeer polder has induced
a strong inflow of saline groundwater from the seaside. Even when sea level falls,
salinisation of the geohydrologic system is taking place during the next centuries.
However, after some centuries (that is after 2540), less saline groundwater flows in
the geohydrologic system from-the sea than that saline and brackish groundwater
flow out of the geohydrologic system through seepage. Consequently, the fraction of
saline groundwater decreases. Note that no new state of dynamic equilibrium of the
chloride distribution is reached during the next millennium (see figure 8.17).

Freshwater lens in the sand-dune area

Figure 8.21 shows the volume of the freshwater lens for six scenarios of sea level rise.
Even when no sea level rise occurs, the volume of fresh groundwater slightly increases
during the next centuries because lower groundwater extraction rates are simulated
during the next millennium than during the period 1903-19737. The change in volume

"The total extraction rate during the next millennium in the middle aqufer of the sand-dune
area is about 192.3 m3/(m'yr) or about 1.73 million m? fyr over 9000 m, see figure 7.2, page 197



8.2. Profile to the Vinkeveense plassen

T Sand—mpiand Haaremmaemnmer Wrstsind Grock=  Viekevwwnas E’ SeM-u laad HAGTAMMAFTIST Werteinder Groal-  Vinkeves

E nE dum ﬂl" dire poldar Dkeewan " nuﬁm pm lld-n pold plozseh 4 plansan i

- 3 joub 1, 0 |]° 4000 SO0 ZADOG 000  3ED .
?E: i ]
= -ZII 1 — -0
2 _cnf sy 41-3p
k] 4 4
% —-no g -8 -ao
PE —r10 -110
¥
== -8 -4
3

1, 3050 13000 15000 20040 36080 e EO0H 1Z000 . 15000 20000 00 -1

Distance In gachydrologic syslem, m DHalance in gachydrolegic ayn
Sand-rhamnd Haorlemmermanr \\'b:l-hd Grook-  Vinkevesnas 28 Sand=pyiond Hoarllsmmernar wasteinde: oot
e u’-tg dunwt poldes  poidar pans ul Mifdrsaht  plosaan -38 dunea m“m pokder phisaan MWigirecht  plaasan
.000 400D BOdG 12000 1 SO0 " zm ZHOG0 3000 36000 10 400G BOOD. 12000 18004 D000 T4 2h0h 3040 SEOC 1"

a | . '
-«
: -0
f { =50
@
a 1-m
[ ]
£ -1a
®
£ =140

- ; I, o ! -

17054560 ¥000 V3000 18005 . 20000 32000 39000 P mn 10060 20000 IR0 32000 IE006 70

00
Disiane# In g-ohwmlogic tystam, m

SR Sond—, “l‘“"‘ "oﬂr"lmrrurmuf\\"”hh\dw Grosks  Vinksveanue
E vlnd Iders polda plarn WRdrackl  plaeasn
mﬂ m !m WM MO0 000 24000 BODD 32000 EBOOO
O (]
-«
= "0
o
- =
H
~80
:
Z-10
Y
£10
a Time=2990 AD, SLR=1.0m/¢
Q-1 g5 006 24050 Te000

12000 12000
Di:iunaa in gnohydrologic syshm m

|
aond  BOO0 13000 48000 20004 TAROD

24000
ﬁlﬂmw in geohydrefogle syzlsm, m
Sond=pijsland HOSFOMMTMesr Watvindw Crel—  Vinkevashan
dunes polders  palcer wloasen WNidreshl  plaseen

9 wgo 000 TI000 10000 20000 4000 20000 JH0T IHOID
| T .

Fime=2930¢ AD, 5LR=1.5m/%

TAG60 12000 34000
Distance in geohydralogla systern, m

Figure 8.19: Chloride distribution {in mg CI~ /1) in the geohydrologic system during the
next millenninm in 2990 for six scenarios of sea level rise,

of the freshwater lens due to sea level rise is of minor importance during the next two
centuries. However, after a few centuries, the changes are considerable. For instance,
when the sea level rises 0.6 m/c, the volumes of the freshwater lens in 2290 and 2990
decrease to about 87 % and 30 % respectively of the volumes of the freshwater lens

when no sea level rise occurs.

Seepage quantity in the Haarlemmermeer polder

When no sea level rise occurs, the seepage quantity in the Haarlemmermeer polder
decreases significantly during the next centuries (see figure 8.22). ‘The reason for this
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Figure 8.20: Volume percentages of fresh, brackish and saline groundwater during the next
millennium for six scenarios of sea level rise. The volume percentage is determined for the
segment of the gechydrologic system that is bounded in horizontal direction between z=0 m
and £=19,500 m (the inland side of the HaarJemmermeer polder) and in vertical direction
between z=-10 and z=-170 m N.A.P.

(unexpected) phemomenon is that salinisation of the gechydrologic system changes
the density distribution in especially the middle aquifer. As a result, groundwater
flow and seepage are influenced. When sea level rises, the seepage quantity in the
Haarlemmermeer polder increases substantially with respect to the reference case.
The increase in seepage quantity in the Groot-Mijdrecht polder due to sea level rise
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is insignificant, as the polder is situated beyond the zone of influence of sea level rise.

Figure 8.23 shows the development of the seepage quantity through the Holocene
aquitard of both the Haarlemmermeer polder and the Groot-Mijdrecht polder dur-
ing the ten millennia for the reference case with no sea level rise. As can be seen
in figure 8.17, the state of dynamic equilibrium of the density distribution in the
Haarlemmermeer polder is not yet completely reached after a few millennia, and
subsequently, the seepage quantity stabilizes. The same phenomenon occurs in the
Groot-Mijdrecht polder. During the next centuries, the chloride concentration in the
geohydrologic system in the Groot-Mijdrecht polder is decreasing (see figure 8.25) and
the seepage quantity is increasing. Till some two millennia from now, the chloride
concentration and the seepage quantity stay constant, Subsequently, saline ground-
water, that originates from the coastal aquifers, enters the aquifers in the area of the
Groot-Mijdrecht polder, and thus, the seepage quantity decreases.
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Figure 8.23: Seepage quantity through the Holocene aquitard of the Hazarlemmermeer
polder and the Groot-Mijdrecht polder during the next ten millennia.

Chloride concentration in the Haarlemmermeer polder

Figure 8.24 shows the mean chloride concentration® in the Holocene aquitard of the
Haarlemmermeer polder at -15 m N.A.P. as a function of time for six scenarics of
sea level rise. For all scenarios, the mean chloride concentration in the Holocene

®The mean chloride concentration is determined by averaging the chloride concentraiions in the
Holocene aquitard over the total length of the Haarlemmermeer palder.



8.2. Profile to the Vinkeveense plassen 257

Mean chloride concentration

0 r————T——7 1 1 1 T T T

14000 | : : | : : : : ; -
12000 |
10000 |

(mg €1 /1)

8000
6400
4000

2000

N T S PR AR ST R N U B
2000 2100 2200 2300 2400 2500 2600 27450 28O0 2900
Time in vears (AD)

No SLR ----8LR=-0.8m/c ----SLR=0.15m/c
------- SLR=0.6m/c --=-SLR=1.0m/¢ - SLR=1.5m/¢

Figure 8,24: Mean chloride concentration in the Holocene aquitard of the Haarlemmermeer
polder at -15 m N.A.P. during the next millennium for six scenarios of sea level rise.

aquitard increases significantly during the next two centuries, independent of the
rate of sea level rise. From then on, the impact of different scenarios of sea level rise
on the mean chloride concentration cannot be disregarded any more. The state of
dynamic equilibrium is not yet reached after the next millennium, not even for the
reference case with no sea level rise. Figure 8.25 shows that even during the next
ten millennia, the mean chloride concentration is still increasing due to salinisation
of the geohydrologic system.

Figure 8.26 shows the chloride distribution in the Holocene aguitard of the Haar-
lemmermeer polder for the reference case for several moments in time. The chloride
concentration in the central part of the Haarlemmermeer polder increases signifi-
cantly, even during the next century. The chloride ¢oncentration remains low at
both sides of the polder, as fresh groundwater flows towards the polder from adjacent
polder areas (western side) and lakes (eastern side).

Figure 8.27 shows the influence of sea level tise on the chloride distribution in
9000. Sea level rise increases the chloride concentration in nearly the entire Haarlem-
mermeer polder. Only near the inland boundary at 19,500 m, the chlorde concentra-
tion remains low due ta infiltration of fresh surface water. Even when the sea level
falls -0.6 /e, the overall chloride concentration in 2990 in the Holocene aquitard of
the Haarlemmermeer polder is higher than the present concentration (compare with

figure 8.26).
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Figure 8.26: Chloride concentration in the Holocene aquitard of the Haarlemmermeer
polder at -15 m N.A.P. for several moments in time for the reference case with no sea level

rise.

Chloride load in the Haarlemmermeer polder

Figure 8.28 shows the chloride load® in ton Ci~ /(m'yr) through the Holocene aquitard
of the Haarlemmermeer polder at -15 m N.A.P. for six scenarios of sea level rise. High

#The chloride load through the Holocene aquitard has been caleulated from caleulated chlorids
concentrations and seepage quantities,
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Figure 8.27: Chloride concentration in the Holocene aguitard of the Haarlemmermeer
polder at -15 m N.A.P. in 2990 for six scenarios of sea level rise.
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Figure 8.28: Clkloxide load in ton Cl7f{m'yr} through the Holocene aquitard of the
Haarlemmermeer polder at -15 m N.A P. for six scenarios cf sea level rise,

rates of sea level rise generate high chloride loads in the Haarlemmermeer polder
within a few centuries. Figure §.29 shows that even after one millennium, the state
of dynamic equilibrium for the chloride load is not yet completely reached for the
reference case with no sea level rise. Note that this increase in chloride load is small
compared with the increase in chloride load due to sea level rise.
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8.2.6 Effects of (counter)-measures

I this subsection, four measures {no. 1, 2, 3 and 5) to counteract the negative impact
of sea level rise on the geohydrologic system and one measure (no. 4) to cornpensate for
land-subsidence are evaluated. Whether or not some (counter)-measures are feasible
from an economic, environmental or political point of view is not really the question
here. These {counter)-measures should only be considered as interesting cases in
order t0 gain a better insight into the range of conceivable human interventions. The
following five (counter)-measures are evaluated:

1. Extraction of saline groundwater
Six lines of extraction wells!? are imposed in the sand-dune area, each with an
extraction rate of about 128.2 m3/(myr)t!. The six well lines are positioned
in horizontal direction at r=4875 m and in vertical direction at z=-115, z=-
125, »=-135, z=-145, 2=-155 and :=-165 m N.A.P. The optimnm position
and extraction rate of the well lines should be derived at a later more decisive
stagel?,

10 5¢ the six lines of extraction wells are positioned in vertical direction, they are in fact one line
of extraction wells with filters on six different depths,

1 The total extraction rate is four times as much as the total extraction rate of fresh groundwater
from wells in the middle aquifer in the sand-dune area, simulated during the period 1974-1987.

12Note thal several more cases with different positions and extraction rates of the well lines have
been simulated. However, for the purpose of easy overview, only one case is presented,
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2. Deep-well infiltration of fresh surface water
Six lines of infiliration wells are imposed, each with an infiltration rate of about
128.2 m*/(m'yr). The six well lines are positioned in vertical direction at z=-
115 m N.A.P. and in horizontal direction at +=3625, 2=4125, r=4625, x=5125,
r=5H62b and £=6125 m. The optimum position and infiltration rate of the well
lines should be derived at a later more decisive stage,

3. Raising the phreatic groundwater level in the Haarlemmermeer polder
It is obvious that this is a hypothetical countermeasure, as the polder accom-
modates Schiphol airport and has a high urbanisation: rate. Nonetheless, this
unfeasible countermeasure serves the purpose of illustrating what has uncon-
sciously been provoked by reclaiming the lake Haarlemmermeer in the past
century. The phreatic groundwater level 1s raised {0 -0.6 m N.AP,,

4. Lowering the phreatic groundwater levels in the polder areas due to land-subsidence
Land subsidence has been occurring because of compaction, shrinkage and ox-
idation of peat. In order to drain the polder areas efficiently, the phreatic
groundwater level has to be lowered. Though this is not really a countermea-
sure in the strict sense that it counteracts the impact of sea level rise, this
measure ilustrates what has unconsciously been provoked by reclaiming land
in the past centuries. The lowering of the polder levels equals 0.4 m during the
next century and 0.15 m/e from then on,

5. Land reclamation in front of the coast
Land reclamation in front of the coast ¢an be utilized to alleviate socio-economic
problems based on the shortage of space, £.g. the housing issue. A positive side
effect of land reclamation in front of the coast is that it could counteract the
impact of sea level rise on the salinisation of the geohydrologic system,

During the beginning of the 1980°s, the feasibility of a land reclamation project
called Plan Waterman or Nieuw-Holland!? was discussed at several decision levels.
It comprises reclamation of land in front of the coast of the province of Zuid-
Holland, between Scheveningen and Hoek van Holland [Overeem ef ai., 1993;
Stuurgroep Kustlocatie, 1995].

Three scenarios of land reclamation in {ront of the ccast in the sand-dune ares
of Gemeentewaterleidingen Amsterdam are simulated when no sea level rise
occurs during the next milleaninm. Figure 8.30 displays for all three scenarios
the schematisation and geometry of a model area with 10,000 m offshore.

Discussion

The analysis of the simulations comprises more results than is shown in the thesis,
For instance, the chloride distributions of other moments in the simulation time, the

13The geometry of Nieuw Holland would be: a surface of 4000 ke, about 17,000 m long with an
average width of 2500 m.
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Figure 8.30: Schematisation of a part of the gechydrologic system for the three scenarios
with land reclamation in front of the coast between £=-10,000 and 2=5000 m. The seaside
boundary at =0 m of the reference case is moved to z=-10,000 m. The inland boundary
at £=39,000 m remains the same. In all three scenarios, which are based on the geometry
of the reference case, a new sand-dune area has been developed, whereas in the scenarios |
and I}, also a new polder area has been created.

changes in the volume distribution of fresh, brackish and saline groundwater and the
seepage, the mean chloride concentration and the chloride load in the Haarlemmmes-
meer polder are not shown here. In order to present the resulis as comprehensive as
possible, only a selection of relevant results is displayed here,

The effects of the countermeasures I to 3 and the measure 4 are discussed by only
showing the chloride distribution of the gechydrologic system in 2990 in figure 8.31.
Two sea level rise scenarios are congidered: no sea level rise and a sea, level rise of 0.6
mfe. Some striking observations are:

e Salinisation of the geohydrologic system occurs for all (counter)-measures, which
can be deduced when figure 8.31 is compared with figure 8.3 (the chloride
concentration in 1990). The 15,000 g Cl~ /l-isachlor is displaced significantly
in the direction of the Groot-Mijdrecht polder, whether or not men intervenes
with (counter)-measures, and whether or not the sea level rises. Moreover,
the freshwater lens (chloride concentration < 40 mg CI™ /) decreases with sea
level rise, whether or not men intervenes with (counter)-measures. Less saline
groundwater occurs in the middle aquifer in the Haarlemmermeer polder for
the cases with the countermeasures 1 to 3 than for the reference case.
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& Extraction of saline groundwater decreases the groundwater flow in the direction
of the Haarlemmermeer polder. Moreover, this countermeasure decreases the
seepage quantity in the Haarlemmermeer polder.

o Deep-well infiltration of fresh surface waler slightly increases the volume of the
freshwater lens in the Rijuland polders. Moreover, this countermeasure in-
c¢reases the seepage quantity in the Haarlemmermeer polder.

¢ Raising the phreatic groundwater level in the Haarlemmermeer polder to -0.6 m
N_A_P. {thus the polder would be inundated and becomes again Haarlemmer-
meer) reduces the groundwater flow in the geohydrologic system and the seep-
age quantity through the Holocene aquitard significantly. Although salt water
intresien in the deep aquifer is not stopped, the middle aquifer contains only
(light) brackish groundwater when no sea level rise occurs. As a result, the chlo-
ride load in the Haarlemmermeer decreases significantly. However, when the
sea level rises 0.6 m/c, saline seepage still occurs, though now in the Rijnland
polders instead of in the Haarlemmermeer.

s The effect of Yowering the phreatic groundwater levels in the polder areas duwe to
land-subsidence appears to be minor, though this measure slightly amplifies the
salinisation process. The main difference with the reference case is reflected by
seepage with a somewhat higher chloride concentration in the Haarlemmermeer

polder.

In figure 8.32, the effects of the countermeasure 5 is shown. As can be seen, a new

freshwater lens has developed in the new sand-dune area in front of the coast. The
seepage quantity in the Haarlemmermeer polder has increased significantly because
the higher phreatic groundwater level in the (new) sand-dune area increases the deep
groundwater percolation throngh the Holocene aquitard. For instance, compared with
the reference case without sea level rise, the seepage gquantity in the Haarlemmermeer
polder increases about 5 % for scenario Il immmediately after creating the new sand-
dune area and up to a maximum of about 14 % in 2990,

The salinisation of the upper part of the geohydrologic system is retarded due
to land reclamation. This is demonstrated by comparing the positions of the 15,000
mg CI~ fl-isochlor in 2990 for the reference case and the three scenarios. Figure 8.32
shows that, in case of no land reclamation, the 15,000 mg CI~ fl-isochlor even passes
through the Holocene aquitard, whereas for the scenarios with land reclamation,
only the 10,000 mg Ci~ fi-isochlor passes through the Holocene aguitard. Hence,
groundwater in the Haarlemmermeer polder is less saline. For instance, in 2990 the
mean chloride concentration equals about 4800 myg CI~ /I for seenaric 1l instead of
7800 mg Cl~ /I for the reference case. As a consequence, the chioride load in the
Haarlemmermeer polder is substantially smaller than in the reference case, e.g. in
2990 about 0.9 ton CI™ f{m’yr) for scenario il instead of 3.8 ton C1~/(m/yr) for the
refetence case.
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Figure 8.32: Chloride distribution (in mg C{™/{} in the geohydrologic system for three
scenarios of land reclamation in front of the coast in 2990. No sea level rise is simulated.
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8.2.7 Conclusions and a recommendation
Conclusions

The main conclusion is that during the next centuries not sea level rise but human in-
terventions will dominate the salinisation of this gechydrologic system in the southern
part of Noord-Holland. For instance, the reclamation of the low-lying Haarlemmer-
meer polder midway the 19** century has generated a substantial inflow of saline
groundwater from the sea in the deep aquifer. Even when no sea level rise occurs,
salinisation of the geohydrologic system becomes significant. The changes in quality
of seepage in the Haarlemmermeer polder are substantial. In terms of salinisation,
a time lag of some centuries occurs between the cause of changes and the ultimate
effect. No state of dynamic equilibrium is reached at the inland side of the profile
before several millennia have elapsed, as salinisation is proceeding slowly.

During the next century, the impact of sea level rise is mostly small. However,
after several centuries, the sea has risen so much that the impact on the gechydrologic
system is no longer of minor importance. Eventually, sea level changes considerably
affect the distribution of fresh, brackish and saline groundwater in the geohydrologic
system in this profile. Sea level rise accelerates the salinisation process significantly,
though the zone of influence of sea level rise is only some 8000 to 10,000 . The
position of the saline groundwater tongue (the 15,000 mg C1~ fi-isochlor) displaces
in the deep aquifer with a velocity of 1.0 km/fc to 1.35 km/c for a sea level fall of
-0.8 m/c and a sea level rise of 1.5 m/c respectively. When the sea level rises 0.6
m/e (as generally accepted), the volume of the freshwater lens in the sand-dune area
diminishes reasonably after at least some centuries {e.g. about -13 % after 300 years
compared with no sea level rise). Moreover, when the sea level rises 0.6 m/e, the
seepage in the low-lying Haarlemmermeer polder, increases both in quantity (e.g.
about +22 % in 2990) and in quality (e.g. chloride load about +41 % in 2990).

Human interventions within the bounds of feasibility may slow down the salin-
isation of the geohydrologic system, but the salinisation process cannot easily be
stopped completely. Countermeasures should be taken in time, since the time lag be-
fore changes in chloride distribution can be observed is considerable (several decades
to centuries). Feasible rates of extraction of saline groundwater or deep-well infiltra-
tion of fresh surface water may at most reduce the impact of sea level rise. Note that
the optimum position of the well lines should be derived at a later stage. Even more
rigorous (hypothetical) countermeasures, such as raising the phreatic groundwater
level in the Haarlemmermeer polder (not conceivable at all) or creating a gsand-dune
area in front of the coast by land reclamation, demonstrate once again that the
salinisation process i difficult to restrain.

A recommendation

As a long petiod is simulated, the inland boundary of the schematisation has to be
situated some tens of kilometres from the coast, at least beyond the zone of influence
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of sea level rise. As only two-dimensional profiles are simulated, the geohydrologic
situation in the vicinity of this profile is not considered. This could lead to a discrep-
ancy between the simulated and the actual groundwater flow situation, e.g. at a few
tens of kilometres from the coast. To overcome this discrepancy, three-dimensional
modelling should be executed in order to account for groundwater flow perpendicular
to the profile.

8.3 Profile to Enkhuizen at the [Jsselmeer

In this section, the impact of six scenarios of sea level rise is simulated for the ground-
water flow regime in a profile perpendicular to the Dutch coastline in the northern
part of Noord-Holland (figure 8.33). This part of Noord-Holland, which 1s also called
Westfriesland, is surrounded by the North Sea at the west side, and by the IJsselmeer
at the east side. The IJsselmeer (former Zuiderzee) was brackish and in open connec-
tion with the North Sea till 1932. In 1932, the tidal inlet was closed by a dam (the
so-calied Afsluitdijk) and as a consequence, after some years, the former Zuiderzee
became a freshwater lake, the ITsselmeer.

P
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Figure 8.33: Map with the profile in the northern part of Noord-Holland.

In the central part of the profile the so-called freshwater body of Hoorn is situated
(chloride concentration < 200 mg/l). The freshwater body mainly cccurs under the
Eemian deposits and extends in some places to a depth of 90 m below mean sea
level, The phreatic groundwater levels in the polders along the profile vary from
about -0.5 m N.A.P. near the coast to about -3.1 m N.A.P. near the [Jsselmeer. At



268 Chapter 8. Simulation of two profiles perpendicular to the Dutch coastline

some kilometres in the direction perpendicular to the profile there are some large low-
lying polder areas: at the north side the Wieringermeer polder, which was reclaimed
in 1930, and at the south side the Beemster and the Schermer, reclaimed n 1612
and 1635 respectively [Schultz, 1992]. These reclaimed areas affect the groundwater
flow, which can be deduced from piezometric levels at several depths below N A4.P.
[ICW, 1982]. A minor freshwater lens occurs in the sand-dune area along the Dutch
coastline, since the width of the sand-dunes through this profile is only about one
kilometre.

In subsection 8.3.1, the geohydrologic system of the reference cases is schematised,
and relevant subsoll and model parameters are summarized. In subsection 8.3.2, the
calibration of the geohydrologic system is discussed. In subsection §.3.3, the influence
of some subsoil parametera on the solute transport in the geohydrologic system is anal-
ysed. In subsection 8.3.4, the simulations of the geohydrologic system are discussed
and changes in groundwater flow and solute transport are guantified. In subsec-
tion 8.3.5, the impact of six scenarios of sea level rise is analysed. In subsection 8.3.6,
the effects of three countermeasures are described. Finally, in subsection 8.3.7, some
conclusions are drawn.

8.3.1 Schematisation
Subscil parameters of the reference case

Figure 8.34 shows the geometry and subsoil parameters of the profile. The data of
the geohydrological schematisation have been borrowed from the following sources:

& the M.Sc. thesis of Paap [1992] in which the geohydrologic situation is described,

e an article of de Wilde [1979] where the phreatic groundwater levels of the north-
ern part of Noord-Holland are described,

o two articles of Pomper (1983a, 1983h] in which the geohydrologic situation of
Noord-Holland is discussed,

e a report of Witt [1980] in which the chloride concentration of groundwater in
a large part of the province of Noord-Holland is given,

¢ the ICW repori Regionale Studies 16 [1982] which shows several important sub-
soil parameters of the northern part of Noord-Holland,

» the Grondwaterkaart van Nederland, Alkmaar en Medemblik of the TNO Institute
of Applied Geoscience [1979b] in which the composition of the geohydrologic
system is presented.

The longitudinal dispersivity ay, is set to a small value: 0.021 m [e.g. like Kooiman,
1989]. A limited sensitivity analysis on this parameter is executed in subsection 8.3.3.
The ratio transversal to longitudinal dispersivity ar/ag 15 set to 0.1 (=), whereas
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Figure 8.34: Subsoil patameters of the profile ftom the small sand-dune arca near Petten
to Enkhuizen at the IJsselmeer.

the anisotropy factor k. /k, (the ratio vertical and horizontal hydraulic conductivity)
is also 0.1 (—). The effective porosity n, is 0.35 {—) and the specific storativity S; is
set to zero.

Figure 8.35 shows the chlotide distribution in the profile in 1988, derived from
Witt [1980] and ICW [1982). The chloride distribution is considered to represent the
salinisation process. Thete are several hypotheses on the evolution to the present
gituation of the freshwater body of Hoorn.

According to de Vries [1981], the top of the Holocene sediments, which is slightly
below the mean sea level at present, was formed about 3000 years ago. At that time,
the elevation of this area has been about 1.5 m above mean sea level. In addition,
the area was subsequently covered by a peat layer, though this layer has disappeared
since. As such, the area has been elevated some metres above the mean sea level
at those times for more than 1000 years. This high elevation, in combination with
a relatively permeable soil, may have caused a deep infiliration of rainwater, and
accordingly, the forming of the freshwater body of Hoorn. Accerding to Beekman
[1991], the refreshening of the freshwater body of Hoorn is induced by human activ-
ities since Medieval times in that particular geologieal situation. In the cantral part
of the freshwater body, the age of groundwater appears to be younger than 250 years.
Since Medieval times, peat areas, which occur throughout the area of the freshwater
body, are subsiding due to land drainage. As a consequence, the tidal channels rose
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Figure 8.35: Initial chloride distribution (values in mg C1™ /1) in 1988,

with respect to the peatland. Primarily, infiltration of fresh surface water took place
within this complex system of tidal channels and peat areas. After the reclamation
of lakes, especially since the 17** century, groundwater flow was induced both to the
north and to the south. Salinisation of the aquifers in the west and refreshening of
the freshwater body in the north are related to those changes in groundwater flow
direction. According to ICW [1982] and Pomper [1983a], the lateral extend of the
freshwater body is the result of a forced displacement of fresh groundwater by the
(Eemian) seawater intrusion from the west and the presence of aquitards deposited
simultaneously. These other hypotheses have in common that the formation of the
freshwater body is dated to early Holocene or upper Pleistocene times, and that
eventually the freshwater body will disappear.

The phreatic groundwater levels in the polders at the upper boundary, derived
from de Wilde [1979], are kept constant. The groundwater recharge in the phreatic
aquifer of the sand-dune area equals 360 mm/yr. A constant piezometric level bound-
ary is introduced for both the seaside houndary and the lake side boundary, where
the situation is supposed to be hydrostatic (see also subsection 5.4.4). At the seaside
boundary, the chloride concentration of the incoming seawater is aqual to 16,000 mg
Cl= /l. The piezometric level at the North Sea side is set to -0.08 m N.A.P. (note
that the average water level of the sea is not equal to N.A.P. [Atlas van Nederland:
Deel 15 Water, 1986]) and at the IJsselmeer side to -0.30 m N.A.P.

Meodel parameters of the reference case

The applied number of rectangular grid cells is 5162: in horizontal direction 178 and
in vertical direction 29 grid cells. Each grid cell has a length Az of 250 m and a
height Az of 10 rn. The total profile is 44,500 m leng and 290 m high. Each grid cell
contains sixteen particles. The convergence criterion TOL is 1075 ff. The flow time
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step At equals 1 year. During this step, the velocity field remains constant. The
maximum relative distance in a grid cell ¢ is set to 0.5.

Groundwater flow perpendicular to the profile

As mentioned before, low-lying polder areas at the north (Wieringermeer polder)
and at the south (Beemster and Schermer) induce groundwater flow perpendicular to
the profile (figure 8.33). Thus, groundwater flow perpendicular to the profile should
be introduced into the simulations. In order to simulate the effect of these low-lying
polders, the reference case simulates a groundwater discharge out of the geohydrologic
system in the central part of the profile.

8.3.2 Calibration

The calibration of this profile is cartied out for piezometric levels at some depths
relative to NN. A P. and for groundwater flow through the Holocene aquitard.

1. Piezomastric levels relative 1o N.A.P.

Figure 8.36 shows the piezometric levels, expressed in freshwater, at -25, -65 and
—130 m N.A P. The levels, calculated with the adapted MOC model, are compared
with measured piezometric levels [ICW, 1982]). These measured piezometric levels
are corrected, as the density of the groundwater in an observation well deviates
from the standard density p;=1000 kg/m®. The measured and corrected piezometric
levels differ only some decimetres from the calculated piezometric levels, expressed
in freshwater.

2. Groundwater flow through the Holocene aquitard

Figure 8.37 shows the difference between the phreatic groundwater level and the
piezometric level at -25 m N.A.P. [ICW, 1082]. Both the calculated and the ob-
served values are displayed. Seepage and mfiltration intensities can be deduced from
these figures in combination with the hydraulic resistances. Observed seepage and
infiltration intensities through the Holocene aquitard have been determined by means
of water balances over specific subareas. Both the calculated and the observed in-
tensities are almost everywhere smaller than (.15 mm/d due to the high hydraulic
resistance of the Holocene aquitard (see figure 8.34).

8.3.3 Parameter analysis

The influence of the following three parameters are briefly analysed: (1) the longitu-
dinal dispersivity ay,; (2) the hydraulic conductivity k; and (3) the effective porosity
Ne.
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1. Longitudinal dispersivity ar

Figure 8.38 shows the chloride distributions in the geohydrologic system after a sim-
ulation time of 500 years, simulated with four different longitudinal dispersivities:
a;=0.021 m (the reference case), a;=0.21 m, ay=2.1 m and ar=21.0 m. As can
be seen, the two cases with small longitudinal dispersivities closely correspond with
each other. Looking at the position of the 16,000 mg CI~ /l-isochlor, the figure shows
that no salt water intrusion occurs for the case with az=21.0 n. The reason is that
incoming saline groundwater mixes directly with fresh and brackish groundwater, and
hence, the chloride concentration in the gechydrologic system is lower than 16,000
mg CI=/I. This is ualikely to believe, taking into accsunt the significant inflow of
groundwater at the seaside boundary. Furthermore, the case with ap=21.0 m shows
that the freshwater body of Hoorn has disappeared and that the geohydrologic system
eventually consists of only a large zone with brackish groundwater.

In conclusion, the longitudinal dispersivity ay, as applied in the adapted MOC

model, must be set to a small value (in the order of contimetres or decimetres), so -

that the calculated chloride distribution can match the observations.

Figure 8.38: Chloride distributions (in mg CI7 /) in 2488, calculated with four different
longitudinal dispersivities: o7=0.021 m (lhe reference case), a; =021 m, ¢1=2.1 m and
ar=21.0 m.
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2. Hydraulic conductivity

Obviously, the magnitude of the hydraulic conductivity in the geohydrologic system
is quite important for the magnitude of the groundwater flow and thus for the solute
transport. Figure 8.39 shows the distribution of fresh, brackish and saline water
in percentages of the total volume of water in the geohydrologic system for several
multiples of the hydraulic conductivity k. As can be seen the influence of the hydraulic
conductivity is significant. This is especially due to the fact that, if transmissivities
are high, salt water intrusion occurs rapidly. However, the influence of the anisotropy
factor (k./k; up to 0.25, not shown here) on the volume distributions seems to be
relatively small (differences of only a few percents in 2988).
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Figure 8.39: Volume percentages of fresh, brackish and saline groundwater during the
next millennium for the reference case, four cases with different multiples of the hydraulic
conductivity & and one case with »,=0.15 instead of ».=0.35.

3. Effective porosity

Effective porosities in the range 0.35-0.5 also seem to have relatively small effects on
the volume distributions {not shown here). However, if the effective porosity is smaller
than 0.35 (the reference case), then the volume distribution can differ significantly,
as can be seen for n,=0.15 in figure 8.39.
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8.34 Results of the simulated profile

Chloride distribution

Figure 8.40 shows the chloride distribution at different moments in time during the
next millennivm. As can be seen, a strong inflow of saline groundwater occurs in
the deep aquifers. The state of dynamic equilibrium is still not reached after one
millennium. The freshwater body remains during the next centuries, yet the volume
of fresh groundwater reduces a hittle. In the polder area, which is situated along the
IJsselmeer, the low phreatic groundwater level causes the rise of brackish ground-
water. As a result, the seepage consists of more chloride during the next centuries.
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Figure 8.40: Chlonde distribution (in mg Ci~™ /1) in the geohydrologic system at different
moments in time for the refersnce case: no sea level rise,
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Piezometric fevel distribution expressed in freshwater

Figure 8.41 shows the calculated piezometric level distribution in 1988, expressed
in freshwater (correcied for density differences). A hydrostatic situation occurs at
both the seaside boundary and the lake side boundary. The piezometric level in the
freshwater body of Hoorn is low compared to the phreatic groundwater level above
the Holecene aquitard, that is situated between ¢ and -20 m N.A.P. Consgequently, as
the density in the freshwater body of Hoorn is (nearly) constant, it can be deduced
that natural groundwater recharge oceurs in this area.
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Figure B.41: Calculated piezometric levels {in m}, expressed in freshwater, in the geohy-
dreologic system in 1968,

Velocity field

Figure 8.42 shows the velocity field in the geohydrclogic system in 1988. As can be
seen, a severe salt water intrusion is present in the deepest aquifer, in which the great-
est intrusion occurs in the upper part of the aquifer where the hydraulic conductivity
is the highest. Vertical velocity dominates in the aquitards. A downward groundwa-
ter flow through the Holocene aquitard occurs to the freshwater body of Hoorn, while
groundwater flows upward in low-lying polders such as in the polder area near Scha-
gen. The figure shows that in some places the velocities in the aquifers fluctuate in
vertical direction, which is the result of numerical instabilities (see subsection 5.5.1).

Groundwater fluxes

The groundwater fluxes over the following five segments of the geohydrologic system
are considered in table 8.2:
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L. inflow of saline groundwater at the seaside boundary in the aquifer between 20
and -40 m N.A.P.

2. inflow of saline groundwater at the seaside boundary in the aquifer between -50
and -110 m N.AP.

3. inflow of saline groundwater at the seaside boundary in the aquifer between
-120 and -280 m N.A.P.

4, seepage quantity through the Holocene aquitard in the polder area near Schagen
in the reach 7000-16,000 m.

5. infiltration through the Holocene aquitard to the freshwaier body of Hoorn in
the reach 16,000-27,00¢ m.

The groundwater fluxes in the geohydrologic system are analysed for (a) the refer-
ence case and for four (hypothetical) cases: (b) no demsity flow; {¢c) no groundwater
discharge out of the geohydrologic system in the central part of the profile, which
implies that flow towards the low-lying polders north and south of the profile (viz. the
Wieringermeer polder, the Beemster and the Schermer) is not taken inte account; (d)
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Table 8.2: Groundwater fluxes in m® /{m'yr)in 1988 over five segments of the geohydrologic
system for the reference case and four other (hypothetical) cases, Depths of the three aquifers
in m with respect 1o N.AP,

(a) {b) {e) d) (e)
Groundwater fluxes Reference | No No low polders Inundation | No low polders
case density | {Wieringermeer, | polders & fmundation

Beamster & in the polders in the

flow
Schermer) profile profile

Inflow of saline groundwater at the seaside boundary

1. -20to-40m 55.4 42.4 44.2 191 78
2. -0 to-110m 176.4 112.1 146.9 82.4 53.0
3. -120 Lo -280 m 622.5 333.6 533.5 359.5 270.5
4. Geepage W the polder alea neal Schagen in the reach 7000-16,000 m

{Seep. is positive: +) || +81.5 | 4100 +348.5 | 2110 +56.0
5. Inhltration to the freshwater body of Hoomn in the reach 16,000-27,000 m

(Inf. is negative: -} |; -215.2 | -2994 | +178.8 | -326.3 | +87.6

inundation of all polders in the profile iiself (the phreatic groundwater level equals
N.AP); (e} no groundwater discharge out of the geohydrologic system and inunda-
tion of all polders in the profile itself, namely a combination of case (c) and (d). The
hypothetical case (b) indicates what happens if the effect of density differences is not
taken into account in this coastal groundwater flow regime, whereas the cases (c¢), (d)
and (e} demonstrate the substantial influence of the polder areas on the groundwater
flow in the geohydrologic system. Two striking features of the groundwater flow are:

o inflow of saline groundwater

If no density differences are taken into account (see case (b), table 8.2), inflow
of saline grourdwater in the low-lying aquifer would be much smaller than for
the reference case. The inflow of saline groundwater is more due to the present
levels of the polders in the profile (case (d)) than due to the low-lying polders
at several kilometres distance north and south the profile (case (c)). However,
case (e) shows that if there were no polders in the profile itself as weil as no low-
lying polders north and south of the profile, the inflow of saline groundwater
would be small but not insignificant due to density differences.

o groundwater flow through the Holocene aquitard
If no low-lying polders north and south of the profile were present {case (¢}), the
freshwater body of Hoorn would diminish due to seepage quantities in the area
of the freshwater body of Hoorn. If the polders in the profile were inundated
to a polder level at N.A.P. (case {(d)}, a very strong rate of infiliration would
occur in the polder area near Schagen instead of a strong rate of seepage as in
the reference case.
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8.3.5 Impact of sea level rise

In this subsection, the simulations of the geohydrologic system during the next mil-
lennium are discussed. Six scenarios of sea-level rise, which are defined in section 3.6,
are imposed to estimate changes in groundwater flow and solute transport. The sea
level rises are simulated as elevations of the piezometric level, expressed in freshwater,
at the seaside boundary of the gechydrologic system every 25 years and from 2013
on. During the simulation of one millennium, the phreatic groundwater levels in
the polder areas stay constant. Moreover, the groundwaler recharge in the phreatic
aquifer of the sand-dune area remains 360 mm/yr. Although a relatively long period
is simulated, many hydrological, morphological and/or man-induced processes that
could affect the geohydrologic system are not comsidered.

Piezometric level expressed in freshwater and the zone of influsnce

Figure 8.43 shows the difference in piezometric level, expressed in freshwater, at —25
m N.A.P. in 2088 for five scenarios of sea level rise with respect to the scenario of no
sea level rise. Since the lake side boundary is a constant piezometric level boundary
for all scenanios, the rise in piezometric level at 44,500 m from the seaside is equal to
zero. The zone of influence of sea level rise is quite some kilometres which is mainly
due to the high transmissivities of the aquifers. For instance, at 10,000 m inland of
the seaside boundary, a rise ir piezometric level of about 25 % of the rise in sea level
is still presemnt.
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Figure 8.43: Differences in piezometric tevel, expressed in freshwater, at -25 m N.A.P. in
2088 for five scenarios of sza level rise with respect to the scenario of no sea level rise.
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Groundwater flow through the Holocene aquitard

Figure 8.44 shows the upward flow (seepage is positive} and downward flow (infiltra-
tion) through the Holocene aquitard at -15 m N.A.P. in 2088 for only four scenarios
of sea level rise. It can be seen that infiliration in the polder area near the seaside
(in the reach 3000-7000 m) changes into seepage if the rates of sea level rise are high.
The seepage quantity in the polder area, that is situated near the 1Jsselmeer (in the
reach 36,000-43,000 m), is already high due to the low phreatic groundwater level.
There, the seepage quantity hardly changes due to sea level rise.
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Figure 8.44: Calculated seepage and infiltration intensities through the Holocene aguitard
at -15 m N.A.P. in 2088 for four scenarios of sea level rise.

Chloride distribution

Figure 8.45 shows the chloride distributicn dutring the next millennium for the sce-
naro with a sea level rise of 0.6 m/c. As can be seen, the freshwater body of Hoorn
slowly diminishes. Saline groundwater replaces brackish groundwater in the upper
aquifers and aquitards in the first kilometres from the coast. Subsequently, the seep-
age through the Holocene aquitard in that area consists of more saline groundwater.

Figure 8.46 shows the chloride distribution in the gechydrologic system in 2488
for six acenarios of sea Jevel rise. As can be seen, it depends on the rate of sea level
rise whether or not the area between the sand-dunes and Schagen contains brackish
or saline groundwater during the next 500 years. When sea level falls, even fresh
groundwater occurs in the vicinity of Schagen.

Figure 8.47 shows the inflow of saline groundwater in m?/(m’yr) in the deep
aquifer between -120 and -28¢ m N.A.P. during the next millenpium at the seaside
boundary for seven seenarios of sea level rise. The figure shows that the increase in
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Figure 8.45: Chloride distribution (in mg CI7 /1) in the geohydrologic system at different
moments in time. A corstant tate of sea level rise of 0.6 m/¢ is imposed.

inflow of saline groundwater at the boundary is nearly proportional to the rate of
sea level rise. When no sea level rise occurs, the inflow of saline groundwater slightly
decreases as a result of small changes in the density distribution. When the sea level
falls -0.6 m/c, inflow of saline groundwater in the deep aquifer ends at the beginning
of the 27** century and changes into outflow of groundwater from the geohydrologic
system towards ihe sea. Furthermore, a case is simulated in which the water level in
lake 1Jsselmeer rises ai the same rate as the sea level rises (0.6 m/c). In this case, the
inflow of saline groundwater at the seaside differs only marginal from that in the case
with only a sea level rise of 0.6 m/c at the seaside boundary. The reason is that the
gradient in piezometric level in the vicinity of the seaside boundary decreases only
slightly.
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Figure 8.46: Chloride distribution (in mg O™ /l) in the geohydrologic system in 2488 for

six scenarios of sea level rise.

Volume distribution of frash, brackish and saline groundwater

The change in chloride distribution due to sea level rise is quantified in figure 8.48

by calculating the volume distributions of fr

esh, brackish and saline groundwater in

percentages of the total volume of water in the geohydrologic system. Some striking

observations are:

# when no sea level rise occurs, salinisation of the geohydrologic system clearly
takes place during the next centuries, compared to the situation in 1983. Both
the volumes of fresh and brackish groundwater in the geohydrologic system
decrease several percents during the next cemturies. On the other hand, the
saline fraction increases, as saline groundwater is intruding from the sea in the

direction of the low-lying polders,
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Figure 8.47: Inflow of saline groundwater in the geohydrologic system at the seaside in
the deep aquifer between -120 and -280 m N.A.P. for six scenanios of sea level rise plus a
scenario with a water level rise at both sides of the geohydrologic system.

s even when sea level falls, salinisation of the geohydrologic system is occur-
ring during the next centuries. Consequently, the volume of fresh groundwater
is decreasing also. However, after some more centuries, the inflow of saline
groundwater at the seaside boundary alters into a groundwater outfiow, and
subsequently, the volume of fresh and brackish groundwater in the geohydro-
logic system is increasing from that moment on,

» in 2088, the differences in volume distribution between the six scenarios of sea
level rise can still be neglected. Only after some more centuries, the differences
in volumes become significant,

o eventually, sea level rise considerably affects the distribution of fresh, brackish
and saline groundwater in this geohydrologic system. Nonetheless, no (new)
state of dynamic equilibrium in the volume distribution is reached during the
next millenniam.

Chloride concentration in the polder area near Schagen

Figure 8.49 shows the mean chloride concentration in the Holocene aquitard at -15 m
N.A.P.in the polder area near Schagen as a function of time for six scenarios of sea
level Tise. After about one century, the differences in chloride concentration between
the scenarios of sea leve! rise become visible. For the scenarios with high rates of sea
level rise, the mean chloride concentration in the Holocene aquitard increases rapidly
to saline values.
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Figure 8.48: Volume percentages of fresh, brackish and saline groundwater during the
next millennium for six scenarios of sez level rise. The volume percentage is determined for
the entire geohydrologic system that is bounded in horizontal direction between z=0 and
£=44,500 m and in vertical direction between z=0 and z=-280 m N.A. P

Chloride load in the polder area near Schagen

Figure 8.50 shows the chloride load in ton Cl~ /(m’yr) through the Holocene aquitard

in the polder area near Schagen for six scenarios of sea level rise. [t can be seen that
" high rates of sea level rise generate high chloride loads in the polder area within some

centuries. Note that, at present, the chlotide load in this polder area is small.

Changes in 2088 due to sea level rise: summary

In table 8.3, the changes due fo sea level rise of some geohydrologic characteristics
are summarized for the year 2088, as most interest is focused on changes during the
next century. The decrease in inflow of saline groundwater with time (from 622.5 to
397.6 m*/(m'yr)) for no sea level rise is the result of changes in density distribution
through changes in chloride distribution. The increase in both seepage quantity and



8.3. Profile to Enkbuizen at the |Jsselmeer 285

16000 ! : ;

P O A e el it s Su S S
2000 2100 2200 2300 2408 2500 2600 2700 2800 2300

' Time in years (AD)
No SLR +---SLR=-0.6m/c --—--SLR=0.15m/¢c
ee-SLR=0.6m/c¢  --—-SLR=1.0m/c < SLR=1.5m/c

=

o

p

]

-

£ ~ 12000 |
Ut H
S1_ 10000
S

o o 8000 ©
< g :
o = 6000 e
3 E
< 4000 |
0 L.
= 2000
o

Q

=

Figure 8.49: Mean chloride concentration in the Holocene aquitard of the polder area near
Schagen in the reach 7000-16,000 m at -15 m N.A.P, during the next millennium for six
scenarios of sea level rise.
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Tige.
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Table 8.3: Impact of six scenarios of sea level rise on some gechydrologic characteristics in
2088.

SLR | Time [ Inflow of saline Schagen polder area (7000-18,000 m) Veolumes in total system
groundwater Seepage Mean CI~ <7 joad fresh | brackish | saline

mfc | AD mefim yr) m3f{m7yr) | mg €T jI | don CI- j(m'yr) 3 % [
a 1988 6325 -B1.5 1037 0.122 9.20 [ONE] 49,81
-0.6 2088 318.7 -18.7 1280 0.059 R 53 41.59 50.43
0 20838 597.6 -60.3 1406 0153 841 40.97 50.62
0.15 2038 8171 =729 1412 0.17a 8.41 40.97 50.62
0.6 3088 675.2 -1158.6 1468 0277 8.35 40, 88 50.77
1.0 2088 7271 -155.0 1520 0.375 8.35 40,82 B0.83
1.% 2088 792.9 -204.8 1563 0.487 5.39 40.78 30.93

chloride load as & function of sea level rise is significant for the scenarios with high
rates of sea level rise. The changes in volume percentages of fresh, brackish and saline
groundwater are insignificant during the next century.

8.3.6 Effects of countermeasures

The following three countermeasures for the negative impact of sea level rise on the
geohydrologic system are investigated:

1. Extraction of saline groundwater
Six lines of extraction wells are imposed, each with an extraction rate of about
73.3 m3/(m'yr)'*, Two scenarios with different positions of the six well lines
are imposed!®:

Hor horigontal position: in herizontal direction at =9875, 2=11125, 2=12375,
r=1362H, x=14875 and-£=16125 m and in vertical direction at z=-95 m
N.AP

Ver vertical position; in vertical direction at z=-55, z==-65, z=-75, z=-85, z=-
95 and z=-105 m N.A.P and in horizontal direction at *=3625 m.

2. Deep-well infiltration of frash surface water
Six Iines of infiltration wells-are imposed, each with the same rate as in the coun-
termeasure mentioned above in which salme groundwater is extracted: about
73.7 m®/(m’yr). The two scenarios with different positions of the six well lines
are the same as in the countermeasure mentioned abovel®.

14The rate of all six lines of extraction together is equal to the extraction from a canal with a rate
of about 0.44 millior m?/yr over a length of one kilometre.

13Numerous schemes of pesition and exiraction rate of the well lines have been simulated. One
of the most effective, and yet realistic, schemes is the one applied here. Nenetheless, the optirmam
position and extraction rate of the well lines should be derived at a more decisive stage.

16 A5 such, fresh surface water is infilirated in a saline or brackish environment, which is not the
most, effective location of infiltration wells as mixing of saline and fresh groundwater would probably
seeur.
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3. Raising the phreatic groundwater levels in some polder areas

Four scenarios are analysed: (a) inundation of all polders (the phreatic ground-
water level equals V.A.P.); (b) raising the phreatic groundwater level to -0.5
m N.A.P. for the polders in the reach 20,000-36,000 m; (c) raising the phreatic
groundwater level to +1.0 m N.A.P. for the polders in the reach 3000-7000 m;
and (d) raising the phreatic groundwater level with 1 m for all polders.

It is obvious that these are hypothetical countermeasures, as the inundation
would imply abandoning of valuable land. As such, these countermeasures
should only be considered as interesting hypothetical cases in order to gain a
better insight into the range of conceivable human interventions. Moreover,
these unfeasible countermeasures serve the purpose of illustrating what has
unconsciously been provoked during the past centuries by the creation of low-
lying {polder) areas.

Discussion

The effects of these three countermeasures are discussed by comparing the counter-
measures with the reference case. Some striking observations are:

e Comparison hetween extraction and infiltration

ad 1.

Figure 8.51 shows the chloride distribution in the geohydrologic system in 2088
in case of a sea level rise of 0.6 m/c for two countermeasures: extraction and
infiltration. A severe salinisation of the deep parts of the geohydrologic system
still takes place despite the extraction or infiltration activities to counteract the
impact of sea level rise: that means the applied countermeasures appear to be
insuffictent!”. However, for the year 2988, both extraction of saline groundwater
and infiltration of surface water decrease the saline groundwater fraction com-
pared to the reference case. Only in the upper part of the geohydrologic system
at the inland side of the well lines, the salinisation is counteracted. Deep-well
infiltration creates a larger brackish zone compared to both no countermeasure
{the reference case) and extraction of saline groundwater. When sea level rises,
the fresh groundwater fraction for all three scenarios (no countermeasure, ex-
traction and infiltration) is smaller in 2988 than for the reference case in 1988
(figute 8.35).

Extraction of saline groundwater

Figure 8.52 shows the influence of six extraction and infiliration well lines on the
chlotide load in the polder area near $chagen. When the sea level rises 0.8 m/e,
the chloride load in the polder area near Schagen is less for the countermeasures
with cxtraction of saline groundwater (see the two countermeasures with "Ext’
as well as 'SLR) than for the scenario with only a sea level rise of 0.6 m/e,
because the applied extraction of saline groundwater lowers the seepage.

17 Obviously, much higher rates of extraction and infiltration will counteract the impact of sea
level rise more effectively, but these rates are probably unfeasible from an economic point of view,
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Note that the position of the lines of extraction wells in the geohydroiogic
system is rather important. Obviously, the well lines must be situated near the
seaside of the geohydrologic system, where the most serious impact of sea level

_Iise is experienced. However, high extraction rates of saline groundwater near
the coast also enlarge the inflow of saline groundwater from the sea. Therefore,
the optimum position and capacity of the well lines should be derived at a more
advanced stage.

ad 2. 'Deep-well infiltration of fresh surface water
The applied deep-well infiltration creates a strong groundwater fiow in the geo-
hydrologic system and raises the seepage quantity in the polder area near Scha-
gen. The infiltrated fresh surface water is pushing brackish groundwater, which
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extraction of saline groundwater or infiltration of surface water are simulated in combination

with

ad 3.

a sea level rise of 0.6 m/fc.

already occurs in the gechydrologic system, in the direction of the Holocene
aquitard. Consequently, the seepage has a higher chloride concentration than
in the reference case. This leads to a higher chloride load during the next
centuries (figure 8.52: see the countermeasures with 'Inf’). When no sea level
rise occurs, the applied deep-well infiliration creates a freshwater lens (see fig-
ure 8.51), and eventually, some fresh groundwater could be extracted from this
lens above the filter depths of the infiltration well lines for domestic or industrial
purposes. However, when the sea level rises 0.6 m/e¢, the chloride conceniration
in this (brackishwater) lens is too high to extract it for use.

Note that, here again, the position of lines of infiliration wells in the geohy-
drologic system is rather important (figure 8.52: compare ’'Inf,Ver, SLR’ with
‘Inf,Hor,SLR), and the optimurn position and capacity of the well lines should
be derived at a more advanced stage.

Raising the phreatic groundwater levels in some polder areas.

Most of the changes in groundwater flow, seepage quantity and chloride load
take place locally, in and nearby those polder areas where the phreatic ground-
water levels have been raised.

Figure 8.53 shows changes in volume distribution of fresh, brackish and saline
groundwater during the next millennium due to raising the phreatic ground-
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Figure 8.53: Volume percentages of fresh, brackish and saline groundwater in the geohy-
drologic system. The effects of five scenarios of raising the phreatic groundwater levels in
some polder areas are given.

water level. As can be seen, the differences may be significant, which depends
on the raising the phreatic groundwater level and on the area over which the
raising occurs. For instance, for the scenario, In which the polder water lev-
els for all polders are raised to N.A.P., the changes in volume distribution are
significant compared to the reference case. The reason is that such a raising
the phreatic groundwater level reduces groundwater flow in the geohydrologic
system extremely. Note, once again, that these last countermeasures are unfea-
sible.

8.3.7 Conclusions

A severe salinisation occurs already in this coastal geohydrologic system in the north-
ern part of Noord-Holland, independent of sea level rise. The present salinisation
process is dominated by human activities. The reclamation of the (low-lying) pold-
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ers, which is already taking place during at least several centuries, has generated
a strong inflow of saline groundwater from the sea in the deeper aquifers, though
the salinisation of the geohydrologic system proceeds slowly. The freshwater body of
Hoorn remains when the sea level does not rise. Note that a considerable time lag
of some centuries occurs between the cause of changes (e.g. sea level rise or human
interventions) and the ultimate effect on the salinisation process.

Sea level rise accelerates the salinisation process significantly. The zone of influ-
ence of sea level rise in the geohydrologic system is quite some kilometres, among
others, due to high transmissivities in the deeper aquifer. As a consequence, the salt
water intrusion extends several kilometres more inland in case of a sea level rise than
in case of no sea level rise. In the low-lying polders near the coast, the seepage, both
in terms of quantity and quality, increases significantly within some centuries in the
low-lying polder areas in the first 15,000 m from the coast. Moreover, the upper part
of the gechydrologic system in this area eventually contains only saline groundwater.
The {reshwater body of Hoorn disappears when the sea level rises 0.6 m/c.

Buman interventions within the bounds of feasibility can counteract the impact of
sea level rise on the geohydrologic system, but the salinisation process cannot easily
be neutralized, and thus, it seeins to be irreversible, Note that other schemes and
rates of the extraction and infiltration well lines may lead to more positive effects,
but these rates might be unfeasible from an economic point of view.
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Chapter 9

Sensitivity analysis of Dutch groundwater
flow regimes for sea level rise

9.1 Introduction

The sensitivity of the groundwater flow regime in the Netherlands for sea level rise
is analysed! by simulating eight representative profiles perpendicular to the Dutch
coastline. Each representative profile characterizes a specific coastal area® in the
Netherlands. The influence of three main groups of cases are assessed through nu-
merical modelling with the adapted MOC model: ()) scenarios with different rates
of sea level rise; (Il) (hypothetical) measures that counteract the negative impact of
sea level rise; and (M) cases with different subsoil parameters. In this chapter, the
objective is focused on the following impacts of sea level rise for each profile:

the propagation of sea ievel rise in the piezometric level distribution

the changes in salt water intrusion in the geohydrologic system

the changes in the volumes of freshwater lenses in sand-dune areas

o the changes in seepage (both quantity and quality) in low-lying polders

In section 9.2, the eight representative profiles are chosen and described. In sec-
tion 9.3, the three main groups of cases are selected. In section 9.4, the propagation
of sea level rise in each geohydrologic system is considered. In section 9.5, the salt wa-
ter intrusion in each geohydrologic system is described. In section 9.6, the evolution
of the freshwater lens in four geohydrologic systems is evaluated. In section 9.7, the
changes in seepage (both quantity and quality) in one selected polder of each profile
are discussed. In section 9.8, the influence of several (hypothetical) countermeasures
is described. In section 9.9, the influence of some important subsoil parameters is
analysed. Finally, in section 9.10, some conclusions are drawn and recommendations
are grven.

1Note that the methodology followed in this chapter to investigate and to assess the impact of
scenarios of sea level rise and human activities on Dutch coastal groundwater flow regimes could
also be extended to similar vulnerable conastal groundwater flow regimes around the world.

20n this point, this chapter differs from chapter 8, where actual profiles have been considered.

293
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9.2 Representative profiles along the Dutch coast

As the applied groundwater flow model is two-dimensional, profiles have been chosen
perpendicular to the Dutch coastline. A general schematisation of the geohydrologic
system perpendicular to the Dutch coasthne is given in figure 9.1, Each profile
represents a coastal zone with its own specific subsoil parameters which differ from
the subsoil parameters of profiles in the vicinity. Strictly speaking, the number of
conceivable profiles is infinite. For reasons of simplicity, however, the number of
profiles has been limited to eight. Figure 9.2 shows the position of these eight so-called
represeniative profiles perpendicular to the Dutch coastline. Note that the islands of
the province of Zeeland are not modelled. This is argued later in this section. The
names of the profiles are arbitrarily chosen: they refer to a city, region or province
positioned in that profile. The subscil parameters, which are representative for each
dotted area, are reflected in each profile.

sand- raulic
GIR  dunes rzysgtance polder levels
o C,...Cy Py-Pn
: [
fz‘? A A SIS A LIS AL
S hy ¥ ~ ™ Holocene aquitard
v t 1 E4in
® ARAARTS ATALALTTRANTARALA RS RN NRRA SRR =
8 d, ™ loam aquitard
% &y porasity 7
£ anisotropy k. /%y
£, . longtudinal dispershity a, |
0 length of the geohydralogic system / |

Figure 9.1: Schematised profile of the subsoil perpendicular to the Dutch coastline, the
so-called Helland profile.

Apparently, three-dimensional effects, such as groundwater flow perpendicular
to the profile due to groundwater extractions or low phreatic groundwater levels in
polders, are left out of consideration. In fact, these effects may be very important
for the interpretation of the results, but for the applied profiles, in which subsoil
parameters are averaged over areas of several hundred square kilometres, the effects
are probably of minor importance.

Subsocil parameters

The following subsoil parameters have been considered (see figure 9.1), accompanied
by a conceivable range of the subsoil conditions along the Dutch coast:

- the thickness of the geohydrologic system D down to the geohydrologic base: it
decreases from some 280 m (in the northern part of Noord-Helland) to some
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profile [ / km |£,_km Wadden Islands
1. Wie | 30 25 e g Lo B2
2. Ber | 30 | 30 T
3. Haa | 40 a5
4.4 | 40 | 15
S. Del | 40 15
6. Vla 20 50
7. Grf 30 105
8. Wadl| 10 50 /
—> arientation of the profile ,-I

/= length of the geohydrologic %
system

he

£~ width perpendicular l%:"‘
to the profile {

Figure 9.2: Location of the eight areas in which the eight representative profiles perpen-
dicular to the Duich coastline are defined. The islands of Zeeland are not modelled.
20 m (in Zeeuws-Viaanderen).

= the hydraulic conductivity &: from 5 m/d io 70 m/d. The hydraulic conductivity
of the aquifers can vary over short distances.

- the hydraulic resistance ¢ of the Holocene aquitard: from 100 days® to 25,000
days. The hydranhc resistance of aquitards can vary comsiderably over short
distances.

- the length of the geohydrologic system {: from 10,000 m to 40,000 m.

3In reality, even lower hydraulic resistances occur, As averaged values are applied in the profiles,
a hydranlic resistance of 100 dzys is taken as the lower limit.
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I

the depth h; of the top of the loam aquitard with the hydraulic resistance ¢, and
the thickness d;, where present: fy from 30 m to 100 m, ¢; from 500 days to
2000 days and d; from & m to 20 m.

the width of the sand-dune area B: from 0 m to 5000 m.

&

the groundwater recharge f in the sand-dune area: the present average value of
360 mm/yr and 60 % and 120 % of it*.

the phreatic groundwater levels p in the polders: from +2.5 m to -6 m N.A.P.

The effective porosity n. is set to 0.35; the longitudinal dispersivity ar is set to 0.2
m; and the anisotropy factor k, /k. equals 0.1. The influence of these three subsoil
patameters is analysed im subsection 9.9.

Based on the subsoil conditions mentioned above, eight profiles are formulated.
Figure 9.3 shows the geometry, the values of the subscil parameters and the phreatic
groundwater levels in the polders of each profile. As can be seen, there 13 a great
variety of subsoil conditions along the Dutch coast. The data of the geohydrological
schematisation have mainly been barrowed from the following sources:

o the ICW 1eports Regionale Studies: no. 9 [1976] of the central western part of
the Netherlands; no. 13 [1978] of the northern part of the Netherlands; and no.
16 [1982] of the nerthern part of the province of Noord-Holland.

o the RIVM report Landelijk Grondwatermadel; Conceptuele Modelbeschrijving {Pas-
toors, 1992],

» the reports of the geohydrologic situations of the coastal areas: between Noord-
wijk and Zandvoort aan Zee [Stuyfzand, 1088] and between Katwijk and Kijk-
duin [Stuyfzand et al., 1893].

¢ numerous Grondwaterkaarten van Nederland of the TNO Institute of Applied
Geoscience, Delft: Zandvoort /Amsterdam [1979a), Alkmaar/Medemblik [1979b],
’s Gravenhage/Utrecht [1980], Zeeuws-Vlaanderen [1982], Medemblik [1984a),
Rotterdam [1984b], Goedereede, Zierikzee/Willemstad [1984c]), Waddeneilan-
den [1987a), Leeuwarden/Groningen [1987bj, Harlingen/Lecuwarden [1987c],
and Middelburg/Bergen op Zoom [1985].

Figure 9.4 shows the phreatic groundwater levels in the polders as well as in the
sand-dune areas. As can be seen, the phreatic groundwater levels in the polders are
helow N.A P, in all profiles except in the profile Vla. Obviously, this situation reveals
that a permanent salinisation process must be taking place in the direction of the
(low-lying) polders.

tChanges in the groundwater recharge f could occur due to changes in natural groundwater
recharge {e.g. due to climate change) and in artificial recharge of fresh surface water. In addi-
tion, changes in groundwater extraction rates from the phreatic aquifer may also affect the deep
groundwater percolation through the Holocene aquilard.
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Figure 9.3; Geometry, subsoil parameters and phreatic groundwater levels with respect to
N_A P {Normaal Amsterdams Peil) in the polders of the eight representative profiles.

Chloride distribution

Figure 9.5 shows the chloride distributions in 1990 in the eight profiles, derived from
several different sources [e.g. ICW 1976, 1978, 1982; TNO-GG/RIZA, 19%4a, 1994b].
Sand-dune areas with freshwater lenses occur in only four profiles: in Ber, Haa, Lej
and Wad. As concentration measurements at great depths are generally rare, the
chloride distribution in some places might be disputable.
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Figure 9.4: Phreatic groundwater levels with respect to N.A.P. in polders and in sard-dune
areas, where present, of the eight profiles.

Characteristics of sach profile
Specific characteristics of each profile are briefly discussed below:

1. Wie=Wieringermeer
The transmissivity of this geohydrologic system is huge, as the thickness is
enormous, some 260 m, and the hydraulic conductivity high. Moreover, the
hydraulic resistance of the Holocene aguitard is high. The length of the system
equals 30,000 m. No sand-dune area occurs. The poider (that is the Wieringer-
meer polder) in the reach 15,000-29,500 m has a very low phreatic groundwater
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Figure 8.5: Chloride distributions (in mg CI™ /1) in 1990 in the eight representative profiles.

level: between -4.5 and -3.5 m N.A.P. At the inland boundary, the water level
in the IJsselmeer is a constant piezometric level boundary. Fresh groundwater,
which belongs to the freshwater body of Hoorn, is present in the central part
of this profile.

2. Ber=Bergen
The thickness of this geohydrologic system is some 230 m. In the central part of
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this profile, a low-lying polder (-4 m N.A.P.) occurs, which represents the areas
reclaimed in the seventeenth century: the Beemster (1608-1612), the Wormer
(1625-1626), and the Schermer (1633-1635) [Schultz, 1992]. The main difference
with the profile Wie in terms of chloride distribution is due to the presence of
a simmulated sand-dune area of 3000 = width under which a freshwater lens has
evolved. The base of this lens can be found at a depth of at least 75 m below
N A.P. Note that these figures are values which are averaged over a length L
of 30,000 m. In reality, however, in some places the widith of the sand-dune
area is greater (e.g. 5000 m) and the lens thicker {e.g. 130 m below ¥ .A4.P.)
than simulated in this representative profile.

3. Haa=Haarlem

The length of this geohydrologic system equals 40,000 m. The thickness of the
geohydrologic system is about 130 m, and the hydraulic conductivity is lower
than in the two profiles mentioned above. Various low-lying polders are located
at a considerable distance from the coast: e.g. the Haarlemmermeer polder
in the reach 10,000-20,000 m. From the coastline, a broad sand-dune area
extends to 3500 m inland. Gemeentewaterleidingen Amsterdam has pumped
water from this area since the middle of the nineteenth century®. The freshwater
lens reaches to a depth of at least 80 m below N.A.P. Below this lens, saline
groundwater flows in the direction of the low-lying Haarlemmermeer polder.

4, Lei=Leiden
This profile resembles the profile Haa to a certain extent. The main differences,
however, are that (1) the thickness of the geohydrologic system is some 30
m less and (2) the phreatic groundwater levels of the polders is a few metres
higher. The width of the sand-dune area is 2500 m, and hence, the thickness
of the freshwater lens is somewhat smaller than in the profile Haa.

5. Del=Delft
Though, from a geohydrological point of view, this profile corresponds to a great
extent with the profile Lei, a significant difference can be found in the hydraulic
resistance of the Holocene aquitard in the reach 10,000-20,000 m: e.g. 25,000
days in the profile Del instead of 3000 days and 750 days in the profile Lei. The
sand-dune area, present in this profile, is too small to be simulated. Relatively
low polders at some kilometres inland of the coast (-2.5 m N.A. P, from »=5000
m) induce a flow of saline groundwater in the geohydrologic system. Close to
the city of Delft, groundwater is extracted for industrial purposes. Two lines
of extraction wells are simulated, located at x=13625 m, :=-25 m N 4. P. and
z=-35 m N.A.P. The high extraction rate is equal to some 293 m3/{m'yr) per

“The total extraction rate in three lines of extraction wells in the middle aquifer of the sand-dune
area is about 192.3 m” /{m'yr) for a simulation time of one millennium, This rate equals the rate
in the period 1974-1987, see also figure 7.2 in section 7.2. .
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well lineb.

6. Vla=Zeeuws-Viaanderen

The Belgium hinterland is also considered in this profile. The length of the
geohydrologic system equals 20,000 m. The phreatic groundwater levels in the
polders at some kilometres inland of the coast are above N.A.P. The thickness
of the geohydrologic system is the smallest of all profiles, only some 20 m. In
the past, a severe salinisation process has caused high chloride concentrations
in this geohydrologic system.

7. Grf=Groningen-Friesland

The length of the geohydrologic system equals 30,000 m. The phreatic ground-
water levels are not very low in this profile. The hydraulic resistance of the
Holocene aquitard is low, 500 and 1000 days. About halfway the system sev-
eral small loam aguitards occur. The length of the saline groundwater tongue
i limited to some kilometres. Mare inland of the tongue, brackish groundwaber
is present in the entire geohydrologic system.

8. Wad=Wadden lslands

The

The Wadden Islands are schematised by this profile. At both boundaries, a
sea level condition is present. A sand-dune area ocours at the North Sea side.
At the Waddenzee side, polders are present with phreatic groundwater levels
around N.A.P. The thickness of the gechydrologic system” considered is set
to some 130 m. The width of the sand-dune area is 2000 r», under which a
freshwater lens has evolved with a thickrness of about 80 m, Note that this
profile closely corresponds with that of Texel.

islands of Zeeland

At first, the istands of Zeeland were modelled by means of a profile that cor-
responded with the geohydrologic system of Walcheren in northeast-southwest
ditection. However, it unfortunately appeared that it 15 not really possible to
model the islands of Zeeland by means of a representative profile becanse the
islands cannot be schematised in two dimensions®. Moreover, there are sev-
eral reasons why the characteristics of these islands differ too much from each
other to join them together in one representative profile. Firstly, the thickness
of the geohydrologic system of these islands varies from about 100 m in the
north to about 50 m in the south. Secondly, the phreatic groundwater levels
of the polders vary from about ¥.4.P. in Zuid-Beveland to about -3 m N.A.P.

%The rate of both well lines together is equal to the extraciion from a drainpipe with a rate of
about 0.59 million m3/yr over a length of one ktlometre.

T Just like in the profile Grf, the top of the third aquitard is taken as the geohydrologic base in
the profile Wad [[astoors, 1992).

3For instance, narrow sand-dune areas occur in the western seaside parts of the islands, which
would complicate a proper selection of the orientation of the profile: in nertheast-southwest direction
ar i, northwest-southeast direction.
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in Schouwen-Duiveland {the levels in this profile are relatively high compared
with the levels in othet profiles). Finally, the boundary conditions of the is-
lands vary from a constant piezometric level boundary with fresh water (e.g. the
northern side of Goeree-Overflakkee at the Haringvliet}, a constant piezometric
level boundary with saline water (e.g. the northern side of Schouwen-Duiveland
at the Grevelingenmeer) to a piezometric level boundary that changes with sea
level rise (namely Walcheren and the southern side of Zuid-Beveland).

As the impact of sea level rise could be significant in these coastal groundwa-
ter flow regimes, it is recommended to consider these islands throngh three-
dimensional numerical modelling at a later stage.

9.3 Selection of cases

Obviously, innumerable cases regarding groundwater flow in coastal geohydrologic
systems could be simulated for each profile. In this study, however, only some con-
ceivable cases are chosen. They are subdivided into three main groups: () scenarios
with different rates of sea level rise; (II) cases with (hypothetical) countermeasures;
and (111) cases with different subscil parameters for a sensitivity analysis. The cases
of main group () are considered for two scenarios of sea level rise: one with no sea
level rise and one with a sea level rise of 0.6 m/e¢. To arrive al a comprehensive view
over the results of the simulations, a selection of relevant cases has been made. The
selected cases are simulated with the adapted MOC model. Table 9.1 summarizes all
relevant cases which are briefly described below:

a. Reference case: no sea level rise
This scenario with no sea level rise is applied as the so-called reference case
for all cases. The present situation concerning boundary and initial conditions,
phreatic groundwater levels in the polders and groundwater extraction rates
is maintained during this acenario, which has a (long) simulation time of ten
millennia. Accordingly, many processes’ that may affect the geohydrologic
system are left out of consideration. The results of this acenario may clarify the
effect of (past) human activities, such as land reclamation which has created
low-lying polder areas. Furthermore, the time lag has been determined before a
state of dynamic squilibrium regarding the chioride distribution will be reached.

b-f. Scenarios of sea level rise
In contrast with chapter 8, where all six scenarios of sea level rise were executed,
here only three scenarios are considered for a simulation time of one millennium:
(1} no sea level rise; (2) a sea level fall of -0.6 m/c; and (3) a sea level rise of 0.6
mfc. The change in sea level is added to the freshwater head in specific grid

#These processes are of a hydrological nature (e.g. less precipitation, mere evapotranspiration
due to climate change}, a morphological nature (¢.g. shoreline retreat) or a man-induced nature (e.g.
sand-suppletion at the coastal Zone to counteract shoreline retreat}.
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Table 9.1: Relevant cases regarding groundwater flow in coastal gechydrologic systems.

Cases il Representative profiles along the Dutch coast ]

[ 1. . . 1, 5. 6. 7. 8.

| Wie | Ber | Haa | Lei | Del | Vla | Grf | Wad
I. Scenarios of sea level rise
a. | SLR=0 m/c: reference case . * » . .
b SLR=-0.6 m/fc . . * » *
c. | SLR=0.15 m/c - - - - - - - -
d. | SLR=0.6 m/c . [ [ [ [ . . .
e. | SLtR=1.0m/c - - - - - - - -
f. | SER=1.5 m/c - -~ - - -~ - - -
g. | Land-subsidence - - - - - - - -
h., | Groundwater recharge n.a - - - | na | na | na -
. Countermeasures
i Constant level Hsselmeer . o | na. | na. | na | na. | na. n.a.
J- Land reclamation . . . . e | na. . .
k. | Extraction of groundwater + . . . . . . .
I Infiltration of surface water . . . N - . . .
m. | dnundation of polders . . . . « | na. . .
n. | Widen the sand-dune area ] . . ] . . . *
o. | Physical barrier . [ . . . . . .
Il. Subsoill parameters
p Hydraulic conductivity & - . . . . - » .
q Hydraulic resistance ¢ . . . - - - -
r Longitudinal dispersivity oz . » . . . . . .
s. | Effective porosity n. * . . - - - . -
t. | Amnisotrapy k./k. - . . - - - - -
u. | Depth geohydrologic base D . . . . . - . .

| s = case is executed; — = case is not executed; n.a. = not apphicable _}

1. Wie=Wieringermeer 2. Ber=Bergen 3. Haa=Haarlem
4. Lei=Leiden 6. Del=Delft 6. Vla=Zeeuws-Vlaanderen
7. Grf=Groningen-Friesland 8. Wad=Wadden-Islands

cells by means of equation 5.76 before every flow time step Af. The time lag,
in which the freshwater head in the geohydrologic system rises to a new state
of dynamic equilibrium due to sea level rise, can be neglected with respect to
the time lag in which the salinity distribution changes. Therefore, it is allowed
to change the freshwater head in the geohydrologic system instantaneously by
setting the specific storativity equal to zero. The range of sea level rise from
-0.6 m/fe to 0.6 m/c is such that a distinct view can be gained of the impact
of sea level rise. Bear in mind that a sea level rise with a rate of e.g. 0.6 m/fe
means a sea level elevation of 6 m after a simulation time of one millennium.
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The 1ise in sea level induces an elevation in phreatic groundwater level in the
sand-dune area. In fact, the rise in phreatic groundwater level could be impeded
if the position of the land surface is fixed. In order to assure that the phreatic
groundwater level can rise freely, sand-suppletion is supposed to nullify the
possible impediment.

g. Land-subsidence
Polder areas subside because of compaction, shrinkage and oxidation of peat
as well as man-induced processes such as local mining activities (e.g. oil and
gas) and groundwater recovery. Actually, land-subsidence is analogous to a
relative sea level rise, on condition that the subsidence is the same everywhere.
As the rate of land-subsidence is in the order of 0.15 m/e, this scenario iz not
considered separately.

h. Groundwater recharge

The groundwater recharge can alter due to a change in: (a) the natural com-
ponent: e.g. change in the present precipitation pattern due to climate change
[IPCC, Houghton et al, 1990], and (b) the anthropogenic component: e.g.
change in artificial recharge or withdrawal of groundwater from the phreatic
aquifer. Two scenarios are selected to assess the influence of a change in ground-
water recharge on the salinity distribution in the profiles: (a} 216 mm/yr (60
% of the reference case) and (b) 432 mm/yr (120 % of the reference case).
These scenarios are not executed in this chapter, as the effect of a change in
groundwater recharge appears to be small (see section 7.5 item 4. Groundwater
recharge).

i. Constant water level in the 1Jsselmeer when sea level rises
Unlike the scenarios with a sea level rise (b-f.) where the water level in the
IJsselmeer matches the sea level, in this case the water level in the IJsselmeer
remains constant by means of pumping.

j. Land reclamation

Land reclamation off the coast can be applied to counteract the salinisation of
the coastal geohydrologic system. Land reclamation may create a new ground-
water flow situation in the gechydrologic system that might reduce the salin-
isation process. In subsection 8.2.6, land reclamation was briefly discussed in
connection with the project Plan Waterman or Nieuw-Hoiland [Overeem ef al,
1993; Stuurgroep Kustlocatie, 1995]. All profiles but one are executed with a
certain strip of land, reclaimed on the seaside of the coastline. In the profile Via,
the presence of the Westerschelde estuary does not make this countermeasure
realistic, and hence, it is not investigated.

k.-l. Extraction of saline groundwater and infiltration of surface water
Both extraction of saline groundwater and deep-weli infiltration of surface water
(chloride concentration is set to 300 mg C!™ fI) may significantly affect the
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salinisation process in each profile. The position of well lines and the exact
rates of extraction or infiliration in the geohydrologic system is rather important
(see table 9.2). The well lines should be situated in the vicinity of the seaside,
where the greatest impact of sea level rise 15 to be expected. Only one well line
scheme for each countermeasure is sirmlated, so the resulis are just indicative.
Note that the positions and the rates of the well lines are not changed during
the entire simulation, whereas, in reality, they will probably be adapted and
optimized throughout the vears based on changes in the salinisation of the
subsail.

Table §.2: Features of extractions of saline groundwater as well as deep-well infiltration of
surface water in each profile: mimber of well lines and rates. The position of the well lines
is shown in figure 9.26.

[ Wie | Ber THaa [ Lei [ Del [ Vla | Grf | Wad |

Number of extraction and infiltration wall linas

0] 10] 8| 13 8] s8] 10] 6

Total rate for extraction and infiltration (m®/(myr))

1466 | 1466 | 704 | 381 | 352 | 118 | 528 | 498

m. Inundation of polders

Inundation of polders through raising the phreatic groundwater levels to N.A.P.
certainly influences both groundwater flow in the geohydrologic system and
seepage quantity through the Holocene aquitard. Note that this countermeasure
is only a hypothetical one, as it would imply abandoning of valuable land. In
fact, this economically unfeasible countermeasure only serves the purpose of
illustrating what has unconsciously been provoked during the last centuries by
the creation of low-lying (polder) areas.

n. Widen the sand-dune area

The width of the existing sand-dunes B is increased with 1500 m by converting
polders to sand-dune areas through suppletion of sand. As aresult, groundwater
Techarge occurs and a thicker freshwater lens evolves which is likely to retard the
salinisation process. Whether or not this countermeasure is realistic depends on
local circumstances. For instance, it is likely to believe that in the profile Haa,
the polders inland of the sand-dune area will not be abandoned, as horticulture
(bulb cultivation) is practiced there. In that case, this countermeasure is strictly
hypothetical. In profiles where at present no sand-dunes occur, new sand-dunes
were put in.

o. Physical barrier

Physical barriers are created in otder to retard the salinisation process. Exam-
ples of physical barriers are sheet piles, clay irenches and injection of chemicals.



306 Chapter 8. Sensitivity analysis of Dutch groundwater flow regimes for sea (evel rise

In this countermeasure, physical barriers are simulated through reducing the
hydraulic conductivity in the reach 2500-2750 m (one grid cell) from the left
seaside boundary. As such, the physical barriers are not campletely impervi-
ous. In the three profiles (Wie, Ber and Wad) with a sea condition at the right
boundary, a physical barrier is also implemented in the reach 2500-2750 m from
the right boundary. The hydraulic conductivity & is reduced to 1 m/d in all
profiles except in the profile Ber. In this profile, the hydraulic conductivity k is
only reduced to 5 m/d, as it appeared that the groundwater flow equation did
not converge to a solution for lower values of k.

p-t. Subsoil parameters k, ¢, ar, n, and k, /k,
The exact values of these subsoil parameters are uncertain. As they may in-
fluence the simulation sigaificantly, a limited parameter analysis is executed.
Table 9.1 shows the profiles for which the analysis is executed. The following
factors or values are comsidered (note that the values change one at a time
whereas the other values equal the reference values), where the indices ., + and
new Stand for the values applied in the reference case and the new case respee-
tively:
p. Hydraulic conductivity: ;e =kref - 1.5 and knew=krey - 2/3,
4. Hydraulic resistance: ¢peyw=crep -+ 1.5 and cnow=cres - 2/3,

Longitudinal dispersivity: orp pew=0 m and o pnew=2.0 m,

. Effective porosity: e n.=0.15 and n, ;. =0.45,

. Anisotropy: k,/ky new=0.00 and k, /k; 1., =0.25.

o o=

u. Depth of the geohydrologic base D

The tops of the following formations of lower Pleistocene and Tertiary origin
are preferred as the geohydrologic base in the reference case: im Noord and
Zuid-Holland, the Maassluis Formation (fine grained marine sediments); in the
northern part of the Netherlands, the Oocsterhout Formation (marine clay of
upper Pliocene and lower Pleistocene origin}; and in the northeastern part of
Groningen, the Breda Formation. These formations underlying the chosen base
level in the reference case of all profiles are taken into account in this case, in
order to assess their effect on the salinisation of the geohydrologic system. The
thickness of these formations, which contain saline groundwater, is set to 50 m.
The hydraulic conductivity k is set to 5 m/d. This value is probably too high,
but it is taken as the upper limit to assess the maxirmum possible effect on the
salinisation process.

9.4 Propagation of sea level rise
In straightforward terms, the so-called characteristic length A of a formation indi-

cates the zone over which a sca level rise at the seaside boundary influences the
geohydrologic system: that is the zone of influence. In a simple geohydrological
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schematisation, named the Holland profile, this characteristic lengih ) equals vkDe
(see equation 2.8). However, the profiles in this chapter are somewhat more cormplex
and the propagation of a sea level rige is determined by calculating the difference
in plezometric level, expressed in freshwater, in 2090 for the scenario SLR=0.6 m/¢
with respect to the scenario SLR=0 m/e. Figure 9.6 shows the zone of influence in
the eight profiles. The following remarks can be made:

& in five profiles, the zone of influence of sea level rise in the geohydrologic system
is only a few kilometres, Thus, the attenuation of sea level rise is great in these
profiles. For instance, the distance in the geohydrologic system, over which a
freshwater head elevation of 6 cm (10% of the sea level rise) can still be noticed,
is as follows: in Haa 8000 m: in Lei 5300 m; in Del 2800 m; in Vla 1600 m; and
in Grf 3000 m.

e conversely, in the two profiles Wie and Ber, the zone of influence of sea level
rise is very long. Consequently, piezometric levels in the geohydrologic system
elevaie significantly due to sea level rise. The main cause for this substantial rise
in piezometric level is that the transmissivities of the aquifers and the hydranlic
resistance of the Holocene aquitard are very high.

Moreover, another reason why the zone of influence of the profiles Wie and Ber
is significant, is that the piezometric level at the IJsselmeer side boundary also
risest® at the same rate as the sea level. Thus, the geohydrologic system is
influenced at the seaside as well as at the IJsselmeer side, and consequently,
the piezometric level in between rises due to both these rises.

e in the profile Wad, the zone of influence is significant, becanse the transmissivity
is high and the geohydrologic system is short (the sand-dune area and the
adjacent polder area together are 5000 m long). Moreover, the geohydrologic
system of the profile Wad is also influenced by sea level rise at both boundaties.

9.5 Salt water intrusion in the geohydrologic system

In this section, the salt water intrusion in the gechydrologic system is displayed by
three approaches: (a) by showing the chloride distribution in each profile for six
situations; (b) by showing the change in volume distribution of fresh, brackish and
saline groundwater as a function of time; and {¢) by showing the change in chloride
concentration in so-called observation points as a function of time. For approach (b},
the time lag of each profile before a state of dynamic equilibrium in the salinisation
process is reached is briefly discusszed.

10]n section 9.8, the effect of a constant piegometric level at the Isselimeer side boundary on the
zone of influence is discussed.
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Figure 9.6: Differences in piezometric level, expressed in freshwater, at -25 m N A.P. (in
the profile Vla at -12.5 m N.A.P) in 2090 for the scenario SLR=0.6 m/c with respect te
the scenario SLR=0 m /e in the eight profiles. The bold path points out the location of the
selected polder of each profile (see also table 9.6).

9.56.1 Chloride distributions in each profile for six situations

The chloride distributions in each profile are shown for six sitnations: (1) no sea level
rise in 1990, (2) in 2090, (3) in 2490 and (4) in 2990; (5) a sea level rise of 0.6 m/c
in 2990; and (6} a sea level fall of -0.6 m/e in 2990. Some striking observations are:
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1. Wie=Wieringermeer
A severe salt water intrusion is caused in the geohydrologic system (see fig-
ure 9.7), even without a sea level rise. Two main causes for the severe salini-
sation are the high transmissivities and the low-lying Wieringermeer polder in
the reach 15,000-29.500 m. When the sea level rises 0.6 m/¢, the entire system
will be saline in 2990.

2. Ber=Bergen
In this profile, 2 severe salt water intrusion also occurs (see figure 9.8). The
freshwater lens remains for each of the scenarios of sea level rise, though the
volume obviously depends on the level of the sea. For each scenario, the aquifer,
which underlies the low-lying poider in the central part of the profile, contains
more saline groundwater in the future than in 1990,

3. Haa=Haarlem
When no sea level rise occurs, the volume of the freshwater lens slightly increases
(see figure 9.9) due to the fact that for the future lower groundwater extraction
rates are planned than during the past decades, The freshwater lens narrows
the height of the aquifer over which saline groundwater enters the hinterland.
Consequently, salt water intrusion in the geohydrologic system, induced by the
low-lying polder (e.g. the Haarlemmermeer polder), is rather limited. When
the sea level falls -0.8 m/¢, the freshwater lens (chloride concentration < 300
myg C1~ /1) Increases in such a way that salt water intrusion will eventually stop
completely.

4. Lei=Leiden
Salt water intrusion is rather limited for several reasons (see figure 9.10): (1) the
freshwater lens is obstructing the inflow of saline groundwater to the hinterland;
{2) the thickness of the gechydrologic system is only’ 120 m; and (3) the
phreatic groundwater levels of the polders are not as low as in the profile Haa.
When the sea level rises (.6 m/e, saline groundwater will eventually reach the
polder which is located directly behind the decreasing freshwater lens.

5. Del=Delft

The results correspond to some extent with those in the profile Lei. In the first
kilometres inland of the coast, a severe salt water intrusion is taking place (see
figure 9.11). Saline seepage occurs in the polder in the reach 5000-7500 m, be-
cause there the phreatic groundwater level is relatively low (-2.5 m N.A.P.) and
the hydraulic resistance is low (500 days). The industrial groundwater extrac-
tions in the vicinity of Delft cause upconing of saline groundwater. Meanwhile,
surface water infiltrates in the aquifer in the reach 8000-20,000 m, as the ex-
tractions create a low piezometric level in the aquifer. From about 10,000 m
inland of the coast, the impact of sea level rise is very limited due to the high
hydraulic resistance of the Holocene aquitard. There is not much cutflow by
seepage and consequently not much inflow of saline groundwater.
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Ber for six situations.

6. Vla=7eeuws-Viaanderen
The impact of sea level rise is limited to the first few kilometres from the coast
(see figure 9.12), because the zone of influence is very short and the phreatic
groundwater levels of the polders at some kilometres inland are situated above
N.A.P. As the thickness of this geohydrologic system is very small, groundwater
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Figure 8.9: Chloride distribution (in mg CI™ /1) in the geohydralogic system of the profile
Haa for six situations.

flow is determined by local conditions. Consequently, salt water intrusion from
the sea is restricted.

7. Grf=Groningen-Friesland
When no sea level rise occurs, saline groundwater only intrudes in the deeper
parts of the geohydrologic system (see figure 9.13). When the sea level rises
0.6 m/c, the systemn will eventually be completely saline in the first kilometres
inland of the coast. When the sea level falls -0.6 m/e, surface water infilirates
in the geohydrologic system afier some centuries, and subsequently, brackish
groundwater flows towards the sea.

8. Wad=Wadden Islands
The geohydrologic system underneath the polder becomes more saline at great
pace for both the scenariocs SLR=0 m/c and SLR=0.6 m/¢ {see figure 9.14).
Even when the sea level rises 8.6 m/c, the freshwater lens remains, though the
volume decreases. Note that the phreatic groundwater level in the sand-dune
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area is supposed to rise with a sca level rise. Sand can be supplied where
necessary in order to assure that the phreatic groundwater level can rise freely.
When the sea level falls -0.6 m/c, the volume of the freshwater lens increases
enormously. Nearly the entire system then contains fresh groundwater in 2990.
1t should be noted that in 2090 the controlled phreatic groundwater level of the
polders in the reach 4500-7500 m is about 6 m higher than the level of the sea,
and that, during the period 1990-2390, (fresh) surface water has infiltrated in
the geohydrologic system.

9.5.2 Volume distribution of fresh, brackish and saline groundwater

In this subsection, the change in chloride distribution in the geohydrologic system
due to sea level rise is quantified.

Salinisation of the gechydrologic systems

Figure 9.15 shows the distribution of fresh, brackish and saline water in percentages
of the total volume of water in the gechydrologic system as a function of time in the
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eight profiles. The volume percentage of fresh groundwater is discussed separately in
section 9.6.

Even when no sea level rise occurs, the salinisation process is severe during the
next centuries in the northern part of the Netherlands in the profiles Wie, Ber and
Grf. Conversely, no significant change in volume percentage occurs within the next



9.5. Salt water intrusion in the gechydrologic system 315

Sea SLR=0m /¢

2

Distonce in geshydroiagic system, m

Cistance In gachydralogic system, m

Seq SLR=Cm/¢ Sea SLR=0m /¢
d 000 10000 15060 70000 26600 oogs o 20090 0bo
i 2 ] 29 g K3 -3
B o
r q ~a0 Fa % aé) =5
[ ] [ h %
-l J-10 -z -0
(Time=24 rf ] Time=2990 G
Distance in geohydrologic system, m s - Distonce in gechydrolagic system, m -1%0
Sea SLR=0.6m/c Seq SLR=-0.6m/c
&0 SDO0 10000 15000 20600 13000 _ 30040 o8 5000 10000 15000 _ 70000 25000 300(P
-mf -1 -m -30
£ [ E
. =8} - -6
£ £
& -wor - & v -s0
~1z0f ~170 120 —120
[1ime=2980 ] PRons .
9 s 1% = e Saood °

%060 10000 15000 20000 000 TI0000 1600020000
Distance in geghydrologie aystem, m DMstonce in gechydrologic system,

Figure 9.18; Chloride distribution {in mg CI™ /7} in the geohydrologic system of the profile
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centuries in the profiles Lei, Del and Vla.

Focusing on the next century, figure 9.15 shows that the impact of sea level rise
appears to be of minor importance in the eight profiles, as the volume percentages
of the three scenarios of sea level rise are in concordance with each other. This
can also be observed in table 9.3, where the changes in volume percentage of saline
groundwater in 2090 and 2990 are quantified for the three scenarios of sea level
rise. For instance, table 9.3 shows that the change in volume percentage of saline
groundwater in the profiles is less than 1.5 % in 2090 for the scenarioc SLR=0.6 m/c
with respect to the scenario SLR=0 m/e.

Considering the absolute change in the volume of saline groundwater (see ta-
ble 9.4), the salinisation appears to be greatest in the northern part of the Nether-
lands in the profiles Wie, Ber and Grf. Salt water intrusion is still substantial in the
profiles of Zuid-Holland in the profiles Haa, Lei, Del. The salinisation is limited in
the profiles Wad and especially Vla, which is obvious as the geohydrologic system of
the profile Vla is small.
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Table 9.3: Change in volume percentage of saline groundwater due to the three scenarios
of sea level rise in the eight profiles.

Change 1n saline 1 2. 3 4 5 6 7 8.

Via Grf Wad

volume percentage i Wie Ber | Haa Lei Del

in 2090 with respect to 1930

SLR=0wm/c (%) || +88] w26 +1.0] 0] +03] -06] +45] +55

SLR=0.6 m/c with respect to SLR=0 m/c

in 2090 (%) +08 ] 404 +0.1 [ 403 +03] +04 | 407 ] +13
in 2990 (%) 571 +2.7 | +12.2 | 488 | +3.3 | +0.8| +77 | 453
SLR=-0.6 m/c with respect to SLR=0 m/c

in 2090 (%) -0.8 -0.3 -0.3 -0.4 -0.3 -0.4 -0.9 -2.5
in 2990 (%) -302 | 223 | 92| 78| -133( -i56 | -27.1] -36.5

SLR=0.6. m ¢ with respect to SLR=-0.6 m/c

in 2990 (%) | +35.9 ] +25.0 | +21.4 | +16.6 [ +16.6 [ +16.4 | +34.8 | +61.8
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Table 9.4: Absolute change in the volume of saline gronndwater (in 10° m*/m’) in the
eight profiles in 2990 with respect to 1990.

Absolute change in 1. 2. 3. 4. 5. 5. 7. 8.
saline groundwater Wie Ber Haa Lei | Del | VIa | Grf | Wad
in 2990 with respect to 1990 (in 10° m”/m’)

SLR=0 m/c [ +1404 | +614 | 4218 | +81 | +88 [ 47 | 4394 [ 450

Time lag before a state of dynamic equilibrium is reached

It clearly appears that most of the geohydrologic systems along the Dutch coast
have at present not yet reached a state of dynamic equilibrium as far as the salinity
distribution in the subsoil is concerned. The time lag of a gechydrologic system
between the canse of changes and the ultimate effect on the salinisation process is
mainly determined by three causes: (a) the driving force of the salinisation process,
that is the phreatic groundwater levels in the polders and for groundwater extractions;
(b) the transmissivity and porosity of the geohydrologic system, that is the velocity
with which groundwater can pass through the geohydrologic system; and (¢) the
geometry (size) of the geohydrologic system under consideration: for instance, a
small geohydrologic system (e.g. 10,000 m) obviously reaches a state of dynamic
equilibrium more rapidly than a large geohydrologic system (e.g. 40,000 m} under
similar conditions. As the state of dynamic equilibrium will not be reached within one
millennium, the simulation time has been extended to 10,000 yeatrs for the reference
case of each profile. Based on the causes mentioned above, four durations of time
lags can be classified:

I. Atime lag of several centuries:
geohydrologic systems with small geometries: the profiles Vs and Wad.

{l. A time lag of a large number of centuries:
geohydrologic systems with high transmissivities and low-lying polder areas:
the profites Wie and Ber. Both profiles become completely saline; only the
freshwater lens in the profile Ber continues to exist.

i, A time lag of a few millennia:
gechydrologic systems with moderate transmissivities and/or polder areas with
high phreatic groundwater levels: the profiles Haa and Grf.

IV. A time lag of several millennia:
geohydrologic systems with low transmissivities and/or polder areas with high
phreatic groundwater levels: the profiles L i and Del. Note that the high ground-
water extraction rate in the Del profile causes only small changes in the volume
distribution.
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In conclusion, table 9.5 shows some gechydrologic characteristics of the groundwater
flow regimes, on which the duration of the time lag is based.

Table 9.5: The duration of the time lag, before a state of dynamic equilibrium is reached,
iz based on geahydrologic characteristics of the groundwater flow regimes.

(a} driving force (b) subsoil parameters | (c) geometry
[ duration of time lag || polder level | extraction | transmissivity | porosity
l. centuries low great high small small
Il. many centuries | | i | )
I1l. millennia 1 1 l 1 l
IV. many millennia high small low great large

Sensitivity for sea level variation

In order to assess the semsitivity for sea level rise of each profile, the range in volume
percentage of saline groundwater from a sea level rise of 0.6 m/c to a sea level fall
of -0.6 m/c is determined for 2990 (see table 9.3). Three types of sensitivity can be
perceived:

I. High sensitivity to sea level variation
the profile Wad (+61.8 %), as (1) the level of the sea varies at both sides of the
geohydrologic system and (2) the length of the geohydrologic system is small
{namely 10,000 m).

Ii. Moderate sensitivity to sea leve! variation
the profiles Wie, Ber and Grf (+35.9 %, +25.0 % and +34.8% respectively).
Tn the profiles Wie and Ber, the level of the sea changes ai both sides (see
figure 9.6) and the transmissivities of the aquifers are high. In the profile Grf,
the hydraulic resistance of the Holocene aquitard is low.

I5l. Low sensitivity to sea level variation
the profiles Haa, Lei, Del and Vla (+21.4 %, +16.6 %, +16.6 % and +164 %
respectively), as the zone of influence of sea level rise is limited (see figure 9.6).

9.5.3 Chloride concentration tn observation points

Figure 9.16 shows the chloride concentralion as a function of time in a specific obser-
vation point in each profile. As can be seen, the chloride concentration can change
significantly due to sea level rise. It takes several decades before the changes in
chloride concentration are noticeable, though the positions of the chosen observation
points are located in areas where the impact of sea level rise is great.
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Figure 9.16: Chloride concentration as a function of time in each profile in a specific
observation point for the three scenarios of sea level rise.

9.6 Freshwater lenses in sand-dune areas

Figure 9.17 shows the volume of fresh groundwater in the sand-dune areas as a fune-
tion of time in the following four profiles: Ber, Haa, lei and Wad. In this section,
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Figure 9.17: Volume of fresh groundwater (< 150 mg C1™ /1) in the sand-dune area in 10°
m® /m’ as a function of time for the three scenarios of sea level rise.

groundwater with a chloride concentration < 150 mg G~ /1 is defined as fresh ground-
water. This is in contrast with the present definition of fresh groundwater (that is
fresh groundwater is water with a chloride concentration < 300 mg CI~ /I, see, e.g.,
figure 9.15), in order to detect only groundwater that originates from the freshwater
lens!! in the sand-dune area.

Two phenomena occur in the profile Haa (see figure 9.17). Firstly, for the scenario
SLR=0 m/c, the volume of fresh groundwater increases significantly, that is +23.4 %
in 2090 with respect to 1990. The groundwater extraction rate has been decreased
since 1956, which is one of the two reasons that the freshwater lens has been increasing
ever since. The other reason is that the freshwater lens evolves towards the low-lying
polder in the reach 10,000-20,000 m, and as a result, the volume increases. Secondly,
the volume of the freshwater lens for the scenario SLR=-0.6 m/c drops below the
volume for the scenario SLR=0 m/c after some seven centuries. The reason for this
phenomenon is that, after some centuries, the groundwater flow in the sand-dune area
alters in the direction of the sea, as the sea level is falling. The shape of the freshwater
lens also changes, which results in a decreasing volume of fresh groundwater.

In the profile Wad, the volume of fresh groundwater decreases during the second
half of the next millennium for the scenario SLR=-0.6 m/c. The reason is that, from

11The chloride concentration of water that recharges the sand-dune area as natural groundwater
recharge is set to 30 mg Ci~ /i, whereas the chloride concentration of surface water that infiltrates
through the Holocene aquitard in polders and lakes in these four profiles is set to at least 200 mg
o=/l
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then on, sealevel rise causes fresh surface water, which originates from the polder
adjacent to the sand-dune area, to infiltrate in the geohydrologic system. This water,
which contains a higher chloride concentration than 150 mg CI= /I, supersedes the
fresh groundwater that recharges the sand-dune area.

Figure 9.18 shows the change in volume percentage with respect to the reference
case with no sea level rise. During the next century, the impact of sea level rise on
the fresh groundwater resources along the coast appears to be of minor importance,
at most a few percents. After a millennium, however, the changes are (obviously)
significant. The decreases in volume of fresh groundwater are in 2990: Ber -46.8 %:
Haa -70.5 %; Lei-74.1 % and Wad -22.8 % for the scenario SLR=0.6 m/e with respect
to the scenario SLR=0 m/e.

9.7 Seepage in selected polders

The impact of sea level rise on seepage is assessed for one selected polder of each
profile. The characteristics of the selected polders are given in table 9.6, Most of
the selected polders are located near the coast, in order to assure that those polders
which are jeopardized most by sea level rise are considered.

The propagation of the sea level rise in the selected polder (see figure 9.6) already
indicates the possible changes in seepage due to sea level rise. Obvionsly, if the sea



9.7. Seepage in selected polders 323

Table 9.6: Characteristics of the selected polders considered in the discussion on seepage
and countermeasures.
Characteristics of 1. 2. 3. 4. 5. 6. 7. 8.
sefected polders Wie Ber Haa Let Del Via Grf Wad
Location of the selected polder, in km from the 'left’ seaside boundary, see figure 9.3

| 15-29.5 | 10-20 | 10-20 [ 4-10 | 5-10 [ 0.75-5.75 | 0.75-10 [ 5.5-7.5
Length of the selected polder, in km

| 145] 10 10] 6] 5] 5] 9.25 2
Phreatic groundwater level in the selected polder, in m with respect to N.A. P.

T-45/55] -40] -557 -15] -25] 05[] 05[] b3
Propagation of sea level rise at the boundaries of the selected polder, in %, see figure 9.6
at the seaside 91.8 | 539 53] 264 | 1.0 53.8 72.3 68.6
at the land side 371 | 388 | megl. | 06| 0.1 negl. 0.7 36.0
negl. = negligible ]

level rise is attenuated considerably, the changes in seepage due 10 sea level rise are
limited. This applies particularly for the selected polders of the profiles Haa and Del,
as they are located at a considerable distance from the coast. Conversely, it can be
deduced that the impact of sea level rise on seepage is great for the selected polders of
the profiles Wie, Ber and Wad. In general, for Dutch polder areas at a great distance
from the coast, the increase in seepage due to sea level rise appears to be of minor
importance with respect to the already existing scepage quantities in those polder
areas.

The changes in three seepage parameters for the selected polders of each profile
are considered during the simulation time of one millennium: (1) seepage quantity;
(2) mean chloride concentration; and (3) chloride load.

1. Seepage quantity

Apart from sea level rise, other processes also determine the seepage quantity as a
function of time. Some of these processes are; (a) subsidence of the land surface
due to compaction, shrinkage and oxidation of peat!?; (b) decrease of the hydraulic
resistance of aquitards due to oxidation of peat; and (c) excavations, dredging and
perforations of aquitards, though the effects of these processes are limited by regula-
tions of the water manager.

Figure 9.19 shows the seepage quantity through the Holocene aquitard during
the next millepnium in the selected polder of each profile. In the scenario SLR=0
mjc, the selected polders of the profiles show a decrease in seepage quantity due to
the salinisation of the geohydrologic system. It appears that the impact of sea level
rise during the next millennium is very serious for the selected polders of all profiles,

12Mankind shall be forced to lower the polder levels through drainage and pumping.
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except for the selected polders of the profiles Haa and Del. As mentioned above,
the main reason that the impact is relatively small in these two profiles is that the
selected polders are situated at a distance beyond the zone of influence of sea level
rise (see table 9.6),

Figure 9.20 shows the seepage quantity (in mm/d)*® during the next century
through the Holocene aquitard in the selected polder of each profile. As can be seen,
the seepage quantity in 1990 in the selected polders of the profiles Wie, Haa and Wad
is reasonable. Observing the scenaric SLR=0 m/c {the reference case), the decrease
in seepage quantity in the selected polders due to changes in density distribution is
remarkable!?, For instance, in the selected polder of the profiles Gif, the expected
Increase in seepage quantity due to sea level rise is nearly counterbalanced in 2090
with respect to 1990 due to changes in density distribution. By comparing the results
in 2090 for the scenario SLR=0.6 m/c with the scenario SLR=0 m/¢, the profiles are
subdivided in the following three groups:

|. the profiles Haa and Del, where the selected polders expetience a negligible increase
in seepage quantity,

Il. the profiles Wie, Ber and Lei, where the selected polders experience an increase in
seepage quantity of about 10 %,

WL the profiles Vla, Grf and Wad, where the selected polders experience an increase
in seepage quantity of at least 50%.

When comparing the seepage quantities in the selected polders due to SLR=0.6 m/e
in 2090 with the seepage quantities in 1990, the following changes (in %) are calcu-
lated: Wie +3.9 %; Ber +6.3 %; Haa -0.6 %; Lai +6.3 %; Del -6.4 %; Vla +37.9 %; Grf
+1.0 % and Wad -18.3 %. Even for the scenario SLR=0.6 m/c, the seepage quantity
in 2090 is less than the seepage quantity in 1990 in the selected polders of the profiles
Haa, Del and Wad.

2. Mean chleride concentration

Pigure 9.21 shows the mean chloride concentration in the Holocene aguitard dur-
ing the next millennium in the selected polder of each profile. When no sea level
1ise occurs, the mean chloride concentration in the Holocene aquitard increases very
rapidly in the selected polders of the profiles Wie, Ber, Via and Wad, even within
one century. The subsoil of these selected polders becomes very saline during the
next millenninm. Conversely, the salinisation of the upper part of the geohydrologic
system in the seiected polders of the profiles Haa, Lei, Del and Grf is somewhat limited.

13 The seepage quantity in m® f(m'yr}, as presented in figure 9.19, is divided by the length of the
selected polder in order to obtain, after conversion, the value in mm fd.

14 Note that a very rapid change in density distribution might indicate that the initial chloride
distribution could be incorrect.
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During the next century, the influence of sea level rise on the change in mean
chloride concentration is of minor importance in the selected polders of the four
profiles Wie, Haa, Lei and Del. The selected polders of the profiles Ber, Vla, Grf show
a slight change in mean chloride concentration between the three scenarios of sea level
rise. The selected polder of the profile Wad, hewever, demonstrates a difference i
mean chloride concentration of a few thousands of mg Ci~ /I for the three scenartos
of sea level rise.

Only after several centuries, the impact of sea level rise on the mean chloride
concentration becomes substantial in all profiles, and as a consequence, considerable
changes in the salinity of seepage occur in the distant future.

In general, it takes several decades or even centuries before brackish and saline
groundwater reach the selected polders that are located several kilometres inland of
the coast. It is clear that the nearer the polder is to the seaside boundary, the earlier
the impact of sea level rise on the chloride distribution can be noticed. For instance,
the change in mean chloride concentration due to sea level rise is retarded in the
selected polder of the profile Haa with respect to the selected polder of the profile
Gif, as the first-mentioned is located further inland.

3. Chioride load

Figure 9.22 shows the chloride load (in ton C1~ /(m’yr)} during the next millennium
in the selected polder of each profile. When the sea level falls -0.6 m/fe, the chloride
load is insignificant after one millennium in the selected polders of ail profiles except
in the selected polders of the profiles Haa and Del. In these two selected polders,
seepage still occurs, even when the sea level has fallen 6 m in 2990 (see figure 9.19).
A sea level rise of 0.6 m/c increases the chloride load enormously in all selected
polders, especially when compared with the scenario SER=0 m/c in the selected
polders of the profiles Lei, Via, Grf and Wad.

Figure 0.23 shows the impact of sea level rise on the chloride load in kg Cl~ /(m2yr)13
during a time span of one century. A sea level rise of 0.8 m/c influences the chloride
load in the selected polders of all profiles considerably except in the selected polders
of the profiles Haa, Lei and Del. The absolute increase in chloride load in 2090 for
the scenaric SLR=0.6 m/c with respect to the scenario SLR=0 m/c is great in the
selected polders of the profiles Wie, Grf and Wad: +0.329, +0.392 and +1.294 kg
Cl~ /(m®yr) respectively. Relative increases in chloride load in 2090 for the scenario
SLR=0.6 m/c with respect to the scenario SLR=0 m/c are enormous in the selected
polders of the profiles Vla, Grf and Wad, e.g. +92 %, +193 % and +167 % respectively.
In addition, the relative increase in chloride load is also substantial in the selected
polders of the profiles Wie, Ber and Lei, +14.4 %, +20.9 % and +18.8 % respectively.
Note that the absolute chloride load in the selected polder of the profile Lei is still of
minor importance.

15 The chloride load in ton CI= }(m’yr) is divided by the length of the selected polder in order to
obtain, after conversion, the value in &g CI— f(mZyr).
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9.8 Effects of countermeasures

In this section, measures to counteract the negative impact of sea level rise are briefly
discussed. Two scenarios of sea level rise are considered'®; (1) SLR=0 m/¢ (ihe refer-
ence case) and (2) SLR=0.6 m/c. The discussion on the effects of the countermeasures
mostly concerns the selected polders (see table 9.6). The countermeasures are defined
in section 9.3.

i. Constant water level in the llsselmeer when sea level rises

Whether the water level in the IJsselmeer matches the sea level or not makes
no substantial difference on the chloride distribution in the profiles Wie and
Ber. The constant water level in the IJsselmeer does not restrict the salinisa-
tion process of the geohydrologic system. No matter how, a severe salt water
intrusion is still taking place in this scenario with a constant water level in the
IJsselmeer. What is more, the constant water level in the 1Jsselmeer causes
saline groundwater, which originates from the sea, to flow further towards the
IJsselmeer boundary. Actually, the subscil near the IJsselmeer boundary even-
tnally becomes more saline than in the scenario with a water level rise at both
boundaries.

However, the seepage quantity as well as the chloride load in the selected polders
of both profiles do not increase as much in this scenario as they do in the scenario
with a water level rise in the I¥sselmeer. It can be deduced that, obviously, the
propagation of sea level rise in the geohydrologic system is limited when the
water level in the IJsselmeer is kept constant (see figure 9.24). With respect
to the scenario with a water level rise at the IJsselmeer boundary, the seepage
quantity in 2090 decreases in this case -9 % and -5 % and the chloride load
decreases -12 % and -7 % for the selected polders of the profiles Wie and Ber
respectively. The difference in seepage quantity is greater in the profile Wie
than in the profile Ber, as the selected polder of the profile Wie is situated
closer to the IIsselmeer boundary.

j. Land rectamation

This countermeasure comprises an additional strip of land of 5,000 m off the
coast. Close to the old land, a new polder is reclaimed with a width of 2000
m and a phreatic groundwater level of +1.0 m N.A.P. Adjacent to this polder,
a new sand-dune area with a width of 3000 m is developed. A strip of sea of
5000 m is also simulated. The subsoil parameters in this strip of 10,000 m in
total resemble the values of the old geohydrologic system; only the hydraulic
resistance of the Holocene aquitard in all new sand-dune arcas deviates from
the old value: the new one equals 1000 days.

1875 amive at a comprehensive view over the results, only a selected number of the simulated
cases is presented in figures in this section. Therefore, it may occur that conclusions drawn in the
text are based on sinmlations not shown in figures in the thesis. Examples of such simulations are
countermeasures in combination with the scenario SLR=0 m/c.
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demonstrated.

Obviously, as a new sand-dune area is developed, a freshwater lens evolves in all
profiles (figure 9.25). It takes a few decades to centuries before the new lenses
are thick enough to withdraw groundwater from. Some remarks on the profiles

follow here:

¢ Wie: when no sea level rise occurs, a very thick freshwaier lens up to -85

m N.A.P. evolves during the next centuries, The seepage quantity and
chloride load in the selected polder in the reach 15,000-29,500 m do not
differ from the reference case. In 2990, the volume of fresh groundwater
(< 150 mg G1~ /I) will be about 200 - 10% m3/m’, which is more than, for
instance, the volume of fresh groundwater in the profile Haa in 1990 that
equals about 135 . 10% m3/m’”.

When the sea level rises 0.6 m/¢, the lens only evolves to a volume of
about 40 - 10° m?/m’ in 2990. Moreover, saline seepage (> 15,000 mg
C1= /1) occurs around £=16,000 m (in the Wieringermeer polder).

Ber: a twin freshwater lens is developed. When no sea level rise occurs, the
total volume of fresh groundwater (< 150 mg CI~ /1) is at least tripled till
2990 due to, among others, changes in the groundwater flow. Moreover, the
chloride load in the selected polder in the reach 10,000-20,000 m decreases
from some -6 % in 2090 to some -32 % in 2990.

When the sea level rises 0.8 m/e, the total volume of both lenses only
evolves to about 1.5 times the volume of the reference case in 2990. More-
over, saline seepage (> 15,000 g CI~ /1) occurs in the polders Schermer,
Beemster and Wormer.
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Figure 9.25; Effects of land reclamation on seven profiles in 2990. The level of the sea
remains constant.

e Haa, Lei and Del: when no sea level rise oceurs, the total volume of fresh
groundwater in the profiles Haa and Lei increases significantly, since a
twin lens evolves. In the profile Del, a completely new freshwater lens
is developed. After some centuries, the (new) lens in these three profiles
approaches the geohydrologic base. From then on, salt water intrusion
in the geohydrolagic system is (nearly) stopped and the surplus of saline
groundwater inland of the blockade eventually leaves the geohydrologic
systemn as saline or brackish seepage. During the next millennium, the
changes in seepage quantity and chicride load with respect to the reference
case are of minor importance for the low-lying polder areas.
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When the sea level rises 0.6 m/¢, the new freshwater lenses evolve, but
they never reach the geohydrologic base. Thus, salt water intrusion in the
geohydrologic system continues, though the lenses retard the salinisation.

e Grf: when no sea level rise occurs, a very thick freshwater lens evolves
rapidly. The chloride load decreases substantially in the selected polder
in the reach 750-10,000 m: in 2990 only to about 11 % of the vaiue in the
reference case.

When the sea level rises 0.6 m/e, a somewhat smaller freshwater lens only
retards the salt water intrusion. Meanwhile, the geepage in the reach
2500-3000 m contains more saline groundwater.

+ Wad: when no sea level rise occurs, here again, a thick new freshwater lens
is developed, though the chloride load in the selected polder in the reach
5500-7500 m does not change noticeably.

When the sea level rises 0.6 m/c, both freshwater lenses are somewhat
smaller, in 2990 nearly -40 % with respect to the scenario of SLR=0 m/ec.

k. Extraction of saline!” groundwater

Figure 9.26 shows the effects of this countermeasure on the chloride distribu-
tions in 2990 in the eight profiles. In general, the greater the geohydrologic
system, the higher the extraction rates at more well lines must be before effects
are significant. In all profiles, extraction of (saline) groundwater reduces the
seepage quantity in polders in the vicinity. Obviously, the chloride load also de-
creases when the seepage quantity diminishes. On the other hand, groundwater
extraction attracts saline groundwater from the sea, accelerating the salinisa-
tion process of the deeper regions of the geohydrologic system.

Table 9.7 summarizes the effects of extraction of (saline) groundwater on the
three seepage parameters: (1) seepage quantity, (2) chloride load and (3) mean
chloride concentration in the selected polders of the eight profiles. The table
shows that the effects of groundwater extraction on the three seepage para-
meters can be very substantial for the selected polders of all profiles, except
for the selected polder of the profile Wie. Although the extraction rate is high,
the salinisation process cannot easily be stopped in the profile Wie with this
extraction rate.

When the sea level rises 0.6 m /¢, the salinisation process in most of the profiles
cannot easily be stopped with extraction of (saline) groundwater at these mod-
erate rates. The salinisation process (and thus the rise of groundwater with a
higher chloride concentration) is only retarded to some extent. In the profile
Vla, the size of the gechydrologic system and the extraction rates are such that
salt water intrusion in the geohydrologic system is counteracted, even in case

17The changes in the salinity distribution of the subsoil may cause the well lines to extract brackish
or even fresh groundwater on a certain rnoment,
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Figure 9.26: Chloride distribution {in mg €17 /1) in 2990 in the eight representative profiles
in case saline groundwater is extracted. The level of the sea remains constant, A symbol
# represents the position of a well line of extraction. In table 9.2, the number of well lines
and the total rate of extraction are given for each profile.

of sea level rise. In most of the profiles, however, the effect on the salinisation
process of this countermeasure appears to be of minor importance.
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Table 9.7: Changes (in %) in 2990, with respect to the reference case, in the three seepage
parameters in the selected polders of each profile due to two countermeasures: extraction of
(saline) groundwater and infiliration of surface water. See table 9.2 for the number of well
lines and the total rate of extraction, The level of the sea remains constant.

Wie | Ber | Haa | Lei | Del | Vla | G [ Wad |

Extraction of (saline) groundwater

Change in seepage quantity in 2990 (%)

<13 -45 ] .22 -15] -10] 43 71 -38
Change in chloride load in 2990 (%)

-18] 671 -88] 91| -37] -39 -76] -81
Change in mean chloride concentration in 2990 (%)

8] 327 -89 -9 64 59 46| -60

Infiltration of surface water (500 mg C1~ /1)
Change in seepage quantity in 2990 (%)
+16 | +65 | +43 [ +55 [ +76 [ +113 | +450 [ +298
Change in chloride load in 2990 (%)

-12] 46 T 416 | +307 | +7] +4 ] +148 | +26
Change in mean chloride concentration in 2990 (%)

~40 | 681 67| +20 | 511 -47] -13| -69

When the sea level rises 0.6 m/ec and (saline) groundwater 1s extracted, the
seepage quantity, chloride load and mean chloride concentration increase still
considerably with respect to the scenarto SLR=0 m/e (the reference case) in
most of the selected polders of the profiles. For only the selected polders of the
profiles Haa and Del, extraction of (saline) groundwater decreases these three
seepage parameters, because these selected polders are located nearly beyond
the zone of influence of sea level rise. As such, it can be expected that the
rtse in sea level affects only slightly the seepage parameters in these polders.
When the sea level rises 0.6 m/e and (saline) groundwater is extracted, the
seepage quantity, chloride load and mean chloride concentration decrease only
slightly with respect to the scenario SLR=0.6 m/c and no (saline) groundwater
1s extracted.

. Deep-well infiltration of surface water
Table 9.7 shows that, in general, the positive effects of this countermeasure are
‘ smaller than the effects of the countermeasure extraction of saline groundwater.
Note that other schemes and rates of infiltration well lines could lead to more
| positive effects. In the near future, deep-well infiliration near the selected
polders leads directly to a serions increase in seepage quantity. After some time,
however, the mean chloride concentration in the Holocene aquitard decreases, as
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the chloride concentration of the infilirated surface water is low when compared
with the original brackish groundwater. Only in the profile Lei, the infiltrated
surface water pushes brackish groundwater towards the selected polder, causing
an increase in mean chloride concentration, in 2990 with some +20 % of the
value in the reference case {(that is with no sea level rise and no countermeasure).

Based on the instantanecus increase in seepage quantity, the moment the deep-
well infiltration begins, an increase in chloride load can be expected in most of
the profiles for the next decades to even centuries. Especially in the profiles
Haa, Lei, Grf and Wad, saline and brackish groundwater passes the infiltration
well lines in the direction of low-lying polders, and the chloride load increases
with respect to the reference case. In the profiles Wie and Ber, however, the
chloride load eventunally decreases as a result of the decrease in mean chloride
concentration.

When the sea level rises 0.6 m/c, however, the same scheme and infiltration rate
of the well lines, as considered above, does not really counteract the salinisation
of the gechydrologic systems in all profiles, except in the profile Vla. In all
profiles, the seepage quantity increases significantly. Only in the profiles Wie
and Wad, the chloride load decreases after some centuries due to the deep-well
infiltration of surface water.

m. Inundation of polders

Inundation of the selected pclders mitigates the driving force of the salinisation
process in the groundwater flow regime. The greater the difference between
N.A.P. and the original phreatic groundwater level, the more serious the effect
of this countermeasure, as in the profiles Wie, Ber, Haa and Del (see figure 9.27).
Obviously, the effects are significant near the selected polders themselves. As
salinisation is still taking place, although at a lower rate, other (low-lying)
polders with original phreatic groundwater levels now experience the rise of
saline groundwater. This process is taking place in the profiles Wie (now in
the reach 10,000-15,000 m) and Haa (now in the reach 7500-10,000 m in the
Rijnland polders). In the profiles Grf and Wad, the differences in phreatic
groundwater level due to inundation of the selected polders are too small to
cause effects worth mentioning.

When the sea level rises 0.6 m/¢, a severe salinisation process still occurs, even
when the selected polders are inundated. Existing freshwater lenses decrease.
After some centuries, both seepage quantity and chloride load significantly in-
crease with respect to the reference case {that is no sea level rise) in those
selected polders that are located within the zone of influence of sea level rise.
However, seepage quantity and chloride load in the selected polders in question
are lower in this case than in the case with only a sea level rise.

n. Widen the sand-dune area

The existing sand-dune area. is widened with 1500 m. Note that this counter-
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Figure 9.27: Chloride distribution (in #2g C1~ /i) in 2990 in the eight representative profiles
in case the selected polders are inundated io N.4.P See table 9.6 for the position of the
selected polder of each profile. The level of the sea remains constant.

measure resembles the countermeasure of land reclamation. When no sea lave]
rise occurs, the phreatic groundwater level is heightened in the (our profiles
where already a sand-dune area occurs; about 4+1.5 m in the profiles Ber and
Lei, and about +0.7 m in the profiles Haa and Wad. The volume of the fresh-
water lens increases significantly, e.g. after 100 vear Ber=+48 %; Haa=+24 %;
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Figure .28 Chioride distribution (in mg CI™ /1) in 2990 in the eight representative profiles
in case the existing sand-dune area is widened with 1500 m. The level of the sea remains

constant.

Lei=+69 %; and Wad=+90 % with respect to the reference case (no sea level
rise) in 2090. In the profiles where no sand-dune area is present yet, a new fresh-
water lens evolves (see figure 9.28). The time lag, when the lens has reached
a new state of dynamic equilibrium, varies from profile to profile (e.g. several
centuries in Wie to about 200 years in Grf). The volumes of the new freshwa-
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ter lenses (< 150 mg CI~/l) become substantial (in 10% m?/m/)*%: Wie=15,
Del=34, VIa=20, and Grf=25. In the profiles Haa, Lei and Vla, the newly evolved
freshwater lens obstructs saline groundwater to intrude towards the hintetland.
Note that the inflow of saline groundwater is completely blocked in Via.

The seepage quantity in the polder adjacent to the widened sand-dune area
increases substantially. The reason is that the higher phreatic groundwater
level in the sand-dune area increases the deep groundwater percolation through
the Holocene aquitard, and as a result, (fresh) groundwater oozes out of the
geohydrologic system in the adjacent polder. For instance, in the profiles Lei and
Wad, the seepage quantity increases up to ab least 25 % in the selected polders
which are adjacent to the new (widened) sand-dune area. Subsequently, the
chloride load in the adjacent polders increases temporarily due to the increase
in seepage quantity. After some time, however, the mean chloride concentration
decreases due to penetration of fresh (dune) groundwater. As a result, the
chloride load in the adjacent polders diminishes, up to several tens of percents.

When the sea level rises (0.6 m/c, however, no freshwater lens can evolve in
the profiles Wie, Del and Grf where no freshwater lens have existed before. The
reason is that the rate of sea level rise is too high, so that the deep groundwater
percolation through the Holocene aquitard is too small to build a freshwater
lens. In the profiles Ber and Wad, the volurne of the lens increases significantly
with respect to the scenario with only a sea level rise. Meanwhile, however,
salinisation of the subsoil in the vicinity of the low-lying polders is taking place.
In the profiles Haa, Lei, but also in the profile Vla where the thickness is rela-
tively small, new freshwater lenses are developed. These lenses block the salt
water intruston only temporarily. After some centuries, the lenses decrease due
to sea level rise, and the salinisation process proceeds once again.

o. Physical barrier
Figure 9.26 shows the effects of this countermeasure on the chloride distribu-
tions in 2990 in the eight profiles. In general, physical barriers reduce the flow
of groundwater in geohydrologic systems. In the chosen profiles, the seepage
quantity in the polders in the vicinity of the physical barrier decreases. More-
over, the salinisation process is retarded, but not completely stopped. In the
profiles Haa, Del and Lei, the rise of saline groundwater in low-lying polders is
diminished. As a result, the chloride load can decrease substantially, especially
in the polders in the vicinity of the physical barrier. The volume of the freshwa-
ter lens increases considerably in all four profiles with existing sand-dune areas,
up to about: Ber=+11 %; Haa=+426 %, Lei=+9 % and Wad=+423 % with re-
spect to the reference case m 2990. In the profile Haa, the thicker freshwater
lens nearly blocks the salt water intrusion to the hinterland, causing a decrease

1&The simulated volume of the freshwater lens in the profile Ber equals about 80 -10° m*/m’ in
19890,
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Figure 9.29: Chioride distribution (in mg¢ €I~ /1) in 2990 in the eight representative profiles
in case a physical barricr is implemented. The level of the sea remains constant.

in chloride load. The effects of implementing a physical barrier are of minor
importance in the profile Vla, mainly because the salt water intrusion is already
limited. In two profiles in Noord-Holland, Wie and Ber, the salinisation process
of the gechydrologic systems is retarded. Immediately after the comstruction
of the physical barrier, both seepage quantity and chloride load in the selected
polder of the profile Wie drop significantly, about -20 % and -13 % respectively
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with respect to the reference case (no sea level rise). In the profile Ber, the
barrier is more permeable (5 m/d instead of 1 m/d, see section 9.3 item o.
Physical barrier, page 305), and consequently, the effects of this countermeasure
are smaller than in the profile Wie. For instance, the moment the physical bar-
rier has been installed, both seepage quantity and chloride load decrease about
6 % with respect to the reference case (no sea level rise).

When the sea level rises 0.6 m/c, the volumes of the freshwater lenses decrease.
Inflow of saline groundwater still continues, though, due to the presence of the
physical barrier, at a lower rate when compared with the scenario with only
a sea leve] rise. In gemneral, the physical barrier only retards the salinisation
process, and thus, in the long run, most of the profiles eventually experience
similar salinisation problems as in the scenario with only a sea level rise.

Conclusion

Human interventions cannot easily counteract the salinisation process in most of the
Dutch coastal geohydrologic systems, though seepage quantity and chloride load in
polder areas can be decreased substantially on a local scale, When sea level rises, the
negative impact of sea level rise seems to be rather restricted for the next century
and effective countermeasures might be feasible for the time being. However, within
some centuries, saline groundwater replaces brackish groundwater, and polder areas
in the zone of influence of sea level rise will experience brackish or saline seepage.
Eventually, the salinisation process can only be retarded by countermeasures but not
stopped, and only at the expense of great efforts.

9.9 Subsoil parameters
In this section, the effects of six subsoil parameters are briefly discussed:

p. Hydraulic conductivity!d: knew=kres - 1.5 and kpe=krop-2/3
QObviousty, the salinisation process significantly changes if the hydraulic con-
ductivity is higher (multiplied with 1.5) or lower {multiplied with 2/3). The
position of the saline groundwater tongue (that is the 15,000 mg C'!~ /H-isochlor)
is largely affected by the hydraulic conductivity. For instance, in the profile Grf,
the tongue would displace +3750 m (kpew =krp -1.5) and -3250 m (knew=kres
- 2/3) with respect to the position of the tongue at £=16,000 m in 2990 in
the reference case (no sea level rise). Upconing in the polders differs. Both
seepage quantity and chloride load in the polders change very much: eg. in
the beginning of the simulations in 1990 in the selected polders of the profiles
Ber, Haa, Lei, Del, Grf and Wad for k., =k;.; - 1.5 in the range from +25 % to
+50 %, and for kqew=ke oy - 2/3 in the range from -15 % to -33 %. The volume

19, of Tefers to the reference case, new refers to the case with the new subsoil parameter.
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of the freshwater lens would increase significantly if the hydraulic conductivity
knew=Fkres - 2/3: Ber=+19 %; Haa= only +2 %; Lei=+4 % and Wad=+15 %
1o 2090.

g. Hydraulic resistance: cyey=cres - 1.5 and enep=cres - 2/3

In this case, the hydraulic resistance of the Holocene aquitard and the loam
layer, where present, are adapted. Seepage through the Holocene aquitard is
affected by another hydraulic resistance. Moreover, the chloride Joad in the
low-lying polders changes. In the deep aquifers of the gechydrologic system,
the changes in the chloride distribution due to different hydraulic resistances
are insignificant. Furthermore, the volume of the freshwater lens does not alter
substantially.

The vertical velocity through the aquitard increases, when the hydraulic resis-
tance is multiplied with a factor 2/3. Subsequently, the seepage quantity in
the polders also increases. For instance, in the profiles Wie, Ber and Haa, the
seepage quantity would increase with +13 %, +27 % and +24 % respectively
in 1990 with respect to the reference case. The chloride load increases simulta-
neously with the seepage quantity. Moreover, the saline groundwater replaces
brackish and fresh groundwater mote rapidly than in the reference case. Up-
coning in the polders goes faster, and thus, the chloride load is influenced once
again. For instance, in the profiles Wie, Ber and Haa the chloride load would
increase with +19 %, +27 % and +6 % respectively in 2090 with respect to the
reference case.

t. Longitudinal dispersivity: @f nso=0 m and o ne0=2.0 m

The effect of different longitudinal dispersivities on the volume of the fresh-
water lens is significant in all four profiles with existing sand-dune arcas Ber,
Haa, Lei and Wad. For smaller o, the mixing of fresh, brackish and saline
groundwater is smaller, and a greater freshwater lens is simulated. For greater
o, the opposite phenomenon is accomplished. For instance, if ey =0 m respec-
tively ¢z =2.0 m are applied instead of the reference value 0.2 m, the simulated
volume of fresh groundwater (< 150 mg Ci~ /1) in 2090 would be much greater
respectively smaller: Ber=+13 % respectively -36 %; Haa=+4 % respectively
-20 % Lei=+10 % respectively -41 % and Wad=+15 % respectively -28 %.

Moreover, for a;=2.0 m, the saline groundwater tongue (the 15,000 mg Ci~ /I
isochlor) retreats in the profiles Haa, Lei, Del and Vla. This retreat of the tongue
does not occur if ar=0.2 m (or ap=0 m). On the contrary, for these two longi-
tudinal dispersivities, saline groundwater intrudes further in the geohydrologic
systems of these four profiles.

The changes in the volume percentages of fresh, brackish and saline groundwater
due to different longitudinal dispersivities are significant in the three profiles
Wie, Ber and Haa, up to some 20 % during the next millennium (see figure 9.30).
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Figure 9.30: Volume percentages of fresh, brackish and saline groundwater during the next
millennium in three profiles along the Dutch coast, calculated with three different values of
loagitudinal dispersivity: a;=0.0 m, ¢z=0.2 m and a;=2.0 m.

"In the six other profiles, the difference within the next millennium between the
reference case and the two cases are smaller than a few percents.

The (absolute) changes in chloride load are substantial for the selected polders
of the profiles Ber, Haa, Lei and Del, as a change in chloride distribution has
its influence on the chloride load mn these polders. For instance, in 2990, the
{absolute) difference between the case with a;=2.0 m and the reference case
with a;=0.2 m would be (in ton CI=/(m'yr)): Ber=+0.345; Haa=+1.382;
Lei=+0.399; and Del=+40.468. The changes in chloride load in the selected
polders due to different longitudinal dispersivities are negligible in the other
profiles.

s. Effective porosity: i, new=0.15 and n, 460, =0.45
The real velocity in the geohydrologic system changes as follows: for n.=0.15,
0.35/0.15=2.33 times the reference velocity, and for n,=0.45, 0.35/0.45=0.78
times the reference velocity. The rate of the salinisation process of the geohy-
drologic systern changes similar to the real velocity, and thus, the rate of the
salinisation process is highly determined by the effective porosity. The smaller
n., the greater the real velocity of the groundwater, and therefore, the higher
the rate of salinisation of the geohydrologic system. Thus, the rise of saline
groundwater is more severe. For instance, for the selected polders of the pro-
files Ber, Haa and Grf the chloride load would be greater in 2990 for n.=0.15:
+13%, +33 % and +23 % respectively with respect to the reference case. For
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n.=0.45, the change in chloride load in 2990 would only be a few percents with
respect to the reference case. Moreover, for smaller n,, the position of the
saline groundwater tongue (the 15,000 mg C!~ /l-isochlor) moves faster in the
direction of low-lying polders. For instance, in the profile Grf the position of
the saline tongne would be #=25,000 m and £=14,000 m in the geohydrologic
system in 2090 for n,=0.15 and n.=0.45 respectively, whereas the position of
the tongue in the reference case is 2=16,000 m. Note that, eventually, the
states of dynamic equilibrium of all three cases are equal to each other.

t. Anisotropy: k,/kz 2, =0.05 and k. /k; rew=0.26

The value of the anisotropy factor affects, among others, the rise of brackish and
saline groundwater in low-lying polders, and thus, seepage quantity and chloride
load in these areas. In the case with k,/k,=0.25, the hydraulic conductivity in
vertical direction &, is greater than in the reference case with &;/k;=0.1. As
a result, upconing in low-lying polders goes faster, and subsequently, seepage
quantity and chloride load in these polders is considerably mcreased. With
respect to the reference case, an increase of several tens of percents in both
seepage quantity and chloride load has been calculated.

For instance, the following situation occurs in the profile Haa (see figure 9.31).
As the vertical velocities are greater in the case with k,/k;=0.25 than in the
reference case, fresh (surface) water infiltrates deeper in the groundwater flow
regime. It appears that the salinisation process is to a certain extent blocked
in the reach 9000-10,000 m and the inflow of saline groundwater is retarded.
The chloride load in the selected polder (that is the Haarlemmermeer polder)
decreases after some centuries, though the seepage quantity in this case re-
mains much higher than in the two other cases k; /k;=0.05 and k,/k,=0.10.
Figure 9.31 shows that the shape of the freshwater lens also differs for these
two anisotropies. The more isotropic the medium (&, /k-=0.25), the smaller
the width of the freshwater lens is.

u. Depth of the geohydrologic base D

Although the marine clayey sediments are not simulated in the reference cases
of the eight profiles, saline (marine) groundwater in these sediments would
probably participate in the salinisation process. Therefore, in this case, the
geohydrologic base is lowered to simulate the effect of a lower geohydrologic
base on the results. In geohydrologic systems with thick aquifers, e.g. in the
profiles Wie and Ber, the effect on the results is small, because the distance
between the base and the surface is great, and saline {marine) groundwater
takes a very long time to reach the land surface. So, the seepage quantity and
the chloride load are only slightly (one or two percents) greater.

Taking into account the marine clayey sediments in geohydrologic systems which
are not so thick, e.g. < 150 m, the effect of the marine clayey sediments on the
salinisation process can be considerable, If the vertical velocities of groundwa-
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Figure 9.31: Chloride distribution {in mg Ci~ /i) in the geohydrologic system of the profile
Haa, calculated with three different values of anisotropy: k. /k.=0.10 {(in 1990 and 2990),
! k:/k,=005 (in 2990) and k. /k,=0.25 (in 2990).

ter in the marine clayey sediments are not too small, saline groundwater conld
be transported towards the upper part of the gechydrologic system. This pro-
¢ess occurs in the profiles Haa and Lei, where the rise of brackish and saline
groundwater in the direction of the low-lying polders is more severe than in the
reference case. For instance, the chloride load in the selected polders of the pro-
files Haa and Lei would be greater in 2990, some +14 % and +19% respectively.
In the profile Del, saline groundwater from the marine clayey sediments would
be extracted by the well lines. In the profiles Grf and Wad, the marine clayey
sediments do not affect the salinisation process of the geohydrologic systems.

In conclusion, it is recommendable to investigate whether or not the marine
clayey sediments should be included in the schematisation of coastal geohy-
drologic systems over long simulation times of .g. one millennium. Especially
the geohydrologic systems in the provinces of Zuid-Holland and Zeeland might
probably be sensitive to the choice of the position of the geohydrologic base.
Note that the chosen hydraulic conductivity of the marine clayey sediments of
5 m/d is open for digcussion.
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010 Conclusions and recommendations

Conclusions

Even without a sea level rise, most of the eight profiles along the Dutch coast have
not yet reached a state of dynamic equilibrium as far as the salinity distribution in
the subsoil is concerned, because the current hydrological situation in the low-lying
polders induces a severe salinisation process in the gechydrologic systems.

The shorter the distance of the propagation of sea level rise in the groundwater
flow regime, the smaller the impact of sea level rise on the salinisation process. In
the profiles Haa, Let, Del, Grf and Vla, the so-called zone of influence of sea level rise
is limited. In the profiles Wie, Ber and Wad, the zone of influence of sea level rise is
extended, because, among others, the sea level rises at both sides.

When the sea level rises 0.6 m during the nexi century, the volume of the fresh-
water lenses in the four profiles with existing sand-dune areas decreases negligibly.
However, after a few centuries, the decrease in volume may reach several tens of
percents.

The impact of sea level rise in a polder can be significant in terms of seepage
quantity, mean chloride concentration and chloride load in the following situations:
the polder is situated directly inland of the coast; the phreatic groundwater level in
the polder is low, namely several metres below N.A.P.; and/or the zone of influence
of sea level tise in the geohydrologic system is long as a result of high transmissivities
of aquifers.

When the sea level rises 0.6 m during the next century, both seepage quantity and
chloride load change substantially in the selected polders of all profiles, except in the
selected polders of the profiles Haa and Del, as these polders are located practically
beyond the zone of influence of sea level rise. In the profiles with no sand-dune areas,
the seepage quantity and chloride load increase seriously in those low-lying polder
areas which are situated directly inland of the coast.

When no sea level rise occurs, effective human interventions may counteract the
salinisation of the geohydrologic systems in all profiles, such as (a) reclaiming land off
the coast, thus evolving new freshwater lenses; (b) extracting {saline} groundwater,
thus decreasing the seepage quantity and chloride load in the polders; (¢} inundat~
ing low-lying polders, thus removing the driving force of the salinisation process; (d)
widening existing sand-dune areas, thus generating thicker freshwater lenses; and (e)
creating physical barriers, thus blocking the free entrance of saline groundwater and
retarding the salinisation process. Maintaining the water level of the IJsselmeer to
reduce the salinisation process in the profiles Wie and Ber is not really an effective
countermeasure. Moreover, the countermeasure deep-well infiltration of surface wa-
ter increases the seepage quantity in polders, and thus, increases the chloride load,
without really blocking the salinisation process towards the low-lying hinterland. Al-
though the time lag before the countermeasures are effective is in the order of several
decades to centuries, the measures may be technically feasible in the long-term. Note
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that some of these countermeasures should only be considered as interesting hypothet-
ical cases to gain a better insight into the range of conceivable human interventions.

When the sea level rises 0.6 m/c, however, even the effective countermeasures
cannot easily stop the salinisation of the subsoil, though it can be retarded. Therefore,
it is likely to believe that human interventions can only counteract the impact of sea
level rise on the groundwater flow regimes in the long-term at the expense of major
investments. Whether or not these investments are considered feasible depends on
the prevailing economic, environmental and political ¢ircumstances at the moment
when a (political) decision is taken.

The limited sensitivity analysis of the influence of subsoil parameters has demon-
strated that some parameters affect the results of the salinisation process in the
geohydrologic system to a large extent. In general, higher hydraulic conductivities,
smaller porosities, lower hydraulic resistances and including marine clayey sediments
accelerate the salinisation process.

Recommendations

In this chapter, the Dutch groundwater flow regimes have only been schematised
and modelled in (two-dimensional) profiles. However, due to high groundwater ex-
traction rates and due to the diversity and complexity of the Dutch polder land-
scape, groundwater flow is in fact three-dimensional, such as in the islands of the
province of Zeeland. Therefore, three-dimensional modelling should be executed to
cope with three-dimensional groundwater flow. Note that, for the time being, three-
dimensional modelling is rather sophisticated, and that the enormous quantities of
(reliable) groundwater data required in these models are not yet available.

It is recommended to derive, for a good decision, the optimum, and yet realistic,
position of well lines and rates of extraction or infiltration. Note that it may even be
necessary to adapt the positions and rates of extraction or infiltration of well lines in
the course of the realisation of the countermeasure.

It is recommended to investigate whether or not the marine clayey sediments
should be included in the schematisations of the coastal geohydrologic systems, be-
cause saline groundwater of these sediments might probably affect the salinisation
of the upper part of the coastal geohydrologic systems of especially the provinces

- of Zuid-Holland and Zeeland during a long simulation times of, for instance, one
millenniurm.



Chapter 10

Impact on three water management
sectors

10.1 Introduction

As the ongoing sea level rise is expected to continue during the next centuryl, it is
relevant to know how water management sectors in the Netherlands will develop in
the foreseeable future.

In this chapter, the direct perceptible impact of sea level rise is discussed on only
three water management sectors®:

1. domestic and industrial water supply from coastal sand-dune areas
The volumes of the freshwater lenses in the sand-dune areas are likely to de-
crease when sea level rises. Drinking water companies, which extract ground-
water from these freshwater lenses for domestic and industrial purposes, should
anticipate on possible changes in the storage of fresh groundwater in the {mmd-
dle) long-term.

2. flushing of water courses of low-lying areas
Sea level Tise as well as previous human activities cause an increase in both
seepage quantity and chloride load in the polders near the coast. The increased
saline seepage in the polders is discharged by pumping the excess water into
the surface water systems (boezems). In order to avoid deterioration of the

1'The impact of sea level rise is discussed over a time span of one century because of three rea-
sons: (1) over this time span, the impact of sea level rise, if any, can clearly be detected in all Dutch
coastal groundwater flow regimes; (2) over this time span, other (complex} processes invelved can
be left out of consideration, though they may considerably affect the conditions of the groundwater
flow regimes over a Tauch longer time span; and (3} this time span corresponds with the life span of
countermeasures to reduce the negative impact of sea level rise, comprising the following phases: ini-
tiative phase (exploration, planning, designing), development phase (realisation), operational phase
and dismantling phase.

2The water management sectors are described in the PAWN-study [Pulles, 1985), which stands
for Palicy Analysis far the YWatermanagement of the Netherlands. In this study, nimerous models have
been used to investigate intensively the following water management 3ectors in the Netherlands:
agriculture, horticulture, domestic water supply, industry, power generation, navigation, recreation,
environment, ecology and nature preservation.
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surface water quality, the water courses have to be flushed more frequently
andfor more intensively to diminish the solute comcentrations of the polder
areas and the surface water systems. When flushing is restricted, salt damage
may increase.

3. agriculture in terms of salt damage
As the seepage in polders will contain more salt due to sea level rise and previous
human activities, the salinity of the subsoil increases. When, subsequently, the
salinity of the root zone also increases (depending on several conditions, such
as the distances between drainage ditches and the thickness of the freshwater
layer which builds up in the winter season), agriculture may suffer from salt
damage, which could have economic implications.

In chapter 9, the impact of sea level rise has been assessed on sand-dune areas and
on polders in {vertical) two-dimensional profiles only. In this chapter, however, the
results of these simulations are interpreted spatially in order to assess the impact on
entire regions along the Dutch coast®. This is accomplished by multiplying the results
of chapter 9 with a width L;, which is measured perpendicular to the considered
profile. The geohydrologic conditions are supposed to be constant over the width
Ly (see figure 9.2 for the width L, of each profile). This implies that the seepage
quantity and the chloride load in the (selected) polders, that have been given per
metre width in chapter 9, are converted to m3/yr and kg Cl1~ /yr respectively in this
chapter.

The seepage quantities and chloride loads, mentioned in this chapter, should not
be interpreted in terms of ebsolute values. The main reason for this is that the up-
scaling from two-dimensional (vertical) figures to three-dimensional figures is rather
elementary. This implies that many calculated figures cannot be matched with the
observed figures. Nonetheless, the changes in seepage quantity and chloride load in
the polders due to sea level rise and previous human activities can still give indicative
estimates.

The results of the present study could be implemented as input data in vartous
models, such as: {1) the models of the PAWN-study [Pulles, 1985]; (2) the integrated
models ISOS [Peerbolte ef al., 1991}, IMAGE and ESCAPE (see subsection 2.5.2);
and {3) the model SWAP*.

The impact of sea level rise on the three water management sectors is reviewed
in the following sections. For each of these water management sectors, indicative
conclusions are drawn.

*Note that the islands of the province of Beeland are not modelled.

fPostma £ ol [1994] assessed the impacts of sea level rise and climate change on crop production
and water use in Yoorne-Putten by means of the saturated/unsaturated groundwater flow and the
crop growth model SWAP.
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10.2 Domestic and industrial water supply from coastal sand-
~ dune areas

introduction

The total volume of water, delivered by the water supply companies, was about 1250-
10% m® in 1993, about one third of which was extracted from surface water resources
(including water from infltration areas) and about two thirds from groundwater
resources [Netherlands Central Bureau of Statistics, CBS]. The prognosis for 2020 is
that the total annual volume of water, delivered by the water supply companies, will
increase with some +30 to +55 % [Wieringa and Laan, 1989].

The contribution of groundwater, that originates from the decp parts of the fresh-
water lenses in the coastal sand-dune areas, to the national water supply is at present
of minor importance, For instance, in 1989, the groundwater extractions for drinking
water supply from the coastal sand-dune areas in the western part of the Netherlands
amounted to some 206 - 10° m®, of which the volume of artificial recharge was about
16& - 10¢ m® [Stuyfzand, 1993) and the volume of extracted groundwater, which orig-
inates from the deep parts of the freshwater lenses in the coastal sand-dune areas,
was about 38 - 10° m?® (compare 1976: 54 - 10° m® and 1993: 29 - 10° m®) [CBS].

The objective of this section is to evaluate the future development of the fresh
groundwater resources stored in the coastal sand-dune areas. For this purpose, only
three profiles with sand-dune areas are considered: Ber, Haa and Lei. This selection
implies that the fresh water resources in the Wadden Islands and in the islands of
Zeecland are not consideted in this evaluation. The main reason for not evaluating
the profile Wad is that the results of the simulations in the vertical plane cannot
simply be extended spatially by multiplying the results with 2 width L, as the
gechydrologic conditions of the islands vary too much®. The main reason for rot
evaluating the freshwater lenses on the islands of Zeeland is that the islands cannot
really be schematised in two dimensions (see section 9.2).

Impact of sea level rise

Figure 10.1 shows the change in volume of fresh groundwater (in 10° m®) due to
sea level rise as a function of time. The calculated storage of fresh groundwater in
1990 for the three profiles is as follows: Ber=2.7 - 10° m?, Haa=3.4 - 10° m? and
Lei=0.8 - 10° m®. These appear to be conservative calculations. The reasons for
the discrepancy between calculated and observed figures are numerous and diverse,
though the main causes of discrepancy are the schematisation and modelling of the
gechydrologic system in a (two-dimensional) profile. For instance, in some places,

5For instance, the width of the sand-dune areas of the islands under consideration {Texel,
Vlieland, Terschelling, Ameland and Schiermonnikoog) differ significantly from cach other. Vlieland
has only a small polder named Kroon's polders at the tip of the island, whereas the profile Wad
simulates a polder with a width of 3000 .
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Figure 10.1: Volume of fresh groundwater (< 150 mg CI™/I) in the profiles Ber, Haa and
Lei in 107 m® as a function of time for the three scenarios of sea level rise. The volume in
m®/m' of figure 9.17 is multiplied with the width Z, of each profile: for Ber L1=30 km,
for Haa L) =25 km, and for Lei L =15 km.

the width of the sand-dune area in the profile Ber is actually 5000 m instead of the
similated 3500 m. Therefore, a smaller volume of the freshwater body than observed
in the profile Ber is calculated.

The figure shows that during the next century the impact of sea level rise on the
fresh groundwater resources along the Dutch coast appears to be of minor importance.
The volume of fresh groundwater will decrease only by a few percents at the utmost.
In the profile Haa, the volume will even increase significantly with respect to the
situation in 1990 till about the beginning of the 23!* century, as extraction rates in
the deep geohydrologic system have been reduced since the mid 1960%.

However, after a few centuries, the volumes of fresh groundwater will decrease
substantially when the sea level rises 0.6 m/c. Severe upconing of saline groundwater
1s likely to oceur at extraction points, even at low extraction rates. Obviously, the
magnitude of the impact depends on local circumstances. For instance, in narrow
sand-dune areas, where a severe shoreline retreat occurs due to sea level rise and where
no sand-suppletion is applied, the volumes of the freshwater lenses could decrease
rapidly. When, in addition, the phreatic groundwater level in the sand-dune area
cannot adapt to sea level rise, groundwater extractions may eventually have to be
stopped or at least to be diminished in order to prevent severe upconing of saline
groundwater.
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10.3 Flushing of water courses of low-lying areas

Introduction

Surface water systems, e.g. water courses m polders, boezems and lakes, have to be
flushed in order to maintain an acceptable water quality. For instance, the volume
of water, required for flushing to lower the salinity in the surface water systems
and for water level control in the midwestern part of the Netherlands (between the
open Rotterdam Seaway (Nieuwe Waterweg) and the navigation canal to Amsterdam
(Noordzeekanaal): Rijnland, Delfland, Schicland and Amstelland) amounts to about
450 - 10° m?/yr under normal (average) conditions, whereas during (extremely) dry
summers the total volume of water required in this part of the Netherlands is a
multiple of this amount® [ICW, 1976; Wesseling, 1980; Abrahamse e al., 1982; Pulles,
1985).

The salinity in a surface water system originates from internal and external
sources. Internal sources are seepage’, precipitation and water discharged after do-
mestic and industrial use. Exiernal sources are salt penetration by the lockage of
ships to or from saline or brackish water and water intake from rivers and canals for
water level control and for flushing.

In the future, the two main causes of the increases in seepage quantity and chloride
load in the (low-lying) polders near the Dutch coast are the rise in sea level and the
non-equilibrium state of the present salinisation process of the subsoil due to previous
human activities (namely reclamation of lakes or parts of the sea). As a result of the
salinisation of the subsoil, the salinity of the surface water systems increases, which
has to be reduced through extra flushing®.

Unfortunately, the exact estimates of the required {increases of) flushing quanti-
ties cannot be determined within the scope of this thesis, for several reasons. Firstly,
seasonal effects of the incoming and outgoing surface water quantities make that a
chloride concentration averaged over a year cannot be calculated. Secondly, the con-
tribution of seepage and chloride load relative to other sources in the water and salt
balance cannot easily be determined. Obviously, when the contribution of chloride
load by seepage to the terms of the salt balance is of minor importance, an increase

SDuring the extremely dry summer of 1976 (a 2%-year), the water demand for Bushing and for
water level control exceeded the water supply. Especially in the waterboard of Delfland, the flushing
discharges were too low. The total flushing demand of the boezems in the low-lying polders of the
Netherlands was estimated at about 600 - 10° m? over the period April-August 1976, which equals
some 45 m? /s [van Boheemen and de Wilde, 1979]. For quantitative waler management, ¢.g. for
water level control, about twice the water demand for flushing was required in that area. In addition,
a much greater volume of water was required to counteract salt water intrusion ai outlets in the
low-lying part of the Netherlands, namely some 715 m*fs.

7For mstance, the chloride load of the seepage in the midwestern part of the Netherlands is
estimated at some 150,000 ton C1— fyr [ICW, 1976; Wesseling, 1980).

81f the salt load of the Rijn decreases in the future due to agreements between the Rijn riparian
states, this may probably reduce the volumes of water required for flushing the surface water systems
in the low-lying parts of the Netherlands, as then, water which originates from the Bijn has a lower
salinity.
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of the chloride Joad by seepage due to sea level rise and (previous) human activities
is generally also of minor importance.

Nonetheless, it is possible to assess flushing quantities with the tools applied in
the PAWN-study. The ’old’ exercises with the PAWN-models® can be executed once
again, though now with a higher seepage quantity and a higher chloride load in the
low-lying polders near the coast.

In this section, the datal® on the increases in seepage quantity and chioride load
are provided, as necessary in the PAWN-models. It is demonstrated that the increases
in seepage quantity but above all the increases in chloride load can be substantial in
numerous (low-lying} polders in the future.

In the reflections of this section, only the chloride ion is considered, which rep-
resents the solute concentration, Various other pollutants, such as phosphorus and
nitrogen, influence the surface water quality as well, Within the scope of this thesis,
these pollutants are not considered. Nonetheless, they can be very important for
the overall water quality in surface water systems, which appears from the intensive
investigations, now going on for preparation of the Fourth Policy Document for the
Water Management of the Netherlands.

Impact of sea level rise on the seepage quantity in the polders near the Dutch coast

Figure 10.2 shows the seepage quantity at -15 m N A.P. in the polders of the eight
profiles. The quantities in m3/(m’'yr) of chapter 9 have been multiplied with the
width L, perpendicular to the profile.

For reasons of completeness, the changes in both seepage quantity and chloride
load are also calculated in the profile Wad. However, in the analysis of determining
the required flushing quantities, display of the seepage quantity of the narrow polder
in the profile Wad is disputable for two reasons. Firstly, in reality, flushing is not
possible in the narrow polders of the Wadden Islands. Secondly, the simulated width
of the polder in the profile Wad, which is equal to 3000 m, is not consistent with the
widths of the Wadden Islands Vlieland, Terschelling, Ameland or Schiermonnikoog,
and hence, it does not give a really representative picture of the actual situation.

The calculaied seepage quantities may differ from the observed figures derived
from e.g. water and salt balance studies. Nonetheless, based on the studies of the
Institute for Land and Water Management Research (ICW) in Wageningen, the values
are generally reasonable.

9The two relevant PAWN-models are: (1) the Water Distribution Model {DM)}) which describes the
water management system of the Netherlands, and (2) the District Hydrologic and Agriculture Model
{DISTAG} which caiculates the flushing demand for each district. In case a water shortage occurs
during dry summiers, a minimum desired discharge is determined with the DISTAG model. When
not ¢nough surface water with sufficiently low salinity is available for flushing and for water level
conirol, drought and salt damage may occur.,

1°The results of the simulations in chapter 9 are extrapolated spatially by multiplying them with
a width L.
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Figure 10.2: Seepage quantity in 10° m?/yr (and in mm/d in brackets) at -15 m N.A.P.
(and at -7.5 m N.A.P. in the profile Vla) in the polders of the cight profiles for three
situations: (1) in 1990, {2} in 2090, relative to 1990 and without a sca level rise; and {3} in
2090, telative to 1990 and with a sea level rise of 0.6 m.
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In the future, two processes occur simultanecusly in the subsoil: (a) the non-
equilibrivmn state of the present salinisation process of the subsoil due to previous
human activities and (b) the rise in sea level:

ad a. Situation (2) of figure 10.2 shows that when no sea level rise occurs, the seepage
quantity decreases some percents in nearly all polders in 2090 relative to 1990,
This implies that the more saline the subsoil of the polders becomes due to the
non-equilibrium state of the present salinisation process, the more the seepage
quantity through the Holocene aquitard decreases.

ad b. Situation (3) of figure 10.2 shows that when the sea level rises 0.6 m during
the next century, almost all polders near the coast can expect a great increase
in seepage quantity in 2090 with respect to the present seepage quantity in
1990. For instance, polders neat the sea are exceptiomally vulnerable in the
following provinees: Noord-Holland (Wie=+16%, Ber=128%), Zuid-Holland
(Haa=+27%, Del=+61%) and Zeeland (Vla=+38%). In the polders of the
provineces of Groningen and Friesland, the increase in seepage quantity appears
to be of minor importance. Note that some polders show a decrease in seepage
quantity in 2090 with respect to the present seepage quantity in 1990 as a result
of local gechydrologic circumstances.

Table 10.1 shows the total seepage quantity at -15 m N.A.P. m ali eight profiles. The
salinisation in the subsoil canses a decrease in seepage quantity of some percents in
most of the profiles and some tens of percents in the profiles Grf and Wad, When the
sea level rises 0.6 m in 2090, the increase in seepage quantity in the coastal regions of
the Netherlands is about +4 % with respect to the situation in 1990, In absolute
figures, the increase in seepage quantity is substantial in the profiles Wie {+8.6 -
10% m3/yr) and Ber (4-10.5 - 10° m¥/yr), whereas in relative figures, the increase in
seepage quantity is significant for the profiles Ber (+14%) and Via (+13%).

Impact of sea level rise on the chloride load in the polders neay the Dutch coast

Figure 10.3 shows the chloride load in the polders of the eight profiles. The quantities
in ton Cl~ /(m’yr) of chapter 9 have been multiplied with the width I, perpendicular
to the profile,

Local geohydrologic circumstances determine the actual chloride load in each
polder. For instance, in the profile Haa, the relatively thick freshwater lens causes
only fresh groundwater to coze into the adjacent (lower lying) polder in the reach
5,000-10,000 m, and hence, the chloride load there in 1990 is low. When the sea level
rises 0.6 m during the next century, the increase in chloride load will be very sericus
due to a combination of sea level rise and previous human activities. In some polders
near the coast, the chloride load doubles, triples or even quadruples, whereas in other
polders, the increase in chloride load will be limited. Though the chloride load in

11 The increase in seepage quantity in percentage obviously depends on the area being considered,
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Figure 10.3: Chloride load in 10° fen CI~/yr (and in kg CI™/ha/yr in brackets) at -15
m N.A.P. (and at -7.5 m N.A.P. in the profile VIa) ir the polders of the eight profiles for
three situations: (1) in 1999; (2) in 2090, relative to 1990 and without a sea level rise; and
(3) in 2090, relative to 1990 and with a sea level rise of 0.6 m.
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Table 10.1: Total scepage quantity in the eight profiles for three situations: (1) in 1990;
(2) in 2090, relative to 1998 and without a sea level rise; and (3) in 2090, relative to 1990

and with a sea fevel rise of 0.6 m.

Total seepage quantity in the profiles at -15 m N.A.P.

Profile Width Seepage increase of increase of
Ly quantity seepage quantity seepage quaniity
in 1990 in 2090 in 2090
Sea level rise SLIR=0m SLR=0.6 m
| km T 105 m® fyr [ 10° m%/yr | % [10°m’fyr [ %

1. Wi 25 172.2 -120| 7 +8.6 | +5
2. Ber 30 77.8 -3.1 -4 +10.5 | +14
3. Haa 25 119.6 -38 -3 -1.9 -2
4. Lei 15 15.0 -0.6 -4 +0.3 +2
5. Del 15 143 -1.1 -7 +0.6 +4
6 Vh* 50 12.6 -9 -7 +1.6 | +13
7. GOrf 105 140.5 -31.6 | -22 +1.0 +1
8. Wad 50 3.4 -10.1 | -33 +1.5 +5
Total [ 315 ] 582.4 || -63.2 111 +22.2 ] 44

* = geepage quantily at -7.5 m N.A P.

the Wieringermeer polder in the reach 15,000-29,500 m in the profile Wie increases
several tens of percents, the absolute increase in ton €l /yr is enormous. Because
of this prediction, it would be recommended in the future to discharge the seepage
of this polder directly to the Waddenzee instead of to the IJsselmeer, to reduce the
chloride load in this freshwater lake.

Table 10.2 shows the total chloride load at -15 m N.A.P. in all eight profiles. By
comparing this table with table 10.1, it is clear that the changes in chloride load
are much greater than the changes in seepage quantity. As an indicative estimate:
the overall chioride load in 2090 in the low-lying coastal regions of the Netheriands
increases +103 %, three fifths of which is caused by a sea level rise of 0.6 m and two
fifths by the non-equilibrium state of the present salinisation process due to previous
human activities. When no gea level rise oceurs, the increase in chloride load is at
least several tens of percents in 2090 with respect to 1990 (except in the profile Grf}.
This implies that, though the seepage quantity decreases, the subsoil becomes much
more saline. When the sea level rises 0.6 m during the next century (as is generally
accepted), the increase in chloride load is drastic in all profiles. In absolute figures,
the increase of chloride load is very great in the northern part of the Netherlands in
the profiles Wie, Grf and Wad. Note again that the estimate of the profile Wad is
disputable, In relative figures, the chloride load increases the most in the profiles Del
and Wad: with some +324 % and +395 % respectively in 2090 relative to 1990,

The figures mentioned above should clearly indicate that in polders where the
seepage 18 the main contributor to chloride balances, the increase in this continuous
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Table 10.2: Total chloride load in the eight profiles for three sitnations: (1) in 1999; (2}
in 2090, relative to 1990 and without a sea level rise; and (3} in 2090, relative to 1990 and
with a sea level rise of 0.6 m.

Total chloride load in the profiles at -15 m N.A.P.

Profile Width Chlioride Increase of Increase of

Ly load chloride load chloride load

in 1990 in 2090 in 2090
Sea level rise SLR=0 m SLR=06m
I km [ 107 tor CU/Jyr || W0 ton G [yr [ % 10° ton Cli fyr | %

1. Wie 28 568.6 +277.8 +49 +407.2 +72
2. Ber 30 188.5 +81.0 +50 +154.6 486
3. Haa 25 112.7 +42.7 +38 +45.6 +40
4, Lei 15 8.7 + 1.6 +24 +2.2 +33
5. Del 15 9.8 +14.5 | +149 +31.5 | +324
6, Va* 50 44.6 + 16.5 +37 +56.9 | +127
7. Gif 105 252.1 -0.6 -0 +382.4 | +152
8. Wad 50 45.5 +40.1 +388 +179.5 | +395
Total [ 3135 | 1220.5 | +483.6 | +40 || +1259.9 | +103

* = chloride load at -7.5 m N.A.P.

source impels great adaptations in the present water distribution systems: that is the
required flushing quantities should be increased substantially.

10.4 Agriculture in terms of salt damage

Introduction

Crop production depends, among others, on salinities in the (umsaturated) root
zone'?. When the salinity of the water in the root zone available to crops exceeds
a certain critical value, the capacity of the plant to take up soil moisture decreases
and the normal growth process is retarded. In addition, the resistance against frost
diminishes. In conclusion, crop yields are reduced and the so-called salt damage
OCCurs.

In general, salinisation of the (sub)scil and the root zone does not occur easily
under the climatic conditions in the Netherlands!®. Though salt accumulation is
taking place in the soil in summer, the excess of precipitation in winter flushes the salt
into the watercourses of the polder and subsequently into the boezems. However, in

Y2The rook zone is defined as a relatively shallow top layer of soil (30 to 80 cm) depending on the
type of the soil and the kind of vegetation.

127§ any, salt damage to crops arises in the western (low-lying) parts of the Netherlands {Holland
and Zeeland) and to a certain extent in the IJsselmeerpolders, as well as in the northern part of
Groningen and Friesland.
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those polders where seepage quantities and chloride loads are very high, the moisture
in the root zone may contain high salintties in surmmer, which may cause salt damage

to low salt-resistant crops.

The salinity in the root zone may originate from several sources. One important
source is the salinity of surface water, which highly determines the salinity in the root
gone via sprinkler irrigation'?. Numerous sources contribute to the quality of sur-
face water, such as gaswells, domestic and industrial waste water, fertilisers, de-icing
chemicals on roads, pollution by recreation, seepage through dikes and precipitation
(to a small amount). In addition, natural processes, such as accumulation of salt by
evaporation, raise the salinity in the root zone even more. In regions near the coast,
seepage with high salinities also contributes to higher salinities in the surface water
as well as in the root gone (by means of capillary rise of groundwater from the sat-
urated subsoil). Groundwater sprinkling in the low-lying regions of the Netherlands
is limited by regulations, whereas surface water sprinkling during dry summers may
be substantial in the low-Iying polders. During dry summers, the water demand for
flushing and for water level control exceed the water supply, which may cause salt
damage. This occurred, for instance, during the extremely dry summer of 1976,

In the PAWN-study [Pulles, 1985}, the salt damage was estimated at some 260
million guilders in an average year, whereas in an extremely dry year (a 2%-year) the
salt damage would amount to some 530 million guilders. Nowadays, however, the
figures are somewhat different: the PAWN-analysis underestimated the salt damage.
For instance, the salt damage to agriculture in the year 1985 has been estimated later
on nationally at some 586, 698, 716 and 949 million gutl{ders for a 50%-average, a 10%-
dry'®, a 5%-very dry and a 2%-extremely dry year respectively [Arncld, 1990]. The
greater part of these calculations are based on the midwestern part of the Netherlands
and Utrecht. Note that in these calculations the salt damage of crops under glass has
been included, whereas in reality, alternatives for surface water sprinkling are applied
when the chloride concentration exceeds 200 mg Ci~ /I,

Since in Dutch agriculture most salt damage is caused by chloride, only this
specific ion is considered.

In this section, the method to assess salt damage, as applied in the PAWN-study,
is discussed briefly first. The relation between the chlotide concentration in the root
zone, salt damage and crop values is explained. Secondly, the increase in chloride
concentration in the Holocene aquitard of the coastal groundwater flow regions due
to sea level rise and previous human activities is presented. As such, these results
can be applied as boundary conditions in the PAWN-models.

14Note that sprinkling reduces the drought damage, whereas it may increase the sals damage,
15By comparison, the drought damage to agriculture in a 10%-dry year is estimated at some 1458
million guilders on a national level [Arnold, 1990).
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Figure 10.4: Schematisation of the salt flows in a district of the PAWN-study [modified
from Abrabamse et al, 1982]. In this thesis, the impacts of sea level rise and previous
human activities are assessed for the deep graundwater and for the seepage to the subsoil.
Note that the capillary rise from subsoil to root zone is not modelled in the Plot Salt Model.

Method applied in the PAWN-study

Three models are applied in the analysis of the PAWN-study to determine the salt
damage [Abrahamse ef al,, 1982]: (1) the so-called Plot Water Model, which simulates
the water flows on plot level; (2) the Plot Salt Model, which calculates the salt flows
on plot level [Baarse and van Beek, 1982]; and (3) the so-called Plot Damage/Cost
Model, which calculates crop damages due to drought and/or excess chloride in the
oot zone.

Tt appears that the chloride concentration in the root zone depends highly on the
chloride concentration of the surface water (boezem water) through surface water
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sprinkling (see figure 10.4). Though, in theory, salt can flow from the subsoail to the
root zone by capillary rise!®, this process is not modelled in the Plot Salt Model. The
assumption is $hat a substantial freshwater layer is built up during the winter season,
and that the salt in the subsoil hardly reaches the root zone.

As already mentioned, salt damage to crop occurs when the chloride concentra-
tion of the soil moisture in the root zone, Cr;, exceeds a certain value, Cygpy. From
that point onwards, a linear relationship can be assumed between the chloride con-
centration and the loss in crop yield. The following expression is defined:

0 when Crr < Cdam
Lcrop = E‘(Cﬂ - Cdam) when Ciam L Gt <Cmas (101)
1 when Ci; = Cmam

where
® Lepop = fraction of loss in crop yield due to salt damage per decade (71},

o C,¢ = chloride concentration of the soil moisture in the root zone in mg Ci~ /!
(M L7%),

o £ = salt damage coefficient per mg CI~ /I per decade (L* M~ T-1),
. mar — Cdam + 1/& iIl mag Cf-/f (M L_3).

Salt damage to crop is determined over the entire productive period, because seepage
is supposed to be almost constant during the season. For this purpose, the loss in
crop yield ¥ in % is defined:

¥ = Lepgp * Tyrowth  100%, where Lepgp =€ 100 mg CI= /1 (T71) (10.2)
whete

e ¥ = percentage of loss in crop yield during the entire productive period due to
salt damage per 100 mg CI~ /! exceedance of the critical value Cypim (=),

® Tyrowtn = productive period of the crop in decades (T).

Table 10.3 shows the characteristics of some types of crops which have been applied in
the PAWN-study. The salt damage for every crop on each plot is estimated by means
of the loss in crop yield and the potential crop value!?. The cumulative damage is
carried out from one timestep of a decade to the next, taking into account that also
drought damage may ocenr. A so-called survival fraction is defined, which is set to
the fraction of the total crop that still survives at the end of each timestep.

181 the PAWN-study, the subsoil and the root zone are combined through a stationary relation
between the soil moisture content in the bottom of the root zone, the capillary rise and the phreatic

groundwater level.
17The potential crop value is the money value per hectare of crop, that is cbtained from market

observations of actual price data int the years 1975 and 1976 [Abrahamse et g/, 1982].
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Table 10.3: Characteristics of some types of crops in relation with sali damage [after:
Abrahamse et af., 1982]. Most of the potential crap values depend on the drought in a given
year. '

Characteristics of some types of crops
Crop type Prod. Cl™-conc. Salt damage Total loss Potential
period | root zone coefficient £ crop yield crop value
Tyrowtn Caam (per decade) B [PAWN, 1985]
o decade [ mg CI=/1 | 1/(mg {7/} % 1000 fi/he
1. Grass 18 1000 12-10~° 2.2 3-5
2. Consumption potatoes 13 700 25-10— 3.3 10-16
3. Milling potatoes 13 700 25.10°° 3.3 3.858
4. Seed potatoes 10 700 33-10~% 3.3 13.5-20.3
5. Sugar beets 18 700 24-10™° 1.3 5.2%
6. Cereals (and others) 13 1000 17-10-° 2.2 al*
7. Cut comn 15 1000 9-10—° 1.4 3680
8. Bulbs 14 200 25-107° 3.5 27.4-30.1
9. Vegetables open air 21 500 17-10—° 3.6 15.6-20.3
10. Pit and stone fruits 18 500 6-10-° 1.1 10.4%
11. Ornamental trees 18 250 17.107° 3.5 42.8%
12. Vegetables under glass 36 200 17-10—° 6.1 32.0-278.4
13. Flowers under glass 36 200 17-10~% 6.1 485.0-412.2
* = due to several Teasons, the potentiai crop values of these crops were kept constant ior
each type of year [Abrahamse et al., 1982},

It should be noted that the PAWN method is not developed to accurately predict
absolute agricultural damages. Instead, the instrument is developed to compare rel-
etive damages caused by changes in the quantity (drought damage} and/or quality
(salt damage) of available water as a result of different initial situations [Abrahamse
et al., 1982].

The caleulations of the PAWN-study have resulted in the following reflections: in
general, open air craps do not suffer from salt damage because of two reasons: (1)
most of the open air crops are not very sensitive to salt, and (2} salt brought into
the root zone by sprinkling (which is the main source of salt'®) is diluted and flushed
out by rain. By contrast, glasshouse crops do suffer from salt damage!® [Abrahamse
et al., 1982

Impact of sea level rise

The simulations with the PAWN-models to estimate the values of salt damage are
too time-consuming in the context of this study. Therefore, in this thesis, only the
mcrease in mean chloride concentration of seepage through the Holocene aquitard

18Note again that salt from the seepage via the subsoil to the root zone by capillary rise was not
modelled in the PAWN-gtudy.

18The Plot Damage/Cost Modet has predicted that in a extremely dry year (kike 1978), about 15
% to 20 % of the greenhouse crops will be damaged by salt,
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in the coastal groundwater flow regimes in the Netherlands are supplied. These
indicative figures are based on the calculations of deep groundwater fow regimes
in the eight profiles of chapter 9. The increase in mean chloride concentration of
seepage is caused by sea level rise as well as by previous human activities. The present
galinisation of the deep groundwater flow regime is not yet in a non-equilibrium state.

Figure 10.5 shows the mean chloride concentrations in the top layer of the polders
of the eight profiles for three situations. As can be seen, several polders already
contain brackish groundwater in the top layer. In the profiles Wie, Ber and Via
for instance, the polders contain mean chloride concentrations higher than 2000 mg
Ci~ /i, The main feature of these polders is that they are located very near the coast
(only in:the profile Wie, the part of the polder in the reach 22,500-30,000 m is located
near the [Jsselmeer). In the profiles Haa and Lei, fresh groundwater originating from
the sand-dune area reduces the salinity in the adjacent inland polders.

From the figures without a sea level rise in 2090 relative to 1990 (situakion (2)), it
can be deduced that the salinisation of the Dutch subsoil s still a dynamie process.
Nonetheless, the increase in mean chloride concentration is limited in a number of
polders. For example, the changes in mean chloride concentration are small for (see
figure 10.5): three polders of Wie; two polders in Haa; the entire profile Lei; and the
inland part of the profiles Del and Grf. In the profile Ber, the polder adjacent to the
sand-dune area seems even to becoine more fresh due to seepage of fresh groundwater
that originates from the sand-dune area.

When the sea level rises (1.6 m/c, the situation in terms of mean chloride concen-
tration in the top layer will deteriorate in 2090 relative to 1990 in almost all polders
which are located within the zone of influence of sea level rise (situation (3)). For
instance, the mean chloride concentration in the top layer in coasizl polders of the
profiles Del, Vla, Grf and in the narrow polder in the profile Wad increases with several
hundreds of mg €1~ /I due to sea level rise.

As such, in the near future, extractions of fresh groundwater for sprinkling pur-
poses in the low-lying parts of the Netherlands may have to cope with a serious
salinisation of the subsoil. Subsequently, new locations for extraction of groundwater
or the use of (fresh) surface water for sprinkling purposes should be considered.

Based on the figures mentioned above, it is recommended to change in the PAWN-
model Plot Salt Model (see figure 10.4) the concept of not modelling the salt flow
from the subsoil to the root zone by capillary rise. The reason is that the higher
salinity level of the inereased seepage quantity could affect the results, especially in
the low-lying polders near the Dutch coast, where the seepage quantity is (already)
strong (e.g. > 2 mm/d) and where the chloride concentration of the subsoil will
probably increase significantly during the next century.

The loss in crop yield and thus the salt damage due to sea level rise and previous
human aclivities can be assessed by applying the changes in seepage parameters (see
the seepage quantity in figure 10.2, the chloride load in figure 10.3 and the mean
chloride concentration in figure 10.5) as a function of time in the PAWN-models.
Note that there are some restrictions on the applicability of this methodology, such
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Figure 10.5: The {increase in) mean chlaride concentrations (values in mg CI~/{} at -5
m N.AP (and at -2.5 m N.A.P. in the profile Vla) in the polders of the eight profiles for
three situations: €13 in 1990; (2) ir 2090, relative to 1990 and without a sea level rise; and

(3) in 2099, relative 1o 1990 and with a sea level rise of 0.6 m.
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e the simulations of the eight profiles in chapter 9 are very rough, e.g. the top
layer is represented by grid cells with a height of ten metre.

e the translation of the chloride concentration in the subsoil and in the surface
waler to the chloride concentration in the soil moisture of the root zone (via
respectively capillary rise and sprinkler irrigation) is too elementary.

¢ several developments make that in the near future, the chloride concentration
in the soil moisture of the root zone may not depend any more on the quality of
(local) surface water. For instance, horticulture is already using groundwater,
when available and not limited by regulations; rain water stored in reservoirs;
and even water from the public water supply. Moreover, surface water with
a good quality can alse be supplied from external sources. For instance, the
horticulture area Het Westland is supplied with surface water from the Brielse
Meer.

» seasonal effects caused by changes in the chloride concentration of surface water
are not considered in the analysis.

o the actual crop yield also depends on damages due to diseases, hail, frost, etc.,
and the income from the yields depends on developments on the market.

10.5 Conclusions

Absolute assessments of the impact of sea level rise on water management sectors
such as domestic and industrial water supply, flushing and agriculture are beyond
the context of this study. For instance, the extrapolation of results of the two-
dimensional simulations of the profiles to descriptions in a three-dimensional plane
should be handled with great cantion. However, the results in this chapter can be
implemented in integrated models such as the PAWN-models.

Despite the lack of absolute figures, some indicative trends can still be given
for the next century:

1. domestic and industrial water supply from coastal sand-dune areas
the impact of a sea level rise of 0.6 m on water supply from the freshwater
lenses in coastal sand-dune areas is negligible.

2. flushing of water courses of low-lying areas
the discharge system (pumping stations and water courses) in the polders near
the coast only should probably be adapted and redesigned for greater capacity.
The reason is that the impact of a sea level rise of 0.6 m on the change in
seepage quantity is considerable {up to several tens of percents) in polders in
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the first kilometres from the coast, swhereas it is marginal (mostly up to only a
few percents) in polders located further inland.

A substantial increase in volumes of water required for flushing could be re-
quired to counteract the deterioration of the water quality of the surface water
systems in these low-lying regions. The reason is that the increase in chloride
load due to the combination of a sea level rise of 0.6 m and the delayed effect of
previcus human activities {namely the reclamation of lakes or parts of the sea)
on the future salinisation process is serious in nearly all pelders in the low-lying
regions of the Netherlands. Even those polders beyond the zone of influence of
sea level rise are affected.

3. agriculture in terms of salt damage
the mean chloride concentration of the subsoil will probably increase with sev-
eral hundreds of mg ¢~ /! in many low-lying polders along the Duich coast
due to a sea level rise of 0.6 m as well as the state of dynamic equilibrium
of the present salinisation process as a result of the delayed effect of previous
human activities. Whether or not the loss in crop yield due to salt damage is
substantial in these polders, depends on other conditions as well.
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Chapter 11

Conclusions and recommendations

The conclusions drawn in this thesis serve to undersiand the mechanisms involving the
possible itnpact of several scenarios of sea level rise and human activities on vulnerable
coastal groundwater flow regimes in the Netherlands during the next millennium. The
methodology followed te fulfil the main objective is universal, though it is focused
on the geo(hydro)logic conditions in the Netherlands. The methodology can also
be applied to vulnerable coastal groundwater flow regimes around the world with
geo(hydro)logical eonditions similar to those in the Netherlands. In the foregoing
chapters, the following four phases of methodology have been analysed:

I. Definition of the boundaries of the groundwater flow regime:
in chapter 2 (the physical cordition of the coastal zone, the hinterland, the
estuaries and the rivers due to sea level rige) and in chapter 3 (the future rate
of sea level rise),

Il. Choice of the procedure of numerical modelling:
in chapter 4 (selection of a suitable computer code); in chapter 5 (description of
the selected computer code); in chapter 6 (validation of the selected computer
code); and in chapter 7 (sensitivity analysis of subsoil and model parameters).

L Simulation of the impact of sea level rise on groundwater flow regimes in the Nether-
lands:
in chapter 8 (simulation of two specific profiles) and in chapter 9 {simulation
of eight representative profiles along the Duich coast).

IV. Assessment of the itmpact of sea level rise on three water management sectors:
in chapter 10 {domestic and industrial water supply, flushing and agriculture).

In section 11.1, conclusions are drawn for the phases of methodology | to IV mentioned
above. In section 11.2, relevant recommendations are given for the following four
target groups: (a.) for the climatic researcher; (b.) for the modeller; (c.) for the
geo(hydro)logist; and (d.) for the water manager in practice.

369
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11.1 Conclusions

I. Definition of the boundaries of the groundwater flow regime: chapter 2 and chapter 3

.1 As virtually all hterature on the impact of sea level rise discussed the coastal
groundwater flow regimes only very supetficially, this impact is until now the
least known compared with the impact of sea level rise on the coastal zone, the
hinterland, the estuaries and the rivers.

.2 Since the beginning of the Industrial Revolution (about 1850 AD), the con-
centration of atmospheric greenhouse gases has rapidly increased as a result of
intensive human activities such as burning of biomass and fossil fuels, defor-
estation and changes in land use. As a result of the increased concentration
of greenhouse gases, the atmosphere is certain to warm up. This mechanism
of global warming is called the enkanced greenhouse effect. Though several
feedbacks, such as the effects of clouds and oceans, are not yet completely un-
derstood, and thus simulated inaccurately, the global mean temperature will
probably rise approximately 3 °C with an uncertainty range of = 1.5 °C until
the end of the next century.

.3 An important consequence of the rise in global mean temperature is the rise
in sea level. The main contributors to sea level rise during the next century
are thermal expansion of ocean water as well as melting of mountain glaciers
and small icecaps, whereas accumulation on and ablation of polar ice sheets
are supposed to be in balance. The majority of the predictions of the future
sea level 1ise 1s in the range of 30 to 100 ¢m during the next century, with 60
c¢m as the best estimate (in 1996). This is significantly more than the sea level
rise over the present century. For instance, the sea level has risen only about
10 to 20 ¢m in the period 1880-1980. Note that the expected rate of future sea
level rise is in the same order of magnitude as the rate of sea level rise at the
beginning of the Holocene, when the sea level has risen a few tens of metres
within a geologically short period of some millennia.

il. Choice of the procedure of numerical modeliing: chapter 4, chapter 5, chapter & and
chapter 7

L1  To supptess truncation and oscillation errors in the advection-dispersion equa-
tion, standard finite-difference and finite-element models should satisfy the con-
dition that the spatial discretization {that is the dimension of a grid cell or grid
block) should not be greater than a few times the magnitude of the {longi-
tudinal) dispersivity that represents the hydrodynamic dispersion. When the
dimension of the gechydrologic system in question is large, this strict condi-
tion of spatial discrefization considerably restricts the practical application of
three-dimensional codes with dispersive solute transport.
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H.2

1.3

1.4

1.5

1.6

1.7

Whereas the finite-element models SUTR.A and SWICHA cannot generate accu-
rate golutions for the advection-dispersion equation in case of small longitudinal
dispersivities, the adapted MOC model is very well capable of gemerating such
solutions.

The method of characteristics of the original MOC model, which is applied to
solve the advection-dispersion equation, does not cause numerical dispersion
by itself. Nevertheless, numerical dispersion cccurs in the MOC model as a
result of the movement and the tracking of particles, the numerical (finite-
difference) approximations and the conversion from particles to grid cells when
solute concentrations are averaged.

Numerical instabilities in the vertical velocity field of the adapted MOC model
do not only occur due to the numerical approximations that already occur in
the original MOC model, but also due to numerical approximations in the den-
sity flow that additionally arise in the adapted MOC model. These numerical
instabilities mainly arise in places where the transition zone between fresh and
saline groundwater is small. '

Gurrently, no method has been successful in duplicaling the steady state so-
lution of Henry. Especially near the bottom of the aquifer, Henry’s solution
differs substantially from those of other numerical solution techniques. This
difference is probhably a consequence of the limited computer facilities at the
time of Henry calculations.

In the close vicinity of the fresh-salt interface of Chan Hong ef al., the adapted
MOC model creates grid cells with brackish groundwater, which is the result
of numerical dispersion.

Through adapting the vertical Darcian specific discharge in the groundwater
flow equation by applying an additional term, the so-called buoyancy or verfical
density gradient velocity, MOC is made suitable for simulating density depen-
dent groundwater flow in the coastal geohydrologic systems where the density
distribution is non-uniform. '

I, Simulation of the impact of sea level rise on Dutch groundwater flow regimes: chap-
ter 8 and chapter 9

1.1 The results from numetical modelling of the flow of groundwater and the move-

ment of solutes in geohydrologic systems over time spans of several centuries
should only be considered with a sound.dose-of reserve, as the extrapolation
of the present processes to future situations is not really a careful procedure.
Nonetheless, the conclusions drawn here on the predictions of the impact of sea
level rise on groundwater flow regimes as well as on water management sectors
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.2

3

.4

should be considered as (rough) indications of what might occur in the near
future.

A single assessment of the impact of sea level rise for the Dutch groundwater
flow regimes is unfeasible, since the exact impact of sea level rise is very site-
specific and depends on- features such as the geometry of the geohydrologic
system, the subsoil parameters and human activities.

The present salinisation of the Dutch groundwater flow regimes is dominated by
both past and present human activities. The most serious cause of salinisation
is the lowering of phreatic groundwater levels as a result of the reclamation of
lakes or parts of the sea in the past (from about 1200 AD up to present). These
reclaimed areas have a delayed effect on the present and future salinisation
process. Currently, extraction of fresh groundwater for water supply from the
deep aquifers of the coastal sand-dunes causes upconing of brackish and saline
groundwater, and contributes, as such, to the present salinisation of the subsoil.
Sea level rise will intensify the salinisation process, above mentioned.

In the profile in the southern part of Noord-Holland (between the intake area
of Gemeentewaterleidingen Amsterdam, several polder areas behind the sand-
dune area and up to the Vinkeveense plassen), the reclamation of the low-lying
Haarlemmermeer polder in the middle of the 19** century has generated a
strong inflow of saline groundwater from the sea to the deep aquifers. Even
when no sea level rise would occur, saline groundwater intrudes in the deep
aquifers with a velocity of at least one kilometre per century. At the mland
side at some tens of kilometres from the coast, a state of dynamic equilibrium
in terms of the salinisation will only be reached after a few millennia.

Sea level rise accelerates the salinisation process in this geohydrologic system,
though the zone of influence of sea level rise is only a few kilomettes. During the
next century, the impact of sea level rise on the distribution of fresh, brackish
and saline groundwater in this geohydrologic system is still of minor importance.
However, after several centuries, the sea has risen so much that the impact
will be considerable. When the sea level rises 0.6 m/e, the volume of the
freshwater lens in the sand-dune area will have diminished substantially after
several centuries (e.g. about -13 % after 300 years compared with the scenario
with no sea level rise). In addition, in the long-term, the seepage in the low-
lying Haarlemmermeer polder increases both in quantity (e.g. about 46 % in
2290) and in quality (e.g. chloride load about +20 % in 2290).

Human interventions within the bounds of feasibility may slow down the salin-
isation of this geohydrologic system, but it is not easy to stop the process
completely. Feasible rates of extraction of (saline) groundwater or {deep-well)
infiltration of fresh surface water can, at best, reduce the impact of sea level
rise. Even more rigorous, not really conceivable, (hypothetical) countermea-
sures, such as raising the phreatic groundwater level in the Haarlemmermeer
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polder or creating & sand-dune area off the coast by land reclamation, also
demonstrate that the salinisation process is difficult to restrain.

In the profile in the northern part of Noord-Holland (between a narrow sand-
dune area near Petten to Enkhuizen at the 1Jsselmeer), a severe salinisation of
the subsoil already occurs due to the reclamation of the (low-lying) polders in
the vicinity. These polders have generated a strong inflow of saline groundwater
from the sea to the deep aquifers. The freshwater body of Hoorn probably
remains when no sea level rise occurs.

Sea level rise accelerates the salinisation process significantly, though the time
lag between the cause of changes and the ultimate effect on the salinisation
remains considerable, in the order of several to many centuries. The zone of
influence of sea level rise in the geohydrologic system is quite some kilometres
due to high transmissivities in the deep aquifers. Eventually, however, the upper
part of the geohydrologic system contains only saline groundwater. Moreover,
in the low-lying polders near the coast {e.g. the polder area near Schagen),
the seepage (in terms of quantity and quality) will increase significantly within
some centurics. The freshwater body of Hoorn probably disappears when the
sea level rises 0.6 m/e.

Human interventions within the bounds of feasibility may slow down the salini-
sation process of this gechydrologic system in case of sea level rise, but it cannot
easily be neutralized, and thus, the salinisation seems to be rather irreversible.

Most of the groundwater flow regimes of the eight studied profiles along the
Dutch coast have not yet reached a state of dynamic equilibrium as far as the
salinity distribution in the subsoil is concerned.

When no sea level rise occurs, the delayed effect of previous human activities
(namely the creation of the low-lying polders) induces a severe salinisation
process in most of the profiles. As a result, the subsoil in the polders becomes
more saline in the future. Due to the changes in density distribution, the
seepage quantity through the Holocene aquitard will decrease.

The shorter the length of the propagation of sea level rise in the geohydrologic
system, the smaller the impact of sea level rise on the salinisation process. The
zone of influence of sea level rise is limited in the profiles Haa, Lei, Del, Grf and
Vla, whereas it is extensive in the profiles Wie, Ber and Wad, becanse, among
others, the water leve] rises at both sides.

When the sea level rises 0.6 m during the next century, the volumes of the fresh-
water lenses in the four profiles with existing sand-dune areas hardly decrease.
However, a few centuries later, the decrease in volume may reach several tens
of percents.
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111.10 The impact of sea level rise in a specific polder can be significant in terms of
seepage quantity, mean chloride concentration and chloride load in the following
situations: the polder is situated directly inland of the coast; the phreatic
groundwater level in the polder is low, namely several metres below N.A4.P.;
and/or the gone of influence of sea level rise in the geohydrologic system is long
as. a result of high transmissivities of aquifers.

.11 When the sea level rises 0.6 m during the next century, both seepage quan-
tity and chloride load change substantially in the selected polders of most of
the eight studied profiles. Exceptions are only the selected polders of two pro-
files Haa and Del in the province of Zuid-Holland, as these polders are located
practically beyond the zone of influence of sea level rise.

11.12 When no sea level rise occurs, effective human mterventions can probably coun-
teract the long-term salimsation process in most of the profiles. Such interven-
tions could be: (a) reclaiming land off the coast, thus evolving new freshwater
lenses; (b) extracting (saline) groundwater, thus decreasing the seepage quan-
tity and the chloride load in the polders; (¢) inundating low-lying polders, thus
removing the driving force of the salinisation process; (d) widening existing
sand-dune areas, thus gemerating thicker freshwater lenses; and (e} creating
physical barriers, thus blocking the free entrance of saline groundwater and
halting the salinisation process. The countermeasure deep-well infiltration of
surface water increases the seepage quantity in the polders, and thus, initially
increases the chloride load as well. However, after some decades to centuries,
the chioride load will drop substantially when the salinisation process towards
the low-lying hinterland is blocked by the infiltrated surface water. Note that
some of these countermeasures should only be considered as unfeasible but in-
teresting hypothetical cases, in order to gain a better insight into the range of
conceivable human interventions.

111,13 When the sea level rises 0.6 m/c, even the most effective countermeasures
cannot stop the salinisation of the subsoil. Therefore, it is likely that human
interventions can only retard the impact of sea level rise on the groundwater flow
regimes in the long-term at the expense of major investments. Whether these
investments are considered feasible or not depends on the prevailing economic,
environmental and political citcumstances at the moment when a (political)
decision is taken.

IV. Assessment of the impact of sea lavel rise on thres water management sectors: chap-
ter 10

IV.1 The impact of a sea level rise of 0.6 m on safe extraction (for domestic and
industrial water supply) from the freshwater lenses in coastal sand-dune areas
is negligible during the next century.
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V.2

V.3

.4

The impact of a sea level rise of 0.6 m during the next century on the change
in seepage quantity is considerable (up to several tems of percents) in polders
in the first kilometres from the coast, whereas it is marginal (mostly up to only
a few percents) in polders located further inland.

The increase in chloride load due to a combination of a sea level rise of 0.6
m during the next century and the delayed effect of previous human activities
{namely the reclamation of lakes or parts of the sea) on the future salinisation is
serious for nearly all polders in the low-lying coastal regions of the Netherlands,
even for those polders beyond the zone of influence of sea level rise. As an
indicative estimate: the chloride load through the Holocene aquitard in the
low-lying coastal regions of the Netherlands will be doubled in 2090, three fifths
of which is caused by a sea level rise of 0.6 m and two fifths by the delayed
effect of previous human activities.

The mean chloride concentration of the subsoil probakbly increases with several
hundreds of mg ¢/l in many low-lying polders along the Dutch coast due
to the combined effect of a sea level rise of 0.6 m during the next century and
previous human activities, Whether or not the loss in crop yield due to salt
damage is substaniial in these polders depends on other conditions as well.

11.2 Recommendations

a. For the ¢limatic researcher

a.l

a.2

{from conclusion 1.2}

The scientific community has to confirm statistically that human activities am-
plify the greenhouse effect on a different time scale than that of natural pro-
cesses: within decades instead of millennia.

(from conclusion 1.3):

In order to reliably predict a sea level rise during the next century, the scientific
community has to investigate the mechanisms involved more intensively. Espe-
cially the influence of feedbacks such as oceans and clouds on the (enhanced)
greenhouse effect has to be understood more distinctly.

b. For the modeller

b.1

(from conclusions 11.1 and 11.2):

To match caleulated salinity distributions with observed ones along the Dubch
coast, longitudinal dispersivities in the order of centimetres to decimetres should
be applied to the simulations with the adapted MOC model for groundwater
flow regimes with Holocene and Pleistocene deposits of marine and fluviatile
OTIfIN.
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b.2

k.3

b.4

b5

(from conclusions 113 and 11.4):

Nurnerical instabilities in the vertical velocity field of the adapted MOC model
can be counteracted by the following measures, ranked in order of decreasing
effectiveness: increasing the number of particles per grid cell; shortening the
length of the flow time step, lowering the value of the convergence criterion
TOL, and smoothing the initial density distribution, especially in transition
zones. By contrast, only reducing the dimension of grid cells does not necessar-
ily suppress numerical instabilities. However, this measure is rather effective in
combination with shortening the length of the flow time step.

(from chapters § and 9):

In this study, groundwater flow regimes have only been schematised and mod-
elled in (two-dimensional) profiles. However, due to high groundwater extrac-
tion rates and due to the diversity and complexity of the Dutch polder land-
scape, groundwater flow is in fact three-dimensional in Dutch geohydrologic sys-
tems, such as in the islands of the province of Zeeland and in the polder areas at
several kilometres from the coast in the provinces of Noord and Zwid-Holland.
Therefore, three-dimensional modelling should be executed as accurate as pos-
sible to include this groundwater flow. A promising three-dimensional model
conld be an interconnected model of MODFLOW (made suitable for simulating
density dependent groundwater flow) and the transport model MT3D.

(from conclusions IV.3 and IV .4):

The salt source from the subsoil to the root zone by capillary rise should be
meodelled in the Plot Salt model of the PAWN-study for those low-lying polders
along the Dutch coast, where seepage quantities are already high.

(from conclusions IV.1 to IV.4).

In order to quantitatively describe the impact of sea level rise on water manage-
ment (sectors), the results of the present study on changes in the subsoil due to
sea level rise and previous human activities should be implemented in integrated
models, such as applied in the PAWN-study, ISOS, IMAGE or the Fourth Policy
Document for the Water Management of the Netherlands (in preparation).

c. For the geo(hydro)iogist

c.l

¢.2

{from conclusions L4, 1115, 111.12 and 1)1.13):

The optimum, and yet realistic, position and rate of well lines for extraction of
(saline) groundwater or infiltration of surface water should still be determined
when these countermeasures are considered at a more decisive stage.

{from subsection 5.4.2: item 4. Hydrauli¢ resistance)
The applied values for the hydraulic resistance of aguitards, such as loam
aquitards and clayey Holocene aquitards, should depend on changes in the
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solute content of passing groundwater [Goldenberg et al., 1986; Mehnert and
Jennings, 1985].

<3 (Froﬁ section 9.9 item u. Depth of the geohydrologic base D):

It is recommended to investigate whether or not the marine clayey sediments of
lower Pleistocene and Tertiary origin should be included in the schematisations
of the coastal geohydrologic systems, especially in the provinces of Zuid-Holland
and Zeeland during a long simulation period of e.g. one millennium.

¢4 (from recommendation b.3):

The collection and the analysis of reliable groundwater data should be inten-
sified, varying from subsocll parameters to records of solute concentrations and
piezometric levels as functions of time and space. The present salinisation pro-
cess, the seepage quantity and the chloride load should be monitored as func-
tions of time to detect changes in the long-term. The geometry and geohydro-
logic parameters of the coastal gronndwater flow regimes should be determined
and described, particularly for those regimes which are possibly vulnerable to
natural and man-induced processes.

d. For the water manager in practice

d.l

d.2

d3

d.4

(from conclusion 111.2):

A descriptive classification system should be developed to roughly assess the
vulnerability of coastal groundwater flow regimes for sea level rise by deter-
mining the zone of influence of sea level rise; the time lag before the impact of
gea level rise becomes noticeable; the cccurrence of fresh water resources which
can be affected; and the agricultural activities and the socio-economic conse-
quences, now and in the future, for the areas where more saline seepage can be
expected.

(from conclusions 111.4, HL5, 1H.12 and (11.13):

The economic feasibility of countermeasures should be investigated. Moreover,
the countermeasures should be adapted and optimized throughout the years
based on changes in the salinisation of the subsoil.

{from conclusions Ill.4, HI5, 111.12 and "n.13):

Countermeasures should be taken in time, since the time lag is considerable
(several decades to centuries) before these measures result in effective changes
in the salinity distribution of the subsocil.

(from conclusions V.2 and V.3):

When the sea level rises 0.6 m during the next century, the discharge system
(pumping stations and water courses) in the polders near the coast only should
probably be adapted and redesigned for greater capacity.
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db

d.6

(from conclusion IV .3):

When the sea level rises 0.6 m during the next century, a substantial increase
in volumes of water required for flushing could be necessary to counteract the
deterioration of the water quality of surface water systems in the coastal regions
of the Netherlands. Therefore, more detailed regional studies should be carried
out.

(from conclusion IV.3):

The chloride load in the Wieringermeer polder (that is in the profile Wie in
the reach 15,000-29,500 m) probably increases some tens of percents during
the next century, even when no sea level rise occurs. Therefore, to reduce the
chloride load in the IJsselmeer, the seepage of this polder should in the future
be discharged to the Waddenzee instead of to the IJsselmeer.
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Roman symbols Dimension
A = cross-sectional area s
A = height of the sea level with respect to the top of the aguifer, eq. 2.17 L
Aj = coefficient of the unknown piezometric level values in the alternating-

direction implicit procedure, subsection 5.2.4 -1
B =  width of sand-dunes without sea level rise L
B; = coefficient of the unlmown piezotnetric level values in the altemating-

direction implicit procedure, subsection 5.2.4 Tt
Bgpg = width of sand-dunes after a sea level rise L
b = thickness of the aquifer, chapter 5 L
[ = inverse of the (seepage) Peclet-number Pe, section 6.3 -
o = content of the freshwater body, eq. 2.12 L?
C; = coefficient of the unknown piczometric level values in the altemating-

direction implicit procedure, subsection 5.2.4 71
c = concentration of dissolved solutes A L3
Cgam = critical chloride concentration at the root zone above which salt dam-

age Lo crop occurs, eq. 10.1 ML
Ot = chlaride concentration of soil moisture in the root zone ML
Cmaz = Cdam + 1/¢, eq. 101 ML
Cii,jy =  chloride concentration or chlorinity m grid ce]l [¥, 4] ML

. = reference chloride concentration for which the density equals that of

saline gronndwater ML~
o? =  volume of fresh groundwater per unit coast length, eq. 2.10 12
c! = conceniration of dissolved solutes in a source or sink ML
(8] ‘k' i =  new nodal concentration at the end of time level ML

:‘k. g =  average of the concentration of alt particles in grid cell [$, 7] for time

level k after only advective transport MEL3
Ceo = Courant-munber -
c =  hydranlic resistance of the aquitard T
Cland =  hydraulic resistance of the aquitard at the inland side, eq. 2.16 T
Csea = hydraulic resistance of the aquitard at the seaside, eq. 2.16 T
D =  saturated thickness of the aquifer L
D; =  the sum of all known parameters in the alternating-direction implicit

procedure, subsection 5.2.4 LTt
D, =  molecular diffusion 27!
D, = hydrodynamic dispersion 2T
Dy = mechanical (or convective) dispersion -t
Dy; = cosfficient of hydrodynamic dispersion (a second-order tensor) 27!
Dawm = numerical dispersion 2Tt
d = thickness of the semi-pervious layer L
d =  height of the aguifer, section 6.3 L
d =  mean grain size or any other characteristic medium length (a measure

of the pore spacing}, eq. 5.44 L
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Roman symbols Dimension
Ewater =  error in the groundwater Aow mass balance, eq, 5.30 -

Fr =  Froude number, eq. 2.4 -
f = natural groundwater recharge. In eq. 5.75 recharge is (—) and

discharge is (+) Lot
flow,, = cumulative sums of groundwater mass inflows in the geohydrol-

ogic system per stretched foot, eq. 5.80 ML
Howoy: = comulative soms of groundwater mass outflows in the geohy-

drologic system per stretched foot, eq. 5.80 MLt
g = acceleration of gravity Lt*
Ga = overfill ratio, eg. 2.2 -
H = depth of the fresh-salt interface below mean sea level L
H =  height of profile taking part in the process of shoreline retreat,

eq. 2.2 L
Hinax =  deepest position of the fresh-salt interiace, eq. 2.10 L
h =  water depth, chapter 2 L
h = phreatic groundwater level with respect to the reference level L
Ie = bhottom gradient of a Tiver -
I = slope of the topography -
infi g = rate of recharge (—) or discharge (+) m grid cell [, ] in the in-

put data file of the adapted MOC model T
* = K time step -
k =  hydraulic conductivity of the aquifer Lt
k) = hydraulic conductivity & times the relative density difference,

eq. 6.11 Lr—?
kD = transmissivity of the aquifer, considered as constant L2r-t
kD, = average transmissivity of the aquifer, eq. 2.15 and eq. 2.16 r2r-t
kr = friction factor representing the stress along the interface, eq. 2.4 | —
i) =  hydraulic conductivity in grid cell [+, 5] LTl

v = (vertical) hydraulic conductivity of the semi-pervious layer Ll

katig1725) =  weighted harmonjc mean of the hydraulic conductivity in the

wodirection Lr-
kuije12) =  weighted harmonic mean of the hydraulic conductivity in the

z-direction Ey-1
Lerop = fraction of loss in crop yield due to salt damage per decade

eq. 10.1 1
Ly = length of the salt water wedge L
Ly =  width over which water is extracted or mfiltrated perpendicular

to the profile, eq, 5.74 L
F =  width perpendicular to the profile in order to upscale the re-

sults of the sinmlations from a vertical plane to a horizonal

plane, chapter 10 L
{ = length of the gechydrologic system ) L
f = length of the aquifer up to the land side no-flow boundary,

eq. 6.3 L
A = Canter Cremers Number, eq. 2.3 -
M = initial solute mass per stretched foot, eq. 5.81 ML
My = net mass flow per stretched foot, eq. 5.81 M-t
fie = effective porosity of the medium -
n = rmumber of coefficients taken in the summation of eq. 6.7 to

eq. 6.10 -
n = number of horizontal grid cells, eq. 6.17 -
P =  volume of the tidal prism, eq. 2.3 L3
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Roman symbols Dimension
FPe =  Peclet-number -
Pegria =  grid-Peclet-number -
Pegrias = grid-Peclet-number in the z-direction -
Pegrid,z =  grid-Peclet-number in the z-direction -

P =  pressure ML-tT—?
p = subindex number for particle identification -
Q = rate of extraction {(+) or infiltration (—), eq. 5.74 rr-l
Q =  net freshwater discharge per unit length of beach, section 6.3 rr-l
Qs = fresh water river discharge B2r-
g = groundwater fow per unit width of the aquifer 2r-
q = filter velocity, subsection 2.4.1 LT
Da(i+172,5) boundary velacity in the z-direction vn the boundary between

the nodes [i,j] and [{ -+ 1, 7] L1
Qa(igt1fz) = boundary veloeity in the z-direction on the boundary between

the nodes [i, ] and [i,j + 1} LTt
G0 = natural groundwater cutflow at the coastline x=0, eq. 2.13 L2r-1
) = rate of extraction or infiltration of water in grid cell [, 7] in

the input data fite of MOC, eq. 5.74 L2r-1
qF = fresh groundwater flow from recharge in the uplands, eq. 217 | L2 T~}
g = saline groundwater flow underneath the freshwater lens A1
gz = Darcian specific discharges in the z-direction LT
gz = Darcian specific discharges in the :-direction LT
R = shoreline retreat or landward shift of the shareline L
R = radius of the sandy island without sea level rise, eq. 2.12 L
R ..SLR = radius of the sandy island with sea level rise, eq. 2.12 L

m = solute mass residual per stretched foot, eq. 5.81 ML~

T = distance from the center of the circular island L
r = gubindex that implies the rescaled parameters used in the nu-

merical sharp fresh-salt interface model, section 6.4 -
&y = storage coefficient of the acmuifer -
8 = salinity, subsection $.4.3 MES
SLR = sea level rise L
&' = average rise in bottom level, eq. 2.2 L
5, =  specific storativity -
T =  temperature g
t = time T
tr = rescaled time parameter, section 6.4 T
TOL = convergence criterion for the iterative calculation of the fresh-

water head in the groundwater flow equation in MOC L
Trx = horizontal transmissivity 211
Tz =  yertical transmissivity L1
T =  tidal period, eq. 2.3 T
Yzt = height of the fresh-salt interface at the horizontal space coor-

dinate r as a function of time ¢, section 6.4 L
Yz, oc =  equilibrium position of the height of the 1012.5

kg/m3-isoline, section 6.4 L

i’: = height of the 1012.5 kg/m*-isoline at grid cell i at time 1,

section 6.4 L
Vi =  initial groundwater valume per stretched foot, eq. 5.80 L2
v = eroded quantity of material, eq. 2.2 L
L' = real velocity of groundwater LT-!
vy = deposited quantity of material, eq. 2.2 L3




382 Impacts of Sea Level Rise on Water Management

Roman symbols Dimension
V; = real velocity of groundwater in the i-direction LTt
Vr = velocity in the river, upstreamn of the wedge, eg. 2.4 LT
(Vi)mas = maximum real velocity at a grid cell in the -direction, eq. 5.71 | LT~!
V] = magnitude of the real velocity LT-1
W =  width of profile taking part in the process of shoreline retreat,
eq. 2.2 L
w =  width of the coastal aquifer up t¢ the water divide, eq. 2.14 L
W(z,z,t) = volume flux per unit area, chapter 5 !
W'(#,2,t) = source function, chapter 5 ML-3T
F4 =  Cartesian coordinate L
2 =  Cartesian coordinate L
Zobs =  elevation of the point of shservation with respect to the refer-
ence level, eq. 5.78 L
(3reek symbols Dimension
o = relative density difference -
Sijmn =  geometrical dispersivity tensor of the aquifer, eq. 5.45 L
ey, = longitudinal dispersivity of the aquifer L
ap = transversal dispersivity of the aquifer L
B = angle of the bottom gradient of a river, eq. 2.5 -
r = & specific weight term, section 6.4 LT-t
¥ = specific weight ML21-2
s = specific weight of fresh water MEp—2T-2
“Va = specific weight of saline water ML-?T-2
(AC:‘I j) I = change in concentration by hydrodynamic dispersion, chapter 5 | Af L—2
(dC‘."’ J-}; 1 = change in concentration resuliing from sources and sinks, chap-
ter § ML-?
&Cf_ 4 = change in concentration caused by hydrodynamic dispersion,
sources and sinks, chapter 5 AML3
Ah = increase in waler depth of the river because of climate change,
eq. 2.7 L
ALy =  shift of the salt water wedge L
AM, = mass accumulation per stretched foot, eq, 5.81 ML
Ap = difference between M.S.L. and phreatic groundwater level L
& = flow time step T
A, = sclute time step T
Az =  height of a grid cell L
Az = length of a grid cell L
Az, = longest distance between sides of an element, eq. 4.17 L
fxp =  distance of a particte moved in the s-direction, eq. 5.59 L
bzy = distance of a particle moved in the :-direction, eq. 5.59 L
é = partial differential -
¢ = factor of river bed elevation with respect to sea level rise, sub-
section 2.3.1 -
¢ =  maxinmum relative distance across & grid cell, in which a parti-
cle is allowed to move during one solute time step At, ~
7 = length of the row or column under consideration in the alter-
nating-direction implicit procedure, subsection 5.2.4 -
5 =  intrinsic permeability L=
Ky =  intrinsic permeability in the s-direction L2
Kz = intrinsic permeability in the »direction L2
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Greele symbols Dimension
A = characteristic length of the formation L
Mand = characteristic length at the inland side, eq. 2.16 L
sea = characteristic length at the seaside, eq. 2.16 L
m = dynamic viscosity of water Mrp17-1
& =  shape faclor, eq. 2.1 FATE
z =  aspect ratio, section 6.3 =
£ = salt damage coeflicient per mg C1~ /I per decade, eg. 10.1 FAN.Y Sl al
oy =  density of fresh water ML
pi =  density of groundwater at point [z, z) ML
Pa =  density of saline water ME3
n = time conversion factor in eq. 5.73 -
Ty =  time conversion factor in eq. 5.74 -
Ta =  time conversion factor in eq. 5.75 -
¢ =  piezometric level at the aquifer with respect to the reference level | L
¢ { = freshwater head L
$5i;) = [reshwater headin grid cell [i, ] at the k** time step L
Ty =  relative density difference, buoyancy between the grid cells [1, 5]
and {§,5+1] -
i1 = stream function of the flow, section 6.4 27
] = rate of sea level rise, eq. 5.76 LTt
1 = percentage of loss in crop yield during the entire productive peri-
od due to salt damage per 100 mg CI~ /1 exceedance of the criti-
cal value Cugpm, oq. 10.2 -
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Summary

The possible impact of several scenarios of sea level rise and human activities on vul-
nerable coastal groundwater flow regimes in the Netherlands for the next millennium
is investigated in this thesis. The most important tool which led to this objective
is numerical modelling. A two-dimensional groundwater flow model has been chosen
which simulates density-dependent groundwater flow and solute transport in several
specific groundwater flow regimes perpendicular to the Dutch coastline. Based on the
achievements mentioned above, brief descriptions are given for the impact of sea level
rise on three water management sectors: (1) domestic and industrial water supply
from coastal sand-dune areas, (2) flushing of water courses of low-lying polder areas
and (3) agriculture in terms of salt damage.

In chapter 1, the context of the thesis is discussed and four sub-objectives are
formulated: (a) to assess the propagation of sea level rise in the piezometric level
distribution of the coastal groundwater flow regimes; (b) to assess the changes in
salinity of the coastal groundwater flow regimes; (¢) to assess the changes in volumes
of freshwater lenses in coastal sand-dune areas; and (d) to assess the changes in
seepage (both quantity and quality) in low-lying polder areas. Moreover, the sub-
objeciives are related with the three water management sectors.

In chapter 2, an overview is given of the possible physical impacts of sea level rise
on the coastal zone and the hinterland, the estuaries and the rivers, and the coastal
aquifers. Moreover, the impact on two aspects of water management, seepage and
discharge (of excess water), is described. Up to now, it appears that, in most of
the descriptions, the impact of sea level rise on coastal aquifers is insufficiently dealt
with, though it may be far-reaching.

In chapter 3, the causes of climate change, temperature rise and sea level rise are
discussed. Moreover, the variations of the sea level in the past and the predictions of
the sea level rise in the future are summarized. Though several mechanisms, such as
the feedbacks of clouds and oceans, are not completely understood, the majority of
the predictions of the future sea level rise is in the range of 30 to 100 ern during the
next century, with 60 ¢m as the best estimate. The main contributors to this rise in
sea level during the next century are the thermal expansion of ocean water as well as
melting of mountain glaciers and small icecaps.

In chapter 4, a concise summary is given of groundwater flow models, suitable for
this research. Three groundwater flow models are analysed: an adapted version of
MOC [Konikow and Bredehoeft, 1978], SUTRA [Voss, 1984] and SWICHA [Lester,
1991). A case siudy is defined to examine whether or not accurate sclutions of the
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chloride distributions can be generated in case the longitudinal dispersivity oy, is small
(in the order of decimetres}. Ii appears that SUTRA as well as SWICHA simulate
inaccurate solutions due to oscillation errors {over and undershooting of maximum
and minimum solute concentrations that are criginally inserted in the applied modei).
In SWICHA, even artificial dispersion has to be added to the advection-dispersion
equation mairix if ag is small (< decimetres), as otherwise, the solution does not
converge. By contrast, the MOC model, adapted for density differences, 1s very well
capable of generating accurate solutions with small lengitudinal dispersivities due to
the particle tracking technique. In this technique, particles are followed by means of
the method of characteristics to sinmulate advective solute transport.

In chapter 5, the different theoreiical aspects are described of the selected grouad-
water flow model MOC. To make the model suitable for simulating density dependent
groundwater flow, the author has adapted the original MOC model (with the help
of documentation of Lebbe and van der Eem) by applying an additional term to the
vertical Darcian specific discharge in the groundwater flow equation, the sc-called
buoyancy or vertical densily gradient velocity. Moreover, several subsoil parameters
are modified to account for the conversion from the original orizonta! MOC mode)
to the adapted vertical MOC model.

In chapter 6, additional testing is done for the adapted MQOC model for three
hypothetical cases. In the first case, which is similar to the case of Edelman [1947],
unsteady groundwater flow is simulated. In this case, the open water level at the
seaside boundary is elevated suddenly. Computation results of the adapted MOC
model correspond with analytical sclutions. Small flow time steps should be applied
to suppress inaccurate solutions of the groundwater flow equation. In the second case,
the classical problem of Henry [1964] is constdered. Two-dimensional groundwater
flow in combination with solute transport and density flow is simulated for a confined
aquifer. For steady state as well as for unsteady state situations, the results of the
adapted MOC model are in good agreement with those of six other techniques that
also solve this problem. Numerical instabilities in the vertical velocity field are caused
due to a combination of both density flow and the numerical solution technique.
These instabilities, which create unstable isolines, can, among others, be suppressed
by reducing the dimension of the grid cells in combination with shortening the length
of the flow time step. The solution of the advection-dispersion equation is unstable,
if at the beginning of the simulation only 1 particle is placed in each grid cell. In
the third case, a fresh-salt interface is simulated in a homogeneous aquifer with no
hydrodynamic dispersion. The adapted MOC modet is compared with the numerical
sharp fresh-salt interface model of Chan Hong et al. [1989). During the displacement
of the fresh-salt interface, numerical dispersion is created by the adapted MOC model,
though the numerical dispersion iz limited to at maximum three grid cells in the
vicinity of the supposed fresh-salt interface.

In chapter 7, a sensitivity analysis of both subsoil and model parameters is exe-
cuted for a profile through a sand-dune area (Gemeentewaterleidingen Amsterdarn)
and a low-lying polder (the Haarlemmermeer polder). The value of the longitudinal
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dispersivity car should be small (in the order of centimetres to decimetres), so that
the calculated chloride distributions can match the observed ones. Moreover, the
numerical instabilities in the vertical velocity field of the adapted MOC model are
discussed extensively. They can be counteracted by (ranked in order of decreasing
effectiveness): (a) increasing the number of particles per grid cell, (b) shortening
the length of the flow time step, (¢} lowering the value of the convergence crite-
rion TOL, (d) and smoothing the initial density distribution, especially in transition
zones. Reducing the dimension of grid cells is usually only effective in combination
with shortening the length of the flow time step.

In chapter 8, the simulations of two specific profiles in Noord-Holland perpendicu-
lar to the Dutch coastline are discussed for six scenarios of sea level rise, varying from
-0.6 mfc to +1.5 m/c. The profile in the southern part of Noord-Holland crosses the
intake area of Gemeentewaterleidingen Amsterdam, the Haarlemmermeer polder and
further east to the Vinkeveense plassen. The profile in the northern part of Noord-
Holland crosses a narrow sand-dune area near Petten to Enkbuizen at the [Jsselmeer.
The simulations indicate that previous human activities are the main cause of the
present salinisation in both profiles. The lowering of phreatic groundwater levels due
to the reclamation of lakes or parts of the sea in the pasi (from about 1200 AD up
to present) causes a permanent inflow of saline groundwater. As such, the so-called
reclaimed lakes or polders have a delayed effect on the future salinity distribution.
During the next century, the impact of sea level rise (0.6 rn/c) on the (accelerated)
salinisation process in the groundwater flow regimes of both profiles is mostly small.
However, over a time span of a few centuries, the impact of sea level rise (0.6 m/ec)
is significant in the coastal parts of the groundwater flow regimes in both profiles,
whereas the impact remains restricted at a distance of several kilometres from the
coast. Moreover, the impact is greater in the northern profile than in the southern
profile, as the zone of influence of sea level rise is longer in the northern profile. After
many centuries, a sea level rise of 0.6 m/c causes the coastal parts of both groundwa-
ter flow regimes, that is the first 15,000 m to 20,000 m, to be completely saline. When
the sea level rises 0.6 m/c, the seepage (in terms of quantity and quality) increases
only slightly within some centuries in the low-lying Haarletnmermeer polder in the
southern profile. On the other hand, the seepage increases significantly in the polder
area near Schagen in the northern profile. When the sea level rises 0.6 m/c, the
volume of fresh groundwater in the intake arca of Gemeentewaterleidingen Amster-
dam in the southern profile decreases substantially after at least some centuries. The
{reshwater body of Hoora in the northern profile disappears eventually. In case of sea
level rise, human interventions within the bounds of feasibility may slow down the
salinisation process of these gechydrologic systems. However, the salinisation cannot
be neutralized easily, and thus, the salinisation seems to be irreversible. Changes in
the salinisation process due to countermeasures only become substantial after a lag
of time of several decades to centuries,

In chapter 9, the sensitivity of the groundwater flow regime in the Netherlands
for sea level rise is analysed, based on the simulations of eight profiles. Each profile
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characterizes a specific coastal area in the Netherlands. Unfortunately, the ground-
water flow regimes in the islands of the province of Zeeland cannot be modelled by
(two-dimensional) profiles, and thus, this area in the low-lying regions of the Nether-
lands has not been considered in the simulations. The simulations are subdivided
into three main groups of cases: (l) scenarios with three rates of sea level rise (-0.6
mfc, 0 m/c, and 0.6 m/c); (1) (hypothetical) countermeasures; and (I} cases with
different subsoil parameters. Based on the simulations of the cases in main group
(I), it appears that in most of the eight profiles the delayed effect of previous hwnan
activities have not yet reached a state of dynamic equilibrium as far as the salinity
distribution in the subsoil is concerned. It is demonsirated that even without a sea
level rige, the salinisation process is severe. Due to the fact that groundwater becomnes
more saline, the seepage quantity through the Holocene aquitard in the polders will
slightly decrease. The impact of sea level rise in a polder can he significant in terms
of seepage quantity, mean chloride concentration and chloride load in the following
situations: the polder is situated near the coast; the phreatic groundwater level in
the polder is low, that is several metres below N.A.P.; and the zone of influence
of sea level rise in the geohydrologic system is long due to high transmissivities of
aquifers. Effective countermeasures are: (a) reclaiming land in front of the coast, thus
evolving new freshwater lenses; (b) extracting (saline) groundwater, thus decreasing
the seepage quantity and chioride load in the polders; (¢} inundating low-lying pold-
ers, thus removing the driving force of the salinisation process; (d) widening existing
sand-dune areas, thus generating thicker freshwater lenses; and (e} creating physical
barriers, thus blocking the free entrance of saline groundwater and halting the salin-
isation process. The countermeasure deep-well infiltration of surface water initially
increases both seepage quantity and chlo