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“De kwel van vooral zoet en zout water zal in laag-Nederland toenemen. QOok is het
niet uitgesloten dat de omvang van de zoetwaterbellen onder de duinen zal worden
beinvioed. Voorts zal tot ver landinwaarts de waterinfrastructuur aanpassing behoe-
ven: df de waterniveaus stijgen in laag-Nederland mee met de zeespiegelstijging, 6f
de pompcapaciteit zal moeten worden opgevoerd. De precieze gevolgen voor de water-
huishouding en de bedrijfssectoren, en de benodigde oplossingen, zijn nog onderwerp
van studie.”

Derde Nota Waterhuishouding: Water voor nu en later.
Tweede Kamer, vergaderjaar 1988-1989, 21 250, nrs. 1-2.

aan Gerard en Berendina, mijn ouders.
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Chapter 1

Introduction

1.1 Problem definition

In the Netherlands, mankind has been attracted for ages to coastal areas because
of an abundance of food (fisheries and agriculture) 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 1996).

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:

1'Water management is defined here as [CHO-TNO, 1986]:

“The total of Tesearch, planning, technical activities and administrative measures that
should lead to the most efficient integrated management of the available groundwater
and surface water. The way water resources in o specific area ave assimilated, dis-
placed, utilized, consumed and trensported. In most cases, this process is affected by
human interventions.”

2 About 25 % of the land is situated below mean sea level (M.S.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 areas 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 (11l 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 backwater effect) could block the natural discharge of
low-lying areas and the excess water must be discharged by pumpage at the
expense of higher energy costs.

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 river 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
upstream of the river mouth.

ad lll. Coastal groundwater flow regimes

At this moment, a large number of coastal groundwater flow regimes, especially
shallow ones, experience a severe salt 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 low-
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 M.S.L. The present capacity
of the discharge systems in several polders may be insufficient to cope with
the excess of seepage water. This seepage will probably have a higher salinity
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. As a
result, the soil is moistened and dune pools may develop. On 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 is extracted
for domestic, agricultural and industrial water supply,

e 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 land 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 only 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. Moreover, the conclusions drawn from the Dutch groundwater flow
regimes by means of numerical modelling can serve in understanding the mechanisms
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
level 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 and/or 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 seepage (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 moment, as sea level rise accelerates the inflow of
saline groundwater and the redistribution 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
more 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 so 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 geometry 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 quite 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 groundwater 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

3In the study Policy Analysis for the Watermanagement of the Netherlands (PAWN) [Pulles, 1985]
the water management sectors are: agriculture; horticulture; domestic water supply; industry; power
generation; navigation; recreation; and environment, ecology and nature preservation.
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different theoretical aspects are described of the selected groundwater flow model
MOC 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 a 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 simulations 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 industrial
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 areas, 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. Moreover,
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 vulnerable to sea level rise v f&
A Major river deltas of the world

Figure 2.1: Areas in the world vulnerable to sea level rise, based on information about
magjor 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 et 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 resulted, 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 Programme
in 1988. Several hundreds of scientists have participated in the preparation and re-
view of this assessment. The IPCC has established three working groups:

|. 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 et al]. The IPCC Supplement [Perdomo et
al., 1992] did not update the estimates of sea level rise of the 1990 Assessment

Il

I

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.

. Impacts Group
to describe for the next decades the environmental and socio-economic 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, human settlements, oceans and coastal zones, seasonal snow cover, ice
and permafrost.

I. Response Strategies Group

to formulate appropriate strategies: (a) “limiting climate change by reducing
emissions and increasing sinks and reservoirs”, and (b) “adapting to climate
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 Report 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 et 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 chapter 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 include 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
situation 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 to 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. Despite 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
involved is 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 created 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*3 (2.1)
where
e h = water depth (L),

o ¢ =shape factor for a certain profile depending on stability characteristics of the
bed material, 22 0.117 m!/3 for steep profiles at the southeast coast of Florida
[Bruun, 1973],

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

In reality, however, climatic 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
dissipated in an area where the water depth is less than a certain depth. When
during severe 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 periods, 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 development 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 difficult 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:

o 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-equilibrium 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.
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Figure 2.2: Shifting of the equilibrium profile.

e In some cases, where great influxes of sediment occur, e.g. in the vicinity of
a large river mouth, 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 et al., 1987]. Four methods are mentioned here:

1. extrapolation of historical trends [e.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 example, 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 uplift 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 so-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 between sea level rise and the rate of shore-
line erosion. It is 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, usnally 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 to the coast and absence of emerged and submerged coastal barrier fea-
tures [Selivanov, 1993]. There are various remarks to be made on the original
Bruun’s Rule:

e it is a (steady state) two-dimensional 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,

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

e 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=G, T

(2.2)

where
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e R = shoreline retreat (L),

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

e 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),

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

Retreat

5 Sea Level Rise

-----------

Erosi
H on

R 2 > >
& I
< A,

W  Width of profile

V=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 ¢m per year. The development of the coastal
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 ~ 0.0005), land flooding has occurred without coastal
zone reformation, as waves lose their energy on the gentle slopes. Where the
gradient & 0.001, sea level rise has resuited in the formation of a coastal ridge
in the breaking zone at some distance from the coast, forming a lagoon (that
is a shallow body of saline or brackish water partially connected with the sea).
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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, S. (eds), p. 388. Copyright © 1990
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 &2 0.01, no lagoon has been created, in case the area behind the barrier is
more elevated and the beach ridge is rising and migrating. Development of the
coastal zone according to 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.S.S.R.

In contrast with Bruun’s Rule, it is also suggested that slow rates of sea level
rise can 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 &~ 0.8 m/c) up to 6000 year BP, the
shoreward sediment transport was not sufficient to maintain a stable shoreline.
By contrast, during the slow rise of the sea level (rate & 0.08 m/c) from 6000
year BP, the same rates of shoreward 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 transport @, and rate of sea level rise dS/dt related to
barrier island formation [after Dean, 1987}.

Barriers

Along many shorelines barriers or barrier islands are found. A barrier is an oblong
piece of land close and parallel 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:

o 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,

e 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: barrier 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: barrier drowning or
barrier overstepping (figure 2.6).

Thus, the determining factor for these alternatives is again the amount of sediment
supply. The more the sea level rises, 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 its 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 water 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
sediment 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 ebb delta on the seaward side coming about due to the ebb flows and a flood
delta 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. & Sanders, J.E. Holocene transgression in south-central Long Island, New
York. J. of Sedimentary Petrology, 50: 1063-1080, 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 ebb 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 a 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 level rise 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.S.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 et 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 to cause an increased
storm activity in certain parts of the world. These factors all point in the same direc-
tion: an increase of overtopping frequency and eventually a collapse of protectional
structures.

Future sea level

e

Figure 2.7: Increased wave run-up.

2The optimum 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

Coastal wetlands are areas which occupy area between land and sea. They are in-
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 et al., 19933]: 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. IPCC-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 0.53
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 3,941 0.10
Africa Atlantic Ocean Coast 44 369 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 Islands 89,500 19.39
former USSR 4,191 0.02
Total 732,921 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 rise and

3Wolff et al. 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, inundates the coastal wetlands where the
sediments have the opportunity to settle down.

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

1. Salt marshes and mangrove forests
Salt marshes and mangrove forests occur 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 marshes
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:

o 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.

tpp.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 cannot keep pace with (rapid) sea level rise; and (c) human
interference impedes wetland movements.

e 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 will become salt marshes, whereas
’ the original salt marshes will eventually be submerged.
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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 interference 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, e.g. higher on the shore and/or
further inland. However, this does not happen if marshes 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 more. Furthermore, the original inflow of sediments, freshwater and
nutrients is reduced signtficantly or is stopped completely. The coastal wetlands then
mainly depend on their organic production, which, as research has proven [Dean et
al., 1987, is normally too little for their survival because 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
storm 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.
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224 Cases

Introduction

Assessing the impact of sea level rise on a particular 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 to 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, e.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 Schroder [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 et
al., 1990; Perdomo et al., 1992}.

In this subsection, four cases are discussed: (I) the Mississippi delta, (II) the
Galveston bay, Texas and the Charleston area, South Carolina, (IIT) 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 al., 1993]. The compaction
of riverine sediments along with mining activities (oil 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 km?) 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 Louisiana coast is retreating at an average rate of 4.2
m/yr [U.S. Department of Energy, 1989).

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

e 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.

e 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:
e 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,

e reduction of the coastal wetland vegetation, thus decreasing the vertical accre-
tion significantly,

e 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 rise and its impacts such as the rate of land loss.

[l. 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
isostatic effects such as land 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 along 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 cm by the year 2075 (a so-called low scenario 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 ¢m) scenarios of sea level rise.

For Charleston, South Carolina, Kana et al. conclude that up to one-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 ¢m and 231.6 cm respectively. In case of the medium
scenario (159 cm), a 10-year storm would cause by the year 2075 as much 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 Dynamic 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 commis-
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/c, 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 -1.1 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/c.

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
0.2 m/c 0.6 m/c | 0.85 m/c*
Shoreline | Additional | Additional
movement | movement | movement

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

Zeeuws Vlaanderen -1.1 -0.4 -1.1
Walcheren -1.1 0.4 -1.1
Schouwen 1.5 -0.3 -0.8
Goeree -0.7 -0.3 -0.9
Voorne -0.7 -0.3 -0.9
Hoek van Holland-Scheveningen -0.1 -0.2 -0.4
Scheveningen-Noordwijk 0.3 -0.2 -0.5
Noordwijk-IJmuiden 0.4 -0.2 -0.5
IJmuiden-Egmond 0.2 -0.2 -0.4
Egmond-Groet -0.5 -0.2 -0.7
Petten-Gr. Keeten -0.9 -0.2 -0.9
Gr. Keeten-Den Helder -1.1 -0.3 -1.0
Texel -1.6 -0.5 -1.6
Vlieland -1.9 -0.6 -1.9
Terschelling -1.9 -0.6 -1.9
Ameland -2.2 -0.6 -2.0
Schiermonnikoog 39 -1.1 -2.6

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

or overtopping frequency, is likely to increase significantly in case of a sea level rise [de
Ronde, 1991; den Elzen and Rotmans, 1992]. Computations have indicated that in
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 metre will amount to 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 cm. 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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IV. Nile delta, Egypt

The Nile delta comprises the most important coastal lowland along the Mediterranean
Sea, covering an area of approximately 22,000 km?2. 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 +2
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 [modified from Sestini, 1992]. Source: Impacts of Sea-level
Rise on European Coastal Lowlands. Tooley, M.J. & Jelgersma, S. (eds), p. 183. Copyright
© 1992 The Institute of British Geographers, reprinted by kind permission of Sestini and
Blackwell Publishers.

level 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, Rhone, 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 km 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 occurred.
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 in 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 accelerated 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, causing 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 [Naeem et al.,
1993], the Mekong delta [Jelgersma et al, 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 to 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
mainly 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

river,

e 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
illustrate 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,

o 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 enmough 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 is 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 extreme 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],

e Cross-sectional 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,

e 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 ratio between the
river discharge times the period of tidal oscillation and the volume of the tidal
prism. An example of a mixing parameter is:

QT

M=
P

(2.3)

where

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

e T’ = tidal period (T,

e 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-stationary models [e.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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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 water manages
to intrude.

A salt water wedge occurs when a river discharges into a saline body of water,
such as a sea or an ocean (see figure 2.12). Sea water intrudes along 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 out 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]:

_ A 1 2/3 4/3
Lw = E W—05+075F7° —03Fr
and
Ve
Fr = Tach (2.4)
where

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

= water depth of the river (L),

ky = friction factor representing the stress along the interface (—), (reasonable
value in the order of 4 -107%),

Fr = Froude number (-),

V. = velocity in the river, upstream of the wedge, Q,/A (LT™1),
Q, = fresh water river discharge (L3 T~1),

A = cross-sectional area (L?),

a = relative density difference, (p; — ps)/ps, (=),

ps = density of saline water (M L~3),

p; = density of fresh water (M L~3),

g = acceleration of gravity (L7?).

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 level rise versus river bed elevation

The
be a
bed

change in length of the salt water wedge, initiated by a sea level rise SLR, can
pproximated by the aforementioned equation 2.4. If the position of the river
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 reach 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 [van 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 bottom gradient, the geometry of the river mouth
and the rate of sea level rise. 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 salt water intrusion Jength L,, should be calculated
for a depth equal to h + ¢ 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 intrusion, then the
following problems may arise:

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

e the seepage quantity from estuaries and rivers towards adjacent areas increases,
e.g. in the Delaware estuary [Lennon ef 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 cm/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, 1986].
During the worst period of the severe drought in the 1960’s, the salt water front
(250 mg CI~/I) advanced 53 km 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 CI~ /I 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 c¢m 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).

5An 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 CI~/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 cm by 2050 is likely to increase the salinity of
the river mouths to 500-800 mg Ci~ /I [El-Fishawi, 1993]. The salt water intrusion
would affect the area of the Nile delta which is lying below +2 m M.S.L. This area
comprises 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 could be upset and fish catches could
alter in composition or even vanish.

lIl. 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 km 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 simulation model is applied to assess the socio-economic impacts 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
intrusion 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 —ps b
Ly~ ——— 2.5
v ps Iy 29)

where I, = tan # = bottom gradient of the river (—). When sea level rises, the salt
water wedge itself will not basically change. However, the salt water wedge will shift
in upstream 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 Ly,

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 rise (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 — 2L Ah
AL, = ——Ff—
I

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 km. 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).

(2.7)

2.4 |mpact 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. Obviously, from 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 geohydrologic 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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e long-term evolution, e.g. sea water transgressions or regressions, natural subsi-
dence,

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

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

e human activities since several centuries, e.g. land reclamation; mining of oil,
gas, 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 until 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
rise 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 rise in water level in coastal groundwater flow regimes. For the Dutch situation,
this implies in other words: 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 Holland-profile®:

A= vkDe (2.8)

where

6The geohydrological schematisation, which consists of a Pleistocene sandy aquifer overlain by a
Holocene (clayey) aquitard, 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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e k = hydraulic conductivity of the aquifer (L 771),

e D = saturated thickness of the semi-confined aquifer (L),

e ¢ = hydraulic resistance of the aquitard (7°),
e ) = VkDc = the so-called characteristic length or leakage factor of the forma-

tion (L).

So, in case the subsoil parameters k, D and ¢ 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 A of the formation. For instance,
at distances of z = 2 X and z = 3 A from the open water boundary, only e=2 (=
about 13.5 %) and e~3 (= 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 boundary like the seaside boundary. In reality, however, density
flow and spatially varying 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. Therefore, it is important to anticipate on the impact of sea level rise on
coastal groundwater flow regimes in due time.
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242 Changes of a sharp interface due to sea level rise
Badon Ghyben-Herzberg principle

Several researchers [e.g. Kana et 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 to 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.

Natural groundwater recharge £ Natural groundwater recharge £

l NI wmee | CRES

round surface

Freshwater lens

-S’itﬁne._-...v.

Figure 2.14: Effect of sea level rise on the fresh-salt interface in an unconfined 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 level are given in equation 2.9 [van

Dam, 1992a):

£(0.25 B2 — z2)
k(l+a)a

SLR
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h = oH, with a=2"°1 (2.9)
Pr

where
e H = depth of the fresh-salt interface below mean sea level (L),
e f = natural groundwater recharge (L7T~!),
e B = width of sand-dunes before sea level rise (L),
e z = horizontal position (distance from the axis of symmetry) (L),
e a = relative density difference, (p, — ps)/ps, (=),
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' = %7&' ne B Hppas (2.10)

where
e C' = content of fresh groundwater per unit coast length below M.S.L. (L3 L™1),
e n, = effective porosity (—),
® Hpae = deepest position of the fresh-salt 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:

SLR
I
Bsir = B-2R (2.11)

R

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

e Bgr = 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 £ (Rz =)

2k(l+a)a

h = aoH

C = :3’-71' N, Rf H o
sea level rise:

L
R = S—Itli, Rc,SLR =R.- R (2.12)

where
e R, = radius of the sandy island before sea level rise (L),
e r = distance from the center of the circular island (L),
e C = content of the freshwater body (L?),
e R = 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:
_ -fz2—2¢qz
# V k(l+o)a
h = oH
= fz+qo
40 q0 k
L, = ——&/-— =2 - =D?(1+4+0)x 2.13
; \/(f> 7 D*(1+0) (213
where

e ¢ = groundwater flow per unit coast length (L2*7T~1),

e L, = 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
rise.

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 landward shift of the salt water wedge.
Furthermore, changes in the natural groundwater recharge due to climate change
may also be considered.

shoreline retreat:
SLR
R = T,

aquifer thickness:
Ds;r = D+SLR
climate change:

Jee = CFf, %[O.SSCSL?]; qo,cc:_fch
shift in the toe of the wedge:
AL, = R+ [Lw(qo,cc, fcc, DSLR: k, a) — Ly (qo, f, D, ]C, 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 aquifer 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. It 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:

lNamT grolindwalter reclharge ‘f Natural groundwater recharge #
Shoreline ‘ l l l l
, ul . retreat 3K Bsx

Ground surface

Sea l

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

qs = kD,
Bsir

(2.15)

where
o g, = flow of saline groundwater underneath the freshwater lens (L2 71),

e kD, = average transmissivity of the aquifer between the impervious base and
the freshwater lens (L2 T1),

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

Bs ,r = B — R = width of the sand-dunes after sea level rise (L),

B = width of the sand-dunes before sea level rise (L),

e 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 is 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 Bgrg is 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 hydraulic resistance which suppresses
vertical groundwater flow. When sea level rises, the flow of saline groundwater g,
underneath a freshwater lens depends on the characteristic length A [van Dam, 1993],
see figure 2.17 and equation 2.16:

Ap+ SLR
Asea + BsLR + Atand

gs = kD; (2.16)

where

e kD, = average transmissivity of the aquifer between impervious base and the
freshwater lens (L2T~1),

® Cseq, Clang = hydraulic resistance of the aquitard at the seaside and the inland
side respectively (T),

® Xseq, Mand = VED;sCsea, VkDsciand = the characteristic lengths of the forma-
tion at the seaside and the inland side respectively (L),

e Bgir = 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 situation for unconfined aquifers without aquitards.

Confined aquifer

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

_ /—2q;x
i = ko
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Figure 2,17: Salt water intrusion due to sea level rise in a semi-confined aquifer.

h = a(H-I-A)

q9 = 4qf
kD?a

Ly, = _2Qf

(2.17)

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

e g¢; = fresh groundwater flow from recharge in the uplands, possibly diminished
by groundwater extractions, per unit coast length (L2 T~1),

e 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 wedge in 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 gy, since all other
parameters remain constant. The fresh groundwater flow could differ due to changes
in recharge in the uplands. Possible causes 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 rise 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 also 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 problems.

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 coastal 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 trenches and injection
of chemicals. This solution is applicable only in shallow thin aquifers and at
the expense of high costs. A small 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,
sea 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
increase 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)
occurs between fresh and saline groundwater in the aquifer system. It is certain
that a huge freshwater body occurs, 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 oozes 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 it 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 costs of water treatment and could damage sanitary facilities and machineries

[El-Fishawi, 1993].

I1. 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 Galveston bay, Texas. They concluded that
aquifers in the Galveston bay area have already been polluted or salt-contaminated
and that any incremental 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 level rise vary from 11.2 ¢m to 63.8 ¢m for 2025 and from 23.8 em to 231.6
em for 2075. '

Without site-specific modelling of the groundwater flow 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 inland 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 occur at the point where
the phreatic groundwater level is about 0.3 m above M.S.L. (1/40-13 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 aquifer 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 South 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.

IV. 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 coastal plain of
southern New Jersey. When the salt water front moved up the Delaware estuary
during the severe drought of the 1960’s and allowed saline water to 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 into 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~/I). As a result, the extractions should be allocated
to agricultural and industrial uses. When the sea level rises 2560 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-equilibrium conditions in a heterogeneous
and anisotropic medium. 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 Chloride concentration records constitute 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 C1~/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 transition
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 result of short-term cyclic fluctuations of sea level
caused 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
m 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 simulate 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
to 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 sea level and for sea levels -50, -100 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 simulations 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 f¢ below the present sea level. This
can be deduced from the position of the simulated sharp interface, assuming that
the 10,000 mg/l isochlor represents the center of the transition zone. In reality, the
observed transition zone 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.

V1. The Mediterranean Basin and the Near East

Coastal groundwater flow regimes in the Mediterranean Basin and the Near East have
suffered from salt water intrusion, mainly 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 management system is 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 leve] rise on two aspects of water manage-
ment gets some more 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.

2.5.1 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-
Jjacent surface waters will experience a rise in their water level due to the backwater
effect. Seepage may also become more 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 probably occur in the Delaware estuary, USA [Lennon et al.,
1986].

For the Netherlands, straightforward computations have been executed to assess
the increase in seepage quantity due to sea level rise. For instarnce, 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 80 % 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:

e 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 also 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 system will have
to be flushed more intensively.

e 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 C(Cases

I. ISOS: 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, Bangl