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Thesis title

In the era of intense pressures on water resources, the loss of groundwater by increased 
seawater intrusion (SWI), driven by climate, sea level and landscape changes, may be critical 
for many people living in commonly populous coastal regions. Analytical solutions have been 
derived here for interface flow in coastal aquifers, which allow for simple quantification of 
SWI under extended conditions from previously available such solutions and are suitable for 
first-order regional vulnerability assessment and mapping of the implications of climate- and 
landscape-driven change scenarios and related comparisons across various coastal world 
regions. Specifically, the derived solutions can account for the hydraulically significant aquifer 
bed slope in quantifying the toe location of a fresh-seawater sharp interface in the present 
assessments of vulnerability and safe exploitation of regional coastal groundwater.  

Results show high nonlinearity of SWI responses to hydro-climatic and groundwater pumping 
changes on the landside and sea level rise on the marine side, implying thresholds, or tipping 
points, which, if crossed, may lead abruptly to major SWI of the aquifer. Critical limits of coastal 
groundwater change and exploitation have been identified and quantified in direct relation 
to prevailing local-regional conditions and stresses, defining a safe operating space for the 
human use of coastal groundwater. Generally, to control SWI, coastal aquifer management 
should focus on adequate fresh groundwater discharge to the sea, rather than on maintaining 
a certain hydraulic head at some aquifer location. First-order vulnerability assessments for 
regional Mediterranean aquifers of the Nile Delta Aquifer, the Israel Coastal Aquifer  and the 
Cyprus Akrotiri Aquifer show that in particular the first is seriously threatened by advancing 
seawater. Safe operating spaces determined for the latter two show that the current pumping 
schemes are not sustainable under declining recharge.

Keywords: seawater intrusion, coastal aquifer, tipping points, safe operating space, analytical 
solution.
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Sammanfattning

Analytiska lösningar av gränsflöden i kustakvifärer möjliggör en relativt enkel kvantifiering av grund-
vattnets respons på ändrade påfrestningar under olika förhållanden. Sådan kvantifiering är lämplig för 
första bedömning och jämförelse av regionala akvifärers sårbarhet, och för att uppskatta konsekvenser 
av klimatförändringar och andra tänkbara förändringar i miljön över olika kustområden i världen. Tidig-
are analytiska lösningar för saltvatteninträngning i kustnära akvifärer har inte räknat med den hydrau-
liskt betydande lutningen av en akvifärs bottenskikt. Genom att ta hänsyn till den lutningen bidrar de 
nya analytiska lösningarna som utvecklas i denna avhandling med en viktig förbättring, som möjliggör 
mer realistisk kvantifiering av akvifärers respons på förändringar. Lösningarna kan uppskatta lokalicer-
ingen av den mest inlandplacerade punkten, den så kallade tån, av en teoretiskt antagen skarp gräns 
mellan söt- och saltvatten. Sådana uppskattningar har sedan använts för att bedöma olika akvifärers 
sårbarhet och möjligheter för söker användning av grundvatten i kustområden.

Resultaten visar att saltvatteninträngningens respons på ändringar i hydroklimat och grundvattenut-
tag på landsidan av akvifären, och havsnivåhöjning på den marina sidan, är starkt icke-linjära. Detta 
innebär att det finns viktiga trösklar för hydraulisk stabilitet. Överskrids dessa trösklar kan det leda till 
plötslig och full invasion av saltvatten i en kustakvifär. Generellt har olika gränser identifierats och kvan-
tifierats för exploateringen av grundvatten i kustområden, i direkt relation till rådande lokala/regionala 
förhållanden och/eller klimatpåfrestningar. Dessa gränser definierar manöverutrymmet för människans 
användning av kustnära grundvatten. Avhandlingen visar att förvaltningen av vattenresurser i kustom-
råden bör fokusera på kontroll av grundvattenutflödet från land till hav, snarare än att upprätthålla en 
viss grundvattennivå vid en bestämd plats inland, för att motverka saltvatteninträngning i kustakvifärer.

Första ordningens sårbarhetsbedömningar av saltvatteninträngning på grund av intensiv exploater-
ing av grundvatten har utförts för tre regionala Medelhavskustakvifärer: Nildelta-akvifären (NDA), den 
israeliska akvifären vid Medelhavskusten (ICA) och den cypriotiska Akrotiri-akvifären (CAA). Resultaten 
visar att NDA är allvarligt hotad av saltvatteninträngning på grund av minskande grundvattenpåfyllning, 
och att grundvattennivån på landsidan i akvifären måste hållas stabil fortsättningsvis för att inte riskera 
fullständig invasion av saltvatten i kustakvifären. Under nuvarande grundvattenförhållanden (påfylln-
ings- samt uttags-hastighet samt nivå) är ICA inte en omedelbart hotad akvifär, men närmar sig kritisk 
saltvatteninträngning i vattenbrunnar, medan uttagshastigheten för grundvattnet i CAA skulle kunna 
ökas med 30% jämfört med nuvarande förhållanden. Manöverutrymmet för utvecklad användning av 
grundvatten i ICA och CAA är snävt, så att även nuvarande grundvattenuttag inte är hållbara med even-
tuell klimat-driven sjunkande grundvattenbildning framöver.

Nyckelord: havsvatteninträngning, kustnära grundvatten, tröskelpunkter, manöverutrymme, analytisk 
modellering.
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Abbreviations & Notation

aMSL above mean sea level
ca. circa
CAA Cyprus Akrotiri Aquifer
cosϕ cosine of the angle of inclination of aquifer 

slope relative to the horizontal
D-F Dupuit-Forcheimer assumption
eNDA east Nile Delta Aquifer
FB flux boundary condition
FC flux-control condition
h depth of flow measured perpendicular to the 

base of the aquifer (L)
HB head boundary condition
HC head-control condition
hL depth of flow at the land-boundary (L)
ho mean flow depth in the homogeneous (entirely 

freshwater) flow region of the aquifer (L)
Hsea aquifer depth at the coast (L)
(Hsea)max maximum aquifer depth at the coast (L)
IPCC Intergovernmental Panel for Climate Change
K hydraulic conductivity (LT-1)
mNDA middle Nile Delta Aquifer
NDA Nile Delta Aquifer
L aquifer length (L)
lcontrol location of the control section in the aquifer (L)
ldiv groundwater divide (L)
lT  sharp-interface toe (L)
(lT )max theoretical critical  penetration length associ-

ated with (Hsea)max (L)
lw location of the pumped trough (pumping loca-

tion) (L)
ppm parts per million
qb inflow rate at the land-boundary (L3L-1T-1)
qgrav flow rate due to gravity (L3L-1T-1)
qnorm normalised remaining groundwater flow from 

the pumping location (L3L-1T-1)
qo groundwater flow rate from the area l > lw (L3L-

1T-1)
qr remaining flow from the  pumping location 

(L3L-1T-1)
qr

max max. remaining flow from the  pumping loca-
tion (L3L-1T-1)

qr
min min. remaining flow from the  pumping loca-

tion (L3L-1T-1)
 

qSD submarine discharge rate (L3L-1T-1)
qsource/sink strength of sources and sinks (L3L-1T-1)
qw  representative pumping rate (L3L-1T-1)
(qw)max  max. sustainable pumping rate (L3L-1T-1)
r aquifer recharge rate (LT-1)
rn aquifer net recharge rate (LT-1)
sinϕ sine of the angle of inclination of aquifer slope 

relative to the horizontal
SLR sea level rise (L)
SUTRA A Model for Saturated-Unsaturated, Variable-

Density Ground-Water Flow with Solute or 
Energy Transport

SWI seawater intrusion
TDS total dissolved solids

zb altitude of the aquifer base at distance l (L)
Δ(.) indicates incremental change
δ normalised density difference
λ normalised position of interface toe
μ dimensionless flow parameter
ρf freshwater density
ρs seawater density
 the summation α1 + α2 +…+ αn

σi  point sources/sinks
Φ discharge potential
φ hydraulic head
2D two-dimensional
∇2 Laplacian operator
∞ infinity 
 

∑
=

ai
i

n

1
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About 70% of the world population lives within a 
day’s walk from the coast (Brown et al., 2002). Many 
of these, often densely populated, coastal zones rely 
on groundwater for drinking and for their economies. 
Especially in semiarid/arid regions, aquifers are 
essential water sources that are vulnerable to 
climate change. The generally slow rate of water 
movement and the storage are innate advantages 
of groundwater resources in terms of resilience to 
variations and relative to surface water resources. 
Groundwater is also often of potable quality, 
and thus does not require expensive treatment, 
permitting scaled development upon demand and 
use of infrastructure that is normally of lower cost 
than that of surface water supplies (Taylor et al., 
2009). 

However, aquifers in general and especially 
coastal aquifers are often exploited so intensively 
that their natural hydrological regime is strongly 
disturbed and may be thrown out of balance 
(Custodio, 2010). The possibility of advancement of 
seawater intrusion in a coastal aquifer due to human 
induced disturbances, intended and unintended  
(e.g., decrease of groundwater recharge by climate 
change and/or increased groundwater pumping for 
increased population, tourism and/or agricultural 
irrigation), is a major concern for the resilience and 
sustainability of coastal populations that depend on 
groundwater for their water supply.

Seawater intrusion threatens the groundwater 
in coastal aquifers with large-scale and slow-to-
reverse contamination; e.g., mixing 2% seawater of 
salinity 35000 ppm TDS with freshwater makes the 
mixture non-potable (standard 500 ppm TDS) and 
5%-mixing makes it unfit for irrigation (Custodio and 
Bruggeman 1987; Masters, 1991, p. 112). Therefore, 
the vulnerability of coastal aquifers to seawater 
intrusion must be considered in the management of 
groundwater resources. Groundwater management 
must also consider projected climatic changes, 
which, along with various other changes occurring in 
the landscape, may lead to critical freshwater loss on 
different scales (Vörösmarty et al., 2000; Milly et al., 
2005; Döll, 2009; Rockström et al., 2009a,b; Destouni 
et al., 2013). Indeed, hydrologic studies related to 
climate change have gained importance after IPCC’s 
Fourth Assessment Report (Bates et al., 2008).

1. Introduction

1.1 Seawater intrusion and Climate Change 
– Implications for coastal groundwater 
resources

Climatic changes can influence both the sea-side 
and/or the inland boundary conditions of coastal 
aquifers, as well as the water level and salinity 
boundary conditions of lakes and enclosed seas 
to which all types of aquifers may be hydraulically 
connected. Large-scale changes in these boundary 
conditions influence flow and pressure distributions 
in regional aquifers, leading to large-scale, even 
though spatially variable, changes in seawater 
intrusion over long coastlines (Jarsjö and Destouni, 
2004; Shibuo et al., 2006). While large-scale changes 
in mixing conditions threaten main freshwater 
sources for many people in densely populated 
coastal regions, the coastal groundwater flows that 
determine the mixing conditions are among the least 
well monitored and most uncertain environmental 
flows (Destouni et al., 2008, Prieto and Destouni, 
2011).

In the era of the Anthropocene, with multiple 
change pressures on water resources, loss of 
valuable coastal groundwater resources by seawater 
intrusion, which is impacted by climate, sea-level 
and landscape changes, may thus be critical for many 
people (Llamas and Custodio, 2003; Nicholls and 
Klein, 2005; Post, 2005; Small, 2005; Ferguson and 
Gleeson, 2012). An important task is, therefore, to 
assess the risks and controls for safe use of coastal 
groundwater under multiple present and possible 
future stresses, paying special attention to new 
conditions arising under intensive groundwater 
exploitation. Figure 1 shows a coastal aquifer system 
schematic, with main forcing elements, natural and 
human-induced (controlled or unintended), and 
some mixed aquifer response associated with the 
prevailing combination of different forcings, including 
also the option of influencing the latter through 
management measures targeting the control of the 
aquifer response.

In addressing complex problems, like the coastal 
aquifer system response to coupled human-natural 
and spatiotemporally variable forcing conditions as 
outlined in Figure 1, the transparent mathematics of 
simple, but hydraulically sound, analytical solutions 
may allow for relatively simple quantification of 
important main system features. For the seawater 
intrusion phenomenon in coastal regions, such 
features are, for instance, profiles of groundwater 
table conditions, groundwater flows and salt-fresh 
groundwater interfaces, that are essential for 
exploring effects of different management scenarios 
of coastal groundwater and can to some degree be 
captured by relatively simple analytical solutions, as 
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well as by more complete and complex numerical 
solutions. Analytical solutions may then be particularly 
suitable for first-order (a) large-scale intra- and inter-
regional vulnerability comparisons and mapping 
and/or (b) screening of main implications of future 
climate and other change scenarios, in and across 
various coastal regions of the world with regard to 
their vulnerability to groundwater contamination by 
seawater intrusion (e.g., Werner and Simmons, 2009; 
Koussis et al., 2010a,b; Ferguson and Gleeson, 2012). 
However, existing analytical solutions of seawater 
intrusion in coastal aquifers that are based on the 
theory of Strack (1976) have so far been applied 
only to horizontal or infinitely thick aquifers, thereby 
ignoring the hydraulically significant inclination of real 
aquifers. Removing this clearly unrealistic simplifying 
assumption represents one important possibility of 
analytical solution improvement, worthy of further 
exploration for enabling more realistic consideration 
and quantification of aquifer, and particularly their 
seawater intrusion responses to multiple change 
pressures in coastal regions.

In view of knowledge needs and development 
opportunities, the research presented in this thesis 
has four interrelated objectives: 
1. to develop an advanced analytical model for 

seawater intrusion in sloping coastal aquifers 
under human exploitation and other change 
pressures, which is addressed in Paper I; 

2. to determine main characteristics of the response 
of coastal aquifers to seawater intrusion through 
a systematic analysis of spatio-temporally 
variable forcing conditions on the marine side 
(sea-level rise, aquifer depth at the sea), which 
is addressed in Paper II, and on the land side 
(type of control regime or boundary condition 
- fixed head or flux, groundwater recharge and 
pumping rate and location) addressed in Papers 
II, III and IV;

3. to quantify main conditions for safe operation 
of the human use of groundwater based on 
the results of items (1) and (2) above, which is 
addressed in Paper III; and 

4. to concretely develop a practical methodology 
for site-specific assessment of vulnerability 
to seawater intrusion and evaluation of 
groundwater management scenarios, which 
is carried out for three prominent regional 
Mediterranean aquifers in Paper IV.

Figure 1. Schematic of the coastal aquifer management problem.

1.2 Objectives
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2. Materials and Methods 

In summary, a simple, yet hydraulically credible 
analytical model of salt-fresh groundwater 
interface flow in unconfined aquifers, appropriate 
for vulnerability assessment of coastal aquifers to 
seawater intrusion, is first advanced and detailed 
in Paper I. This analytical model development is 
further used (with some additions) in Paper II to 
determine the responses of coastal aquifers to 
seawater intrusion under different control regimes 
employed in groundwater management scenarios 
and variable physical aquifer parameters and forcing 
conditions on the land- and the sea-side. The Paper 
II investigation intends to answer questions such as 
“Which are the key system parameters that control 
the rate of seawater intrusion?” and “Under what 
conditions does the aquifer approach limiting 
seawater intrusion conditions?”. 

The Paper II investigation identifies some key 
critical conditions arising under intensive groundwater 
exploitation that is aggravated by climate-driven 
changes, including sea-level rise, which are further 
explored in Paper III. Using again the suitably 
simplified yet hydraulically sound analytical model 
of interface flow (Paper I, with an extension), Paper 
III goes beyond the Paper II effect analysis in applying 
the concept of a safe operating space (Rockström et 
al., 2009a,b; Rockström and Karlberg, 2010) to the 
human use of coastal groundwater, identifying some 
key natural and management limits for the use of 
this resource, to avoid its critical loss by seawater 
intrusion. Defining the operational limits of coastal 
aquifers aims at answering questions such as “What 
is the maximum sustainable groundwater pumping 
rate?” and “Which locations for coastal groundwater 
pumping are efficient and long-term sustainable?”. 

The concepts and tools developed in Papers 
I-III are combined in Paper IV, to further develop 
and apply a practical methodology for assessing 
vulnerability to seawater intrusion and evaluating 
alternative groundwater management scenarios in 
concrete coastal aquifer cases. The development 
and application are here exemplified at three 
prominent regional Mediterranean aquifers: 1) the 
Nile Delta Aquifer underlying the Nile Delta, which 
is of profound importance to Egypt, 2) the Israel 
Coastal Aquifer, which is considered to be the most 
important freshwater source in Israel, and 3) the 
Cyprus Akrotiri Aquifer, which is a major source of 
potable and irrigation water in Cyprus. These coastal 
aquifers in the Southeastern Mediterranean region 
have been subject to extensive exploitation and 
modified hydrologic regime by human activities 

Seawater intruding in a coastal aquifer mixes with 
fresh groundwater, creating a water body in which 
the mass density varies continuously, according to 
the continuously varying concentration of salt in the 
water and, typically, rapidly over a narrow transition 
zone. Water flow and salt transport interact then 
and a set of coupled (nonlinear) governing equations 
expresses the dynamics of this variable-density flow 
and salt transport phenomenon. Relevant model-
ling of these processes is essential for being able to 
avoid critical pollution of coastal aquifers by intrud-
ing seawater (Paper I), and to quantify and control 
highly uncertain submarine groundwater discharge 
(Prieto and Destouni, 2011) and pollutant transport 
by that mixture of freshwater and re-circulated sea-
water towards the sea (Destouni et al., 2008). The 
importance of these issues are accentuated by the 
commonly high population density of coastal areas 
(Brown et al., 2002), the associated large demands 
for clean freshwater (Koussis et al., 2003) and heavy 
water pollution pressures (Destouni et al., 2008) in 
these areas. 

Probably, first Cooper (1964) articulated clearly 
that the establishing of a mixing zone of seawater 
and freshwater requires a convection cell that trans-
ports saltwater from the seafloor towards the tran-
sition zone and back to the sea. This cyclical flow 

2.1 The seawater intrusion problem and its 
possible solutions

and constructions (e.g., dams), are already suffering 
seawater intrusion, and are located in a sensitive 
region of the world, both in climatic and in political 
respect. 

In general, application studies in this thesis focus 
on all or some of these aquifers in the Mediterranean 
region for two reasons: (a) several aquifers along the 
densely populated Mediterranean coasts are already 
suffering sea intrusion, due to intensive and increasing 
human use of groundwater, and (b) the vulnerability 
to a decrease of renewable groundwater resources 
induced by climate change, as projected by climate 
models up to 2055, is expected to be particularly high 
for the North African rim of the Mediterranean Sea 
(Döll, 2009), implying possible accelerated seawater 
intrusion due to declining groundwater recharge 
(Kundzewicz and Döll, 2009). In the following, the 
general conceptual, modeling and quantification 
developments, as well as the site-specific materials 
and methods of this thesis are further described in 
more detail. 
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line of the transition zone as suggested by the results 
of Reilly & Goodman (1987) and of Park (2004, pp. 
163 – 210) for the saltwater up-coning problem and 
also by Motz (1995) and Dagan (1995) in discussing 
the related work of Panday et al. (1993).

The simplest mathematical description of this 
nominal internal flow boundary assumes a stagnant 
seawater wedge, so only the equation of the fresh 
groundwater flow must be solved, and Dupuit’s ap-
proximation, which necessitates idealising the coast 
as a cliff. This well-known formulation of seawater 
intrusion, traditionally attributed to Badon-Ghyben 
(1888) and Herzberg (1901), leads to one-dimen-
sional models of the two-dimensional interface flow 
in a longitudinal (profile) section of a regional aqui-
fer. These models enable obtaining analytical solu-
tions that are useful for screening-level studies and 
are therefore selected in this thesis. However, the 
relevant existing theory of Strack (1976) applies only 
to horizontal or infinitely thick aquifers, ignoring the 
hydraulically significant inclination of real aquifers, 
while a sloping aquifer is inadequately represented 
by an equivalent horizontal one. Therefore, the the-
ory is here suitably amended to consider a sloping 
aquifer base. 

supplies along its seaward path the transition zone 
with the salt that then enters the freshwater aqui-
fer through gradient transport across that zone. The 
lower density of the returning saltwater relative to 
seawater causes it to rise (buoyancy), inducing the 
seaward flow of the convection cell. Field observa-
tions confirm Cooper’s hypothesis, as do mathe-
matical solutions, such as Henry’s (1964) pioneering 
work, in which he solved semi-analytically simplified 
equations for flow (velocity still dependent on the 
salt concentration) and transport (isotropic disper-
sion with constant coefficient).

The coupling of flow and transport through the 
salt concentration-dependent water density inevi-
tably complicates mathematical treatment, requir-
ing rigorously complete solutions to be numerical. 
Present-day personal computers are capable of 
solving the coupled nonlinear equations governing 
variable-density flow and transport. Indeed, this 
is done for specific studies at particular sites. Yet, 
whereas the high computational demands of such 
detailed simulations (with account of a narrow tran-
sition zone requiring special treatment) are an ob-
stacle, their usefulness has also been questioned on 
the grounds that their results often lack reliability, 
due to the common paucity of data for characteriz-
ing adequately the hydrogeology (hydraulic parame-
ters) and the concentration field (Sanford and Pope, 
2010). In addition, the boundary conditions and the 
hydrologic forcing (recharge and pumping) are often 
not known over time sufficiently. Thus, in the ab-
sence of credible data, the benefits of using detailed 
and complex numerical variable-density models are 
undermined by the guesswork (or non-unique fit-
ting) and simplifications needed for the estimation 
of multiple aquifer parameters and their variability 
in space and time.

As a result of the aforementioned practical dif-
ficulties in applying variable-density models, the 
vastly simpler analytical sharp-interface modelling 
alternatives are often preferred. A sharp interface 
separating fresh and saline groundwater is a clear, 
albeit nominal (immiscibility based), indicator of 
the extent of seawater intrusion in coastal aquifers. 
Analytical interface-flow models either employ the 
theory of potential flow (Glover, 1959; Van der Veer, 
1977) or assume the pressure in the groundwater to 
be static (Dupuit hypothesis, 1863). A stagnant sea-
water wedge neglects the convection cell explained 
before, but the error committed is not great, because 
the circulation is generally weak. Nevertheless, the 
energy loss of seawater due to this flux causes the 
interface to retreat seawards; hence, one-flowing-
fluid sharp-interface solutions are conservative, pre-
dicting deeper seawater penetration. To the sharp 
interface is assigned in this work the 50% iso-salinity 
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2.2 Analytical foundations

Interface flow can be formulated as two two-point 
boundary value problems with the sharp interface 
as common internal boundary. The tedious solution 
of such problems is greatly simplified when using a 
discharge potential function,  conceived by Girinskii 
(1946, 1947) for tackling confined-unconfined and 
interface flows,  which is continuous throughout the 
solution domain, so that incorporating conditions 
on the unknown internal boundary is unnecessary. 
Strack (1976) made Girinskii’s discharge potential 
single-valued and formulated and solved cases of 
interface flow in coastal aquifers on a horizontal 
base, or of infinite depth (freshwater lens floating 
on deep seawater). The discharge potential satisfies 
the equation of Laplace ∇2Φ = 0, or of Poisson ∇2Φ 
= qsource/sink, over the entire domain and the boundary 
conditions.

Representing coastal aquifers generally as 
horizontal, however, does not correspond well to 
reality. It serves mainly analytical mathematical 
convenience. For example, the three Mediterranean 
coastal aquifers, studied in Paper IV, have 
base slopes ranging from sinϕ = 0.3% to 1.7%. 
Furthermore, it has been shown in Paper I that 
defining a single equivalent horizontal aquifer 
of a sloping aquifer is inadequate. Motivated by 
this appraisal of coastal aquifer conditions, this 
research advanced the Girinskii–Strack concept of 
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the mathematically unifying discharge potential 
to interface flow in sloping unconfined coastal 
aquifers. Without entering in the details of the new 
theory here, it is simply noted that the extended 
discharge potential includes a term that derives 
from the gravity-driven flow component, in which 
the depth has been approximated as a constant 
ho, qgrav = –K h sinϕ ≈ –K ho sinϕ.  The theoretical 
aspects of that work, presented in detail in Paper I, 
are summarized in the section Results of this thesis. 
That section also includes enhancements, derived 
in Papers I and II, reflected in several analytical 
solutions and expressions for pristine (non-pumped) 
and pumped aquifers under two different types of 
inland boundary conditions. Those solutions allow 
calculating analytically profiles of water surface and 
sharp interface in unconfined coastal aquifers.

Strack’s existing interface flow theory is relevant 
and does not need to be amended for sloping 
confined aquifers, because gravity does not influence 
confined flow (e.g. de Marsily, 1986; Strack 1989). 

a highly distributed pumping field in the aquifer, the 
recharge rate r has to be adjusted by the pumping 
qw, to give a net aquifer recharge rate rn = r - qw/L 
that is applied over the entire aquifer length. As 
pumping location is here understood the pump-
flow-weighted average distance from the coastline 
of all the multiple pumping locations that typically 
exist spread out through the landscape in real 
aquifers. This representation should be interpreted 
as yielding an estimate rather than a precise location 
of the trough that is withdrawing groundwater 
at the “two-dimensional” rate equal to the total 
volumetric pumping rate divided by the width of 
the aquifer parallel to the coastline. The resulting 
seawater intrusion is quantified in terms of the toe 
of a nominal sharp interface between seawater and 
freshwater, located at distance lT from the coast. 

The flow that reaches the pumped collector 
trough from its landside is qo = –r(L – lw) + qb, while qr 
= – (qo+qw) is the remaining flow from the pumping 
location (after pumping of qw at lw). The formulation 
of qr is extremely useful, since its sign explicitly 
indicates the origin of the pumped water, from 
the land-side of the well (positive sign), or from 
both land- and sea-side of the well (negative sign) 
(Paper IV). The submarine groundwater discharge is 
represented as qSD and is calculated as qSD = – rL + qb 
– qw. The location of the groundwater divide in the 
aquifer ldiv determines the minimum groundwater 
discharge, qSD

min = r ldiv, if it is in the area between 
the coastline and the pumping location.

Natural flows in the aquifer have negative sign, 
as they are running in the opposite direction of 
increasing l. qr in the contrary is positive when 
pumping is satisfied only from flows coming from 
the land-side of the pumping location and negative 
when the well pumps also from 0 < l < lw. 

The conceptualisation procedure consists in 
selecting and schematising a representative 
homogeneous longitudinal-section, parallel to the 
prevailing groundwater flow in the aquifer. 

The land-boundary conditions are assigned to the 
inland end of the coastal aquifer, which is at distance 
L from the coast. A flux boundary (FB) condition 
prescribes either an inflow, qb, or no-flow at the 
land-boundary; in the latter case the land-boundary 
is either impervious or a groundwater divide exists 
there. For fixed submarine discharge and no-flow at 
the inland boundary the FB condition is equivalent 
to the flux-control (FC) condition introduced by 
Werner and Simmons (2009). A head boundary (HB) 
condition at the aquifer’s land-boundary (also lcontrol) 
implies that the groundwater potential (hydraulic 
head) has a known value h(lcontrol) = hcontrol that 
allows flow through that boundary. This condition 
is identical to the head-control (HC) condition 
introduced by Werner and Simmons (2009).

The model considers an inclined (sinφ) 
unconfined homogeneous aquifer, with depth Hsea 
at the coast, receiving uniformly distributed and 
constant recharge r. The hydraulic conductivity K 
approximates the aquifer-average K in the flow 
direction. Groundwater is withdrawn through a 
fully-penetrating pumped trough (line sink) at the 
representative rate qw [volume per unit aquifer-
width and unit time] that is located at the distance 
lw from the coastline. When pumping in the 
aquifer cannot be represented as taking place at a 
particular average location, due to the presence of 

2.3 Inland boundary conditions and aquifer 
conceptualisation

2.4 Critical limits of seawater intrusion

Two different critical limits of seawater intrusion in 
coastal aquifers under exploitation and/or climatic 
stress have been identified in this thesis: a limit of 
well intrusion, lT/lw = 1, (Fig. 2a), at which intruded 
seawater reaches the location of groundwater 
pumping, and an imminent complete intrusion limit, 
lT/ldiv = 1, (Fig. 2b), at which the interface toe reaches 
the location of the groundwater divide on the coast-
side of the well (if such a divide is formed), or the 
prevailing groundwater divide in a pristine aquifer. 
Either limit can be reached, and ultimately crossed, 
under intensive aquifer exploitation and/or climate-
driven change (Fig. 2). The quantification of the SWI 
in a coastal aquifer through the ratios of lT/lw and lT/
ldiv is a direct measure of the stability (or instability) 
of an aquifer (Papers III and IV).



12

2.5 The concept of intrusion performance 
curves

quantify proximity (or, conversely, resilience) to 
all critical conditions that may arise. But when 
examining different management scenarios in the 
same aquifer, useful is the dimensional expression 
of the remaining groundwater flow from the 
pumping location, qr, since it gives immediately 
the actual rate of groundwater pumping (m3/m/d = 
m2/d) (Paper III). 

When the critical point of well intrusion is 
specifically considered, lT/lw = 1, the normalisation 
by lw can also be chosen, i.e., qnorm = – (qo + qw)/(Klw) 
(Paper I). [In the first publication, Paper I, the quantity 
qnorm was termed simply the dimensionless flow 
parameter µ = – (qo + qw)/(Klw).] This normalization 
scheme is useful for comparing different forcing 
and/or pumping scenarios in an aquifer (Paper I). In 
this case the performance curve ends at lT/lw = 1.

Aikaterini Mazi

Figure 2. Critical limits of seawater intrusion and definition of remaining flow from the pumping location, 
qr. (a) limit of well intrusion and (b) complete intrusion limit.

(a)

(b)

In order to explore the state of an aquifer, i.e., how 
close or how far from its critical points an aquifer is, 
non-dimensional intrusion performance curves have 
been developed (Papers I and IV). These curves show 
the normalized position of the intrusion toe, lT/L, as 
function of the normalized remaining groundwater 
flow either to the sea, qSD/(KL), or of the normalized 
remaining groundwater flow from the pumping 
location, qnorm = qr/(KL). The performance curve ends 
at the critical point of complete seawater intrusion, 
where lT/ldiv = 1.

The normalization by KL of the remaining flow 
from the pumping location is suitable for comparing 
aquifers of different properties, hydrologic/hydraulic 
regimes or management schemes, intending to 
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A study of how seawater intrusion in unconfined 
coastal aquifers, represented as interface flow, 
responds to two different scenarios of sea level 
rise (SLR) is the subject of Paper II. The focus is 
on determining the critical condition at which the 
seawater, driven by a rising sea level, is on the 
verge of invading the entire aquifer. In the case of 
SLR, that maximum intrusion length lT = ldiv = (lT)max 
is associated with a certain SLR, giving a sea level 
termed (Hsea)max. That study addressed the nature of 
aquifer response under different SLR scenarios, and 
how this response is affected by aquifer properties, 
inland boundary conditions, in combination with sea 
conditions and different management approaches.

The control conditions considered are of two 
types (methodology adopted from Werner and 
Simmons, 2009): flux-control (FC), implying that the 
submarine outflow of fresh groundwater remains 
constant, and head-control (HC), implying that 
the groundwater hydraulic head remains constant 
at the inland boundary. Obviously, these control 
conditions are related to the specified inland 
boundary condition; FC is equivalent to a zero-flux 
boundary (FB) at ldiv = – qSD/r, while HC corresponds 
exactly to HB. For both control cases holds that the 
free-surface profile has a maximum (groundwater 
divide) located no farther from the coastline than 
the control section (ldiv ≤ lcontrol). 

The change in the responses of the FC and HC 
systems relative to a base case configuration of 
equivalent flux control and head control conditions, 
with respect to the initial intrusion length, lT, is 
compared. In all calculations the coastline position 
remains unchanged, idealising the coast as vertical 
(Dupuit-Forchheimer; D-F assumption).

This methodological extension is built upon the 
intrusion performance curves generated for variable 
forcing (r, qw), for various K-values and for various 
pumping locations (lw/L) and for a fixed aquifer 
base slope (in this work, 1%). The ratio L/Hsea is a 
characteristic feature of the aquifer and changing 
the well location alters the geometrical ratio lw/Hsea, 
too. The intrusion curves are evaluated in order to 
identify key geometric controls of seawater intrusion 
in the aquifer.

This generic analysis considers, for simplicity, a no-
flow inland boundary condition (qb = 0), so that the 
groundwater flow remaining after pumping just after 
the pumping location on the marine-side is qr = r(L–
lw) – qw. The ranges of other parameter values used 
in the analysis are summarized in Supplementary 
Table S1 Paper III. 

2.6 Effect of sea level rise on coastal 
aquifers

The concept of a safe operating space for humanity 
has been discussed at the global scale for different 
biophysical subsystems or processes of the planet 
(Rockström et al., 2009) and for freshwater in 
relation to its use for food production (Rockström 
and Karlberg, 2010). Paper III takes this concept as a 
starting point for quantifying safe operation controls 
for coastal groundwater change and exploitation, 
based on the theory developed in Paper II in 
combination with identification of critical points of 
seawater intrusion under consideration of prevailing 
local-regional conditions. The results are shown in 
terms of qr, and some key geometric controls on 
intrusion criticality are identified.

2.7 The concept of a safe operating space 

2.8 Resilience/vulnerability of 
Mediterranean aquifers

Paper IV investigates seawater intrusion in three 
prominent Mediterranean aquifers (Fig. 3) that 
are subject to intensive exploitation and modified 
hydrologic regimes by human activities: the Nile 
Delta Aquifer (NDA), the Israel Coastal Aquifer (ICA) 
and the Cyprus Akrotiri Aquifer (CAA). The study 
reported in Paper IV is the first that addresses the 
vulnerability of these three Mediterranean aquifers 
in direct relation to the high non-linearity of the 
seawater intrusion process, with associated points 
of complete aquifer intrusion (Paper II; see also 
panel (b) in Fig. 2), in conjunction with consideration 
of critical seawater intrusion to different possible 
groundwater pumping locations (introduced in Paper 
I; see also panel (a) in Fig. 2), and comparatively so 
across the different aquifers. 

A conceptual aquifer model is developed for 
each case study that is based on a hydrogeologically 
representative vertical aquifer section, in which the 
flow is taken as parallel to the dominant (in plan-
view) groundwater flow direction in the actual 
aquifer. For the NDA, where the groundwater flow is 
radial and the slope of the aquifer base and hydraulic 
conductivity are changing, two cross-sections 
have been selected to represent the local aquifer 
conditions more fully, i.e., one in the middle part of 
NDA, henceforth mNDA, and one in the eastern part 
of the NDA, henceforth eNDA. 

The conceptualisation procedure consists 
in selecting and schematising a representative 
homogeneous longitudinal-section, thus defining 
the aquifer length L, slope sinϕ, depth at the 
coastline Hsea and appropriate inland boundary 
condition (FB or HB). The ICA and CAA have flux-
type inland boundary condition, but the ICA has a 
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no-flow inland boundary and the CAA a constant-
inflow inland boundary. The NDA has a constant-
head inland boundary. In ICA and CAA, groundwater 
withdrawal occurs through fully-penetrating 
pumped troughs located at a distance lw from the 
coastline and at a rate qw. In NDA, this approach is 
impractical because pumping is dispersed; hence, 
no single representative pumping location could 
be used in the modeling. Also, with no information 
openly available on the recharge in the NDA, the 
net aquifer recharge, rn, has been determined by 
calibrating the developed analytical model so that 
the predicted location of the interface toe matches 
the latest published data on seawater intrusion in 
the NDA. 

Performance curves are constructed in terms of 
qnorm for the ICA and CAA and in terms of qSD/KL for 
the mNDA and eNDA. In the latter case, the interface 
toe position has been computed for various past 
exploitation conditions of the aquifer by increasing 
the current net recharge, rn–value, according to the 
then lower pumped groundwater volume, as this 
is reported at various times in the past, assuming 
that the head at the inland boundary remained 
unaltered at today’s levels. A sensitivity analysis 
of the combined effects of calculated net recharge 
changes from former to current pumping rates, 
in conjunction with possible groundwater head 
changes at the inland boundary gives an overview of 
the NDA vulnerability.

Furthermore, also analysed are the effects of 
various possible pumping positions and rates on 
the intrusion performance curves in ICA and CAA. 
Finally, site-specific safe operating spaces (according 
to Paper III) have been calculated for ICA and CAA 
aquifers. The schematised aquifers sections are 
included in Fig. 3.

Table 1 in Paper IV includes all characteristics 
and parameters of the conceptual model sections of 
the three Mediterranean aquifers.

close to the sea. The aquifer base is a clay aquiclude 
inclined towards the north at 0.3-0.4%. The aquifer 
depth at the Mediterranean coast can reach 1000 m, 
but near Cairo it is only about 200 m (Sherif, 1999). 
Figure 4a and b, show the schematised (conceptual) 
mNDA and eNDA sections. 

The NDA is recharged by infiltration from limited 
precipitation and from excess irrigation water, 
through a network of irrigation conduits, and by 
possible inflows from the Nile Valley aquifer (sherif 
and Singh, 1999). The piezometric head in the aquifer 
fluctuates mildly (± 1 m) (Kashef, 1983) in an annual 
cycle. Groundwater flows in a radial pattern (in plan-
view) from the apex of the Delta to the sea and 
its quality deteriorates towards the north, mainly 
as a result of seawater intrusion due to intensive 
pumping. Sherif et al. (2012) report that, today, 
seawater has intruded ca. 100 km from the coast. 
About 2.4 km3 of groundwater is extracted annually 
from the NDA (Mikhailova, 2001), but an accurate 
balance for the Nile Delta cannot be established due 
to unreliable or missing data (Mikhailova, 2001).  

2.9.2 The Israel Coastal Aquifer (ICA)

The ICA (Fig. 3) is considered the most important 
freshwater source among Israel’s water reservoirs. 
It covers an area of 1900 km2 (Assouline and Shavit 
2004) and is sloping seaward with inclination 0.01 
(Yechieli et al., 2010); its maximum thickness at 
the coast reaches 200 m, thinning to a few meters 
towards the eastern (land) boundary. The ICA 
consists of inter-layered sandstone, calcareous 
sandstone, siltstone and red loam, alternating with 
clays that overlie impervious marine clays (Yechieli et 
al., 2010). The general flow direction in the aquifer is 
from the east towards the Mediterranean Sea to the 
west. About one third to one half of the precipitation 
(550 mm/yr in the north to 300 mm/yr in the south) 
recharges the aquifer (Aberbach and Sellinger, 1967).

Today’s average pumping is about 240×106 m3/
yr (derived from data reported by Yechieli et al., 
2010). In some locations, intense exploitation of 
groundwater has caused the water level to drop by 
15–20 m and seawater to intrude 2.5 km from the 
coast (Aberbach and Sellinger, 1967). To enhance the 
water balance of the aquifer, Israel practices artificial 
recharge, mostly in the winter, through wells and 
spreading grounds, with water conveyed annually by 
the National Water Carrier from the Lake of Galilee 
(earlier also floodwater). After the 1990s, 35×106 
m3/yr are artificially recharged (Assouline and Shavit, 
2004) while natural recharge is calculated to be 275 
– 300×106 m3/yr (Sellinger and Aberbach, 1973), or 
200 mm/yr (Yechieli et al., 2010). The conceptual 
model of ICA is based approximately on the work of 
Yechieli et al. (2010) shown in Figure 4c.

2.9.1 The Nile Delta Aquifer (NDA)

The Nile Delta area (22000 km2) (Fig. 3) is among the 
largest deltas in the world: its apex is near Cairo, ca. 
200 km from the Mediterranean Sea, and its base at 
the Mediterranean coast extends over ca. 240 km 
from Alexandria to Port Said. It is a very productive 
aquifer, consisting mostly of unconsolidated coarse 
sands and gravels, with K = 100 and 120 m/day 
(based on Sherif et al., 2012) in the NDA conceptual 
sections for its middle (mNDA) and east (eNDA) 
parts, respectively. The NDA is mostly unconfined, 
but it is considered leaky and partially semi-confined 

Aikaterini Mazi

2.9 Site descriptions
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replenishment of the aquifer by Kouris flows (Balasha 
and Phedonos, 1992). In response to declining 
groundwater levels and attendant seawater intrusion 
in the aquifer, the Water Development Department 
of the Republic of Cyprus initiated artificial recharge. 

This study focuses on the area of Zakaki, west 
of Limassol (second largest city of Cyprus). For 
the period 1972–1992, the annual groundwater 
withdrawals in the Zakaki area was 2×106 m3, which 
are translated to the 2D-equivalent pumping rate 
of qw = 500 m3/m/yr at the representative well 
gallery to be used in the analytical model. In the 
early 1990’s, overexploitation caused groundwater 
salinity to reach several thousand ppm of total 
dissolved solids (TDS) at 500 m from the coast. After 
1997 groundwater withdrawals were reduced by 
25% causing the salinity to stabilise at 1000 ppm TDS 
in boreholes at about 1000 m from the coast. The 
conceptual model of CAA is based on the work of 
Mazi et al. (2004a, b) is shown in Fig. 4d. This CAA 
conceptualisation has also been used in Paper I, 
to verify the analytical solution against results of a 
variable-density model simulation. 

2.9.3 The Cyprus Akrotiri Aquifer (CAA)

The CAA (Fig. 3) extends over 40 km2 in the 
southern edge of the Akrotiri basin, which forms 
the southernmost peninsula of Cyprus. The CAA 
is an alluvial aquifer consisting of river deposits, 
gravels with layers of marls, and sands with boulders 
interbedded with silt and clay lenses. The base of the 
aquifer is impervious and slopes towards the south at 
about 1.7%. The saturated aquifer thickness ranges 
from 10 m at its northern edge to over 100 m near 
the Salt Lake, which bounds the aquifer from the 
south. The basin’s mean annual precipitation (1968 
– 2000) ranges from over 500 mm at its northern end 
to 420 mm near the Salt Lake. 

The natural recharge and the inflows through 
the aquifer’s landside boundary were estimated 
from the hydrological balance of the Akrotiri basin 
for the period 1972–1992 at the mean values r = 92 
mm/yr and qb = – 549 m2/yr (m3 per metre width) 
(Mazi et al., 2004a, b). In earlier times, the CAA was 
also replenished by leakage from Kouris River in the 
adjacent basin. The closure and operation of Kouris 
Dam in 1988 has caused a 66%-decrease in the 

Figure 3. Map of Mediterranean aquifers (adapted from Google Earth), with locations of cross-sections (as 
insets): 1) Nile Delta Aquifer (adapted from Sherif, 1999), 2) Israel Coastal Aquifer (adapted from Yechieli 
and Sivan, 2011), and 3) Cyprus Akrotiri Aquifer. 
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Figure 4. Conceptualised cross-sections for the case studies: (a) Middle Nile Delta Aquifer, (b) East Nile 
Delta Aquifer, (c) Israel Coastal Aquifer and (d) Cyprus Akrotiri Aquifer.

(a)

(b)

(c)

(d)
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The new theory of interface flow (with D-F 
approximation) applies to shallow unconfined 
aquifers on a sloping base, extending Strack’s (1976) 
interface flow theory for horizontal or infinitely thick 
unconfined aquifers. Crucial here is formulating 
a discharge potential (Girinskii, 1946, 1947) that 
approximates the gravity-driven flow component in 
the homogeneous groundwater region qgrav = – Kh 
dzb/dl = – Kh sinϕ  (dzb/dl = sinϕ) as a constant qgrav 
≈ – Kho sinϕ, where ho is the mean flow depth in the 
homogeneous (entirely freshwater) flow region of 
the aquifer. The general expression of this discharge 
potential is 

in which C1 is an arbitrary integration constant that 
we set to zero. In the interface zone, since the base 
slope does not affect the flow and the saltwater 
wedge is taken as stagnant, the discharge potential 
is as given by Strack (1976), 

where C2 is also an arbitrary integration constant 
and ρs and ρf are the respective sea- and freshwater 
densities. Continuity of the discharge potential in 
the interface and in the homogeneous flow regions 
is ensured by matching eqs. 1 and 2 at the toe of 
the stagnant seawater wedge, where zbT = lT sinϕ, 
making also use of the Ghyben-Herzberg stability 
relationship. Equation 2 then becomes 

   

For a horizontal aquifer the discharge potentials 
reduce to those in Strack’s theory. 
 The equation governing the flow in the entire 
aquifer is then d2Φ/dl2 = –rcosϕ ± Σσi, (σi = point 
sources/sinks), with the discharge potential Φ 
defined appropriately in the freshwater and the 
interface zones. Integrating and implementing the 
boundary conditions for flux control and for head 
control yield the discharge potential solutions, from 
which the free-surface and sharp-interface profiles 

are determined (in the interface zone, using again 
also the Ghyben-Herzberg stability relationship). 
These profile solutions, combined with the discharge 
potential at the seawater intrusion toe, yield the 
location of the intrusion toe, lT, by solving, in the 
flux-control case without pumping the quadratic 
equation 3, where qSD = –rL + qb + qw and δ = (ρs – 
ρf)/ρf, with pumping (well gallery at lw) the quadratic 
equation 4, and in the case of head-control at lcontrol, 
without pumping, the cubic equation 5:

Only the root with the negative square root has phys-
ical meaning for eqs. 3 and 4. The single meaningful 
root of eq. 5 is the smaller of positive roots and lies 
on the branch of the function lT(Hsea) on which lT in-
creases as Hsea increases (a negative root is rejected).

Paper I introduces the concept of the non-
dimensional aquifer performance curve as λ = lT/L 
vs. µ = – (qo + qw)/Klw, where qo is the groundwater 
flow immediately before the pumped trough, and 
exemplifies it in the case of the CAA for wet, normal 
and drought conditions. The derived analytical 
solutions are used throughout Papers II – IV to study 
important aspects of the aquifer response to various 
forcing conditions, for a series of aquifer parameter 
values, for fixed-head (HB) and known flux (FB) 
conditions at the landside boundary.

Also in Paper I  is derived, for the flux-control case, 
the critical condition at which the seawater is on the 
verge of invading the entire aquifer. That theoretical 
critical  penetration (lT)max length is determined 
analytically by setting the discriminant of eq. 3 to 
zero; for a given value of Hsea,  (lT)max depends on 
the aquifer parameters K and sinϕ, on the seawater 
salinity and on the recharge:

   

3.1 Paper I. Analytical single-potential 
solution for sloping unconfined aquifers

3. Results 

! = 1
2
K !s

!s " ! f

" " Hsea( )2 +C2 , (2)

! = K 1
2
h2 cos! + ho sin!( )!"

#$
%
&' +C1 =

K 1
2
h2 cos! + ho zb !( )"

#$
%
&' +C1, (1)

! = 1
2
K !s

!s " ! f

" " Hsea( )2 +

1
2
K 2hozbT +

!s

! f

Hsea " zbT( )2#

$
%
%

&

'
(
(
. (2a)

[r + K! 1+!( )sin2! ]!T2 + 2[qSD ! K! 1+!( )sin! Hsea ]!T +

K! 1+!( )Hsea
2 = 0 (3)

[! 1+!( )sin2!+ r
K
]!T

2 ! 2[! 1+!( )sin! Hsea +
rL ! qb ! qw

K
]!T +

! 1+!( )Hsea
2 = 0 (4)

1+!( )sin2! !!3 +
r! control
K

+ sin! 2ho " 1+!( ) 2Hsea "!! control sin!( )#$ %&
'
(
)

*
+
,
!T
2 "

r! control
2

K
+ h!control

2 " 1+!( )Hsea
2 + 2sin!! control ho +! 1+!( )Hsea#$ %&

'
(
)

*
+
,
!T +

! control ! 1+!( )Hsea
2 = 0 (5)



18

The credibility of the model is gauged by 
comparing its results against simulation results 
of C.  Prieto (in Koussis, 2001) computed with the 
variable-density flow and salt transport code SUTRA 
(Voss, 1984). The location of the sharp interface toe 
predicted by the sloping aquifer model is lT ≈ 985 m, 
compared to ~825 m from the SUTRA simulations.  

The developed sloping-aquifer model is not 
burdened by uncertainties about a fictitious 
parameter, because it considers the actual (even 
though schematised) geometry. In addition, it is 
robust with respect to the slope value; for example, 
a +20% change in sinϕ, from 0.017 to 0.0204, causes 
the interface toe in scenario 1b to move by –100.4 m 
to lT  = 884.2 m, a change of only –10.2%.

without a distinct pumping location, if a hydraulic 
divide is formed inside the aquifer (Eqs. A7 and A8).]

Nonlinear responses of aquifers to SLR observed 
for both boundary control regimes are shown in Fig. 
5 and Fig. 6. This nonlinearity implies that, for any 
slope sinϕ, an aquifer can be far from full seawater 
intrusion for a wide range of sea levels Hsea, but, if 
the sea level reaches a certain threshold (or tipping 
point, e.g., Hsea > ~27 m for HC conditions, Fig. 5a), 
even a sea level slightly above that implies large 
sensitivity to any SLR, yielding large intrusion toe 
change ∆lT, up to full sea intrusion. Further, a rise 
in sea level in an aquifer under FC conditions also 
raises the groundwater free surface, which increases 
aquifer transmissivity, but, independently of aquifer 
slope, aquifer vulnerability to full sea intrusion is 
greatest under HC conditions; for this reason SLR 
also reduces the groundwater outflow to the sea, 
by shifting the groundwater divide towards the 
coastline. It is noted that, although Fig. 5a displays 
the change in the location of the interface toe ∆lT 
versus the original Hsea, the end of each response 
curve indicates the condition of complete intrusion 
(lT = ldiv; see panel (b) in Fig. 2). 

Fig. 5a is used here to highlight the importance of 
accounting for a sloping aquifer base, by illustrating 
the changing seawater penetration, indicated by lT, 
in response to a SLR of ΔHsea = 0.59 m from various 
initial sea levels, and the highly nonlinear aquifer 
response as the point of complete intrusion is 
approached. 

Also significant is the greatly different seawater 
intrusion response to rising sea level in the case of 
a FC condition at ldiv = const. (equivalent to  a fixed 
submarine outflow, qSD) versus an HC condition 
(fixed-head boundary, HB) at lcontrol = const.; the initial 
seawater intrusion is the same in both instances (Fig. 
5b). Figure 5b shows this in terms of the intrusion 
length fractions,  lT/ldiv, for both control regimes, FC 
and HC, as functions of Hsea after sea level rise. Also 
shown is the dependence lT/lcontrol on Hsea after rise in 
the latter case, which demonstrates that the tipping 
point and subsequent point of complete intrusion 
are reached well before lT/lcontrol = 1. The HC system’s 
response is strongly nonlinear, reaching the point of 
complete intrusion, while the FC system’s response 
is more resilient and does not reach this point. This 
resilience recommends the submarine discharge as 
control variable for the management of a coastal 
aquifer. 

The system behaviour under variable FC and 
HC conditions for a fixed SLR, shown in Fig. 6, 
corroborates that FC condition is more resilient than 
HC (under fixed recharge). Figure 6 underscores (as 
does Fig. 4a) that generally aquifer vulnerability 
to sea intrusion is greater for deeper aquifers, 

Aikaterini Mazi

3.2 Paper II. Tipping points of seawater 
intrusion

Tipping points are thresholds of hydraulic stability, 
the crossing of which leads abruptly to full seawater 
invasion of the coastal aquifer. 

Paper II presents a parametric study of the effect 
of sea level rise (SLR) on the seawater intrusion 
regime of coastal aquifers for different landside 
and seaside boundary conditions, also considering 
different seawater salinities. Supplementary 
Material I to that paper includes methodological 
advancements and Supplementary Material II tables 
with all parameters and results used to construct the 
figures of that paper.  

The following clarification is appropriate before 
summarizing certain noteworthy results of Paper II. 
The critical toe penetration (lT)max derived in Paper 
I for the flux-control case, at which the seawater is 
on the verge of invading the entire aquifer, is linked 
in Paper II with the conditions at the groundwater 
divide (if such divide exists) where the hydraulic 
head is maximum. Setting (lT)max = ldiv in eq. 6 yields 
analytically the maximum sea level (Hsea)max that must 
not be reached if complete aquifer invasion is to be 
averted. In the head-control case, corresponding 
values of (lT)max and (Hsea)max are instead determined 
numerically and depend also on the chosen control-
section conditions (since ldiv depends on those 
conditions). 

[In aquifers with flux-boundary and pumping 
from a  well-defined location lw, if a hydraulic divide is 
formed between the interface toe and the pumping 
location such that lT ≤ ldiv ≤ lw, the divide location 
can be calculated from ldiv = lw – (qo + qw)/r, Eq. A5 in 
Appendix of Paper IV,  where qo is the groundwater 
flow on the land side immediately before the well; 
while the head at the hydraulic divide is calculated 
from Eq. A6 in Paper IV. In Paper IV are also derived 
corresponding equations for ldiv and hdiv for the case 
of an aquifer with prescribed head-boundary and 
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Figure 5. Non-linear response of coastal aquifers to sea level rise ∆Hsea for: (a) ∆Hsea = 0.59 m and aquifers that 
have different inclinations sinϕ, as function of original aquifer depths at the coast Hsea; (b) aquifers with slope sinϕ 
= 0.01 and original aquifer depth at the coast Hsea = 30 m, as function of Hsea after sea level rise. In all cases K = 10 
m/day and r = 80 mm/yr; flux-control (FC) regime with qSD = 0.4 m2/day is indicated by solid lines; head-control 
(HC) regime with hcontrol = 12 m is indicated by dashed lines.

(a)

(b)

Figure 6. Response to sea level rise (ΔHsea = 0.59 m) of aquifers with different initial depths Hsea depending on 
boundary conditions: (a) flux-control (FC), (b) head-control (HC) and associated managerial points of complete 
intrusion indicated by open squares. In both panels (a) and (b), equivalent conditions with respect to initial in-
trusion for FC and HC conditions are marked with purple circles for initial coastal depth Hsea = 30 m and with red 
squares for initial coastal depth Hsea = 50 m. The ends of the response curves indicate the condition of complete 
intrusion.

(a) (b)
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i.e., greater depth Hsea moves the interface toe 
increasingly inland (greater ∆lT).

As shown in Fig. 7a under declining recharge 
and constant sea level, aquifers with zero-inflow 
land boundary are more vulnerable than aquifers 
with fixed-head land boundary. Morgan and Werner 
(2014) come to the same conclusion regarding the 
vulnerability of fresh water lenses beneath strip (2-
D) islands. The constant head at the land-boundary 
maintains the heads inside the aquifer better, 
thereby better resisting seawater intrusion; in the 
case of very low recharge, inflows at the land-side 
fixed-head boundary supply the aquifer and the 
outflow to the sea, again ensuring some resistance to 
seawater intrusion. However, under the combination 
of declining recharge and SLR ∆Hsea = 0.59 m the 
response of the HC system is more pronounced, 
giving a deeper seawater intrusion  (Fig. 7b). In both 
panels of Fig. 7 the response curves for the FC aquifer 
indicate the condition of complete intrusion (lT = ldiv).

both from the side of the land boundary and from 
the 0 < l < lw area. But this replacement alters the 
proportion of lw/Hsea as a result. For any given well 
location lw/L, sites with higher aquifer recharge rate 
r allow more pumping of groundwater from the area 
between the well and the coastline. For any given 
r, sites with greater hydraulic conductivity K yield 
seawater contamination of a larger aquifer part 
before a critical condition is reached. 

Aquifers at various sites may differ in terms of the 
key geometrical relation lw/Hsea, and, for any given 
well position lw/L, greater remaining groundwater 
flow after pumping qr is required for sites with 
smaller lw/Hsea (deeper aquifer and/or higher sea 
level relative to lw) in order to avoid critical intrusion 
of any type (Fig. 8). 

Plotting a range of intrusion curves for different 
lw/Hsea (under given r and lw/L) reveals some general 
aspects of seawater intrusion behaviour across 
different sites: well intrusion is generally limiting for 
qr > 0 while complete intrusion is limiting for qr ≤ 0, 
with the curve connecting all critical points of lT/L 
versus qr for the latter condition (open squares, Fig. 
8) being linear in qr. 

The line spanned by the critical points for 
complete intrusion is found to be quantified as (from 
eq. S8 in Supplementary Information of Paper III): 

        

This critical line, with slope 1/(rL), forms one 
segment of a general curve (black line in Fig. 
8a) defining the safe operating space for coastal 
groundwater-use. This segment holds for qr

min < 
qr ≤ 0, until the critical line crosses the lT/L axis at 
lT/L = lw/L, with complete intrusion being here the 
limiting condition. In terms of groundwater flow 
remaining after pumping, the safe operating space 
extends from a general upper limit qr

max = r(L-lw) for 
zero pumping to a lowest possible limit qr

min = -rlw 

Paper III acknowledges the nonlinearity of the 
coastal aquifer’s response to seawater intrusion and 
leverages the theory of tipping points, in combination 
with the identification of critical points, to quantify 
a safe operating space that would help manage a 
coastal aquifer so that critical thresholds of seawater 
intrusion are not crossed. The results are shown in 
terms of qr, and key geometric controls have been 
identified. 

In any given aquifer, characterized by the ratio 
L/Hsea, the management decision on the amount 
of coastal groundwater to be pumped is also 
accompanied by the decision on pumping location 
lw/L. Locating pumping, or moving its location 
further inland allows a higher pumping rate, so 
that qr can become also negative; pumping is then 
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Figure 7. (a) Response to variable recharge of flux- and head controlled aquifer conditions (FC and HC, respec-
tively) and (b) Response to variable recharge and sea level rise by ∆Hsea = 0.59 m, of FC and HC aquifer conditions. 
The response curves for FC conditions in both panels indicate complete seawater intrusion.

(a) (b)

3.3 Paper III. Quantification of a 
safe operating space for coastal 
groundwater use
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(given for zero-value of eq. 7) as lw/Hsea → ∞ (i.e., 
with pumping distance from the coast being much 
greater that the aquifer depth at the coast, which 
is, e.g., relevant for Hsea < 100 m with pumping wells 
located some kilometers or more away from the 
coastline). A schematic representation of the safe 
operating space is given in Fig. 8b.

As both the upper (qr
max = r(L-lw)) and the lower 

(qr
min = -rlw) limits of a safe operating space for qr 

depend on the recharge rate r, the safe operating 
space may also be illustrated as function of net 
recharge rate r (grey area, bounded by qr

max, red line, 
and qr 

min, blue line; Fig. 9). For a given range of r, 
covering most r-values that may prevail in different 
world regions (0 ≤ r ≤ 1000 mm per year in Fig. 9, with 
the upper limit accounting also for possible artificial 
recharge), the total grey area defining the general 

safe space is the same, regardless of management-
chosen well location lw/L or naturally given aquifer K 
value. Nevertheless, as a general rule of thumb, the 
total general safe space (entire grey area in Figure 9) 
is still practically applicable for all sites with lw/Hsea 

> 40, or with relatively low hydraulic conductivity 
K ≤ 1 m/d (marginally productive aquifers), across 
the entire wide range of investigated recharge 
conditions.

In general, the safe operating space thus decreases 
with decreasing r, which may be a climate change 
effect, and increases with r enhancement, which 
may be achieved by added artificial recharge. A more 
inland well location determines the partitioning of 
the safe space between the positive and the negative 
part (Fig. 9). 

Figure 8. (a) Intrusion curves depicting the safe operating space for use of coastal groundwater. Results are shown 
for different ratios of well position to aquifer depth below sea level, lw/Hsea, under given aquifer recharge rate r 
and relative well location lw/L; hydraulic conductivity K = 30 m/d and aquifer length L = 5000 m, sinϕ = 1%. (b) 
Schematic representation of safe operating space (in grey). The figure schematizes the black-line curve and grey 
safe area identified in panel (a). The limiting conditions bounding the safe space are complete intrusion, blue line, 
and well intrusion, red line.

(a)

(b)
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Paper IV uses the generalized analytical sharp-inter-
face model to investigate seawater intrusion in three 
prominent Mediterranean aquifers: the Nile Delta 
(NDA), Israel Coastal (ICA) and Cyprus Akrotiri (CAA) 
aquifers. A review of the salinization history and cur-
rent status of these aquifers is made and their re-
silience/vulnerability to current and future seawater 
intrusion forcing quantified. The two different criti-
cal limits of seawater intrusion under groundwater 
exploitation and/or climatic stress apply here: the 
limit of well intrusion and the tipping point toward 
the point of complete seawater intrusion. Seawa-
ter intrusion vulnerabilities for the different aquifer 
cases are directly compared in terms of normalized 
intrusion performance curves. 

Safe operating spaces are constructed for the 
known representative pumping locations in the ICA 
and CAA aquifers, but not for NDA, since in that case 
pumping is dispersed across multiple unknown loca-
tions in the aquifer region. 

3.4.1 The Nile Delta Aquifer (NDA)

The advance of the interface toe over time due to 
increasing pumping (declining net recharge) in both 
the NDA sections is shown in Fig. 10a. According to 
the model calculations in this thesis, the interface 
toe location was at 14 km in the middle NDA (mNDA) 
and at 23 km in the east NDA (eNDA), prior to the 
1950’s, when pumping from the NDA was minimal; 
then, in the 1990’s with pumping at 1.92 billion m3/
yr (Sherif and Al-Rashed, 2001) the toe moved to 
26 km in the mNDA and to 40 km in the eNDA and 
currently, with pumping for year 2000 being at 2.4 
billion m3/yr (Mikhailova, 2001), it is at 100 km from 
the coast in mNDA (Sherif et al., 2012) and at 120 
km from the coast in eNDA. The strong non-linearity 
of the intrusion performance curves implies that 
the increased pumping has brought the NDA to a 
marginal status (Fig. 10a). 
  More specifically, the net recharge rn is estimated 
through calibration to be rn = 10 mm/yr, the 
submarine discharge, qSD, is currently 4.2 m3/m/day 
for the eNDA, and 3.9 m3/m/day for the mNDA, with 
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Figure 9. Extent of general safe operating space (grey, panels a and b) for two representative well locations, (a) 
lw/L = 0.2 and (b) lw/L = 0.8, and variable lw/Hsea, and extent of site-specific safe operating space (grey, panels c and 
d) for lw/L = 0.8 and for (c) lw/Hsea = 20 and (d) lw/Hsea = 40 (in all panels sinϕ = 1%). In panels a and b, the whole 
grey area applies to site conditions of well location relative to aquifer depth below sea level lw/Hsea > 40, or to 
aquifer hydraulic conductivity K ≤ 1 m/d. For site conditions lw/Hsea ≤ 40 and K > 1 m/d, the safe operating space 
is limited to that indicated by the space bounded by the magenta line. For site-specific conditions with finite ratio 
lw/Hsea, the safe operating space (bounded by the green and brown lines in panels c and d) is smaller than the 
general safe operating space (bounded by the red and blue lines and derived for lw/Hsea → ∞), because actual 
groundwater recharge r cannot be zero.   

(a) (b)

(c) (d)

3.4 Paper IV. Intensively exploited 
Mediterranean aquifers



23

Seawater intrusion risks and controls for safe use of coastal groundwater under multiple change pressures

the ratio of the toe location to the divide location 
lT/ldiv = 0.755 for the eNDA and lT/ldiv = 0.684 for the 
mNDA. These lT/ldiv values indicate that the eNDA is 
more vulnerable than mNDA, yet in both sections 
conditions are still stable, although that stability is 
precarious. 
 However, as the net recharge rn decreases, 
the hydraulic divide will reach the end of the NDA 
aquifer, ldiv = L; this occurs for rn = 6.5 mm/yr in the 
eNDA and for rn = 5.7 mm/yr in the mNDA. The ratio 
lT/ldiv will then be 0.69 and 0.64 in the eNDA and 
mNDA, respectively, showing that ldiv moves faster 
than lT under decreasing rn. Because of the landside 
HB condition, with piezometric head at 14 m aMSL, 
even for rn = 0 the interface toe lT cannot intrude to 

the inland boundary, at L = 180 km in the eNDA and 
L = 175 km in the mNDA, if the prescribed hydraulic 
head and the implied inflow there are sustained at 
current levels (Fig. 10a).  

The sensitivity analysis of the combined effect 
of recharge and boundary-head changes for the 
eNDA and mNDA show that, under current condi-
tions of net recharge limited to about 10 mm/yr, a 
+10% head change causes the interface to retreat by 
6.5 km in both sections, while a -10% head change 
causes the interface to advance by 7.7 km in the 
eNDA and by5.3 km in the mNDA. A further decrease 
in the inland boundary head of 17% in the eNDA and 
of 22% in the mNDA can bring the NDA to its point of 
complete aquifer intrusion (Fig. 10b). 

Figure 10. Seawater intrusion performance curves for the Middle and East Nile Delta Aquifer cross-sections. 
(a) Symbols mark the calculated normalized intrusion toe position, lT/L, as function of the absolute normalized 
submarine groundwater discharge, IqSDI/(KL), under constant boundary head conditions for present and past 
groundwater pumping and associated net recharge conditions. (b)  Continuous lines indicate constant head 
boundary conditions and declining net recharge, for which the point of full intrusion (open squares) cannot be 
reached; dashed lines indicate variable head conditions at the boundary under constant net recharge conditions 
at current levels, for which the point of full intrusion (open squares) can be reached.

(a)

(b)
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3.4.2 Israel Coastal Aquifer (ICA)

Current pumping in ICA is qw = 3000 m3/m/yr from 
pumping location lw/L = 0.15 (lw = 3 km) and the well 
intrusion critical condition applies. Increasing the 
pumping rate qw at the same well location will move 
the aquifer closer to the well intrusion limit lT/lw = 1 
(along the black curve, Fig. 11a). The risk of cross-
ing that limit can be reduced by moving the pump-
ing location further inland (shifting from the black to, 
e.g., the green or blue curves, Fig. 11a) but the point 
of complete aquifer intrusion lT/ldiv = 1 (open square 
symbol, Fig. 11a) may then become the limiting con-
dition instead of the well intrusion limit. 

Note that, in contrast to the NDA case, where the 
intrusion performance curves are given in terms of 
qSD, for the ICA cross-section, and also for the CAA 
cross-section (see below), resulting performance 

curves are shown in terms of normalized intrusion 
toe position lT/L as function of the normalized 
remaining groundwater flow qnorm. In general, 
depending on which condition is the limiting one 
for each case, the resulting performance curves 
terminate either at the point of complete aquifer 
intrusion lT/ldiv = 1, or at the limit of well intrusion 
lT/lw = 1. If the full intrusion condition lT/ldiv = 1 is the 
limiting one, Fig. 11a (and Fig. 12a for CAA) shows 
also the corresponding value of lT/lw < 1 (end point 
of curve). If the well intrusion condition lT/lw = 1 is 
instead limiting, the performance curves continue 
(simulating the condition of pumping seawater) as 
dotted lines from that limiting point until the point 
of complete seawater intrusion in the aquifer. 

Figure 11b shows the specific safe operating space 
for ICA (L/Hsea = 100) for the same pumping loca-
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Figure 11. (a) Seawater intrusion performance curves for different normalized locations of the well gallery in 
the Israel Coastal Aquifer (ICA). Normalized intrusion toe position, lT/L, is shown as function of the normalized 
remaining groundwater flow qnorm from the normalized pumping location lw/L; qnorm > 0 from the land side of the 
well and qnorm < 0 when pumping is also from the area between the coast and the pumping location. Red dotted 
line: continued pumping of seawater. (b) Safe operating space for the ICA and for the current (3 km - red line) 
and more inland pumping locations (6 km - blue line and 8 km - green line). Black dotted line is the trace of the 
remaining groundwater flow from the current pumping location and pumping rate for variable recharge.

(a)

(b)
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tions as in Fig. 11a. The current pumping rate is also 
shown. It is apparent, that today’s conditions do not 
allow for increased pumping, since qr is close to the 
lower bounding line limit of qr

min. By moving the well 
more inland, i.e., increasing lw/L and thereby also lw/
Hsea, groundwater from the area between the coast-
line and the pumping location, potentially, could also 
be withdrawn. But since the ratio lw/Hsea ≤ 40 and K = 
30 m/d, the simple rule of thumb for allowing nega-
tive qr is not applicable here, which implies that for 
lw = 6 or 8 km pumping of water from between the 
representative well location and the coastline should 
not be allowed. There should thus here be no ben-
efit of higher possible groundwater exploitation by 
moving wells further inland, if the danger of losing 
the aquifer by complete seawater intrusion is to be 
avoided. 

The calculated specific safe operating space can 
be used to also examine aquifer management alter-
natives under different recharge and pumping sce-
narios; if recharge in the ICA decreases by more than 
5% of the current value, today’s pumping rate will 
not be sustainable. In contrast, if more recharge is 
applied (e.g. + 8% through higher artificial recharge) 
an additional rate of 12% of the current qw can be 
pumped with the seawater intrusion being stable at 
the current location. 

3.4.3 Cyprus Akrotiri Aquifer (CAA)

The current pumping rate in CAA is qw = 500 m3/m/yr 
and pumping location is at lw/L = 0.33 (lw = 1 km) (red 
curve in Fig. 12a); the well intrusion condition lT/lw 
= 1 (black filled circle) is the limiting one. Increasing 
the pumping rate qw at the same well location will 

Figure 12. (a) Seawater intrusion performance curves for different normalized locations of the well gallery in the 
Cyprus Akrotiri Aquifer (CAA). Normalized intrusion toe position, lT/L, is shown as function of the normalized 
remaining groundwater flow qnorm from the normalized pumping location lw/L; qnorm > 0 when pumping is from 
the land side of the well and qnorm < 0 when pumping is also from the area between the coast and the pumping 
location. Red dotted line: continued pumping of seawater. (b) Safe operating space for the CAA, under variable 
recharge, but stable boundary inflows, and for the current (1 km - red line) and more inland pumping locations 
(1.4 km - blue line and 2 km - green line). Black dotted line is the trace of the remaining groundwater flow from 
the current pumping location and pumping rate for variable recharge and boundary inflows.

(a)

(b)
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decrease qnorm and move the aquifer closer to the 
well intrusion limit lT/lw = 1 (along the red curve, Fig. 
12a). The risk of crossing that limit can be reduced 
by moving the pumping location further inland but 
the point of complete aquifer intrusion lT/ldiv = 1 may 
then become the limiting condition, as in ICA. 

Figure 12b shows the specific safe operating 
space for CAA (L/Hsea = 60) for different locations of 
pumping and declining recharge; current pumping 
rate is also shown. A 30% higher pumping rate could 
be applied at the current pumping location before 
the critical well intrusion limit were reached. By 
moving the well more inland, at lw = 1400 m and at 
lw = 2000 m, the maximum pumping rate is (qw)max 
= 697.6 m3/m/yr and is limited by the condition lT 
= ldiv = 1385 m. Note that due to inflows from the 

inland boundary in CAA, the remaining flow qr does 
not decrease to zero under declining recharge, as in 
the ICA, because inflows from the inland boundary 
have been assumed unchanged. A 40% higher 
pumping rate could further be achieved by moving 
the representative well further inland to lw = 2 km 
from the coast. In that case lw/Hsea = 40, which (with 
the prevailing average K = 28 m/d) allows pumping 
also of water from the region between the well and 
the coastline (i.e., allows for negative qr). However, 
in case of possible climate-driven decline of recharge 
rate r by 30%, which will also reduce the boundary 
inflow from upstream areas, the current pumping 
rate from the present pumping location will not be 
sustainable.

Aikaterini Mazi
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The increasing significance of coastal groundwater 
resources, especially in the era of multiple change 
pressures in water resources, was the motivation of 
this thesis. Its overall objective is the assessment, 
simply but credibly, of the risks and controls for safe 
use of coastal groundwater under past, present and 
multiple possible future stresses, paying special 
attention to the critical seawater intrusion conditions 
arising under intensive exploitation (Fig. 1). 

A first-order vulnerability analysis of coastal 
aquifers calls for a mathematically simple model that 
is hydraulically reliable and capable of representing  
the  natural  complexity  in a  schematic yet realistic 
manner.  The analytical solutions derived in Paper 
I, based on the generalized model of interface flow 
in unconfined aquifers on sloping base, offer such 
a tool for studying regional aquifers under stresses 
arising in many heavily populated coastal areas. The 
model is also suitable for parsimonious screening-
level quantification of seawater intrusion risks, up to 
the stability tipping points, under the combination 
of spatiotemporally variable aquifer, groundwater 
hydraulics and water management conditions and 
relatively homogeneous sea conditions prevailing 
in different aquifer (sections) along extended 
coastlines.

In this thesis, the derived analytical solutions have 
been used in reconnaisance-type assessments of 
seawater intrusion in a wide range of regional (generic 
and actual) aquifer, water demand, groundwater 
management and climatic conditions. Yet, such type 
of assessments can be also useful for inter-regional 
comparisons and mapping, and/or investigations of 
the implications of different future climate, land/
water-use and/or water demand scenarios in various 
coastal regions of the world, with regard to their 
vulnerability to fresh groundwater contamination by 
seawater intrusion. 

It must be noted that the derived results are 
subject to uncertainty from several sources, chief 
among which are those originating in the very nature 
of the analytical model (hydraulic simplifications, 
aquifer schematization, hydrogeological parameter 
values) and those related to the hydrologic forcing of 
the coastal aquifer (recharge, pumping and boundary 
conditions).

horizontal by accounting for a sloping aquifer base 
(via Girinskii’s (1946, 1947) discharge potential, 
amended to also approximate gravity-driven flow). 
Strack’s (1976) theory for seawater intrusion in 
coastal aquifers requires replacing a sloping aquifer’s 
actual depth at the sea by a fitted fictitious Hsea–value 
of a substitute horizontal aquifer. However, since no 
single equivalent horizontal aquifer exists for a sloping 
aquifer, the fitted Hsea–value is inherently uncertain 
and the seawater intrusion response is sensitive to 
that fitted depth. In contrast, the sloping-aquifer 
model is not burdened by such uncertainties, as it 
considers the actual (only schematized) geometry, 
while its seawater intrusion response is robust with 
respect to the slope value. Furthermore, and more 
importantly, seawater intrusion in a horizontal 
aquifer is more sensitive to the forcing conditions 
than in an inclined aquifer. 

The conceptual aquifer model consists of a 
hydrogeologically homogeneous single-layer 
physical domain of constant slope, with a fully-
penetrating pumped trough of infinitesimal width 
(unit-length in the coastline direction), and the 
boundary conditions. The total pumping rate from 
an actual area (volume per unit time) is translated to 
a 2D-equivalent (volume per unit width and time), at 
a “2D” conceptual well gallery (line sink or trough), 
for use in the profile model of the aquifer. This 
2D-equivalent pumping rate of the conceptual line 
sink is determined as the sum of all well pumping 
rates divided by the width of the relevant area, 
with the distance of that line sink from the coast 
corresponding to the flow-weighted average of the 
well locations.

The seawater intrusion is given by the sharp 
interface, corresponding to the 50% salinity contour 
of a variable density field, but intrusion risk is 
practically evaluated in terms of the interface toe 
locus on the aquifer base. Of course, the sharp 
interface is an approximation of reality; therefore, 
as the interface approaches the pumped collector 
trough, the withdrawn groundwater may be brackish, 
since the salinity above the interface, but not close 
to the free surface, would be certainly greater than 
that of the freshwater. 

It is worth noting that the interface-flow solutions 
allow calculating analytically (i) the submarine 
discharge, which is an important quantity in 
determining seawater intrusion and one of the least 
well monitored and most uncertain environmental 
flows (Destouni et al., 2008; Prieto and Destouni, 
2011) and (ii) the location of the groundwater 

4.  Discussion 

4.1 Modelling theory and solution features

The new generalised model improves the 
mathematically convenient, but, in general, 
unrealistic conceptualization of coastal aquifers as 
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divide, ldiv, that defines the conditions of maximum 
resistance to seawater intrusion, and therefore 
appears in the vulnerability/resilience index, lT/ldiv.

Critical seawater intrusion occurs if the 
groundwater discharge to the sea becomes so 
small, due to a change in the aquifer forcing (at 
the land- or sea-side), that the intruded toe either 
reaches the representative pumping location (lT/lw 
= 1, well intrusion, if the aquifer is exploited), or a 
groundwater divide formed in the area between the 
well and the coastline of that pumping location (or 
of the inland boundary in case of an unexploited 
aquifer), at distance ldiv from the coast (lT/ldiv = 
1, complete intrusion). The critical limits can be 
approached under both flux-boundary or head-
boundary conditions.

The (dimensionless) intrusion performance 
curves, which give the relative position of the 
interface toe, lT/L, as function of (qnorm) qr, i.e., the 
(normalised) remaining flow from the pumping 
location, or as function of the (normalised) absolute 
submarine discharge, are very useful in identifying 
the critical seawater conditions that may arise in an 
aquifer. Specifically, the sign of the (qnorm-) qr-value, 
showing the origin of the pumped groundwater, 
also indicates the kind of critical condition that the 
aquifer will face. 

responses to changing recharge rates, but concern 
also changes from an initial state to a new one 
brought about by a rise in sea level. 

Under rising sea level and constant recharge, the 
submarine discharge remains fixed in the FC case 
(as the groundwater divide does not move, only the 
head changes there); in contrast, in the HC case, the 
position of the groundwater divide shifts seawards 
(to maintain the fixed head at the up-gradient 
control section), with the consequence that the 
freshwater outflow to the sea diminishes. As a result 
of the reduced submarine discharge in the HC case 
and due to the seawards shift of the divide (point 
of maximum resistance), the critical condition of 
complete intrusion occurs at a shorter distance than 
in the FC case; in other words, FC is more robust than 
HC. This behavior suggests the fresh groundwater 
outflow as primary factor in controlling seawater 
intrusion, which should therefore be the focus of 
groundwater management in coastal aquifers. In 
practice, maintaining the submarine outflow of fresh 
groundwater constant (FC), should the recharge 
decline, can be achieved through artificial recharge. 

Under declining recharge and constant sea level, 
aquifers with zero-inflow at the land-boundary are 
more vulnerable than aquifers with fixed-head 
control condition; that constant head maintains 
the heads inside the aquifer better, thereby better 
resisting seawater intrusion. Also, for a sharp 
recharge decline, inflows at the fixed-head land-
side boundary secure some supply to the aquifer 
and partly the outflow to the sea, again ensuring 
some resistance to seawater intrusion. In practice, 
keeping the groundwater hydraulic head constant 
at a control section is achieved through connection 
to a regulated surface water body (ensured stage 
control).

Under the combination of declining recharge and 
SLR, which of the two control conditions will provide 
better aquifer protection from seawater intrusion 
will depend on the degree of change of the two 
forcing variables, recharge and sea level.

Tipping points are specifically significant in 
relation to the following conditions: (a) spatial, 
related to the sea-level dependent aquifer depth 
at the coast, determining the particular deeper 
aquifers, or aquifer sections along a coastline, with 
critical risk for full sea intrusion in response to 
even small sea-level rise (deeper aquifers are more 
vulnerable than shallower under otherwise same 
conditions), and (b) managerial, related to critical 
minimum values of submarine discharge of fresh 
groundwater or inland groundwater hydraulic head 
that inland water management must maintain in a 
given aquifer (if needed, through artificial recharge, 
pumping curtailment, etc.) to avoid loss of control 

4.2 Occurrences of critical points

The identification of high nonlinearity in seawater 
intrusion responses to sea-level rise, which imply 
important thresholds, or tipping points, is a main 
finding of Paper II. If these points are passed, the 
aquifer responses to sea-level rise shift abruptly from 
a stable state of mild change responses to a new 
state of large responses to even small changes that 
lead rapidly to the critical points of well intrusion or 
complete seawater intrusion (Fig. 2). The sensitivity 
of a pristine (qw = 0) aquifer to seawater intrusion 
depends, to various degrees, on the hydraulic 
conductivity, the recharge, the spatial conditions 
(slope, coastal depth), the salinity of seawater, and 
on the land-side boundary condition, natural or 
imposed via management control schemes. 

Expectedly, higher slope and recharge make 
aquifers more resilient, while increased hydraulic 
conductivity, salinity and aquifer depth at the 
coastline make them more vulnerable to seawater 
intrusion.  However, the submarine groundwater 
discharge emerges as the flow quantity encapsulating 
the potential of an aquifer, in a certain physical setting 
and of certain geomorphological and hydraulic 
characteristics, to resist seawater intrusion. 

Projected climatic changes influence the seaside 
and/or inland forcing conditions of coastal aquifers. 
The steady states calculated here reflect the 
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and full seawater intrusion in response to even small 
SLR.

The Nile Delta area (22000 km2) is among the largest 
deltas in the world. Its significance is obvious for 
Egypt in every respect, environmental/ecological, 
social, and economic. The natural characteristics, 
high hydraulic conductivity, along with the mildly 
sloping aquifer’s base and the large depth of the 
aquifer at the coast confer to the NDA a native 
fragility. 

The findings of this thesis imply that the increased 
pumping of the last decades has brought the NDA to 
a marginal status. Current net replenishment of the 
NDA, from rainfall, return irrigation flows, seepage 
from the irrigation canals and from the river system, 
is marginal; the position of the hydraulic divide in 
NDA is stable due to the head at its landside boundary 
to the south of Cairo (modelled as a constant-head 
boundary in this thesis) maintained by the Nile Basin 
Aquifer. The fact that the hydrologic regime has been 
heavily modified after the construction of the Assuan 
Dam and the uncontrolled groundwater exploitation 
in the delta area are causes of concern for the 

small opportunities for use of coastal groundwater 
in regions of low recharge rate (current or expected 
due to climate change) and/or for pumping locations 
that are already far inland from the coastline 
(lw/L ≈ 1, e.g., due to previous seawater intrusion 
problems), while also not much groundwater flow 
enters from up-gradient to enhance the flow derived 
from recharge within the coastal region itself.

Results of this thesis also show the ratios lw/Hsea 
and lw/L as suitable indicators for estimating the risk 
of seawater intrusion under various exploitation 
conditions; e.g., under stable recharge, a larger lw/
Hsea-value allows greater pumping rate qw. However, 
as the location of the well moves inland, the critical 
conditions in the aquifer may change from well 
intrusion to complete intrusion. The sensitivity of the 
interface toe location is greater to the ratio lw/Hsea 
than to the ratio r/K. Therefore, for any given aquifer 
geometry L/Hsea, the decision on where to drill a well 
has to be taken mainly by evaluating the ratio lw/Hsea 
for each examined pumping location lw/L.

The quantification of a safe operating space, 
particularly through a rule of thumb, is sufficiently 
simple, yet general to enable consistent regional 
assessment, cross-regional comparison, and larger-
scale aggregation of multiple regions (up to the 
global scale) for coastal groundwater resources 
under current conditions and future scenarios of 
human water use/demand, hydro-climate and sea 
level.

4.3 Safe operating space of coastal aquifers

In contrast to the aforementioned conditions and 
parameters, pumping is an absolutely controlled 
intervention on the aquifer system, and must 
therefore be an essential element of sustainable 
management of the groundwater resources, under 
arbitrary time- and climate-dependent regime 
changes. The focus is then here on providing the 
manager of a coastal aquifer with a planning tool 
for safe exploitation (avoiding approaching critical 
points of well or complete intrusion; Fig. 2) of the 
groundwater resource, to meet the freshwater 
demand, taking into account the prevailing aquifer 
geometry and forcing.

The mean macro-characteristics of a given 
regional aquifer, Hsea, K, r, sinϕ, qb, L, lw and qw, can 
be estimated quite well and, based on these and 
the imposed boundary conditions, the hydraulically 
significant submarine discharge, qSD, or equivalently 
the groundwater discharge left in the aquifer after 
pumping, qr, can be determined. That determination 
is made using the model solutions for the interface 
toe derived from the 1-D analysis of the interface 
flow, and also includes calculating the location of the 
hydraulic divide (if such divide exists). Performing 
such an analysis for a regional coastal aquifer with 
certain slope, K-value and key geometrical macro-
characteristics (expressed as ratios lw/Hsea and lw/L, 
the latter being an obvious partitioning marker 
of the pumped groundwater from the land or the 
marine side of the well-trough) over a wide range of 
recharge values yields that aquifer’s safe operating 
space, which is bounded by limiting qr(r) curves 
for various pumping rates qw. The theoretical safe 
operating space is obtained for lw/Hsea → ∞ and 
contains the specific operating space corresponding 
to an actual, finite lw/Hsea value. Specific operating 
spaces have been calculated for the CAA and the ICA. 

From the results for the safe operating space for 
aquifers with slope 1% emerges as a general rule of 
thumb that sites characterized by either lw/Hsea > 40 
or relatively low hydraulic conductivity K ≤ 1 m/d, 
the total general safe space is practically applicable 
across the entire wide range of investigated recharge 
conditions, from dry (r = 100 mm/yr or less) to 
wet (r = 1000 mm/yr, for instance accounting also 
for possible artificial recharge). In general, safe 
operating space increases with increasing aquifer 
slope. Furthermore, if K ≤ 1 m/d, qr can be negative 
for any well location in the aquifer; however, qr can 
be also negative for any K-value, if lw/Hsea > 40. If K 
> 1 m/d and lw/Hsea ≤ 40, it is prudent to maintain 
qr > 0. This restriction is particularly severe, leaving 

4.4 Status of seawater intrusion in three 
regional Mediterranean aquifers and 
groundwater management implications
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future of the NDA. The intruding seawater front 
has advanced in the NDA many tens of kilometers 
inland from the coast in the last 50 years, and this 
movement has accelerated in the last 20 years, 
reaching today a distance of ~100 km from the coast 
with pumping at 2.4 km3/yr (Mikhailova, 2001). 

Under current conditions, with the hydraulic 
head at the land boundary kept at 14 m aMSL the 
aquifer is not threatened by complete seawater 
intrusion. But the results of the sensitivity analysis 
show that a 10% decrease of the inland head will 
cause the interface to advance by 5-7 km, while a 
decrease by 17-22% can bring the NDA to its critical 
point of complete aquifer intrusion. In this context, 
the fact that the NDA lies in an area where the 
climate change is projected to be great (Döll, 2009) 
adds to the uncertainty and concern. Furthermore, 
Sutcliffe and Lazenby (1994), in Woodward et al. 
(2007), note that even a modest potential decline in 
precipitation will have a disproportionate decreasing 
effect on the runoff in the Nile River Basin up-stream 
of the NDA to the south, because of the low runoff 
coefficient associated with the rainfall regime. In 
addition, the intent of the upstream Nile countries 
to use to a greater degree the Nile waters for their 
own benefit is in conflict with the interest of the 
downstream countries, especially Egypt, to maintain 
the current status (Woodward et al., 2007). These 
different interests have caused political strife among 
neighbouring countries. In this respect, the high 
dependence of the NDA’s land-side boundary head 
on the conditions in the Nile River Basin is another 
source of concern for the sustainability of the NDA, 
especially due to the absolute need to ensure 
sufficient piezometric groundwater head at the 
inland boundary. 

The ICA has an area of 1900 km2 and the current 
average pumping is about 240×106 m3/yr (derived 
from data reported by Yechieli et al., (2010)) from an 
average location of 3 km from the coast, approaching 
the upper limit of the permissible groundwater 
withdrawal from the aquifer of 280 × 106 m3/yr 
recommended by the Israel Hydrological Service in 
1997. The interface toe location calculated in this 
thesis is lT = 2.6 km. According to this work, the ICA 
is currently not threatened by seawater intrusion; 
however, increased pumping from the current 
location lw = 3 km is not feasible, since conditions 
are near the critical point of well intrusion limit. In 

case the pumping location would move inland to lw 
= 6 km or more, an additional 20% pumping could 
be possible, but then the complete intrusion critical 
point would be the limiting condition. The maximum 
pumping rate has to do with the formation of a 
divide between the well and the coastline and is 
determined by the minimum submarine discharge 
that has to be maintained for a viable aquifer. The 
specific safe operating space has been determined 
for the well positions lw = 3, 6, 8 km and aquifer 
depth at the coast Hsea = 200 m (since the ratio lw/
Hsea ≤ 40, and K = 30 m/d, the simple rule of thumb 
is not applicable) and it indicates, Fig. 11, that for lw 
= 6 or 8 km pumping would be also from the area 
between the well gallery and the coastline (qr < 0). 
The calculated specific safe operating space allows 
also examining aquifer management alternatives 
under different recharge and pumping scenarios. If 
recharge in the ICA decreases by more than 5% of 
the current value, today’s pumping rate will not be 
sustainable. In contrast, if more recharge is applied 
(e.g. + 8% through higher artificial recharge) an 
additional rate of 12% of the current qw could be 
pumped, with the seawater intrusion remaining at 
the current location.

In CAA (area 40 km2) the current pumping rate 
is 500 m3/m/yr from a pumping location lw = 1 
km from the coast and the aquifer is not directly 
threatened by increased seawater intrusion. A 
30% higher pumping rate could be applied at the 
current pumping location before the critical well 
intrusion limit were reached and a 40% higher 
pumping rate could further be achieved by moving 
the representative well further inland to lw = 2 km 
from the coast, but then the complete intrusion limit 
would apply. In that case lw /Hsea = 40, which (with 
the prevailing average K = 28 m/d) allows pumping 
also of water from the region between the well and 
the coastline (i.e., allows for negative qr). However, 
in case of possible climate-driven decline of recharge 
rate r by 30%, which would also reduce the boundary 
inflow from upstream areas, the current pumping 
rate from the present pumping location would not 
be sustainable. 

For both ICA and CAA cases the benefit of higher 
exploitation rate, from moving the well to more 
inland locations to achieve grater pumping rates, will 
have to be weighed against the danger of loss of the 
aquifer by complete seawater intrusion.
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A new analytical model of seawater intrusion in 
unconfined coastal aquifers has been developed 
in this thesis that accounts for the sloping aquifers 
observed in nature. Model solutions have been 
derived for the calculation of the toe location of 
a fresh-seawater sharp interface on the aquifer 
base and have been used in various ways to assess 
regional vulnerability and safe exploitation of coastal 
groundwater. The main findings are summarised as 
follows: 
1. The generalized analytical model of interface 

flow in unconfined sloping aquifers developed 
in this thesis predicts with good accuracy 
the location of the interface toe in coastal 
aquifers, using as reference the 50%-salinity line 
computed by variable-density numerical models. 
Modeling an inclined aquifer as horizontal is 
inappropriate, although widely used due to 
analytical mathematical convenience, because no 
single equivalent horizontal-aquifer model exists 
for a sloping aquifer. Representing the sloping 
geometry by a horizontal one requires replacing 
a sloping aquifer’s actual depth at the sea by a 
fictitious Hsea–value of a substitute horizontal 
aquifer. That fictitious Hsea–value is fitted and 
approximately equal to the mean aquifer depth, 
which depends on the forcing conditions, e.g., 
the recharge, and is thus variable. Therefore, 
no single equivalent horizontal aquifer exists for 
a sloping aquifer; a fitted fictitious Hsea–value is 
inherently uncertain and the seawater intrusion 
response is sensitive to that fitted depth. In 
contrast, the developed sloping-aquifer model, 
because it considers the actual (even though 
schematised) geometry, is not burdened by 
uncertainties about a fictitious parameter and, in 
addition, its response quantifications are robust 
with respect to the slope value.

2. There is high nonlinearity in the seawater 
intrusion responses of coastal aquifers, as a result 
of hydro-climatic changes (recharge and land-
side boundary conditions) and pumping on the 
land side, and sea-level rise on the marine side. 
This non-linearity implies important thresholds or 
tipping points. The crossing of these thresholds, 
which are ultimate points of hydraulic stability, 
leads abruptly to the critical point of full seawater 
invasion of the coastal aquifer. Among the critical 
conditions that may appear in an aquifer, well 
intrusion or complete aquifer intrusion, the latter 
is the one closely associated with aquifer tipping 

points; however, also the approach to the critical 
point of well intrusion may be affected by the 
high non-linearity, and associated tipping points, 
of an intrusion response curve.

3. The occurrences of tipping points in a coastal 
aquifer due to sea level rise can be classified as 
different types with regard to (a) space: even a 
small sea level rise can cause deeper aquifers, or 
aquifer parts to risk complete seawater intrusion; 
(b) time: when a critical sea level is reached (e.g., 
during sea level rise), beyond which the responses 
to the changes and the risk of complete sea 
intrusion in an aquifer shift abruptly from low to 
very high; and (c) water management: the critical 
minimum values of groundwater discharge and 
hydraulic head that inland water management 
must maintain in an aquifer in order to avoid rapid 
loss of control and complete seawater intrusion 
in response to even small sea level rise.

4. In order to control seawater intrusion in coastal 
aquifers, groundwater management should focus 
on control of fresh groundwater discharge to the 
sea, rather than on maintenance of hydraulic 
head at a certain location in the aquifer. A fixed 
submarine groundwater discharge, implying fixed 
groundwater divide, shows greater resistance to 
intruding seawater. This is due to the fact that, 
if only the hydraulic head is maintained at an 
inland location, the hydraulic divide will move 
seawards (e.g., in response to a rising sea level), 
or landwards (e.g., in response to increased 
pumping, or declining recharge in the aquifer), 
in both instances so that the head at the inland 
boundary is maintained. However, at declining 
groundwater recharge (in possible combination 
with, or without sea level rise conditions), a 
constant (or even more so, an increasing) head at 
an inland location reinforces the resilience of the 
aquifer to complete aquifer intrusion.  

5. In this thesis, limits for coastal groundwater 
exploitation in direct relation to prevailing local-
regional conditions have been identified and 
quantified, that define a safe operating space for 
human use of coastal groundwater associated with 
the aquifer’s critical conditions (critical points) to 
which the bounds of the safe operating space 
are referenced. In general, seawater intrusion is 
more sensitive to the geometrical features of the 
aquifer, such as the location of the well and the 
coastal depth, than to the hydrological-hydraulic 
ratio r/K. Groundwater recharge r (and boundary 

5.  General conclusions
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inflow, if present) defines the groundwater flow 
and the hydraulic conductivity K determines the 
intrusion length in the aquifer. But it is the ratio 
lw/Hsea that defines how much water can be safely 
abstracted from a pumping location and the lw/L 
ratio that defines how the pumped groundwater 
is partitioned between the zone from the land 
boundary to the well and the zone between 
the well and the interface, determining in this 
way which limiting condition, well or complete 
intrusion, applies.  

6. The generalized analytical model of interface 
flow developed in this thesis, which accounts 
for sloping aquifers, is useful for parsimonious 
quantification of seawater intrusion risks and 
thus appropriate for screening-level vulnerability 
assessments for regional coastal aquifers. The 
developed quantification of the safe operating 
space is further sufficiently simple and general 
to enable consistent regional assessment, cross-
regional comparison, and larger-scale aggregation 
of multiple regions (up to the global scale) for 
coastal groundwater resources under current 
conditions and future change scenarios of human 
water-use/demand, hydro-climate and sea level.

7. The utility of the generalized analytical model, 
of the critical seawater intrusion conditions, and 
of the concept of an aquifer’s safe operating 
space has been demonstrated through first-
order vulnerability assessments of three 
regional Mediterranean coastal aquifers, 
currently experiencing seawater intrusion to 

various degrees due to intensive exploitation. 
The conclusions from these applications are 
as follows. The current advance of seawater 
threatens seriously the Nile Delta Aquifer (high 
K, small slope, large Hsea) due to the increasing 
groundwater withdrawals during the last decades; 
as consequence, the hydraulic head at the inland 
boundary must be sustained absolutely to avoid 
risking complete aquifer invasion by seawater. 
At current forcing conditions, the Israel Coastal 
Aquifer (medium K, modest slope and Hsea, and 
already benefiting from artificial recharge), 
while not immediately threatened by seawater 
invasion, is approaching the critical state of well 
intrusion at the current pumping location (lw = 3 
km from the coast); moreover, the safe pumping 
rate could be increased by only 12% over current 
level by moving the pumping location further 
inland (lw ≥ 6 km). At current forcing conditions, 
the Cyprus Akrotiri Aquifer (medium K, higher 
slope and small Hsea) appears more stable 
(without considering artificial recharge) than the 
other Mediterranean study aquifers; here, the 
pumping rate could be potentially increased by 
30% over current levels if pumping continued 
at the present location (lw = 1 km) and by 40% 
if pumping were moved at lw ≥ 1.4 km; however, 
even here, these potential increase opportunities 
should be considered with great caution, as they 
may not be sustainable under possible future 
climate-driven decline of groundwater recharge.
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