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Sea-level rise (SLR) influences groundwater hydraulics and in particular seawater intrusion (SWI) in
many coastal aquifers. The quantification of the combined and relative impacts of influential factors on
SWI has not previously been considered in coastal aquifers. In the present study, a systematic review
of the available literature on this topic is first provided. Then, the potential remaining challenges are scru-
tinized. Open questions on the effects of more realistic complexities such as gradual SLR, parameter
uncertainties, and the associated influences in decision-making models are issues requiring further inves-
tigation.
We assess and quantify the seawater toe location under the impacts of SLR in combination with

recharge rate variations, land-surface inundation (LSI) due to SLR, aquifer bed slope variation, and chang-
ing landward boundary conditions (LWBCs). This is the first study to include all of these factors in a single
analysis framework. Both analytical and numerical models are used for these sensitivity assessments. It is
demonstrated that (1) LSI caused by SLR has a significant incremental impact on the seawater toe loca-
tion, especially in the flatter coasts and the flux-controlled (FC) LWBCs, however this impact is less than
the reported orders of magnitude differences which were estimated using only analytical solutions; (2)
LWBCs significantly influence the SLR impacts under almost all conditions considered in this study; (3)
The main controlling factors of seawater toe location are the magnitudes of fresh groundwater discharge
to sea and recharge rate. Regional freshwater flux entering from the landward boundary and the ground-
water hydraulic gradient are the major contributors of fresh groundwater discharge to sea for both FC and
head-controlled (HC) systems, respectively; (4) A larger response of the aquifer and larger seawater toe
location changes are demonstrable for a larger ratio of the aquifer thickness to the aquifer length partic-
ularly in the HC systems; (5) The lowest sensitivity of seawater toe location is found for the density dif-
ference ratio of the seawater and freshwater, and also for the aquifer bed slope; (6) The early-time
observations show seawater fingers below the inundated lands due to SLR which are diminished and ulti-
mately extinguished; and (7) A less than 2% reversal effect on the seawater toe location after overshoot
mechanism is observed in the transient simulations which suggests that this mechanism is an insignifi-
cant and impractical factor compared to other more significant factors.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Groundwater is generally the most important freshwater
resource in many coastal regions which are threatened by seawater
intrusion (SWI) (Ataie-Ashtiani and Ketabchi, 2011; Ketabchi and
Ataie-Ashtiani, 2015b). Climate change impacts such as sea-level
rise (SLR) and precipitation variations that change recharge rates
are the influential climatic factors that affect SWI (Werner et al.,
2013; Ataie-Ashtiani et al., 2013a). The Intergovernmental Panel
on Climate Change (IPCC, 2013) predicts that the global mean
SLR may rise between 0.26 m and 0.82 m by the year 2100. A SLR
in the range of 0.18–0.59 mwas predicted by IPCC (2007) for a sim-
ilar period. This shows a significant upward revision for SLR predic-
tion between IPCC (2007) and IPCC (2013) and highlights the
potential importance of SLR impacts on SWI.

Based on the assessments of IPCC (2013), annual mean precip-
itation can vary up to ±50% in the world. This range includes the
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Nomenclature

SWI seawater intrusion
SLR sea-level rise
LSI land-surface inundation
LWBCs landward boundary conditions
FC flux-controlled
HC head-controlled
HYP hypothetical aquifer
REAL real-case aquifer
EXP experimental-test aquifer
MSL mean sea level
OoM order of magnitude
R ratio parameter to quantify the influence of LSI on SLR-

induced SWI
Xs
Toe seawater toe location for post SLR with LSI condition

XvToe seawater toe location for post SLR without LSI condition

X0
Toe seawater toe location prior to SLR

DXToe seawater toe changes
XToe seawater toe location
X�
Toe dimensionless seawater toe location

h hydraulic head
h� dimensionless hydraulic head
x distance taken from the coastline
x� dimensionless distance taken from the coastline
dh=dx hydraulic gradient
K hydraulic conductivity
hLW landward hydraulic head
h�LW dimensionless landward hydraulic head
hSW seaward hydraulic head
hcSW corrected seaward hydraulic head
h�SW dimensionless seaward hydraulic head
DhSW sea-level rise value
Dh�SW dimensionless sea-level rise value

L aquifer length
Ldiv hydraulic divide location
L�div dimensionless hydraulic divide location
B average aquifer thickness
B� dimensionless average aquifer thickness
W recharge rate
W� dimensionless recharge rate
Qf fresh groundwater discharge to sea
Q �

f dimensionless fresh groundwater discharge to sea
qb regional flux entered from landward boundary
q�b dimensionless regional flux entered from landward

boundary
d density difference ratio of the seawater and freshwater
dc corrected density difference ratio of the seawater and

freshwater
qs seawater density
qf freshwater density
Cs seawater concentration
Cf freshwater concentration
l fluid dynamic viscosity
Dm molecular diffusion
Ss specific storage
u angle of impervious aquifer bed against the horizontal
aL longitudinal dispersivity
aT transverse dispersivity
n0 depth of the interface below the water table outcrop at

the coast
v0 width of the gap through the submarine outflow
S land-surface slope
g gravitational acceleration
t time
t⁄ dimensionless time
e effective porosity
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estimate of projected uncertainties. The high latitudes and the
equatorial Pacific Ocean are likely to experience an increase in
annual mean precipitation by the end of this century. In many
mid-latitude and subtropical arid regions, mean precipitation will
likely decrease, while in many mid-latitude wet regions, mean pre-
cipitation will likely increase by the year 2100 (IPCC, 2013; Horton
et al., 2014; Bring et al., 2015). Larger uncertainties surround the
projections of surface runoff and recharge rate to groundwater
resources, which are affected by many climatic factors, include
changes in mean precipitation and temperature regimes. Further
assessments have been provided by e.g. Holman (2006), IPCC
(2013), and Bring et al. (2015).

Ketabchi and Ataie-Ashtiani (2015b,c) developed the efficient
and robust decision models which have the superior abilities in
terms of both solution quality and computational time criteria.
Using such decision models, they highlighted a need for an inte-
grated study to address how the conceptualization of climate
change impacts e.g. SLR, land-surface inundation (LSI), and
recharge rate variations can be handled on prospective coastal
groundwater management strategies. Gorelick and Zheng (2015)
emphasized that global changes such as climatic effects led to mul-
tiple stresses that should be considered in groundwater manage-
ment plans. Ojha et al. (2015) assessed the long-term potential
influences of climate change, e.g. SLR impacts in aquifers and
efficient management of these resources in many regions of the
world. They concluded that such studies are yet open challenges
concerning uncertainties in modeling and in defining climate
change scenarios, heterogeneities, estimation of recharge rate to
groundwater systems, data challenges, and addressing the
increasing threats from competing demands and mounting hydro-
logic stresses on groundwater systems, which all indicated a press-
ing need to develop effective management strategies.

The main objective of this study is to provide a systematic
review of numerous previous studies and to then undertake an
analysis of the relative importance of the purported influential fac-
tors controlling SWI. We present the literature review in tabulated
and diagrammatic formats so as to be easily comprehensible and to
easily identify what factors previous studies have and have not
included. This is the first study that highlights the impacts of all
of known SLR-induced influential factors and thus directs us to
evaluate the relative importance of these impacts on SWI using
both analytical and numerical methods. The SLR impacts on the
SWI interface and in particular seawater toe location are the focus
of this study. Such an integrated assessment does not exist because
each previous study has only assessed a (different) subset of the
purported controlling factors.
2. A review of previous studies

In recent years, there has been a growing body of research relat-
ing to climatic and hydrogeologic controls on SWI. It is not easy to
rapidly discern the similarities and differences in these studies.
Furthermore, it is also not immediately clear where current knowl-
edge gaps might exist. Even more importantly, it is not indeed evi-
dent that any previous studies have conducted an integrated
assessment to analyze the relative importance of the purported
range of influential factors.
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Recently, Ketabchi et al. (2014) presented an extensive review
and study on the influence of SLR on fresh groundwater lenses of
small islands. They concluded that fresh groundwater lens status
was most sensitive to recharge rate, followed by land-surface
slope, aquifer layer thickness, and hydraulic conductivity in com-
parison with the vertical movement of SLR, in the range of param-
eters considered in their study. Mahmoodzadeh et al. (2014)
numerically investigated the combined impacts of SLR, associated
LSI, and variations in recharge rate on the fresh groundwater lens
salinization of Kish Island, Iran. Their results also demonstrated
that the impacts of LSI caused by SLR and recharge rate variations
were more important than the estimated SLR impacts without LSI.

We focus here on a review and evaluation of coastal aquifer sys-
tems. Fig. 1 illustrates two conceptual models of sloping uncon-
fined coastal aquifers. Fig. 1a and b illustrate SWI in a coastal
aquifer prior to and after SLR in a flux-controlled (FC) system. In
this system, the regional groundwater discharge to the sea is con-
stant and controls the status of SWI. In Fig. 1c and d, the landward
boundary conditions (LWBCs) considered is head-controlled (HC).
In this system, the water table position at the landward boundary
is constant despite SLR. Fig. 1c and d shows the SWI status, prior to
and after SLR condition, respectively. LSI arising from the landward
movement of the coastline, accompanying SLR is shown in all con-
ceptual models and is obviously dependent upon the land-surface
slope.

Table 1 provides a summary of the recent studies based on the
modeling methods and the processes that have been considered.
Both analytical solutions (e.g. Werner and Simmons, 2009;
Fig. 1. Conceptual model of a sloping unconfined coastal aquifer system used for investi
after SLR, (c) the HC system prior to SLR, and (d) the HC system after SLR.
Ataie-Ashtiani et al., 2013a; Carretero et al., 2013; Koussis et al.,
2015) and numerical simulations (e.g. Watson et al., 2010; Chang
et al., 2011; Laattoe et al., 2013; Sefelnasr and Sherif, 2014) have
been used for the analysis of SLR impacts on SWI. The application
of analytical solutions to estimate the location of seawater toe
needs many simplifications such as steady-state conditions, sharp
freshwater-seawater transition zones, and one-dimensional flow.

Based on the review of the previous studies, a variety of simu-
lation assumptions is summarized in Table 1, including; sharp
(e.g. Koussis et al., 2012) and disperse (e.g. Yechieli et al., 2010)
interface approaches, two-dimensional (e.g. Kooi et al., 2000) and
three-dimensional (e.g. Sefelnasr and Sherif, 2014) simulations,
steady-state (e.g. Ataie-Ashtiani et al., 2013a) and transient (e.g.
Morgan et al., 2015) simulations, and fully saturated (e.g. Chang
et al., 2011) and saturated/unsaturated domains (e.g. Loaiciga
et al., 2012). Aquifer hydrogeological properties are generally
heterogeneous (Werner et al., 2013). As can be recognized in
Table 1, the assumption of a single-layer system as a homogeneous
aquifer was considered in most of the previous studies (e.g. Sherif
and Singh, 1999; Michael et al., 2013; Chesnaux, 2015; Koussis
et al., 2015) while there were the limited studies which considered
the heterogeneous coastal aquifers as two-layer (e.g. Kooi et al.,
2000) and multi-layer (e.g. Stigter et al., 2014) systems.

Table 1 confirms that none of the previous studies have consid-
ered the combined effects of SLR, LSI, variations in recharge rate,
aquifer bed slope, and LWBCs on SWI in coastal aquifers. Therefore,
the importance and the necessity of further research in the field of
these impacts are recognized on these coastal aquifers. In this
gating the impacts of SLR on SWI: (a) the FC system prior to SLR, (b) the FC system



Table 1
Summary of studies relating to SLR-induced impacts in coastal aquifers.

References Simulationa Applicationb Assessed processesc

SLR LSI BS W LWBCs OSH FIN

Sherif and Singh (1999) NU (FED), 2D, CO, SCO, SL, SS,
SAT

REAL Yes 0.2 m, 0.5 m (I) – Yes 0.3% – HC – –

Kooi et al. (2000) AN, NU (METROPOL-3), IF, DD,
2D, UNCO, SL, TL, T, SAT

HYP Yes 0.1–1 mm/year
(G)

Yes
0.1%

– – HC – Yes

Feseker (2007) NU (SWIMMOC), DD, 2D, TL, T,
SAT

HYP⁄ Yes 0.5 m/century – – Yes FC – –

Giambastiani et al. (2007) NU (MOCDENS3D), DD, 2D,
UNCO, ML, SS, T, SAT

REAL Yes 0.475–
0.9 m/century (G)

– – Yes HC – –

Werner and Simmons (2009) AN, IF, 2D, UNCO, SL, SS, SAT HYP⁄ Yes 0.1–1.5 m (I) – – Yes Yes FC,
HC

– –

Carneiro et al. (2010) NU (FEMWATER), DD, 3D,
UNCO, ML, T, UNSAT

REAL Yes 0.18–0.59 m (G) Yes – Yes FC, HC – –

Oude Essink et al. (2010) NU (MOCDENS3D), DD, 3D, CO,
ML, T

REAL Yes 0.85–2 m (G) Yes – Yes HC – –

Watson et al. (2010) AN, NU (FEFLOW), IF, DD, 2D,
UNCO, SL, SS, T, UNSAT

HYP Yes 1 m (I) – – – FC Yes –

Yechieli et al. (2010) NU (FEFLOW), DD, 2D, UNCO,
ML, SS, T, UNSAT

REAL Yes 10 mm/year (G) Yes
0.25%

Yes �0.9% Yes FC – –

Chang et al. (2011) NU (SEAWAT), DD, 2D, CO,
UNCO, SL, T, SAT

HYP⁄ Yes 0.2–4 m (I);
0.04–1 mm/year (G)

– – Yes FC Yes –

Webb and Howard (2011) NU (SEAWAT), DD, 2D, UNCO,
SL, T, SAT

HYP⁄ Yes 0.1–1.5 m (G) – – Yes HC – –

Loaiciga et al. (2012) NU (FEFLOW), DD, 3D, UNCO, SL,
SS, UNSAT

REAL Yes 5, 10 mm/year
(G)

Yes – Yes – – –

Chang and Clement (2012) NU (SEAWAT), DD, 2D, UNCO,
SL, T, SAT

HYP – – – Yes FC – –

Werner et al. (2012) AN, IF, 2D, CO, UNCO, SL, SS, SAT HYP⁄ Yes 1 m (I) – – Yes Yes FC,
HC

– –

Koussis et al. (2012) AN, IF, 2D, UNCO, SL, SS, SAT HYP⁄ Yes 1 m (I) – Yes �1.7% Yes FC – –

Ataie-Ashtiani et al. (2013a) AN, IF, 2D, UNCO, SL, SS, SAT HYP⁄ Yes 2 m (I) Yes 1%,
10%

– Yes Yes FC,
HC

– –

Laattoe et al. (2013) NU (FEFLOW), DD, 2D, UNCO, SL,
T, SAT

HYP Yes 0, 1 m (I);
10 mm/year (G)

Yes
0.1%–
0.4%

– – Yes FC,
HC

– Yes

Morgan et al. (2013) EXP, NU (FEFLOW), DD, 2D,
UNCO, SL, T, UNSAT

EXP Yes 0.024 m (I) Yes
75.4%

– – FC Yes –

Michael et al. (2013) NU (SUTRA), DD, 2D, UNCO, SL,
SS, SAT

HYP Yes 1 m (I) – – Yes FC – –

Carretero et al. (2013) AN, IF, 2D, UNCO, SL, SS, SAT REAL Yes 1 m (I) – – Yes Yes FC,
HC

– –

Lu and Werner (2013) NU (SEAWAT), DD, 2D, CO, SL, T,
SAT

HYP⁄ Yes 1 m (I) – – – HC Yes –

Mazi et al. (2013) AN, IF, 2D, UNCO, SL, SS, SAT HYP Yes 0.59 m, 1.6 m (I) – Yes �±1% – Yes FC,
HC

– –

Mazi et al. (2014) AN, IF, 2D, UNCO, SL, SS, SAT REAL – – Yes 1%, 0.3%,
0.4%, 1.7%

Yes FC,
HC

– –

Sefelnasr and Sherif (2014) NU (FEFLOW), DD, 3D, SCO, ML,
SS, UNSAT

REAL Yes 0.5 m, 1 m (I) Yes – – HC – –

Stigter et al. (2014) NU (FEN), 2D, ML, T REAL Yes 1 m (I) – – Yes HC – –

Luoma and Okkonen (2014) NU (MODFLOW and UZF1), IF,
3D, UNCO, SL, T, UNSAT

REAL Yes 0.09–0.51 m (G) Yes – Yes FC – –

Green and MacQuarrie (2014) NU (SEAWAT), DD, 2D, UNCO,
ML, SS, T, UNSAT

REAL Yes 0.93 m, 1.86 m
(I)

– – Yes HC – –

Lu et al. (2015) AN, IF, 2D, CO, UNCO, SL, SS, SAT HYP Yes 1 m (I) – – – Yes FC,
HC, GH

– –

Chesnaux (2015) AN, IF, 2D, CO, UNCO, SL, SS, SAT HYP Yes 0–2 m (I) Yes
3.5%–1

– Yes FC – –

Koussis et al. (2015) AN, NU (FEFLOW), IF, DD, 1D,
2D, UNCO, SL, SS, UNSAT

HYP⁄ Yes 1 m (I) – Yes 1%, 0.3%,
0.5%

Yes FC, HC – –

Morgan et al. (2015) NU (MODFLOW), DD, 2D, CO,
UNCO, SL, T, SAT, UNSAT

HYP Yes 1 m (I); 10 mm/
year (G)

– – Yes FC,
HC

Yes –

a IF: sharp-interface flow; DD: density-dependent (disperse) flow; D: dimension; UNCO: unconfined; CO: confined; SCO: semi-confined; SS: steady-state; T: transient; AN:
analytical; EXP: experimental; NU: numerical; SL: single-layer; TL: two-layer; ML: multi-layer, SAT: fully saturated modeling; UNSAT: saturated/unsaturated modeling.

b HYP: hypothetical aquifer; HYP⁄: hypothetical aquifer with real-case data; REAL: real-case aquifer; EXP: experimental-test aquifer.
c SLR: sea-level rise; LSI: land-surface inundation; BS: aquifer bed slope; W: recharge rate; LWBCs: landward boundary conditions; OSH: overshoot; FIN: seawater finger; I:

instantaneous; G: gradual; FC: flux-controlled system; HC: head-controlled system; GH: general-head.
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study, sloping aquifers are aquifers in which the land surface and/
or the aquifer impervious bed have an angle that dips away from
the horizontal (e.g. Ataie-Ashtiani et al., 2013a). Some previous
studies such as Kooi et al. (2000) and Mazi et al. (2013) have used
this term to define aquifers with only an inclined bed boundary.

In the following, more explanations regarding the summarized
studies in Table 1 are provided while an insightful analysis of the
relative importance of the SLR-induced phenomena and the associ-
ated impacts is undertaken. We have categorized our review to: (1)
the impacts of SLR and LSI caused by SLR on sloping coastal aqui-
fers; (2) the impacts of LWBCs on SWI due to SLR; (3) the impacts
of aquifer bed slope on SLR-induced SWI; and (4) overshoot and
seawater fingering phenomena due to SLR. The modeling
approaches and the methodologies considered in the previous
studies are also discussed.
2.1. SLR and LSI impacts

The studies of Sherif and Singh (1999) and Kooi et al. (2000) are
the first predictive studies of SLR impacts on SWI in coastal aqui-
fers. As can be recognized in Table 1, the instantaneous SLR
assumption has been implemented in most previous studies (e.g.
Werner and Simmons, 2009; Yechieli et al., 2010; Watson et al.,
2010; Chang et al., 2011; Koussis et al., 2012, 2015; Ataie-
Ashtiani et al., 2013a; Mazi et al., 2013; Chesnaux, 2015). The
assumption of instantaneous SLR is a simplification considered in
the modeling procedure, which causes the estimated SWI is more
rapid than would occur due to gradual SLR (Watson et al., 2010).
This is a simplification considered in the modeling procedure,
allowing for gradual SLR to investigate SLR impacts with a greater
level of realism (Watson et al., 2010). There are very limited works
such as Laattoe et al. (2013) and Morgan et al. (2015) which have
investigated both instantaneous and gradual SLR impacts, mostly
focusing on the temporal aspects and phenomena such as the over-
shoot mechanism.

In a short review, Ataie-Ashtiani et al. (2013a) showed that
most of the recent research on SLR impacts on SWI in coastal aqui-
fers, neglected LSI in their studies. They showed that only a very
limited number of studies (Kooi et al., 2000; Loaiciga et al., 2012;
Rotzoll and Fletcher, 2012; Ferguson and Gleeson, 2012) had con-
sidered this impact. It is immediately apparent in Table 1 that
investigations on the impacts of LSI are rather limited.

Ataie-Ashtiani et al. (2013a) defined the dimensionless ratio
parameter of R ¼ ðXs

Toe � XvToeÞ=ðXvToe � X0
ToeÞ to quantify the influ-

ence of LSI on SLR-induced SWI, where Xs
Toe and XvToe are seawater

toe locations for conditions of post SLR with LSI and without LSI,
respectively, and X0

Toe is the seawater toe location prior to SLR. Lar-
ger magnitudes of R characterize a more significant impact of LSI
on SWI. Using a simple analytical solution for calculation of R,
Ataie-Ashtiani et al. (2013a) showed that the influence of LSI on
SWI could be an order of magnitude (OoM) larger than vertical
SLR when a land-surface slope of 1% was considered. Also, the
impact of LSI on the seawater toe location was of the same OoM
as the impacts of vertical SLR for the cases with the slope of 10%.
For example, the Gaza aquifer, Palestine, with land-surface slopes
of infinite (i.e. vertical coast), 10% and 1% was investigated by
Ataie-Ashtiani et al. (2013a). The parameters employed were taken
from Moe et al. (2001) and Werner et al. (2012). Under the worst
conditions tested for the Gaza aquifer with the land-surface slope
of 1%, using a simple analytical solution, Ataie-Ashtiani et al.
(2013a) showed that the calculated R could be 10.6 for FC LWBCs
while the R of 3.4 could be obtained for similar condition
where the LWBC was treated as a HC boundary. Therefore,
Ataie-Ashtiani et al. (2013a) highlighted that the influence of LSI
is a significant controlling factor on SWI status caused by SLR.
Recently, Chesnaux (2015) presented four closed-form analyti-
cal solutions for rapid calculations estimating the impacts of SLR
on coastal aquifers and conducted a number of sensitivity analyses
on the critical parameters involved in the equations. He showed
that the land-surface slope is an important factor which controls
the magnitude of the SLR impacts which is in agreement with a
highlighted finding of Ataie-Ashtiani et al. (2013a). The results of
Sefelnasr and Sherif (2014) also showed that ignoring the impacts
of LSI causes an underestimation of the possible consequences of
SLR when compared to results of Werner and Simmons (2009).
Although some studies such as Ataie-Ashtiani et al. (2013a),
Mahmoodzadeh et al. (2014), and Chesnaux (2015) have high-
lighted that LSI is an important factor which controls the impacts
of SLR on coastal aquifers, it has not been investigated in some
recent studies in this area (e.g. Michael et al., 2013; Mazi et al.,
2014; Lu et al., 2015; Koussis et al., 2015; Morgan et al., 2015).

SLR-LSI impacts have also been considered in combination with
the impact of recharge rate variations in some previous studies
such as Carneiro et al. (2010), Ataie-Ashtiani et al. (2013a), and
Sefelnasr and Sherif (2014). A reduction in recharge rate is
expected to occur with climate change in arid coastal regions
which experience considerable variations in annual recharge rates
(e.g. Sefelnasr and Sherif, 2014; Carneiro et al., 2010). Sefelnasr and
Sherif (2014) showed in the Nile Delta Aquifer, Egypt that a SLR of
1 m and a 2.3 billion m3/year reduction in net recharge (drier sce-
nario) caused a considerable reduction in the fresh groundwater
volume from 883 km3 to 513 km3 (i.e. 41.9% reduction). When
the rate of base net recharge was kept constant, a fresh groundwa-
ter volume of 748 km3 was predicted (i.e. 15.3% reduction). Also, a
1.15 billion m3/year increase in net recharge rate (wetter scenario)
in addition to 1 m SLR gave rise to 781 km3 of fresh groundwater
(i.e. 11.5% reduction). Carneiro et al. (2010) also confirmed the
increasing impacts of SLR and recharge rate reduction in the Saidia
aquifer, Mediterranean coast of Morocco, using the scenarios of
0.18 m, 0.35 m, and 0.59 m SLR and 9%, 19%, and 47% reduction
of recharge rate.
2.2. LWBCs impacts on SWI due to SLR

The importance of the influence of LWBCs on groundwater
hydraulics and SWI in coastal aquifers were highlighted for the
first time in the works of Ataie-Ashtiani et al. (1999, 2001). They
investigated two main classifications of FC and HC for LWBCs of
the coastal aquifer. Using numerical simulations for investigating
the impacts of tidal fluctuations on coastal groundwater, Ataie-
Ashtiani et al. (1999, 2001) showed that where the LWBCs were
HC, the effects of tidal fluctuations on SWI were more pronounced
than for the FC cases. They further showed that when the LWBCs
were HC, the over-height in the water table as a result of the tidal
fluctuation had a significant effect on groundwater discharge to the
sea (Ataie-Ashtiani et al., 2001; Ataie-Ashtiani, 2015). As summa-
rized in Table 1, the studies of Werner and Simmons (2009),
Ataie-Ashtiani et al. (2013a), Carretero et al. (2013), Michael
et al. (2013), Laattoe et al. (2013), Mazi et al. (2013), and Morgan
et al. (2015) have studied the importance of LWBCs on SWI due
to SLR.

FC systems support much higher hydraulic gradients than
found in HC ones because the hydraulic head on the landward
boundary can rise in response to a rise on the seaward boundary.
HC systems will experience a reduction in fresh groundwater dis-
charge compared to FC systems due to a reduced hydraulic gradi-
ent (Werner et al., 2012; Michael et al., 2013). This pattern is
seen in Fig. 2, which contains a plot of SLR ratio vs. hydraulic gra-
dient for some of the coastal aquifers summarized in Table 1.
Hydraulic gradient (dh=dx) shown in Fig. 2, is estimated by



Fig. 2. Hydraulic gradient vs. SLR for several coastal aquifers. HYP: hypothetical aquifer; HYP⁄: hypothetical aquifer with real-case data; REAL: real-case aquifer; EXP:
experimental-test aquifer; aNile Delta aquifer, Egypt and Madras aquifer, India (Sherif and Singh, 1999); bRavenna Aquifer, Italy (Giambastiani et al., 2007); cNile Delta
aquifer, Egypt (Werner and Simmons, 2009); dHypothetical aquifer (Watson et al., 2010); eMediterranean Aquifer (Yechieli et al., 2010); fPioneer Valley Aquifer, Australia
(Chang et al., 2011); gPoineer Valley Aquifer, Australia (Webb and Howard, 2011); hGaza aquifer, Palestine, Pioneer Valley, Australia, and Uley South, Australia (Werner et al.,
2012); iMediterranean Aquifer (Koussis et al., 2012); jGaza aquifer, Palestine (Ataie-Ashtiani et al., 2013a); kHypothetical aquifer and experimental-test aquifer (Morgan
et al., 2013); lHypothetical aquifer (Michael et al., 2013); mPartido de La Costa aquifer, Argentina (Carretero et al., 2013); nHypothetical aquifer (Mazi et al., 2013);
oHypothetical aquifer (Lu et al., 2015); pHypothetical aquifer (Chesnaux, 2015); qMediterranean Aquifer (Koussis et al., 2015); rHypothetical aquifer (Morgan et al., 2015).
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Qf =ðBKÞ for FC systems and ðhLW � hSWÞ=L for HC systems, where h
[L] is hydraulic head, x [L] is distance, taken from the coastline, K
[L T�1] is hydraulic conductivity, hLW [L] is landward hydraulic
head, hSW [L] is seaward hydraulic head, L [L] is aquifer length, B
[L] is aquifer thickness, and Qf [L2 T�1] is fresh groundwater dis-
charge to sea which is ðqb þWLÞ. qb [L2 T�1] is regional freshwater
flux entering from landward boundary and W [L T�1] is recharge
rate from land surface in this equation. As shown in Fig. 2, the main
tendency is that FC systems have a higher dh=dx relative to HC sys-
tems. Some FC coastal aquifers show minor dh=dx such as aquifers
considered by Chang et al. (2011), Michael et al. (2013), and
Morgan et al. (2013). The main reasons for small dh=dx in these
FC systems are low Qf due to low W and thus low qb in LWBCs.
The cases of Chang et al. (2011) are aquifers with low W and qb.
The recharge rate of coastal aquifers considered by Morgan et al.
(2013) was zero. Michael et al. (2013) implemented no regional
flux for their coastal aquifer analysis.

The ratio of seawater toe location changes ðDXToeÞ caused by SLR
to aquifer length ðLÞ versus SLR to aquifer thickness ðBÞ is shown in
Fig. 3 for the coastal aquifers of Table 1. As can be seen from Fig. 3,
the HC systems are more vulnerable than the FC systems for SLR-
induced SWI because dh=dx between landward and seaward
boundary conditions cannot be maintained (Ataie-Ashtiani et al.,
2013a; Michael et al., 2013).

Werner and Simmons (2009) applied a simple analytical solu-
tion to study the importance of LWBCs on SWI due to SLR, for
the first time. They showed that the choice of LWBCs was an
important factor in SLR-induced SWI. They investigated SLR of
0.1–1.5 m under typical values of the recharge rate, the hydraulic
conductivity, and the aquifer depth and observed that under FC
LWBCs, seawater toe location was enhanced no larger than 50 m.
However in HC cases, the magnitude of seawater toe location
changes was on the order of hundreds of meters for the same
SLR (Fig. 3). They did not consider the effect of variations in the
recharge rate and LSI according to land-surface slope in their work.

Carretero et al. (2013) used a simple analytical solution in a
similar manner as Werner and Simmons (2009), and investigated
the impacts of a potential 1 m SLR on the coast of Partido de La
Costa, Argentina. They also assessed the influence of both above-
mentioned LWBCs on SLR-induced SWI and obtained similar
results in terms of the importance of LWBCs-related behaviors of
the coastal aquifer in response to SLR. Carretero et al. (2013) found
that the larger variations of seawater toe location changes were
observed with variations in the recharge rate under FC LWBCs.
Their results were obtained by applying the specific characteristics
of Partido de La Costa, Argentina coastal aquifer. When the
recharge rate was set to 230 mm/year, the seawater intruded
25 m landward due to a 1 m SLR while reducing the recharge rate
to 194 mm/year (reduction of 14.3%) led to a seawater toe location
of 38 m (52% increase) as the maximum value forecast in the FC
scenarios of their study. In the HC scenarios more extensive SWI
in excess of 200 m compared to the FC cases was estimated for
recharge rates of 230 mm/year and 194 mm/year. The seawater
intruded inland 193 m and 211 m (increase of 9.3%), respectively
for a 1 m SLR. Differences between the FC and the HC tests in
response to both SLRs and recharge rate variations were found to
be in agreement with the Werner and Simmons (2009) study.
Rotzoll and Fletcher (2012), Loaiciga et al. (2012) and Rasmussen
et al. (2013) also observed that variations in the net recharge rate
were the dominant factors in SWI under FC LWBCs, but did not
consider the influence of LSI caused by SLR. Their results confirmed
the minor response of HC cases to variations in recharge rate. Also,
the large SWI under such HC systems was observed by Werner and
Simmons (2009) compared to FC systems.

Laattoe et al. (2013) extended the work of Werner and Simmons
(2009) by considering LSI impacts and obtained comparable results
using numerical simulations. They adopted the simplified uncon-
fined coastal aquifer of Kooi et al. (2000) for a range of SWI scenar-
ios. They showed that the SWI caused by LSI and the associated
intrusion due to free convection emerge to be relatively insensitive
to the choice of LWBCs, which is different from the findings of SLR-
SWI studies that neglect LSI (e.g. Werner and Simmons, 2009).
They also found that neglecting the effects of LSI on SWI caused
a significant underestimation of seawater toe location. Laattoe



Fig. 3. Seawater toe location changes vs. SLR for several coastal aquifers. HYP: hypothetical aquifer; HYP⁄: hypothetical aquifer with real-case data; REAL: real-case aquifer;
EXP: experimental-test aquifer. aNile Delta aquifer, Egypt and Madras aquifer, India (Sherif and Singh, 1999); bHypothetical aquifer (Kooi et al., 2000); cRavenna Aquifer, Italy
(Giambastiani et al., 2007); dNile Delta aquifer, Egypt (Werner and Simmons, 2009); eHypothetical aquifer (Watson et al., 2010); fMediterranean Aquifer (Yechieli et al.,
2010); gPioneer Valley Aquifer, Australia (Chang et al., 2011); hPioneer Valley Aquifer, Australia (Webb and Howard, 2011); iGaza aquifer, Palestine, Pioneer Valley, Australia,
and Uley South, Australia (Werner et al., 2012); jMediterranean Aquifer (Koussis et al., 2012); kGaza aquifer, Palestine (Ataie-Ashtiani et al., 2013a); lHypothetical aquifer
(Laattoe et al., 2013); mHypothetical aquifer and experimental-test aquifer (Morgan et al., 2013); nHypothetical aquifer (Michael et al., 2013); oPartido de La Costa aquifer,
Argentina (Carretero et al., 2013); pHypothetical aquifer (Mazi et al., 2013); qHypothetical aquifer (Lu et al., 2015); rHypothetical aquifer (Chesnaux, 2015); sMediterranean
Aquifer (Koussis et al., 2015); tHypothetical aquifer (Morgan et al., 2015).
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et al. (2013) observed little differences in the seawater toe location
due to LSI impact for FC systems in comparison with HC systems.
Laattoe et al. (2013) explained their reason to observations that
in the simulation with LSI, inflows and outflows from coastal aqui-
fer were almost entirely through the inundated land surface
boundary and therefore the influence of LWBCs had little bearing
on the flow trends. The impacts of recharge rate variations were
not considered in their study. Clearly, the inclusion of different
physical processes in an SWI analysis has a significant bearing on
the dominant factors controlling the SWI process. Therefore, the
choice of conceptual model will be a strong determinant on the
results and the relative effects of model parameterization and
LWBCs in any given conceptualization.

Ataie-Ashtiani et al. (2013a) developed a simple analytical solu-
tion to include LSI into SLR impacts on SWI. Both forms of LWBCs
were included in their solution. It was shown that in some of the
cases, LSI causes a negative flux and unstable interface of SWI
and as the interface reached the inland and a steady-state condi-
tion cannot be calculated. It was shown that the worst SWI condi-
tions and the seawater toe location were observed when LWBC
was HC and it was combined with LSI.

Michael et al. (2013) used SUTRA to develop a two-dimensional
model for assessing the effect of SLR on SWI in two types of
groundwater systems that identified as recharge-limited (i.e. FC
at upper boundary) and topography-limited (i.e. HC at upper
boundary). Whereas global analysis indicated that more than half
of the world coasts are topography-limited, they showed that the
topography-limited systems were more vulnerable than
recharge-limited systems to SWI and changes in freshwater flow
to the sea. In their approach, the variations in recharge rate in com-
bination with only the vertical movement of SLR were modeled.

2.3. Aquifer bed slope impacts on SLR-induced SWI

Coastal aquifer beds which can be inclined toward the sea or
toward the land can obviously affect the behavior of SWI. In reality
coastal aquifers mostly have inclined beds (Abarca et al., 2007;
Koussis et al., 2015). Examples of such unconfined aquifers with
inclined bed boundary include the Mediterranean coastal aquifers
(Sherif and Singh, 1999; Mazi et al., 2014; Koussis et al., 2015), and
the Akrotiri coastal aquifer in Cyprus (Mazi et al., 2014) which
were studied in detail by Mazi et al. (2014).

Conceptualizing the beds of coastal aquifers as horizontal has
been a common assumption in most previous studies (e.g. Kooi
et al., 2000; Werner and Simmons, 2009; Ataie-Ashtiani et al.,
2013a, 2014; Chesnaux, 2015; Morgan et al., 2015). This conceptu-
alization does not correspond to reality in general and it serves
mainly the purpose of analytical mathematical convenience
(Koussis et al., 2012). Abarca et al. (2007) investigated density-
dependent flow processes caused by three-dimensional confined
aquifer geometry using numerical simulations considering a lateral
slope of the aquifer boundaries. They showed the intrusion of sea-
water is controlled more by this slope than by the aquifer thickness
and dispersivity. Koussis et al. (2012) focused for the first time to
understand how this conceptualization influences SWI behavior
by analytical methods. They extended the analytical Strack
(1976) discharge potential solution to steady-state sharp interface
flow in unconfined coastal aquifers under both FC and HC LWBCs
by approximating the gravity-driven flow component and repre-
senting the aquifer geometry in a schematized yet realistic
manner.

Using the generalized analytical sharp interface model of
Koussis et al. (2012), Mazi et al. (2013) investigated the responses
of SWI to SLR in coastal aquifers. They examined the impacts of SLR
of 0.59 m and 1.6 m on both FC and HC LWBCs while they ignored
the impacts of LSI. The effects of the aquifer bed slopes of �1%, 0%,
and 1%, the hydraulic conductivity, and the original sea level on
seawater toe location were studied in their work. Their assess-
ments demonstrated the important effect of aquifer bed slope on
original seawater toe location and also on its responses to SLR.
The aquifer bed slope impact is particularly important under FC
LWBCs, for which SLR also raises the aquifer free surface, which
increases aquifer transmissivity and therefore enhances SWI
(Mazi et al., 2013). Recently, Koussis et al. (2015) studied two
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regional Mediterranean aquifers with no-flow LWBCs and with HC
LWBCs, considering the aquifer bed slope of them. The effects of
the aquifer bed slope on the original seawater toe location in these
real-world cases were previously explored by Mazi et al. (2014).
Koussis et al. (2015) corrected and applied the Koussis et al.
(2012) analytical sharp interface solution of SWI. SLR of 1 m with-
out LSI was considered in their study. The important effects of
LWBCs and aquifer bed slope on seawater toe location were also
shown in their study.

2.4. Overshoot and seawater fingering phenomena due to SLR

Some SLR-induced time-related phenomena such as overshoot
mechanism (e.g. Watson et al., 2010; Chang et al., 2011; Morgan
et al., 2015) and seawater fingering from land surface into aquifers
(e.g. Kooi et al., 2000; Laattoe et al., 2013) have been documented
in the literature (see Table 1).

Overshoot means that seawater which intrudes into a coastal
aquifer due to SLR would initially overshoot the steady-state posi-
tion but then naturally be driven back to a seaward resting position
(e.g. Chang et al., 2011). For the first time, Watson et al. (2010)
focused on to the temporary overshoot caused by SLR. They inves-
tigated the transience of SLR-SWI in typical coastal aquifer settings
using both analytical and FEFLOW numerical models. The impor-
tant issue of associated time scales for overshoot phenomena
was neglected in Watson et al. (2010). They observed the over-
shoot of the post SLR steady-state seawater toe location by up to
250% in several of the simulated scenarios. They considered only
FC LWBCs in their experiments. Their results indicated greater
potential for more rapid toe response, possibly leading to over-
shoot, for higher values of aquifer specific yield and aquifer length
and lower system thickness and hydraulic conductivities. They
highlighted that the overshoot phenomenon contradicts the com-
mon assumption that steady-state results are the worst for SLR-
induced SWI. Watson et al. (2010) assumed an instantaneous SLR
of 1 m while the impacts of LSI and aquifer bed slope were ignored
in their study. They mentioned that the instantaneous nature of
SLR enhances the water table wave generation which can also
affect the overshoot mechanism. They predicted that by imple-
mentation of an instantaneous SLR, the SWI obtained from numer-
ical modeling is more rapid than would occur due to more realistic
gradual SLR.

Chang et al. (2011) performed numerical experiments using
SEAWAT to study the transient effects of SLR on SWI in both con-
fined and unconfined FC aquifers. Their results showed the occur-
rence of overshoot due to SLR in confined aquifers while for
unconfined aquifers; this mechanism would have less effect due
to changes in the value of the effective transmissivity. A minor
impact of land-surface slope on the overshoot mechanism was
shown by Morgan et al. (2013) as a part of physical and numerical
sand tank experiments with 2.0 m length, 0.5 m height, and 0.05 m
width. Their results under a FC unconfined aquifer setting con-
firmed that the SWI overshoot could be observed under controlled
laboratory conditions and the land-surface slope did not control
the spatial extent of overshoot. Morgan et al. (2013) showed that
the magnitude of overshoot for SLR in the physical experiments
was 24% of the change in steady-state seawater toe location. They
mentioned that this magnitude was observed under the laboratory
setting which was designed to maximize the overshoot extent by
adopting the high groundwater flow gradients and large and rapid
SLRs. Morgan et al. (2013) predicted that the overshoot at the field
scale appears to be low and further investigation should be per-
formed to clarify the associated behaviors.

Recently, Morgan et al. (2015) used numerical modeling of SLR-
SWI to assess the occurrence of SWI overshoot within realistic
aquifer settings. They aimed to compare both the instantaneous
(1 m) and the gradual SLR scenarios (10 mm/yr over 100 years)
under both FC and HC LWBCs. Similar to the majority of the previ-
ous studies, the impacts of LSI and aquifer bed slope were ignored
in their research. As mentioned previously, the gradual SLR
assumption is more realistic and near the high end of IPCC
(2013) projections. Morgan et al. (2015) described that no signifi-
cant overshoot was produced in the confined aquifer cases while
the overshoot could occur within realistic unconfined aquifer set-
tings with FC LWBCs. Their results are not in agreement with the
conclusion of Chang et al. (2011) on this pattern. Their experiments
indicated that heads re-equilibrated rapidly and overshoot was not
observed on all HC cases. They also showed that the overshoot is
possible under gradual SLR conditions, albeit in the fewer number
of cases and with lower magnitudes. Their results also confirmed
the previous findings that the effects of SLR on the FC aquifers
are small. In Morgan et al. (2015) tests, due to the overshoot, the
seawater toe locations passed the steady-state location approxi-
mately 50 years after SLR started, which were half the 100-years
simulated period.

Another time-related phenomenon which was recommended
for further investigation by Watson et al. (2010) is the resultant
potential for convective seawater fingers due to SLR-induced LSI.
Seawater fingering here refers to the plumes of seawater migrating
downwards from the land surface due to finger instabilities that
result from the unstable nature of the density stratification when
seawater resides on top of underlying freshwater and the influence
of gravity (Kooi et al., 2000). Transient seawater fingering associ-
ated with free convection from the land surface can potentially
occur when the land surface is submerged with seawater as a
result of SLR (Ataie-Ashtiani et al., 2013a; Laattoe et al., 2013).

Kooi et al. (2000) assessed the SWI caused by the gradual SLR of
1 mm/year and LSI at geological time scales based on the simulated
transient seawater fingers occurring under unstable density condi-
tions. They distinguished four modes of SWI by application of
numerical experiments. Based on their methodology, Laattoe
et al. (2013) extended the analysis of Kooi et al. (2000) to a wider
range of land-surface slope, the geological time frames, and the rel-
atively fine-grained sediments under both FC and HC LWBCs. They
assessed only cases with horizontal bed boundaries and simulated
the temporal behavior of SWI, fluid and salt fluxes across all
boundaries, and the total mass of salt in the domain. Laattoe
et al. (2013) highlighted that SWI fingers occur only for scenarios
which considered LSI effects with larger values of hydraulic con-
ductivity and faster rates of SLR in flatter coasts. They obtained that
the rates of SLR-SWI were equivalent in both FC and HC systems
when LSI effects were included in the model. Kooi et al. (2000)
and Laattoe et al. (2013) are just previous studies considered free
convection during SLR and more detailed investigations particu-
larly under real-world conditions are not found in the literature.

In the abovementioned sub-sections, using Table 1 and Figs. 2
and 3 which provide a novel tabulated and diagrammatic conden-
sation of all the previous studies, the analysis of available litera-
tures regarding the impacts of SLR is considered. The main
characteristics of those studies can be observed and compared
easily using the proposed table and figures. In addition, some
remaining main challenges of this field need to be considered to
appropriately characterize the key controlling factors. These are
briefly described in the following section.
3. Future research challenges

Based on the review, a list of future challenges is identified in
this section. All previous studies have investigated a subset of con-
trolling processes without considering many other ones that may
be expected to exert a significant control on SWI processes. Inte-
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gration of all the purported controlling factors studies in previous
literature into a single, unifying, framework is required to conduct
the fully-integrated analyses. Simultaneously examining many of
the controlling factors, within the same analysis framework,
remains an active field for future research and will help to contin-
uously improve our understanding of their relative significance.

Ataie-Ashtiani et al. (2013a) briefly listed a number of chal-
lenges such as considering topographic slopes, coastal erosion,
change in beach morphology, geologic heterogeneities, transition
zone of freshwater and seawater, spatial dimensionality, pumping,
possible effects of extraction and injection in costal aquifers, inten-
sity and frequency of storm events, wave and tide, and various site-
specific effects as important fields for further research. Watson
et al. (2010) and Morgan et al. (2015) briefly described the need
for further study on scenarios of gradual SLR which are more con-
sistent with climatic driven conditions. Also, comparative investi-
gations under more realistic SLR scenarios, such as those
presented by IPCC (2013), have potential opportunities for future
research.

An examination of time-related phenomena such as overshoot
and seawater fingers with more realistic assumptions such as grad-
ual SLR is another open field. Both of themmay be transient behav-
ior of SWI. The time-scale for their occurrence can be an issue for
investigation. Seawater fingers can potentially occur when the
LSI impact is considered. However, as mentioned by Kooi et al.
(2000) in a study of long-time scale impacts on aquifers, the occur-
rence of seawater fingers may depend on the various modes of SWI
that can take place under transient conditions. These various
modes require further research in the specific context of the
shorter term SLR impacts studied in research.

It is noteworthy that most previous studies in this field consid-
ered only hypothetical or highly simplified coastal aquifers. Future
research in this field needs to extend, develop, and evaluate the cli-
mate change effects in the context of real-world cases, which are
usually characterized by large scales, geologic heterogeneity prop-
erties, limited data, and a variety of site-specific processes occur-
ring over a range of scales. For example, Stigter et al. (2014) have
comparatively assessed the SLR impacts on three coastal aquifers
in the Mediterranean using future scenarios for three different
parameters of the recharge rate, the crop water demand, and
SLR. Mahmoodzadeh et al. (2014) have recently presented such a
study for Kish Island in the Persian Gulf, Iran.

One of the missing aspects in calls for further research is
incorporating climate change impacts into coastal groundwater
management plans and decision-making models, particularly for
real-world cases which are actually exposed to such global and sig-
nificant concerns (Ketabchi and Ataie-Ashtiani, 2015a–c). Ketabchi
and Ataie-Ashtiani (2015b) have provided a comprehensive review
on coastal groundwater optimization and this need has also
emphasized in their review. Recently, for Kish Island in Iran, a par-
allel evolutionary optimization approach was employed by
Ketabchi and Ataie-Ashtiani (2015c) to determine optimal man-
agement strategies. In their study, an optimization solution for
the case study of a scenario of SLR indicated that a reduction of
20% in groundwater extraction rate was mainly due to LSI which
confirmed the significance of the inclusion of SLR impacts in
coastal aquifers management problems.

A large number of recent studies considered coastal aquifers,
where the freshwater is constrained at the lower boundary by
the aquifer bed. But many other coastal aquifers, such as those
occurring in small islands, have a very different nature and require
additional studies. The limited number of studies of SWI and fresh
groundwater resources on small islands such as Terry and Falkland
(2010), Ataie-Ashtiani et al. (2013b), Ketabchi et al. (2014),
Mahmoodzadeh et al. (2014), and Ketabchi and Ataie-Ashtiani
(2015b,c) conceptually assessed such coastal aquifers, considering
the impacts of most influential factors. Therefore, further clarifica-
tion and interpretation is necessary on many aspects pertaining to
SWI and fresh groundwater resources on small islands.

There is also an important scope for investigating the practical
ways to control and lessen the negative impacts of SWI, to improve
the effectiveness of engineering measures to mitigate SLR-induced
SWI, and to design monitoring programs for the purpose of data
acquisition. The LSI (particularly in flatter coastal regions), is one
of the most important factors that can be studied in such efforts.
Some key tasks to reduce substantial gaps between the knowledge
of climate change and the proposed impacts on SWI and practical
strategies are undoubtedly crucial (Werner et al., 2013; Ojha
et al., 2015).

Climate change parameters and processes and their impacts on
groundwater resources are essentially uncertain. The related chal-
lenges result from the inherent challenges in modeling the uncer-
tainties associated with a future climate (Werner et al., 2013; Ojha
et al., 2015). Therefore, to address these issues it is often necessary
to invoke stochastic approaches. For such investigations, some
researchers such as Sreekanth and Datta (2014), Rajabi and
Ataie-Ashtiani (2014) and Rajabi et al. (2015b) provided a solution
to improve the efficiency of Monte Carlo simulations for uncer-
tainty propagation analysis in SWI numerical models. Rajabi
et al. (2015a) proposed the application of non-intrusive polynomial
chaos expansion meta-models instead of the original numerical
models for uncertainty propagation and global sensitivity analyses.
The use of such methodologies are recommended for stochastic
assessments and global sensitivity analyses because the less com-
putational time is required for generating the sample designs
which are needed to reach a certain level of accuracy.

To address the need to quantitatively examine the combined
and relative effects of SLR, associated LSI according to land-
surface and aquifer bed slopes, and LWBCs on SWI in unconfined
coastal aquifers, we extend the analytical solutions of Koussis
et al. (2012, 2015) to sloping aquifers and present those in a
dimensionless form. These new solutions can consider LSI impacts
in the proposed formulations. Using a framework that includes
such known influential controls not only allows us to quantify
the relative importance of these controls as well as to make some
early progress towards a more generalized understanding of these
controls on SWI processes.

In the following, firstly the sensitivity of seawater toe location
to various influential factors in sloping aquifers is investigated.
The simplicity of the used analytical formulations is an advantage
of the method applied, as using the simplest possible mean pro-
vides an important and novel insight into the problem of SLR
impacts on SWI (Ataie-Ashtiani et al., 2013a). Using these analyti-
cal solutions, a sloping coastal aquifer as a base case is focused.
Moreover, numerical simulations of SWI are performed to extend
the analysis to consider dispersion effects and to demonstrate
the transient behaviors of such aquifer systems. The assessments
on a base case is as an opening to comprehensive integrated stud-
ies and it is still necessary to progressively examine even more fac-
tors in an integrated modeling framework using a range of realistic
parameters.
4. Integrated assessments using analytical modeling

The main objective in this section is to propose a simple tool for
seawater toe location sensitivity assessments that are based on
fundamental SWI mathematics as applied to a variety of idealized
settings. Here, sensitivity refers to the relative propensity for SWI
to occur. The basis of the methodology is that the rates of change
in seawater toe location assessments in response to stress changes,
described as partial derivatives of equations, offer insight into the



244 H. Ketabchi et al. / Journal of Hydrology 535 (2016) 235–255
propensity for SWI (Werner et al., 2012). This adopted approach for
sensitivity assessments is similar to that of Werner et al. (2012),
Ketabchi et al. (2014, 2016) and Morgan and Werner (2014).

4.1. Methodology

An unconfined coastal aquifer with an inclined land surface and
an impervious inclined aquifer bed boundary is considered as
shown in Fig. 4. The aquifer is isotropic and homogeneous. A sharp
freshwater-saltwater interface and steady-state conditions are
assumed.

Recently, Koussis et al. (2015) presented new analytical solu-
tions to estimate the seawater toe location. In their solutions, the
implemented corrections improved the accuracy of one-
dimensional Dupuit-Forchheimer models of interface flow by mod-
ifying the submarine outflow-gap correction (Van der Veer’s, 1977)
to also account for the influence of transverse dispersion depen-
dent density-factor (Pool and Carrera, 2011). The original solutions
of Koussis et al. (2015) lead in the FC systems to Eq. (1) and in the
HC systems to Eq. (2) for the seawater toe location that were
adopted from Koussis et al. (2012):
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where d [–] is ðqs � qf Þ=qf , qs [M L�3] is the density of seawater, qf

[M L�3] is the density of freshwater, u [–] is the angle of impervious
aquifer bed against the horizontal. For Eq. (2), the value of h0 must
be estimated through iteration, for example, by iterating on
h0 ¼ ½hðXToeÞ þ hSW�=2 where hðXToeÞ ¼ ð1þ dÞðhSW � XToe sinuÞ.

To consider the corrections of submarine outflow gap (Van der
Veer’s, 1977) and transverse dispersion dependent density factor
(Pool and Carrera, 2011), the following modifications can be imple-
mented (Koussis et al., 2015): (1) d is corrected to dc. dc is

d½1� ðaT=BÞ0:65�where aT is transverse dispersivity and B is average
aquifer thickness which is defined as the depth below the mean sea
level to the aquifer bed elevation (see Fig. 4). For aquifers with an
Fig. 4. Schematic of a sloping unconfined coastal aquifer with i
inclined bed, the corresponding value for B can be estimated by
hSW � 0:5L tanu; and (2) hSW is corrected to hc

SW ¼ hSW � n0 where
n0 (the depth of the interface below the water table outcrop at
the coast) is written as:

n0 ¼ 1
½ðW þ KdcÞ=ðKdcÞ�dcð1þ dcÞ

� �
Wv2

0 þ 2Qfv0

K

� �
ð3Þ

where v0 (the width of the gap through the submarine outflow) is
defined as:

v0 ¼
Qf 1�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� W

K

� � 1�ðdcþW=KÞ
ð1�W=KÞðdcþW=KÞ

� �r� �

W
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� W

K

� � 1�ðdcþW=KÞ
ð1�W=KÞðdcþW=KÞ

� �r ð4Þ

To account for LSI, similar approaches as Ataie-Ashtiani et al.
(2013a) and Ketabchi et al. (2014) are considered. A shift in the
position of the coastline caused by SLR of DhSW and thus the LSI
of DhSW=S, where S [–] is land-surface slope (as shown in Fig. 4),
the new steady-state seawater toe location after SLR is given by
replacing hSW with hSW þ DhSW, L with L� DhSW=S, and XToe with
XToe � DhSW=S due to SLR and the associated LSI, for both FC and
HC landward boundaries. These changes extend the analytical
solutions of Koussis et al. (2012, 2015) to sloping aquifers which
can consider the impacts of both SLR and the associated LSI. There-
fore, this extension is based on the Dupuit-Forchheimer approxi-
mation and we have modified the aquifers length, as suggested
by Ataie-Ashtiani et al. (2013a) and Ketabchi et al. (2014), because
of the landward movement of the coastline due to SLR. Also, it is
assumed that only the top of the outflow section is inclined, so that
upon SLR, the inundated coast diminishes the recharge area and
the outflow rate while the remaining outflow area is vertical.

Using dimensionless assessments helps to simplify the interpre-
tation of basic phenomena by reducing the number of study
parameters and also allows generalization of the results to other
cases with different parameters (Ketabchi et al., 2014, 2016).
Therefore, the following dimensionless parameters are considered
in this study (Ketabchi et al., 2014):

W� ¼ W
K

h� ¼ h
L

B� ¼ B
L

X�
Toe ¼

XToe

L
Q �

f ¼
Qf

KL
q�
b ¼

qb

KL
ð5Þ

By replacement of these parameters, the dimensionless forms of
Eqs. (1) and (2) are given as:

½dð1þ dÞ sin2uþW��X�2
Toe � 2½dð1þ dÞ sinuh�

SW þ Q �
f �X�

Toe

þ dð1þ dÞh�2
SW ¼ 0 ð6Þ
nclined aquifer bed boundary (used for analytical models).
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½ð1þ dÞ sin2u�X�3
Toe þ ½W� þ sinu½2h�

0 � ð1þ dÞð2h�
SW � dsinuÞ��X�2

Toe

� ½W� þ h�2
LW � ð1þ dÞh�2

SW þ 2 sinu½h�
0 þ dð1þ dÞh�

SW��X�
Toe

þ dð1þ dÞh�2
SW ¼ 0 ð7Þ

Moreover, the modifications of Koussis et al. (2015) and the
given method here to consider the impacts of SLR and LSI can be
applied in the dimensionless Eqs. (6) and (7).

The dimensionless parameters are utilized to carry out the sen-
sitivity assessments. The sensitivity of the seawater toe location to
the influential factors of d; sinu, W�, Q �

f ;B
�, h�

LW, Dh�
SW, and S can be

obtained by differentiating Eqs. (6) and (7) with respect to the pro-
posed factor, which are used for our dimensionless sensitivity
assessments using a base case in the next section.
Table 2
Modeling parameters for a base case aquifer.

Symbol Parameter Value

L Aquifer length (m) 1000
u Aquifer bed slopes (%) 0 and 1
S Land-surface slopes (%) 0.5 and 5
hSW Mean sea level (m) 30
qf Freshwater density (kg/m3) 1000
qs Seawater density (kg/m3) 1025
Cf Freshwater concentration (kg/ m3) 0
Cs Seawater concentration (kg/m3) 35
W Recharge rate (mm/year) 18.25
qb Regional flux rate (m2/day) 0.15
l Fluid dynamic viscosity (kg/m.s) 0.001
Dm Molecular diffusion (m2/s) 1.48 � 10�9

g Gravitational acceleration (m/s2) 9.81
e Effective porosity (–) 0.20
K Hydraulic conductivity (m/day) 10
Ss Specific storage (1/m) 0.008
aL Longitudinal dispersivity (m) 1
aT Transverse dispersivity (m) 0.1

Table 3
Sensitivity assessment of the dimensionless seawater toe location.

Sensitivitiesa LSI FC

SLR (m)

0 0.25 0.5 0.75 1

@X�
Toe

@W� ð�Þ Yes �14,179.3 �13,656.5 �13,074.6 �12,429.4 �11,716.2
No �14,179.3 �14,325.2 �14,470.3 �14,614.5 �14,757.7

@X�
Toe

@B� ð�Þ Yes 26.92 27.37 27.83 28.30 28.78
No 26.92 27.10 27.28 27.45 27.63

@X�
Toe

@Q�
f
ð�Þc Yes �18,224.1 �18,905.5 �19,616.5 �20,358.7 �21,134.0

No �18,224.1 �18,491.8 �18,761.3 �19,032.6 �19,305.8

@X�
Toe

@h�
LW

ð�Þ Yes – – – – –
No – – – – –

@X�
Toe

@d
ð�Þ Yes 14.12 14.44 14.76 15.08 15.41

No 14.12 14.32 14.52 14.71 14.91

@X�
Toe

@ sinu
ð�Þ Yes �11.94 �12.45 �12.98 �13.54 �14.13

No �11.94 �12.20 �12.46 �12.73 �13.01

@X�
Toe

@Dh�
SW

ð�Þ Yes – 246.27 247.44 248.65 249.91
No – 27.10 27.28 27.45 27.63

@X�
Toe

@S
ð�Þ Yes 0 �11.02 �22.12 �33.29 �44.55

No 0 0 0 0 0

a Based on the dimensionless parameters of W� ¼ 5� 10�6, B� � 0:025� 0:027, Q�
f �

(based on the parameters listed in Table 2).
b Trend values obtained based on linear relationship between absolute sensitivities an
c Q�

f is given by ðq�b þW�Þ for the FC cases and is estimated by ðW� � L�div Þ for the HC
systems (Koussis et al., 2012; Mazi et al., 2013, 2014).
4.2. Sensitivity assessments

The present analytical solution gives a convenient tool to inves-
tigate and to integrate the influence of parameters in a wide range
without the possible computational demands for numerical simu-
lations. The considered coastal aquifer as a base case here is mod-
ified from Chang et al. (2011) conceptual model. The hydrogeologic
parameters are chosen to be similar to a case studied by Chang
et al. (2011) although other equally appropriate base cases could
be chosen. They derived their hydrogeologic parameters from the
SWI field’s investigation in the Pioneer Valley, Australia (Werner
and Gallagher, 2006). This framework allows us to analyze the
effects of the land-surface and aquifer bed slopes and climatic fac-
tors on seawater toe location.

Table 2 lists the modeling parameters used for all experiments
conducted on a base case. Parameters considered are in the range
of typical parameters employed by previous investigations. Land-
surface slope values of 0.5% and 5% have been chosen based on pre-
vious studies (e.g. Wheater et al., 2010; Laattoe et al., 2013; Ataie-
Ashtiani et al., 2013a; Ketabchi et al., 2014). Aquifer bed slopes of
0% (horizontal impermeable aquifer bed) and 1% are also adopted
based on Mazi et al. (2013) and Koussis et al. (2015).

Table 3 summarizes the sensitivity assessments of seawater toe
location changes ðX�

ToeÞ to the influential factors, under the SLR sce-
narios with and without the LSI. SLR impacts with and without LSI
are one of the main focuses of this assessment. The results are only
presented for a case with the land-surface slope of 0.5% and the 1%
aquifer bed slope. Such assessments are similar to the analyses of
Werner et al. (2012) and Morgan and Werner (2014) on SWI vul-
nerability indicators. In Table 3, the trend values are obtained on
the basis of linear relationships between absolute sensitivity val-
ues of the proposed parameters and the proposed values of SLR
for both FC and HC LWBCs. The positive trends confirm that SLR
intensifies the impacts of the considered factor on X�

Toe, and with-
out LSI effects, these impacts in this illustration is different for a
variety of conditions. In addition, the negative trends represent
the inverse relation between the dimensionless sensitivity values
HC

SLR (m)

Trendb 0 0.25 0.5 0.75 1 Trendb

�2461.3 �1729.4 �2010.3 �2354.6 �2688.2 �2664.2 1019.0
578.42 �1729.4 �2203.7 �2887.4 �3905.3 �5423.8 3636.1

1.86 129.19 178.97 260.98 395.84 542.79 417.63
0.708 129.19 172.94 244.87 378.91 658.93 506.18

2909.2 �3371.3 �4119.0 �5089.7 �6165.8 �6544.4 3357.2
1081.7 �3371.3 �4289.6 �5671.6 �7593.6 �10,578.5 7087.3

– �116.29 �160.71 �232.58 �351.57 �535.50 411.71
– �116.29 �154.74 �215.91 �322.65 �538.44 404.88

1.29 9.39 10.90 12.94 15.63 18.72 9.35
0.785 9.39 10.97 13.15 16.33 21.43 11.78

2.19 0.449 2.05 4.25 6.80 7.41 7.47
1.07 0.449 �0.156 �1.26 �3.42 �8.15 8.18

4.68 – 359.25 426.36 534.03 693.38 368.37
0.695 – 162.08 223.25 327.81 530.95 390.03

44.54 0 �9.66 �18.93 �27.00 �31.05 31.78
0 0 0 0 0 0 0

2� 10�5, h�LW ¼ 0:022� 0:024, d ¼ 0:025, sinu ¼ 0:01, Dh�
SW ¼ 0� 0:001, S ¼ 0:005

d SLR values.
cases, where L�div ¼ Ldiv=L is the dimensionless hydraulic divide location for the HC
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and SLR i.e. increasing SLR reduces the influence of the factor on
X�

Toe (Ketabchi et al., 2014).
Sensitivity of X�

Toe associatedwith SLR ð@X�
Toe=@Dh

�
SW) is higher for

the HC cases compared to the FC ones, where the opposite is true for
the dimensionless recharge rate variations (@X�

Toe=@W
�). Similar

results were obtained by Werner and Simmons (2009), Werner
et al. (2012), Carretero et al. (2013), and Michael et al. (2013).
@X�

Toe=@W
� is the largest under FC LWBCs which is agreement with

the observations of e.g. Werner and Simmons (2009) and Carretero
et al. (2013). However, we found that the impacts of W� cannot be
ignored in the HC sloping cases with an inclined aquifer bed. This
finding is not in agreement with previous results obtained for HC
cases since the influence of land-surface and aquifer bed slopes have
been ignored. These results indicate that the LWBCs are important
factors in the ranking of coastal aquifer sensitivity to SLR and
recharge rate variations. For the FC cases, @X�

Toe=@W
� is �14,179.3

under no SLR condition while this sensitivity is reduced to
�11,716.2 for a casewith 1 m SLR. The trend value of�2461.3 refers
to this observation. However, the opposite condition is observed for
the HC systems. Sensitivity values for SLR under both FC and HC
LWBCs are generally larger when LSI impacts are considered.

As Mazi et al. (2013) showed, the impacts of aquifer thickness
i.e. @X�

Toe=@B
� are higher in the HC cases. Sensitivity values of the

dimensionless thickness (see Table 3) indicate that X�
Toe is less sen-

sitive to B� changes in the FC aquifer thickness in comparison with
those in the HC ones. For all LWBCs (Table 3), Q �

f has the largest
impact on X�

Toe and increasing this factor causes X�
Toe to become

smaller, which confirms the previous results of Mazi et al. (2013,
2014). We have shown that both SLR and LSI intensify this impact.
Similar behavior is observed under HC LWBCs for h�

LW. d can also
affect X�

Toe but it is negligibly influenced from SLR and LSI. The
higher the d is, the higher X�

Toe is.
The aquifer bed slope impact on X�

Toe is higher for the FC cases as
the water table can rise in response to SLR which leads to increase
of aquifer transmissivity and consequently X�

Toe (Mazi et al., 2013).
SLR impacts increases with increasing aquifer bed slope under both
LSI and no LSI considerations at the rate of 2.19 and 1.07 (for the FC
cases) and 7.47 and 8.18 (for the HC cases), respectively. This
observation indicates that SLR further intensifies the aquifer bed
slope impacts on X�

Toe in the HC cases in comparison with those
under FC LWBCs. These new insights are gained because of the pos-
sibility of integration and combination of SLR, LSI, aquifer bed
slope, and LWBCs effects.

The aquifer bed slope impacts was also highlighted by Mazi
et al. (2013, 2014) and Koussis et al. (2012, 2015) but they did
not focus to such comparative investigations particularly from
the aspect of SLR and LSI impacts. As expected, larger LSI and there-
fore higher X�

Toe are obtained because of a flatter land-surface slope
ðSÞ, confirming Ataie-Ashtiani et al. (2013a) findings for coastal
aquifers and also Ketabchi et al. (2014) and Morgan and Werner
(2014) results for island aquifers. The impact of S is significant in
both LWBCs although the impact of S is not observed in no LSI con-
sideration. As showed by Ataie-Ashtiani et al. (2013a), this impact
is greater in the FC cases compared to the cases under HC LWBCs.
For HC LWBCs, vertical movement of sea level has major impacts
on X�

Toe (see the sensitivity values of the no LSI cases under HC
LWBCs in Table 3) in comparison with the FC cases. However, the
FC cases achieve minor influences from only vertical SLR which
indicate that the major part of SLR impacts on the FC cases is
due to LSI accompanying SLR (compare the sensitivity values of
LSI and no LSI cases under FC LWBCs in Table 3).

To further generalize the results to aquifers with wider ranges
of lengths and thicknesses the changes of seawater toe location,
DX�

Toe, versus B�, the ratio of the aquifer thickness to the aquifer
length, are assessed under SLR of 1 m for both FC and HC cases
and the results are shown in Fig. 5. The aquifer length of 1000 m,
10,000 m, and 100,000 m are considered. The aquifer bed slope of
0% and 1% and LSI impacts are also included in Fig. 5.

As can be seen from Fig. 5, DX�
Toe is more influence by SLR-LSI in

deeper aquifers (larger B�) while for shallower aquifers the SLR-LSI
impacts are almost diminished. Larger DX�

Toe are observed for larger
B� under both FC and HC systems. Similar to Mazi et al. (2013),
Table 3 also confirms the higher sensitivity of X�

Toe to B� in the HC
cases compared to FC ones. The illustrated curves in Fig. 5 terminate
at maximum DX�

Toe which occurred at maximum B�. Mazi et al.
(2013) found that maximum DX�

Toe are imminent at the aquifer
thickness with highly nonlinear dependency. As indicated in Fig. 5,
LSI intensifies the impacts of SLR under the various considered
LWBCs, aquifer dimensions, and aquifer bed slope. Most impor-
tantly, aquifer length has an insignificant impact on DX�

Toe due to
SLR-LSI. For example, for FC LWBC and inclined aquifer bed condi-
tions, when B� of 0.02 is assumed, the values of DX�

Toe with LSI for
1000 m, 10,000 m, and 100,000 m length of aquifer are 0.2404,
0.0239, and 0.0024 (equivalent to DXToe of 240.4 m, 238.7 m, and
238.6, respectively). Similar behaviors are also observed for the HC
cases. In addition, generally considering the influences of aquifer
bed slope leads to slightly reduce the impacts on the seawater toe
location under various lengths and B� (compare Fig. 5a and b).

The sensitivity parameters of two real-world coastal aquifers
are calculated at the Mediterranean coast (case 1 and case 2) based
on the specified modeling parameters summarized in Table 4
(Koussis et al., 2015). The results are summarized in Table 5. The
Mediterranean aquifer case 1 has no-flow LWBC. The LWBC of
the Mediterranean aquifer case 2 is HC at landward boundary
while the associated constant head elevation is assumed to be
11 m above mean sea level.

DX�
Toe of the Mediterranean aquifer case 1 with B� of 0.008 is

estimated to be 0.022 and 0.00077 with and without LSI, respec-
tively while DX�

Toe for the base cases with B� of 0.03 are 0.247
and 0.027, respectively. The dimensionless number of DX�

Toe=B
�

can be used as an indicator for the intensity of aquifer response
to the variations. For instance, DX�

Toe=B
� of 2.8 and 0.096 is esti-

mated for the Mediterranean aquifer case 1 while for the FC base
case the values of 8.2 and 0.9 is found with and without LSI, respec-
tively. DX�

Toe of the Mediterranean aquifer case 2 with B� of 0.004 is
estimated to be 0.237 and 0.064 with and without LSI, respectively.
For the HC base case, this value is more than 0.5. DX�

Toe=B
� of 59.3

and 16.0 is estimated for the Mediterranean aquifer case 2 with
and without LSI, respectively while for the HC base case, the values
larger than 16 are obtained. The larger values of DX�

Toe=B
� are

observed for the HC cases comparing to the FC cases and for the
cases with LSI comparing to the cases with only vertical SLR
impacts. These results of these two cases confirm the findings of
Fig. 5 for different set of aquifer parameters. Generally, the promi-
nence of considering LSI in all these cases is incontrovertible.

The relative impacts of influential parameters on DX�
Toe are inte-

grated in Fig. 6 in the investigated cases under SLR of 1. It shows
the dominant parameters controlling X�

Toe are Q �
f and W�, followed

next by with an about an OoM smaller is Dh�
SW for both cases of FC

and HC. It is important to note that the main contributors to fresh
groundwater discharge to sea are the regional freshwater flux at
the landward boundary of FC systems and the groundwater
hydraulic gradient for HC systems. For FC LWBCs, the Dh�

SW impact
is up to an OoM larger when the LSI impact is considered and gen-
erally it has less impact for the HC systems. The B� influence for the
HC cases is significantly larger (an OoM) in comparison with that
for the FC cases. The h�

LW impact for the HC cases in Fig. 6 shows
that the impact on DX�

Toe is at the same OoM of the impact of B�.



Table 4
Modeling parameters for two Mediterranean coastal aquifers.

Symbol Parametera Mediterranean coastal
aquifers

Case 1 (FC) Case 2 (HC)

L Aquifer length (m) 20,000 150,000
u Aquifer bed slope (%) 1 0.3
S Land-surface slope (%) 0.25b 0.003c

hSW Mean sea level (m) 250 800
qf Freshwater density (kg/m3) 1000 1000
qs Seawater density (kg/m3) 1025 1025
W Recharge rate (mm/year) 200 11.85
K Hydraulic conductivity (m/day) 30 100
aT Transverse dispersivity (m) 1 2

a The values are adopted from Koussis et al. (2015).
b The value is adopted from Yechieli et al. (2010).
c The value is estimated from Sefelnasr and Sherif (2014).

Table 5
Sensitivity assessment of the dimensionless seawater toe location for two Mediter-
ranean coastal aquifers.

Sensitivities LSI Mediterranean coastal aquifers

Case 1 (FC) Case 2 (HC)

@X�
Toe

@W� ð�Þ Yes �4915.0 6258.5
No �4828.4 �332,916.0

@X�
Toe

@B� ð�Þ Yes 15.55 2464.2
No 15.23 11,358.0

@X�
Toe

@Q�
f
ð�Þa Yes �5033.4 16,088.9

No �4828.4 �675,358.2

@X�
Toe

@h�
LW

ð�Þ Yes – �2400.0
No – �10,882.8

@X�
Toe

@d
ð�Þ Yes 3.68 6.98

No 3.61 34.32

@X�
Toe

@ sinu
ð�Þ Yes �1.56 �65.48

No �1.51 �374.66

@X�
Toe

@Dh�
SW

ð�Þ Yes 454.21 6220.1
No 15.30 11,292.7

@X�
Toe

@S
ð�Þ Yes �8.77 �0.84

No 0 0

a Q�
f is given by ðq�b þW�Þ for the FC cases and is estimated by ðW� � L�div Þ for the

HC cases (Koussis et al., 2012; Mazi et al., 2013, 2014).

Fig. 5. Impacts of aquifer dimensions on DX�
Toe for the FC (solid lines) and the HC (dashed lines) systems: (a) aquifer bed slope of 0%, and (b) aquifer bed slope of 1% (results are

shown based on similar modeling parameters of the base case under SLR of 1 m with and without LSI).
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The lowest sensitivities are found for d and sinu in both FC and HC
cases. Although, the assessments demonstrate that the inclusion of
land-surface and aquifer bed slopes in SWI investigations is impor-
tant in both LWBCs as the consideration of horizontal-bed aquifer
and ignoring the land-surface slope is markedly simplistic in many
cases. The general behaviors and tendencies illustrated in Fig. 6 are
almost identical for the cases with similar LWBCs. These observa-
tions plausibly establish and generalize the abovementioned
results to a variety of extensive ranges of aquifer parameters and
characteristics.



Fig. 6. Summary of relative impacts of influential parameters on DX�
Toe in the investigated cases under SLR of 1.
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To complete the integration purpose of this work, the dispersive
and transient behavior of SWI interface will also be addressed in
the following section.
5. Integrated assessments using numerical modeling

In this section, the saturated-unsaturated density-dependent
flow and transport USGS code SUTRA (Voss and Provost, 2010) is
employed. SUTRA (Voss and Provost, 2010) has been previously
used by e.g. Michael et al. (2013), Ketabchi et al. (2014),
Mahmoodzadeh et al. (2014), and Ketabchi and Ataie-Ashtiani
(2015c) for investigating the SLR-induced SWI in coastal aquifers.
Fig. 7. Geometry of modeling domain of a base case; including boundary conditions with
for numerical models).
Schematized unconfined aquifer cross-sections (based on the
presented data in Table 2) used for modeling with finite-element
mesh and assigned boundary conditions are illustrated in Fig. 7.
These cases are similar to the base case assessed in the previous
section under both FC and HC LWBCs. In line with all previous
studies, some of the secondary factors such as the impacts of tidal
fluctuations and waves are not considered at the seaward bound-
ary. The numerical model discretization consists of a mesh of
38,544 quadrilateral finite elements (39,071 nodes) for aquifer
cross-sections. The mesh is refined near the top and near the sea-
ward boundaries of the domain where a steeper change of hydrau-
lic heads and salinity concentrations are expected. The horizontal
size of the mesh, which has 1000 m length, changes from 1 m in
the land-surface slopes of 0.5% and 5%, and the aquifer bed slopes of 0% and 1% (used



Fig. 8. The water table position, 100 years after SLR of 1 m and for the FC (solid
lines) and the HC (dashed lines) systems: (a) the land-surface slope of 0.5%, and (b)
the land-surface slope of 5%.
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the zone near the sea boundaries to 4 m in other parts. Also, the
mesh size has varying lengths of 0.15–0.57 m in the vertical direc-
tion. Following testing of various finer and coarser discretization
schemes in the range of 9636–618,809 nodes, the abovementioned
discretization is adopted. The results of the mesh size test show an
appropriate level of grid convergence, where the numerical solu-
tions no longer change substantially as a function of grid size.
The applied discretization also satisfies the spatial stability crite-
rion (i.e. the grid Peclet number is smaller than four) (Voss and
Souza, 1987; Voss and Provost, 2010).

We have assessed a few scenarios here while such assessments
can be extended to a variety of influential parameters. In these
numerical assessments, instantaneous SLR, similar to the approach
adopted by Watson et al. (2010), Chang et al. (2011), Sefelnasr and
Sherif (2014), Michael et al. (2013), Ataie-Ashtiani et al. (2013a),
Mazi et al. (2013), Ketabchi et al. (2014), and Mahmoodzadeh
et al. (2014), is considered. SLR of 1 m condition is considered in
the adopted scenarios, based on maximum IPCC (2013) predictions
with LSI.

In the present numerical analyses, realistic topographic slopes
are simplified to a constant land-surface slope of coastal aquifer
(0.5% and 5%). This simplification is similar to the concept applied
by previous authors e.g. Abarca et al. (2007), Koussis et al. (2012,
2015), and Ataie-Ashtiani et al. (2013a). Furthermore, based on
the similar simplification, the impervious aquifer bed slopes of
0% and 1% are considered (see Fig. 7).

To achieve the equivalent base case configurations for both FC
and HC systems, the applied hydraulic head at the landward
boundary prior to the SLR is determined from the calculated head
at the inland boundary in the corresponding FC LWBCs simulation.
This makes the same initial SWI conditions for both LWBCs as the
original steady-state equilibrium of the SWI position (Mazi et al.,
2013; Morgan et al., 2015). In each scenario, the total simulation
time period is set equal to 500 years. The time step size is initially
set equal to 500 s and successively increases by a time step multi-
plier of 1.2 within a 10 time step cycle until it reaches a maximum
allowed time step of 90 h. The temporal discretization chosen
ensures that the velocities and spatial discretization maintain the
Courant number to be less than 0.75 (Voss and Souza, 1987; Voss
and Provost, 2010).

The water table position for both LWBCs is shown in
Fig. 8 and 100 years after SLR of 1 m and for the land-surface slopes
of 0.5% and 5%. For the FC systems and under both land-surface
slopes of 0.5% and 5%, the initial hydraulic head at the landward
boundary prior to SLR is about 31 m. When the sea-level is raised
instantaneously from 30 m to 31 m, the freshwater level at the
landward boundary reaches a magnitude of about 32 m to
32.5 m. It is almost the same as the SLR forcing at the seaward
hydraulic head. Under the HC systems, the hydraulic head at the
landward boundary prior to the SLR remains constant after SLR.
Such systems experience a reduction in fresh groundwater dis-
charge to the sea and SWI enhancement relative to the FC systems
due to a reduced hydraulic gradient (Michael et al., 2013).
5.1. Sensitivity assessments

A combined comparison of the effects of all considered influen-
tial factors on SWI is provided in this section. The percentage val-
ues of DX�

Toe are calculated based on the initial seawater toe
location. The results obtained from this comparison are discussed
in the following using X�

Toe and dimensionless time (t� ¼ tKB=eL2Þ,
where e [–] is the effective porosity and t [T] is time. The dimen-
sionless time definition has been previously applied e.g. by
Watson et al. (2010) and Morgan et al. (2015). The seawater toe
location changes have been widely considered in the earlier
SLR-related works such as Watson et al. (2010), Ataie-Ashtiani
et al. (2013a), and Mazi et al. (2013) to indicate the sensitivity of
SWI to the impacts of controlling factors.

It is worth mentioning that a detailed examination of Figs. 2 and
3 shows that our parameterization and results are comparable
with the several real-world coastal aquifers and hypothetical ones
that have employed realistic parameters. This provides a more gen-
eral interpretation based on the findings of the present study. A
comparison of the role of LWBCs under different conditions such
as various land-surface and aquifer bed slopes and the associated
LSI are considered in the following using the numerical simulations
and the associated assessments are given.
5.1.1. Impacts of SLR and LSI
Fig. 9 shows the salinity distribution of SWI for the cases con-

sidered in numerical assessments. In this figure, solid lines indicate
the 50% seawater interface. Dashed lines show the 50% seawater
interface of the initial steady-state salinity distributions. In all hor-
izontal and inclined aquifer bed simulations, the initial seawater
toe locations reach about 409 m (X�

Toe ¼ 0:409) and 340 m
(X�

Toe ¼ 0:34), respectively. The results are for 100 years
(t� ¼ 54:75) after a SLR of 1 m, while the recharge rate condition
is held constant.

Under FC LWBCs, considering SLR without LSI in both land-
surface slopes, this seawater toe location reaches about 500 m
(X�

Toe ¼ 0:5) and 400 m (X�
Toe ¼ 0:4) from the coastline for the hor-

izontal and the inclined aquifer bed cases, respectively. The results
of the FC cases with horizontal aquifer bed slope show that X�

Toe is
0.628 when S is 0.5% and 0.525 for S of 5%, indicating an increase of
53% and 28% compared to the initial seawater toe location, respec-
tively. This difference confirms the significant impact of LSI on SWI.
Therefore, the strongest effects on X�

Toe are experienced under the
lower land-surface slope due to more inundated lands near the
sea and this confirms the results of our analytical assessments
and also previous findings (e.g. Melloul and Collin, 2006; Yechieli



Fig. 9. The salinity distributions, 100 years after a SLR of 1 m based on the numerical simulations (solid black line shows the 50% seawater interface).
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et al., 2010; Ataie-Ashtiani et al., 2013a). Similar observations are
seen for the cases with 1% aquifer bed slope. The detailed analyses
are summarized in Table 6.
Fig. 9 and Table 6 also highlight that the HC cases are associated
with significant SWI as a result of SLR in comparison to the FC sys-
tems. While for the FC cases, X�

Toe is increased between 25% and



Table 6
The comparison of the numerical simulation results under both FC and HC LWBCs
(t� ¼ 54:75Þ.

LWBCs Land-surface
slope (%)

Aquifer bed
slope (%)

X�
Toe Differencea (%)

FC 0.5 0 0.628 54
FC 0.5 1 0.52 53
FC 5 0 0.525 28
FC 5 1 0.425 25
HC 0.5 0 �1 �144
HC 0.5 1 �1 �194
HC 5 0 �1 �144
HC 5 1 0.995 193

a The percentage values are obtained based on the initial seawater toe location.
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54% (compared to initial value), under the exact same condition
with HC LWBCs, X�

Toe is increased by more than 144% in all cases.
These results support the conclusions of our analytical results
and also Werner and Simmons (2009), Ataie-Ashtiani et al.
(2013a), Mazi et al. (2013), and Carretero et al. (2013) who consis-
tently observed that the HC systems produce larger SWI responses
to SLR than FC systems.

As illustrated in Fig. 9 and Table 6, although the SWI response to
SLR is less in the FC cases than in the HC ones, impacts due to LSI in
both cases cannot be ignored, especially in the flatter coast situa-
tions. This new finding is significantly different to previous studies.
Laattoe et al. (2013) considered LSI impacts under the limited
range of land-surface slopes and obtained results that did not con-
cur with previous studies of Werner and Simmons (2009) and
Carretero et al. (2013) who did not considered LSI. The observa-
tions of the present study contradict with Laattoe et al. (2013) con-
clusion which that emphasized the minor differences between the
SLR-LSI-induced SWI under both FC and HC LWBCs. In our tests,
such condition has not completely been observed and the different
hydraulic gradients have been established which cause to different
SWI positions (see Table 6).

The comparison of DX�
Toe predicted on the basis of both the

numerical simulation and the analytical solutions is summarized
in Table 7. R values in this table are calculated for our cases in
the same way as introduced by Ataie-Ashtiani et al. (2013a). Under
the worst conditions with S of 0.5%, R is 1.4 for the horizontal aqui-
fer bed and 3.0 for the inclined aquifer bed under FC LWBCs. Ana-
lytical solutions considered in Table 7 demonstrate the larger
values of R (larger than 5 and 8) for the abovementioned cases.
Therefore, the obtained results indicate that LSI has a significant
impact on the SLR-induced SWI but its impacts are less than the
Table 7
Comparison of the dimensionless seawater toe location changes predicted based on both

LWBCs Land-surface slope (%) Aquifer bed slope (%) Numerical
solution

DX�
Toe

d

FC 0.5 0 0.219
FC 0.5 1 0.180
FC 5 0 0.116
FC 5 1 0.850
HC 0.5 0 �0.591
HC 0.5 1 �0.660
HC 5 0 �0.591
HC 5 1 �0.655

N/A: Not applicable.
a Based on Koussis et al. (2015), extended to consider the impacts of both SLR and th
b Based on Koussis et al. (2012), extended to consider the impacts of both SLR and th
c Based on Ataie-Ashtiani et al. (2013a) solution (applicable only for horizontal aquife
d The dimensionless SWI toe changes (the dimensionless value of difference between
e Ratio parameter to quantify the influence of LSI on SLR-induced SWI as ðXs

Toe � XvToe
magnitudes obtained based on analytical solutions (see Table 6)
and emphasized by e.g. Ataie-Ashtiani et al. (2013a). The
differences between the predicted DX�

Toe by the numerical simula-
tion and the analytical solutions also confirm this fact that in the
cases with the flatter coasts, i.e. the larger LSI impacts, DX�

Toe are
overestimated by the analytical solutions while it is opposite true
for the cases with a larger land-surface slope.

The magnitude of X�
Toe by all the analytical solutions is overesti-

mated in comparison with the results of numerical simulations. For
example, for the FC case with 0.5% land-surface slope and 1% aqui-
fer bed slope, the initial X�

Toe is estimated to be 0.340 while it
reaches 0.520 after a SLR of 1 m. Based on the extension of
Koussis et al. (2012) analytical solution, the prior and the post
X�

Toe of 0.443 and 0.691 are calculated for this case, respectively.
These values are improved to 0.413 and 0.659 using the extension
of the corrected analytical formulae of Koussis et al. (2015). It is
clear that for this case, both analytical results are overestimated
comparing to the results of the numerical simulations. Table 7
shows that the analytical solutions is imprecise in the estimation
of the locations of SWI toe under HC LWBCs, whereby the interface
moves landward and a steady-state condition cannot be reached.

5.1.2. Overshoot of SWI due to SLR
Fig. 10 depicts the transient seawater toe location and over-

shoot mechanism behavior associated with a SLR of 1 m for all
FC cases. The detailed assessments are summarized in Table 8.
For the higher land-surface and the aquifer bed slopes, the total
time required to reach a maximum seawater toe location is small.
As seen in Table 8, the corresponding t� taken to reach the maxi-
mum values is between 110 and 192 (i.e. 200 years and 400 years
for our base case). When we compare the maximum values of the
predicted X�

Toe with the values of steady-state seawater toe loca-
tion, the lower than 2% reversal effect associated with the over-
shoot mechanism is seen. The hundred year timescale of
overshoot occurrence and the associated negligible impact on
X�

Toe suggest that the overshoot mechanism is an insignificant
and impractical factor in most practical decision-making proce-
dures – at least when based on the parameter ranges employed
in this study. The land-surface slope has a minor impact on the
overshoot values but leads to a differing time to reach them. A
minor impact of land-surface slope on the overshoot mechanism
agrees with the previous results of Morgan et al. (2013, 2015).
The aquifer bed slope has also a small impact on the overshoot val-
ues while the associated effect is greater than the impact of land-
surface slope.
the analytical solutions and the numerical simulation.

Analytical
solutiona

Analytical
solutionb

Analytical
solutionc

Re DX�
Toe

d Re DX�
Toe

d Re DX�
Toe

d Re

1.4 0.285 5.5 0.290 5.2 0.340 6.3
3.0 0.247 8.3 0.248 8.1 N/A N/A
0.3 0.068 0.5 0.071 0.5 0.075 0.6
0.4 0.048 0.8 0.049 0.8 N/A N/A
�0 N/A N/A N/A N/A N/A N/A
�0 N/A N/A N/A N/A N/A N/A
�0 N/A N/A N/A N/A N/A N/A
�0 N/A N/A N/A N/A N/A N/A

e associated LSI in this study.
e associated LSI in this study.
r bed cases).
seawater toe location after SLR and prior to SLR).
Þ=ðXvToe � X0

ToeÞ (Ataie-Ashtiani et al., 2013a).



Fig. 10. Transient variations in X�
Toe for the FC cases under a SLR of 1 m.

Table 8
The comparison of the overshoot mechanism behavior associated with a SLR of 1.

Land-surface
slope (%)

Aquifer bed
slope (%)

Steady-
state X�

Toe

Maximum Reversal
effecta (%)

X�
Toe t�

0.5 0 0.652 0.653 192 0.16
0.5 1 0.534 0.539 164 0.91
5 0 0.514 0.521 137 1.26
5 1 0.421 0.429 110 1.78

a The percentage values are obtained based on the comparison of the steady-state
and the maximum values of seawater toe location.
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Our experiments for all HC cases indicate that the overshoot is
not observed in these tests. Morgan et al. (2015) described the rea-
sons of such observation. They concluded that while an approxi-
mately uniform head rise throughout the FC aquifer occurs due
to SLR, for the HC case, a head rise reduces with distance from
the coast and is zero at the landward boundary. Hence, the storage
change after SLR is less under FC LWBCs compared to HC ones
which leads to more rapid hydraulic re-equilibration and therefore
no overshoot.
Fig. 11. The salinity distributions after a SLR of 1 m in the land-surface slope of 0.5%
and FC LWBCs: (a) initial condition, (b) 10 days, (c) 1 year, (d) 3 years, and (e)
50 years.
5.1.3. Seawater fingering due to SLR
The time series of the salinity distributions and flow directions

with an instantaneous SLR of 1 m are presented in Fig. 11. The
results show a vertical seawater column in which free convection
develops as it intrudes downwards during the 10 days followed
by a period of merging with the underlying lateral SWI. The seawa-
ter column begins mixing with the freshwater and seawater wedge
before reaching the aquifer basement at later times (Fig. 11c–e).
Below the inundated land surfaces, the strength of freshwater cir-
culation is gradually reduced as a result of vertical flows induced
by the fingering transport, as shown in Fig. 11c and d. After about
3 years, transient salinity fingering caused by LSI is almost com-
pletely finished. The new seawater toe location is formed when
salinity fingers from the inundated land surface reach and mix
with the horizontal SWI (seawater wedge). At this time (3 years),
the seawater toe location reaches 430 m and after that, the
horizontal intrusion of seawater will continue and reach 609 m
and 628 m after 50 years and 100 years following SLR, respectively.
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6. Conclusions

In order to better understand the previous research, current
knowledge gaps, and opportunities for advancing the understand-
ing of SLR impacts on SWI in more general terms, we first con-
ducted a literature review with a greater focus on SLR-induced
phenomena and the associated impacts. Therefore, the first review
of previous literature is provided in a diagrammatic and tabular
form on SWI in coastal aquifers. This review demonstrates that
all studies to date have only investigated a subset of known or
anticipated controlling factors in their analyses. It is evident from
the literature survey that there is a need to consider all of these
purported controlling factors in a single, unifying, modeling frame-
work in order to better understand the relative importance of these
controlling factors as well as to progress a more general under-
standing of these controlling factors. Whilst this current study is
demonstrative rather than exhaustive, it has yielded new insights
on the gaps in current literature and the relative importance of
all controlling factors. In addition, based on the review of litera-
ture, further work could include, for example, (1) including more
realistic complexities such as considering the gradual SLR, topo-
graphic slopes, geologic heterogeneities, and pumping effects; (2)
extending the research to real-world and large-scale cases; (3) a
close examination of time-related phenomena such as overshoot
and seawater fingers with more realistic assumptions such as grad-
ual SLR; (4) undertaking a rigorous uncertainty analysis using e.g.
Monte-Carlo simulations; and (5) implementing the impacts of cli-
mate change in decision-making models with the purpose of devel-
oping optimal groundwater management plans.

The review of the literature then, in turn, leads to the develop-
ment of an integrated modeling study in which all purported con-
trolling factors are included in both analytical and numerical
models. The integrated impacts are studied by combining SLR, LSI
caused by SLR, and variations in recharge rate on SWI in a sloping
coastal aquifer under the different land-surface slopes, the aquifer
bed slopes, and the LWBCs (the FC and HC systems) in addition to
the investigation of time-related phenomena. This covers the key
controlling factors documented in previous literature. Reasonable
and realistic parameter ranges are assigned to each of these con-
trolling factors to ensure that the results of this study are therefore
representative and cover a range of broadly anticipated behavior in
coastal region settings. The sharp-interface analytical solutions and
the two-dimensional dispersive numerical simulations are per-
formed. The key findings and conclusions of this study based on
integrated assessments are:

1. The impact of LSI is the one of the most important stresses of
SLR on the flatter aquifers. Due to the influence of LSI, a SWI
increase is observed for the lower land-surface slopes. LSI rela-
tive impact is about an OoM larger in the FC cases compared to
the HC ones. Also, the results obtained using dispersive numer-
ical simulations demonstrate that LSI-induced SWI can be sig-
nificantly less (about an OoM) than that of predicted by
sharp-interface analytical solutions in coastal aquifers with
realistic parameters.

2. The results highlight the importance of LWBCs on SLR impacts.
The comparison of variations of the seawater toe location under
two different LWBCs shows that the HC systems cause further
SWI into inland in response to SLR compared with the FC
systems.

3. A strong sensitivity of seawater toe location to fresh groundwa-
ter discharge to sea and recharge rate are observed for both FC
and HC systems. Regional freshwater flux at the landward
boundary and the groundwater hydraulic gradient provide the
major source of fresh groundwater discharge to sea for FC and
HC systems, respectively. Dh�
SW is also an important factor with

about an OoM smaller impact compared to the fresh groundwa-
ter discharge to sea and recharge rate parameters. The B�

impact for the HC cases is an OoM larger than that for the FC
cases. The lowest sensitivities are found for d and sinu in both
FC and HC cases.

4. Aquifer length has an insignificant impact on the seawater toe
location due to SLR-LSI since the observed effects on a variety
of aquifer lengths are almost similar. This response to SLR-LSI
is greater for deeper aquifers under both FC and HC LWBCs
although the HC systems are more sensitive to the aquifer
thickness. It can be concluded that the important factor that sig-
nificantly affects the response of aquifer is the ratio of the aqui-
fer thickness to the aquifer length. The larger the ratio, the
larger response of the aquifer and therefore larger seawater
toe location changes.

5. The results of transient SWI behaviors confirm the occurrence
of overshoot mechanism in the FC aquifers and no observation
of it in the HC cases as documented by previous authors (e.g.
Watson et al., 2010; Morgan et al., 2015). This mechanism has
a smaller influence (lower than 2% reversal effect in comparison
with steady-state status) when compared to all other control-
ling factors examined in this study. The maximum seawater
toe location occurs at earlier times in higher land-surface and
aquifer bed slopes. In addition, the approximate hundred year
timescale of the overshoot mechanism and the relatively small
spatial scales associated with it, lead to the conclusion that the
overshoot mechanism is likely to be a less important factor for
most practical purposes such as management decisions whose
focus is climatic-induced changes in SWI.

6. The early-time observations show seawater fingers. As a result
of free convection, the finger migrates downwards under grav-
itational influence. Seawater fingers begin mixing with the
freshwater and horizontal SWI over time and below the inun-
dated land surface, the freshwater circulation gradually reduces
and eventually this phenomenon is diminished and ultimately
extinguished. Early-time variations of SWI including free con-
vection mechanism need to be evaluated further particularly
in lower land-surface slopes that encounter larger LSI. This is
because the occurrence of seawater fingers depends on the
modes of SWI that can be influenced by some conditions such
as instantaneous or gradual SLR in modeling procedure.
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