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[1] Understanding seawater intrusion (SWI) induced by sea level rise (SLR) is important
for the future management of many coastal aquifers. Only simplified steady state sharp
interface analyses of generalized SLR‐SWI exist in the literature, and the important issue
of associated time scales has been neglected. We employ numerical modeling in order
to explore the transience of dispersive SLR‐SWI in common unconfined coastal aquifer
settings. An instantaneous SLR is adopted to compare with the instantaneous sea level
drop (SLD) case of a previous SLD‐SWI analysis. Temporal asymmetry between the SWI
responses to SLR and SLD is observed. A SLR‐SWI simulation series indicates that
toe “representative response times” (time to reach 95% of new steady state) range
from decades to centuries for a 1 m SLR. Significant discrepancies between the
representative response times of various SWI quantitative indicators (e.g., toe position,
wedge center‐of‐mass) are observed. This demonstrates that the indication of steady state
SWI conditions depends upon the monitoring approach and thus holds implications for
studies reporting that SWI steady state has been attained. We adopt 100 years as a typical
“planning time frame” and compare 100 year and steady state SLR‐SWI. As expected,
the simplified steady state sharp interface solution overpredicts the 100 year landward toe
shift in most cases. However, some simulations exhibit temporary “overshoot” of the
steady state interface position: this is in contradiction to the presumption that steady state
SWI is the worst case. Steady state sharp interface estimates appear to be at best useful
as initial approximations of SLR‐SWI, given that they span 40%–250% of 100 year
dispersive interface results for the cases considered.
Citation: Watson, T. A., A. D. Werner, and C. T. Simmons (2010), Transience of seawater intrusion in response to sea level
rise, Water Resour. Res., 46, W12533, doi:10.1029/2010WR009564.

1. Introduction
[2] Coastal aquifers are a crucial source of freshwater for
domestic, agricultural and industrial usage in many regions
of the world [Ledoux et al., 1990]. Changes in the coastal
hydrology result in movements of the saltwater‐freshwater
interface [Kim et al., 2009]. For example, sea level rise
(SLR) driven by global climate change will induce landward
migration of the saltwater‐freshwater interface, i.e., seawater
intrusion (SWI) [Werner and Simmons, 2009]. SWI threatens freshwater availability and thus a thorough understanding of SLR‐induced SWI (SLR‐SWI) is important for
managing these resources.
[3] SWI can be analyzed using several different methods
that vary in degree of complexity. The dispersive interface
approach accounts for the interfacial mixing that occurs in
reality, resulting in a transition zone between the freshwater
and saltwater [Bear et al., 1985]. This approach generally
necessitates the use of variable density flow and transport
numerical models. The sharp interface approximation is an
alternative, more simplistic approach that assumes no mix1
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ing and thus an infinitesimally narrow boundary separating
the freshwater and saltwater zones [Bear, 1979]. Under
certain circumstances, steady state conditions are assumed
to apply (e.g., where a “worst‐case” condition is sought) due
to advantages of parsimony and relatively small computational effort.
[4] Werner and Simmons [2009] adopted the most simplistic approach by employing a steady state sharp interface
method to provide initial estimates of SLR‐SWI. Changes in
the steady state extent of SWI resulting from SLR were
represented by changes in the position of the saltwater
wedge “toe” (the inland extent of saline water at the aquifer
basement). Werner and Simmons [2009] identified the
hydrogeologic conditions and parameters controlling the
extent of a SLR‐induced landward toe shift (the difference
between pre‐SLR and post‐SLR steady state toe positions).
The main limitation of their analysis is that steady state
sharp interface estimates provide a theoretical SLR‐SWI
extent after infinite time, i.e., time scales are neglected. It is
necessary to understand the transience of SLR‐SWI for the
purposes of water resources planning, which typically
involves finite time frames, e.g., on the order of 10 to
100 years.
[5] There are few studies that explore SWI transience in
general terms. In particular, the important issue of SLR‐SWI
time scales remains unresolved for nonsite‐specific conditions. A number of previous studies report time lags
between the sea level change and the saltwater‐freshwater
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Figure 1. Schematic conceptual model of an idealized
coastal aquifer system. The concentration of inflows (Q0)
through the inland boundary is C = 0, while ocean boundary
inflows occur at seawater concentration (C = 1).
interface response on the order of tens of thousands and up
to millions of years [e.g., Meisler et al., 1984; Essaid, 1990;
Harrar et al., 2001]. These studies deal with confined
aquifers and account for various site‐specific complexities.
Bratton [2007] suggests that shallow confining units found
in many coastal groundwater systems may inhibit SWI.
Furthermore, these previous studies all include relatively
large sea level changes on geologic time scales. Feseker
[2007] conducted a case study of a semiconfined coastal
aquifer in northwestern Germany, examining the transient
response to various boundary condition changes. The impact
of predicted 21st century climate change‐induced SLR
was tested, although the single scenario examined does not
allow general conclusions to be drawn. Moreover, the
absolute time lag of the SWI relative to the SLR signal was
not considered. Nevertheless, the single simulation by
Feseker [2007] indicates that significant SLR‐SWI is possible on much shorter time scales than reported in the
aforementioned studies, with the predicted salt concentration of a 1.23 km2 domain (subject to a SLR of 0.5 m per
century) increasing by more than 11% over 250 years.
[6] A systematic study of SLR‐SWI in unconfined coastal
aquifers is presented in this paper. Unconfined conditions
are considered because these types of aquifers are most
commonly utilized for water supply purposes. Additionally,
the issue of SLR‐SWI is anticipated to be more urgent for
unconfined coastal aquifers than for confined aquifers, as
seawater encroachment in the latter is hindered by relatively
slow discharge rates through the overlying low‐permeability
layers that are commonly associated with these systems
[Harrar et al., 2001].
[7] The impact of predicted 21st century global SLR is
considered in this study. The simplified steady state analysis
of Werner and Simmons [2009] is extended by considering
SLR‐SWI time scales and taking into account dispersive
transport through transient variable density numerical simulations. The transience of SLR‐SWI is assessed using a
suite of quantitative indicators. Steady state‐to‐steady state
response time scales are investigated, and the applicability of
steady state sharp interface estimates of SLR‐SWI to situations involving finite time frames (i.e., a water resources
planning time frame of 100 years is adopted) is examined.
Two key questions are posed: (1) What are the time scales
associated with SLR‐SWI in typical unconfined coastal
aquifers, for a 1 m SLR? (2) What is the applicability of
steady state sharp interface estimates of SLR‐SWI for the
purposes of water resources planning when compared to
dispersive SWI occurring within a 100 year planning time
frame?
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[8] Kiro et al. [2008] investigated the transient response
of the saltwater‐freshwater transition zone to an instantaneous sea level drop (SLD) using SUTRA [Voss, 1984].
They developed an empirical relationship between the
response time of the transition zone and various hydrogeologic parameters. Their empirical SLD‐SWI relationship
would theoretically be applicable also to SLR‐SWI if temporal symmetry was proven to exist between the transient
saltwater‐freshwater interface responses to SLD and SLR.
This would allow the results presented by Kiro et al. [2008]
to be used as a proxy for SLR‐SWI transience and thus be
used as the basis for the present investigation. The symmetry of the transient interface responses to SLR and SLD
was tested as a preliminary component of the present study.
To this end, the base case results of the Kiro et al. [2008]
SLD study were initially reproduced and subsequently
compared with an equivalent SLR case.

2. Methodology
2.1. Conceptual Model
[9] The conceptual model employed for this study follows
Kiro et al. [2008]. An idealized coastal aquifer subjected
to an instantaneous SLR was considered, allowing for a
comparison with the instantaneous SLD case of Kiro et al.
[2008]. In adopting an instantaneous SLR, the SWI obtained
from numerical modeling is expected to be more rapid than
would occur due to gradual SLR; however this simplification provides first‐order guidance on SLR‐SWI transience.
Infiltration recharge was neglected, as were the effects of tides
and groundwater extraction.
[10] The Intergovernmental Panel on Climate Change
(IPCC) predicts a 21st century SLR of 0.18–0.59 m [Bates
et al., 2008]. However, there exists significant disagreement among published SLR predictions, and values up to
and greater than 1 m during the 21st century have been
suggested [e.g., Hansen, 2007; Rahmstorf, 2007]. Due to
the variability of SLR predictions, a SLR of 1 m was used
throughout the SLR‐SWI simulation series of the current
study as an approximate representation of the order of magnitude of SLR predicted for the 21st century.
[11] The near‐coastal fringe of the unconfined aquifer was
represented by a rectangular, two‐dimensional vertical slice
perpendicular to the coast (Figure 1). The coastal boundary
was approximated as a vertical face, ignoring potential
landward movement of the coastline due to SLR. The ocean
boundary head is h(z) = h0 + az, where h0 is the fixed ocean
water level (above aquifer basement), z is the depth below
h0, and a is (rs − rf)/rf, where rs and rf are the seawater and
freshwater densities, respectively.
[12] The simplified conceptual model selected for this
study allows the effects of various geometrical and hydrogeological parameters on SLR‐SWI to be analyzed. The
conceptual model employed also facilitates comparisons
with Kiro et al. [2008] and Werner and Simmons [2009] (in
particular, the analysis of the degree of temporal symmetry
between SLR‐SWI and SLD‐SWI), allowing the current
work to extend these recent contributions to the literature.
2.2. Numerical Modeling
[13] The transience of SLR‐SWI was investigated via
steady state‐to‐steady state simulations using FEFLOW
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combinations, and was adopted as the preferred level of
discretization. This involved node spacings of Dx = 2 m,
Dz = 1 m and Dzbase = 0.125 m, where Dx and Dz are
the horizontal and vertical element dimensions, respectively.
Dzbase refers to the vertical dimension of the base layer
of elements. The thicknesses of layers above the base layer
increase by twofold in the lower 1 m. The domain size was
reduced for the SLR‐SWI simulation series in order to allow
for a finer mesh resolution of Dx = 1 m, Dz = 0.25 m and
Dzbase = 0.0625 m, while maintaining reasonable run times.
An automatic time step control scheme was employed for all
simulations, with a maximum time step size of 10 days.

Figure 2. Example of time‐marching a dispersive interface
simulation to steady state conditions (parameter set 1). The
transient movements of the 5%, 50%, and 95% seawater
isochlors along the aquifer base are displayed. B is the time
at which the toe rate of change falls below 0.1% of its rate
of change during the first year.
[Diersch, 2005] and a variably saturated, density‐dependent
transient flow and mass transport regime. The reader is
referred to Diersch [2005] for comprehensive documentation
of the theoretical basis and development of the FEFLOW
code.
[14] A constraint was imposed on the Dirichlet‐type mass
boundary such that seawater concentration occurred only at
coastal inflow sections. This allowed freshwater and saltwater resulting from interfacial mixing to exit the domain
with the ambient concentration. For computational simplicity, the development of a temporary seepage face following an instantaneous SLD was neglected in simulating
the Kiro et al. [2008] base case. The FEFLOW simulation
results are in good agreement with the results of Kiro et al.
[2008] (results not shown for brevity), who include seepage
face effects, and therefore the influence of seepage face
development was considered negligible for this case.
[15] The van Genuchten [1980] model was adopted as the
unsaturated flow parametric relationship. The initial thickness of the unsaturated zone at the coastal boundary was the
same (10 m) in all simulations in order to minimize discrepancies between simulations caused by varying unsaturated zone depth.
[16] A quadrilateral mesh was employed that included a
strip of vertically refined node spacings along the base of the
domain to increase toe resolution and minimize the development of numerical anomalies that were observed during
preliminary simulations involving a regular mesh. The
transience of SLD‐SWI and SLR‐SWI was compared using
equivalent domain dimensions to the Kiro et al. [2008] base
case (2000 m long by 130 m deep). The number of nodes
used in these simulations was selected following a grid
convergence study that compared an array of quantitative
indicators (5%, 50% and 95% seawater isochlors, total salt
mass and wedge center‐of‐mass (COM)) for grids comprising 5494, 10,854, 26,934, 53,734, 134,134 and 268,134
nodes. The results obtained from grids comprising 53,734
nodes or more displayed insignificant discrepancies. The
mesh of 134,134 nodes was therefore presumed to provide
grid‐independent solutions across the various parameter

2.3. Quantitative Indicators and Representative
Response Times
[17] The initial conditions for SLR (or SLD) simulations
were taken as the steady state conditions attained through
long‐term transient simulations. Steady state was deemed to
have been reached when the annual rate of change of each
quantitative indicator had decreased to at least 0.1% of its
rate of change during the first year of simulation (e.g., see
Figure 2) (in four simulations, the wedge horizontal COM
exhibited minimal change during the first year, therefore the
initial rate of change was taken from 1 to 2 years). In almost
all cases, simulations were run for considerably longer to
ensure steady state conditions were attained.
[18] The quantification of SWI transience in response to
simulated SLR was based on various indicators. The 5%,
50% and 95% seawater isochlors were tracked along the
aquifer base as an approximation of toe position, in a similar
fashion to Ward et al. [2007]. The net fluid flux across the
coastal boundary was adopted as a water table response
indicator, following Kiro et al. [2008]. The net fluid flux
across the coastal boundary ultimately approaches its initial
value as the water table recovers to its initial hydraulic
gradient after the SLR perturbation. The salt plume COM
and total solute present in the domain were monitored as per
the analyses of Prasad and Simmons [2003] and Feseker
[2007]. Additionally, the net salt mass flux across the
coastal boundary was tracked. Collectively, this suite of
quantitative indicators allowed for a rigorous evaluation of
SLR‐SWI transience. Simulations were continued until a
new steady state was attained (i.e., 1500 years in the case of
Figure 2).
[19] In this study, the “representative response time”
(RRT) of each quantitative indicator was defined as the time
required for the quantitative indicator to reach 95% of the
new steady state condition (i.e., post SLR). This was considered to be a reasonable compromise between the capture
of a large portion of the steady state‐to‐steady state process
and the magnification of potential time errors as the trends
approach new steady state asymptotically. The RRT of each
quantitative indicator: toe (5% seawater isochlor), total salt
mass, wedge vertical COM, wedge horizontal COM, net
coastal fluid flux and net coastal salt flux are denoted by
t toe, t mass, t y‐COM, t x‐COM, t FF and t SF, respectively. The
mathematical definition of “95% of new steady state” varies
for different quantitative indicators. For some quantitative
indicators, the 95% condition is assumed to occur when the
quantitative indicator is within 5% of the new steady state
condition (i.e., this is used for net coastal fluid flux and net
coastal salt flux because initial and final values of these
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15
5000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01
‐

Parameter

Aquifer length (L)
Domain thickness (d)
Saturated thickness at the coast (h0)
Inflow (per unit thickness) (Q0)
Sea level change (Dh)
Saturated hydraulic conductivity (horizontal) (Kh)
Anisotropy ratio (Kv/Kh)
Density ratio (a)
Porosity (effective) (h)
Residual degree of saturation (sr)
van Genuchten [1980] curve fitting parameter (A)
van Genuchten [1980] pore size distribution index (n)
Longitudinal dispersivity (bL)
Transverse dispersivity (bT)
Saturated thickness at the inland boundary (hi)

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
0.1
0.01
‐

2000
130
85
8.2E‐6
+10
9.91E‐6
0.05
0.23
0.2
0.16
7.5
1.89
10
0.01

2000
130
95
8.2E‐6
−10
9.91E‐6
0.05
0.23
0.2
0.16
7.5
1.89
10
0.01

Aquifer length (L)
Domain thickness (d)
Saturated thickness at the coast (h0)
Inflow (per unit thickness) (Q0)
Sea level change (Dh)
Saturated hydraulic conductivity (horizontal) (Kh)
Anisotropy ratio (Kv/Kh)
Density ratio (a)
Porosity (effective) (h)
Residual degree of saturation (sr)
van Genuchten [1980] curve fitting parameter (A)
van Genuchten [1980] pore size distribution index (n)
Longitudinal dispersivity (bL)
Transverse dispersivity (bT)

2

1

Parameter

Table 1. Hydrogeologic Parameters of Simulations

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
1
0.01
‐

17

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

3

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
20
0.01
‐

18

1000
40
30
1.16E‐6
+1
1.16E‐5
0.05
0.025
0.2
0.16
7.5
1.89
10
0.01

4

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
100
0.01
‐

19

1000
40
30
1.16E‐6
+1
3.47E‐5
0.05
0.025
0.2
0.14
12.4
2.28
10
0.01

5

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.1
‐

20

1000
40
30
1.16E‐6
+1
1.16E‐4
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

6
1000
40
30
1.74E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

8

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
1
‐

21

1000
40
30
1.16E‐6
+1
8.25E‐5
0.005
0.025
0.2
0.1
14.5
2.68
10
0.01
‐

22

Parameter Set

1000
40
30
9.26E‐7
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

7

Parameter Set

1000
40
30
1.16E‐6
+1
8.25E‐5
0.01
0.025
0.2
0.1
14.5
2.68
10
0.01
‐

23

1000
40
30
2.31E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

9

1000
40
30
1.16E‐6
+1
8.25E‐5
0.1
0.025
0.2
0.1
14.5
2.68
10
0.01
‐

24

1000
20
10
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

10

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.1
0.1
14.5
2.68
10
0.01
‐

25

1000
30
20
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

11

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.3
0.1
14.5
2.68
10
0.01
‐

26

1000
45
35
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

12

1000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.4
0.1
14.5
2.68
10
0.01
‐

27

2000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

13

2000
40
30
‐
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01
32

28

3000
40
30
1.16E‐6
+1
8.25E‐5
0.05
0.025
0.2
0.1
14.5
2.68
10
0.01

14

m
m
m
m2/s
m
m/s
‐
‐
‐
‐
1/m
‐
m
m
m

Units

m
m
m
m2/s
m
m/s
‐
‐
‐
‐
1/m
‐
m
m

Units
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quantitative indicators are the same). Equation (1) is used to
obtain t toe, t mass, t x‐COM and t y‐COM, (where the time variable t is equal to t toe, t mass, t x‐COM or t y‐COM); equation (2)
is used to obtain t FF and equation (3) is used to obtain t SF.
j X ðt Þ  X ð0Þj
¼ 0:95
j X ð1Þ  X ð0Þj

ð1Þ

jQðFF Þ  Q0 j
¼ 0:05
Q0

ð2Þ

j DM ðSF Þj
¼ 0:05
jMi ð1Þj

ð3Þ

where X(t) is the value of quantitative indicator X (toe, mass,
x‐COM or y‐COM) at time t, X(0) and X(∞) are the initial
steady state and post‐SLR steady state values of quantitative
indicator X, respectively. Q(t FF) is the net fluid flux across
the coastal boundary at t FF, Q0 is the constant inflow at the
inland boundary, DM(t SF) is the net salt mass flux across
the coastal boundary at t SF, and Mi(∞) is the coastal salt
mass influx at post‐SLR steady state. t toe is based on the
behavior of the 5% seawater isochlor due to the importance
of considering the spatial extent of low salt concentrations,
because water of potable quality consists of less than 1%
seawater [Voss and Souza, 1987].
2.4. Simulation Scenarios and Parameters
[20] A series of SLR‐SWI scenarios was simulated,
including ranges of hydrogeologic parameters considered
typical of unconfined coastal aquifers commonly used for
water supply [e.g., Werner and Gallagher, 2006; Kiro et al.,
2008; Werner and Simmons, 2009]. Table 1 summarizes the
parameters used for all numerical experiments conducted in
this study. Parameter sets 1 and 2 apply to the comparison of
SLD and SLR, and parameter sets 3 to 28 constitute the
SLR‐SWI simulation series. The base case parameters presented by Kiro et al. [2008] were employed in parameter
sets 1 and 2. Kiro et al. [2008] do not state the unsaturated
parameters used for their modeling, thus the mean values
as reported by Carsel and Parrish [1988] for maximum
degree of saturation ss, residual degree of saturation sr ,
van Genuchten [1980] curve fitting parameter A and
van Genuchten [1980] pore size distribution n corresponding
to the saturated horizontal hydraulic conductivity Kh used in
the model, were adopted. van Genuchten [1980] unsaturated
parameters were selected in this manner for both the SLD‐
SWI and SLR‐SWI aspects of this study. Some parameters
were constant across all simulations, including a storage
compressibility of 2 × 10−6 m−1, a maximum degree of
saturation of 1 [‐] and a coefficient of molecular diffusion of
10−9 m2/s. A density ratio a of 0.025, which is a common
representative value for the seawater‐freshwater density
relationship, was used throughout the SLR‐SWI simulation
series.
[21] Werner and Simmons [2009] compared flux‐controlled
and head‐controlled systems. Their results indicate that
there is potential for far more extensive SLR‐SWI to occur
in head‐controlled systems due to the reduction in discharge
to the sea caused by SLR in these cases. While we focus on
the case of a constant inland flux (refer to Figure 1), one
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scenario involving a fixed head at the inland boundary was
investigated to gain some preliminary insight into potential
time scale differences for the two boundary cases (i.e., to
test whether larger time scales are associated with the more
extensive toe shifts of fixed head scenarios). The conceptual
model (Figure 1) was modified such that Q0 is replaced by a
fixed head hi [L] at the inland boundary (for parameter
set 28). Furthermore, it was necessary to calculate t FF
using equation (1) instead of equation (2) for this case, as
the water table attains a new gradient at post‐SLR steady
state; it does not return to its initial hydraulic gradient as it
does in the simulations involving a fixed flux at the inland
boundary.
2.5. Steady State Sharp Interface Analysis
[22] The steady state sharp interface approximation of
SWI as applied by Werner and Simmons [2009] was
adopted for comparison with dispersive interface simulation
results. Custodio [1987] presented the equations associated
with the steady state sharp interface approximation, which
are based on the Ghyben‐Herzberg principle [Baydon‐
Ghyben, 1888; Herzberg, 1901], the Dupuit‐Forchheimer
approximation of horizontal flow, Darcy’s Law and conservation of mass [Werner and Simmons, 2009]. The resulting
equation for the theoretical steady state distance xT of the
toe from the coast (in the absence of recharge) is [Custodio,
1987]:
xT ¼

Kh ð1 þ Þh20
2Q0

ð4Þ

Equation (4) was used to obtain sharp interface estimates of
the shift in steady state toe position between pre‐ and post‐
SLR conditions.

3. Results and Discussion
3.1. Analysis of SLR Versus SLD
[23] The transient behavior of each quantitative indicator
was examined for the replicated SLD base case from Kiro
et al. [2008] (parameter set 1) and the equivalent SLR
case (parameter set 2). The RRTs of all quantitative
indicators are greater for the SLR case. Therefore, there
exists temporal asymmetry between SLD‐SWI and SLR‐
SWI, at least for the Kiro et al. [2008] conditions. We
speculate that this asymmetry may be attributable to the
difference in the saturated aquifer thicknesses (and therefore
transmissivities) at the coastal boundary between the two
cases (SLD and SLR).
[24] It appears that the results presented by Kiro et al.
[2008] for SLD‐SWI are not transferrable to SLR‐SWI, at
least from the single pair of SLR and SLD simulations that
was considered. An assessment of the degree of temporal
symmetry between SLR and SLD was not a primary
objective of this study and we are careful not to suggest
generality from this single result. However, this single
observation of asymmetry between SLD‐SWI and SLR‐
SWI has important ramifications, e.g., the timing of SWI
and its remediation may be significantly different. In a study
of a coastal aquifer in northwestern Germany, Feseker
[2007] reports on sluggish adjustment of a simulated
coastal groundwater system in response to boundary condition changes, and states that the same time scale would be
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Figure 3. Temporal trends of quantitative indicators for
SLR‐SWI base case (parameter set 3).
expected for countermeasures to take effect. The results of
the current study indicate that further analysis of the Feseker
[2007] situation is required before symmetry/asymmetry can
be presumed in that case. A more systematic investigation
beyond the single situation assessed here is required before
more general conclusions regarding SWI asymmetry can be
drawn.
3.2. Analysis of SLR‐SWI
[25] A series of hypothetical SLR‐SWI situations that are
simple deviations from a base case (parameter set 3) were
simulated to evaluate SLR‐SWI for different hydrogeological conditions. Model run times were large (typically
100 h per simulation), which constrained the number of
cases that were tested and precluded a rigorous sensitivity
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analysis. Figure 3 displays the transient behavior of each
quantitative indicator for the base case. All trends are
represented as a percentage of new steady state relative to
the pre‐SLR steady state. The shaded region represents
conditions that are within 5% of post‐SLR steady state.
[26] In Figure 3, there is a notable sequencing of the
various quantitative indicators. Furthermore, some quantitative indicators follow a simple asymptotic trend, while
others exhibit wave‐like fluctuations. For example, the
wedge vertical COM exceeds its new steady state value and
subsequently approaches steady state from values greater
than 100% of the steady state‐to‐steady state change. For
such cases throughout the present study, 105% (as a surrogate for 95%) of post‐SLR steady state was used to obtain
the RRT.
3.2.1. SLR‐SWI Time Scales
[27] Figure 4 displays the RRTs of the six quantitative
indicators for 26 different parameter combinations. For
clarity, the results are ordered according to the t toe values –
from most rapid to slowest.
[28] There is a somewhat consistent sequence in the RRTs
of various quantitative indicators. For example, t toe is
greater than t y‐COM in all but one simulation, which
indicates that the depth to the saltwater wedge consistently
responds more rapidly than the toe. The RRT sequence is
exemplified by the averages across the 26 simulations,
which for t FF, t y‐COM, t SF, t mass, t x‐COM and t toe are
10 years, 70 years, 100 years, 150 years, 190 years and
190 years, respectively.
[29] There are some deviations from the general sequence
of RRTs in Figure 4. For example, a relatively large t SF
occurs for the single simulation that involves a fixed head at
the inland boundary (parameter set 28). More simulations
with this boundary condition are required to establish
whether t SF values are consistently larger in head‐controlled
settings. The simulation with the lowest K (parameter set 4)
produced an anomalously high t y‐COM. This case involves

Figure 4. RRTs of quantitative indicators for the SLR‐SWI simulation series.
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Figure 5. Comparison of simulated 100 year maximum
toe shift and simulated steady state‐to‐steady state toe shift.
One hundred year maxima are represented as a percentage
of steady state‐to‐steady state values.
the smallest landward toe shift of just 7 m, and it is also the
only case in which the vertical COM is lower in post‐SLR
conditions than in pre‐SLR conditions. Individual indicator
trends are difficult to interpret without extensive characterization of each SLR‐SWI case, and variability between
cases is indicative of the complex relationships that exist
between parameters and the SWI response to SLR. Nonetheless, we contend that there is sufficient consistency in the
results to provide general insight into SLR‐SWI transience.
[30] The t toe range in Figure 4 indicates that typical time
scales for SWI induced by anticipated 21st century SLR are
on the order of decades and centuries, for the tested cases.
This result is compatible with the single simulation of SLR‐
SWI in a semiconfined coastal aquifer by Feseker [2007].
Rozell and Wong [2010] investigated the effects of future
climate change scenarios on the saltwater‐freshwater interface beneath Shelter Island. The hydrogeologic parameters
considered in the present study are somewhat comparable
with those of the Shelter Island system. Direct comparisons
are difficult due to consideration of the joint effects of sea
level rise and recharge change by Rozell and Wong [2010].
Nonetheless, the 0.61 m sea level rise scenario investigated
by these authors (which also involved a 2% recharge
reduction) resulted in landward shifts in the potable water
interface (approximately the 1% seawater isochlor) of
comparable magnitudes to the range of toe shifts observed
for the fixed flux simulations in the present study (on the
order of tens of meters). Rozell and Wong [2010] did not
report on the time scales associated with the saltwater‐
freshwater interface movement beneath Shelter Island in
response to the simulated climate change perturbations. It
would be reasonable to expect similar time scales to those
observed in the present study.
[31] In most cases, the toe takes longer than 100 years to
respond to the instantaneous SLR. This indicates that
landward migration of the toe due to a 1 m SLR occurring in
100 years is unlikely to maintain a quasi steady state condition due to the SWI time lag. While SWI is often quantified by movements of the saltwater wedge toe [e.g.,
Werner and Simmons, 2009], relevant time scales for SWI
may be better represented by other quantitative indicators,
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depending on the situation. The connotations associated
with the sequencing of the RRTs of the various SWI
quantitative indicators are discussed further in section 3.2.2.
[32] A constant inland head scenario was undertaken to
briefly examine SLR‐SWI time scales subject to an alternative inland boundary condition. The simulated steady
state‐to‐steady state toe shift for this case (parameter set 28)
was 560 m, which exceeds the maximum toe shift observed
in the 25 constant inland flux simulations by tenfold. This
result is in agreement with Werner and Simmons [2009],
who suggest that the case of a fixed head at the inland
boundary produces far greater landward toe shifts when
compared to a corresponding constant inland flux case.
Despite the more extensive toe shift of the fixed inland head
scenario, the associated t toe of 240 years is well within the
spread of t toe values for the constant inland flux simulations
(parameter sets 3 to 27). The t toe value for parameter set 2
(10 m SLR simulation) of 220 years is also well within the
range of values obtained from the 1 m SLR‐SWI simulations (parameter sets 3 to 28). From these results, it would
appear that the relationships between SLR‐SWI time scales
and such factors as the magnitude of SLR and the total
landward shift of the toe are not linear.
3.2.2. Sequencing of SWI Quantitative Indicator RRTs
[33] The assessment of time scales indicates that the time
for attainment of steady state conditions (i.e., as inferred
from RRTs; Figure 4) varies markedly between quantitative
indicators. This highlights the need for careful selection of a
quantitative indicator pertaining to the issue of interest. The
steady state indicators of total salt mass and transition zone
characteristic time used by Feseker [2007] and Kiro et al.
[2008], respectively, are expected to underestimate the
time required for the toe to reach steady state conditions.
[34] There are potential practical implications of the differences between t y‐COM and t toe. As t y‐COM values are
typically significantly smaller than t toe values, well salinization from SLR‐SWI caused by a vertical rise in the saltwater‐freshwater interface (e.g., impacting on shallow
skimming wells) may occur sooner than the salinization of
wells inland of the toe. Also, the location of the toe is often
inferred by a limited number of saltwater‐freshwater interface depth measurements [Melloul and Zeitoun, 1999],
which may be rather poor indicators of the steady state toe
location under transient conditions.
3.3. Steady State Versus 100 Year SLR‐SWI
3.3.1. Transient Overshoot of Steady State SWI
[35] Figure 5 displays a comparison of 100 year maximum toe shifts and steady state toe shifts for the SLR‐SWI
simulation series. The maximum toe shift occurring within
the first 100 years is presented as a percentage of the steady
state‐to‐steady state toe shift.
[36] Most data points in Figure 5 lie between 65% and
100%, indicating cases where the toe remains seaward of the
new steady state location after 100 years of simulation.
Surprisingly, values greater than 100% are also observed.
These points indicate cases in which a temporary landward
“overshoot” of the new steady state toe location occurs. The
overshoot of the toe is significant in some cases, with the
new steady state location being exceeded by up to approximately 250%. Previous studies of SLR‐SWI consider the
post‐SLR steady state saltwater‐freshwater interface position
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Figure 6. Toe shift trends showing the overshoot
phenomenon.
and adopt this as the worst case of inland extent of saltwater contamination due to SLR [e.g., Sherif and Singh,
1999; Werner and Simmons, 2009]. From the perspective of
water resources planning, the potential of SWI extending
beyond the steady state position is an important consideration. Figure 6 displays four transient toe shift trends that
exemplify the overshoot phenomenon.
[37] Kiro et al. [2008] observed some instances of “back
and forth movement” of the transition zone in response to an
instantaneous SLD, although the scale of this effect was not
defined. This is reported to have occurred for cases
involving a large water table response time relative to the
transition zone response time. Kiro et al. [2008] quantified
water table response time via the “groundwater characteristic time,” which is based on the time constant for a
groundwater system as defined by Domenico and Schwartz
[1998], given by
Tc ¼

Sy L2
bK

ð5Þ

where Tc is the time constant [T], Sy is specific yield [‐], and
b is the thickness of the system [L]. We examined the
relationship between Tc and SWI overshoot using time‐
integrated overshoot Io (m · years) as a measure of overshoot
magnitude, defined as
Ztoe
Io ¼

ðxT ðtÞ  xTss Þ dt
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and, in cases involving a fixed flux at the inland boundary,
controls the time required for the water table to return to its
original hydraulic gradient. The SLR‐induced water table
wave eventually causes the head at the inland boundary to
rise in fixed flux cases, reflecting the constant hydraulic
gradient imposed at the inland boundary. Larger values of Tc
are therefore associated with simulations in which the SLR‐
induced water table wave imposes hydraulic controls on the
system for longer durations; i.e., prior to the reinstatement of
steady state flow conditions. The sustained periods of flow
field perturbation in high Tc simulations are those in which
overshoot is most likely to occur. Tc is obtained from the
diffusion equation for fluid flow and is therefore associated
with only the advective aspects of the system [Domenico
and Schwartz, 1998]; i.e., Tc does not account for variable
density flow. A correlation between Tc and saltwater
dynamics is observed in this study because the horizontal
migration of the saltwater wedge is influenced by the water
table wave generated by the instantaneous SLR.
[39] The generation of the water table wave is enhanced
by the instantaneous nature of the SLR, thus the question of
whether it is plausible for overshoot to occur in response to
gradual SLR remains a topic of future inquiry. Regardless of
whether overshoot is plausible under gradual SLR conditions, it is expected that the scenarios for which overshoot
occurs would at least correspond to relatively rapid toe
responses in the gradual SLR case. Therefore, more generally, the increase in Tc with Io indicates that the toe is likely
to respond more rapidly to SLR for greater values of Tc.
[40] Other factors were assessed to test for correlations
with Io, including hydraulic gradient (defined as Q0/Khh0)
and dispersion effects, quantified as changes in transition
zone width. There was no clear relationship between
hydraulic gradient and overshoot. Transition zone widening
(defined as the increase in distance between the 5% and 95%
seawater isochlors at the aquifer basement) was less than
overshoot distance for five of the seven occurrences of SWI
overshoot, and therefore the overshoot phenomenon appears
to be driven by both advective and dispersive processes.
[41] Further work is recommended to investigate the
plausibility of overshoot occurring in real world settings.
Goswami and Clement [2007] conducted experiments in
a laboratory‐scale porous media tank in order to study
seawater intrusion transience. A similar experimental
setup, with a fixed flux inland boundary and a large tank

ð6Þ

t1

where t1 is the time at which the toe initially overshoots the
steady state position [T], xT(t) is the transient position [L] of
the toe at time t obtained through FEFLOW modeling, and
xTss is the post‐SLR steady state toe position [L] obtained
through FEFLOW modeling. Figure 7 displays the relationship between Tc (with h0 used as a proxy for b) and Io,
for the simulations in which overshoot occurred. Values of
Tc for which no overshoot occurred (which cannot be displayed on the logarithmic scale, as Io = 0) were relatively
low (≤3.8 years).
[38] The Tc‐Io relationship shown in Figure 7 indicates a
greater potential for overshoot for higher values of Tc. In the
simulations conducted for this study, the SLR generates a
water table wave that propagates at a rate determined by Tc

Figure 7. Log plot of the relationship between the groundwater system time constant Tc and integrated overshoot Io.
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Figure 8. Steady state sharp interface toe shift estimates as
a percentage of simulated 100 year maximum dispersive
interface toe shifts.
length‐to‐depth ratio in order to achieve a large Tc value,
could be used to attempt to demonstrate SLR‐SWI overshoot in a physical experiment.
3.3.2. Applicability of Steady State Sharp Interface
Estimates to Planning Time Frames
[42] The steady state‐to‐steady state toe shifts yielded
from the dispersive interface simulations were compared
with the steady state sharp interface estimates of toe shift. It
has been established in the literature that the sharp interface
method tends to overestimate dispersive interface SWI
extent [Volker and Rushton, 1982]. However, to the authors’
knowledge, pre‐ to post‐SLR toe shifts from the two
methods have not been compared. It is observed that the
sharp interface method overestimates the simulated steady
state‐to‐steady state toe shifts by between 15% and 139%,
with an average of 35%, for the cases considered.
[43] The applicability of steady state sharp interface
estimates of SLR‐SWI for approximating dispersive SLR‐
SWI occurring within a 100 year planning time frame was
also assessed. Figure 8 presents each steady state sharp
interface estimate as a percentage of the simulated dispersive interface 100 year maximum toe shift.
[44] Figure 8 shows that steady state sharp interface toe
shift estimates vary from approximately 40% to approximately 250% of the simulated dispersive interface 100 year
maximum toe shifts for the considered SLR‐SWI scenarios.
This range alone is sufficient to demonstrate the potential
inaccuracy of 100 year SLR‐SWI predictions from application of the steady state sharp interface method. Furthermore, it indicates that the steady state sharp interface
method may in fact underestimate dispersive interface toe
shift in certain situations – a result of the overshoot phenomenon discussed in section 3.3.1. This contradicts the
common assumption that the sharp interface method always
overestimates true toe penetration and thus can be generally
relied upon to provide SWI estimates that are on the safe
side for water resources planning [e.g., Custodio, 1987].

4. Conclusions
[45] The transience of SLR‐SWI in typical unconfined
coastal aquifer settings was explored using variable density
numerical modeling. SLR‐SWI transience was quantified by
monitoring the temporal behavior of six different SWI
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quantitative indicators from the simulations. A simplified
conceptual framework comprising homogeneous aquifer
conditions and constant aquifer stresses was considered in
order to extend the findings of recent studies concerning the
SWI response to sea level changes. The simplified nature of
the analysis precludes various complicating factors that are
common in coastal aquifer settings, such as short‐duration
fluctuations in the saltwater‐freshwater interface position
due to tidal forcing and seasonal recharge variability [e.g.,
Michael et al., 2005], among other hydrogeological complexities. It is recommended that future investigation be
undertaken that considers the influences of spatial variability in aquifer properties (including confining layers),
seawater inundation of the land surface due to SLR and the
resultant potential for convective fingering (e.g., as investigated by Kooi et al. [2000] in the context of geologic time
scales), and the effects of groundwater extraction and three
dimensionality.
[46] Transient asymmetry between SLD‐SWI and SLR‐
SWI was observed in modeling results, and therefore the
SLD‐SWI relationships obtained from the previous study by
Kiro et al. [2008] are not transferrable to the SLR case.
While only a single case was tested, this conveys the need to
treat SLD and SLR individually and demonstrates that
temporal symmetry cannot be presumed between the
advance and retreat of the saltwater‐freshwater interface in
response to sea level changes.
[47] The results of 26 SLR simulations indicate that
typical time scales for toe migration in response to a 1 m
SLR range from decades to centuries for typical unconfined
coastal aquifer settings. However, the time scales vary
significantly depending upon which quantitative indicator is
considered. For example, t y‐COM is significantly smaller
than t toe in most simulations, t mass and t SF are generally
smaller than t toe, and t FF always precedes the response
times of all other analyzed quantitative indicators. The
contrast in time scales highlights the need for careful
selection of the quantitative indicator for assessing SWI
transience; consideration should be given to the SWI processes that are of greatest importance.
[48] There is some evidence that SLR‐SWI time scales
are not linearly related to the SLR or toe shift magnitudes.
Despite significantly larger toe shifts, the t toe values for
both the single fixed inland head scenario and the Kiro et al.
[2008] base case involving a 10 m SLR lie well within the
range of t toe values obtained from the SLR‐SWI simulation
set involving a fixed inland flux and a 1 m SLR.
[49] Temporary overshoot of the post‐SLR steady state
toe position (obtained from dispersive SWI simulation) by
up to 250% is observed in several of the simulated scenarios. Results indicate greater potential for more rapid toe
response, possibly leading to overshoot, for higher values of
the groundwater system time constant Tc. The overshoot
phenomenon contradicts the common assumption that
steady state is the worst case for inland SWI extent arising
through SLR. The occurrence of overshoot causes sharp
interface steady state estimates of SWI to underpredict the
simulated 100 year SWI extent in some cases. Therefore, the
steady state sharp interface method may not always provide SWI estimates that are conservative for water resources
planning. The steady state sharp interface estimates of toe
shift span 40–250% of the toe shifts obtained from the
100 year dispersive interface simulations. This large range
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indicates that steady state sharp interface estimates are at best
only crude initial estimates of 100 year SLR‐SWI.
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