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Abstract A number of numerical modeling studies of transient sea level rise (SLR) and seawater intrusion
(SI) in flux-controlled aquifer systems have reported an overshoot phenomenon, whereby the freshwater-
saltwater interface temporarily extends further inland than the eventual steady state position. Recently, physical
sand-tank modeling has shown overshoot to be a physical process. In this paper, we have carried out numerical
modeling of SLR-SI to demonstrate that overshoot can occur at the field scale within unconfined aquifers. This
result is contrary to previous conclusions drawn from a restricted number of cases. In addition, we show that SI
overshoot is plausible under scenarios of gradual sea level rise that are consistent with conditions predicted by
the Intergovernmental Panel for Climate Change. Overshoot was found to be largest in flux-controlled uncon-
fined aquifers characterized by low freshwater flux, high specific yield, and large inland extent. These conditions
result in longer timeframes for the aquifer to reach new steady state conditions following SLR, and the
extended period prior to reequilibration of the groundwater flow field produces more extensive overshoot.

1. Introduction

Changes in the hydrology of the coastal zone can cause degradation of groundwater quality through the
landward movement of seawater, a process referred to as seawater intrusion (SI). In recent years, a number
of publications have considered the extent, rate, and time scales of SI associated with sea level rise (SLR)
[e.g., Werner and Simmons, 2009; Watson et al., 2010; Webb and Howard, 2010; Chang et al., 2011; Werner
et al., 2012; Lu and Werner, 2013]. The transient SLR-SI studies of Watson et al. [2010] and Chang et al. [2011]
reported an overshoot phenomenon, whereby the freshwater-saltwater interface temporarily extended far-
ther inland than the eventual post-SLR steady state interface location. Sand-tank modeling by Morgan et al.
[2013a] confirmed that the overshoot is a measurable physical process. However, it is presently unclear as
to whether overshoot occurs under field-scale situations.

The SI overshoot phenomenon has potentially significant implications for coastal aquifer management, as it
implies that the steady state SI extent (after SLR) may not be the worst case, as is generally assumed. It is there-
fore important to understand the plausibility of overshoot within field-scale aquifer settings. Chang et al. [2011]
used variable-density numerical simulations of coastal aquifer cross sections to explore overshoot (which they
referred to as ‘‘reversal effects’’) in confined aquifers under both instantaneous and gradual SLR (i.e., 365 mm/yr
for 11 years; 36.5 mm/yr for 110 years; 18.25 mm/yr for 220 years, which are much higher than current esti-
mates of future SLR, e.g., IPCC scenarios). An unrealistically high specific storage (0.008 m21) value was required
to produce overshoot in the confined aquifer setting. A single unconfined aquifer simulation was also carried
out by Chang et al. [2011] using an instantaneous SLR of 4 m and overshoot was not observed. This led Chang
et al. [2011] to conclude that ‘‘it is difficult to observe reversal effects in any realistic unconfined aquifers.’’ How-
ever, Watson et al. [2010] had previously simulated overshoot in unconfined coastal aquifer cross sections, albeit
using an instantaneous SLR of 1 m and theoretical hydrogeological conditions (i.e., variations of a field-scale
representation of the Pioneer Valley, Australia) [Werner and Gallagher, 2006]. As such, we contend that further
work is needed to determine whether overshoot could occur within realistic unconfined aquifer settings and, in
particular, whether SI overshoot could occur under gradual-SLR scenarios, such as those predicted by the Inter-
governmental Panel on Climate Change [Intergovernmental Panel on Climate Change (IPCC), 2013].

Previous studies by Watson et al. [2010], Chang et al. [2011], and Morgan et al. [2013a] have hypothesized
that overshoot is linked to the time required for the flow field to reequilibrate following SLR. The time for

Key Points:
� Overshoot can occur in field-scale

aquifers under gradual sea level rise
� Aquifer conditions associated with

large overshoot are identified
� Larger flow field disequilibrium

causes more extensive overshoot

Correspondence to:
L. K. Morgan,
leanne.morgan@flinders.edu.au

Citation:
Morgan, L. K., M. Bakker, and
A. D. Werner (2015), Occurrence of
seawater intrusion overshoot, Water
Resour. Res., 51, 1989–1999,
doi:10.1002/2014WR016329.

Received 25 AUG 2014

Accepted 1 MAR 2015

Accepted article online 10 MAR 2015

Published online 4 APR 2015

MORGAN ET AL. VC 2015. American Geophysical Union. All Rights Reserved. 1989

Water Resources Research

PUBLICATIONS

http://dx.doi.org/10.1002/2014WR016329
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)1944-7973/
http://publications.agu.org/


the flow field to reequilibrate is the
time needed for head and flow to
approach their final post-SLR steady
state values. Heads and flows will
change slightly thereafter due to
changes in the position of the inter-
face. Watson et al. [2010] found the
largest overshoot in cases where the
characteristic time Tc [T] for head
response was large. Here
Tc5Sy D2= HKð Þ, where Sy is specific
yield, D [L] is domain length, H [L] is
aquifer thickness, and K [L/T] is hydrau-
lic conductivity. Further, in the sand-

tank simulation of overshoot carried out by Morgan et al. [2013a], the direction of freshwater-saltwater inter-
face movement reversed (i.e., the interface started moving back toward the coast) around the same time as
the flow field reequilibrated (as indicated by heads ceasing to rise following SLR), which also suggests that
overshoot will be largest in systems where the head response time is large. The second objective of this
paper is to explore the link between the time for the flow field to reequilibrate and overshoot.

In this study, we employ numerical modeling of SLR-SI to assess the occurrence of SI overshoot within realistic
aquifer settings under both instantaneous and gradual-SLR scenarios (i.e., 10 mm/yr over 100 years). The latter is
near the high end of IPCC [2013] projections, which are in the range of 3–8 mm/yr. A number of cases are exam-
ined based on published parameters from field settings, including both unconfined and confined systems.

2. Methods

2.1. Conceptual Model
Consider groundwater flow in a vertical cross section normal to the coast. The coastal aquifer conceptualiza-
tion follows that described by Bakker [2006] and Bakker et al. [2013]. The aquifer extends offshore a distance
Ls. Seawater enters the aquifer and freshwater discharges from the aquifer through a leaky layer below the
ocean, as shown in Figures 1 and 2. Freshwater discharges into an ocean with a gently sloping beach, which
we approximate as horizontal. The boundary condition at the seaward end of the model domain is no flow.
The aquifer extends inland from the coast a distance D. A fixed freshwater flux Q0 [L3/T] enters the aquifer
system at the inland boundary. Infiltration recharge is neglected, as are the effects of tides and extraction.
The densities of freshwater and seawater are 1000 and 1025 kg/m3, respectively.

2.2. Numerical Modeling
SI overshoot was explored using the Seawater Intrusion (SWI2) Package, developed by Bakker et al. [2013] to
simulate regional SI problems with MODFLOW-2005 [Harbaugh, 2005]. The SWI2 package is based on the
Dupuit approximation, which allows an aquifer containing a freshwater-saltwater interface to be represented
with a single model layer. This results in short run times (on the order of seconds) compared to other variable-

density modeling codes, such as SEA-
WAT [Langevin et al., 2008], which
requires vertical discretization of the
aquifer. With SWI2, flow may be simu-
lated with one or multiple interfaces
(stratified flow), or with density varying
linearly between interfaces. While the
SWI2 interface approach neglects dis-
persive mixing, Dausmann et al. [2010]
have shown that for realistic field-scale
dispersivity values, SWI2 produces
interface locations similar to the fully
coupled flow and transport code SEA-
WAT, which includes dispersion.

Figure 1. Confined coastal aquifer conceptualization.

Figure 2. Unconfined coastal aquifer conceptualization.
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Each model has a row width of 1 m and column width of 5 m. The saturated thickness in the confined aquifer is
equal to the aquifer thickness. In the unconfined aquifer cases, the layer thickness at x> 0 (the subsea region)
equals the distance between the ocean level prior to SLR and the aquifer base. At x� 0, the saturated thickness is
the height of the water table above the aquifer base. Each model was run until steady state conditions were
reached, after which a SLR of 1 m was applied by raising the head at the coast. Both an instantaneous and a grad-
ual (i.e., linearly over 100 years) SLR were simulated. Following SLR, the model was run for 1000 years. In each

model, all stress periods have equal time
steps with a maximum time step of 1
year.

A comparison with analytic interface
solutions was carried out in order to
confirm that the SWI2 models were
developed correctly. The Bakker [2006]
solution for confined flow to a sea
with a leaky seabed was used for the
confined case study. For the uncon-
fined case studies, a new analytic solu-
tion for unconfined flow to a sea with
a leaky seabed was developed and is
provided in Appendix A.

Parameters for four base cases were
taken from the published literature and
are shown in Table 1. Case 1 parame-
ters apply to the Pioneer Valley, Aus-
tralia [Werner and Gallagher, 2006;
Watson et al., 2010]. Case 2 parameters
represent the Willunga Basin, Australia
[Morgan et al., 2013b]. Case 3 parame-
ters are based on the Gaza aquifer, Pal-
estine [Moe et al., 2001]. Case 4
parameters apply to the Madras aquifer
in India [Sherif and Singh, 1999]. Cases
1–3 are unconfined aquifers and Case
4 is a confined aquifer.

2.3. Quantitative Indicators
The initial steady state toe length pre-
SLR is Li and the final steady state toe
length post-SLR is Lf. The ‘‘toe’’ is the
point at which the freshwater-
saltwater interface meets the aquifer

Table 1. Hydrogeologic Parameters for the Field-Scale Simulations

Parameters Case 1 Case 2 Case 3 Case 4 Units

Hydraulic conductivity (K) 7 10 15 260 m/d
Height of sea level above aquifer base (zs) 30 20 100 30 m
Confined aquifer thickness (H) 20 m
Inflow (Q0) 0.1 0.17 1.8 1.0 m2/d
Effective porosity (ne) 0.2 0.2 0.2 0.2
Specific yield (Sy) 0.2 0.2 0.2
Storage coefficient (S) 1E25

Semiconfined section length (Ls) 150 150 300 500 m
Resistance of leaky layer (c) 2.5 2.5 2.5 12.5 day
Unconfined section length (D) 1000 3500 10,000 m
Confined section length (D) 2600 m
Characteristic head response time (Tc) 9.5 3 102 1.2 3 103 1.3 3 104 2.6 3 1021 day

Figure 3. Case 1 results for: (a) analytic and numeric model interface comparison
and (b) LT and hf trend for instantaneous and gradual-SLR.
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base. The response of the interface to
SLR is quantified using trends in the
toe length LT. The maximum toe
length, during overshoot, is Lm. Follow-
ing Watson et al. [2010], overshoot
magnitude is quantified using time-
integrated overshoot, O [L T]:

O5

ðTf

T1

LT ðtÞ2Lfð Þdt (1)

Here LT(t) is the toe length at time t, T1

is the time at which the toe first passes
Lf during overshoot and Tf is the time to
reach Lf following overshoot. O is a use-
ful indicator of overshoot magnitude
because it incorporates both the extent
to which the interface temporarily over-
shoots the final steady state position,
and the time over which this occurs.
The time for the toe to reach Lm follow-
ing the cessation of SLR is Tm. Flow field
dynamics are inferred from trends in
hydraulic head hf [L] measured at x 5 Lf.
Steady state was determined to have
occurred when changes in hf and LT

were less than 0.01 m in a year.

3. Results and Discussion

3.1. Analysis of Overshoot for Case
Studies
Results of the four cases of Table 1 are
shown in Figures 3–6, which depict the
first 500 years of the 1000 year post-
SLR simulation period. Each figure con-

sists of two parts. The steady state positions (pre-SLR and post-SLR) of the interface are shown in part (a),
and the trends in LT and hf are shown in part (b). There is a good match between the analytic and numeric
steady state interfaces for all cases (Figures 3a, 4a, 5a, and 6a), indicating that the models have been set up
correctly using the SWI2 package.

In Case 1, SLR causes the toe length to increase from 803.5 to 852.5 m. An overshoot is not observed (Figure
3b). This agrees with the results of Watson et al. [2010] who also considered Case 1 for an instantaneous SLR
of 1 m and did not observe an overshoot. The hydraulic response (i.e., the head hf) is rapid in this case, as
expected given the small Tc value of 952 days (�2.6 years).

In Case 2, the toe moves inland from 292.5 to 317.5 m due to SLR (Figure 4b). An overshoot was observed
under both instantaneous SLR (Lm 2 Lf 5 50 m, Tm 5 16 years, O 5 7.2 3 105 m d) and gradual SLR
(Lm 2 Lf 5 20 m, Tm< 1 year, O 5 4.5 3 105 m d). The hydraulic response is slower than in Case 1, as expected
given the larger Tc value of 12,250 days (�33.5 years). These results show that significant SI overshoot can
occur under realistic unconfined aquifer settings for both instantaneous and gradual-SLR scenarios.

In Case 3, SLR leads to the toe length increasing from 1052.5 to 1072.5 m (Figure 5b). An overshoot was
observed under instantaneous SLR (Lm 2 Lf 5 35 m, Tm 5 19 years, O 5 5.4 3 105 m d) and gradual SLR
(Lm 2 Lf 5 15 m, Tm 5< 1 year, O 5 3.1 3 105 m d). As with Case 2, the time for the flow field to reequili-
brate was significant, which is expected based on the Tc value of 13,300 days (�36.4 years).

Figure 4. Case 2 results for: (a) analytic and numeric model interface comparison
and (b) LT and hf trend for instantaneous and gradual-SLR.
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In Case 4, the steady state toe length
is 1222.5 m, and is unchanged follow-
ing SLR (Figure 6b). This was an antici-
pated result for the flux-controlled
confined aquifer situation, given the
analytical results of Werner et al.
[2012]. An overshoot was not
observed. The time for the flow field
to reequilibrate was very small in both
the instantaneous-SLR (Th 5 0.2 day)
and gradual-SLR (Th< 0.1 day) cases.
This is consistent with the small value
of Tc of 0.26 day. An unrealistically
high S value of 0.2 was tested in a sim-
ilar manner to Chang et al. [2011], and
this produced a slower hydraulic
response (Tc 5 260 days) and over-
shoot was observed for both instanta-
neous SLR (Lm 2 Lf 5 50 m, O 5 3.0 3

105 m d) and gradual SLR
(Lm 2 Lf 5 10 m, O 5 3.4 3 106 m d).

3.2. Sensitivity Analysis
In order to explore the type of aqui-
fers where overshoot is most likely to
occur, a sensitivity analysis was car-
ried out using Case 2 as a base case,
and with a gradual SLR of 10 mm/yr
over 100 years. The influence of KH
[L2/T] (i.e., transmissivity), Q0, Sy, D,
and the rate of SLR (Dzs/Dt) [L/T] on
overshoot magnitude (i.e., O) was
assessed using the parameter sets
listed in Table 2. Results of the analy-
sis are summarized in Table 2, and

indicate that O is largest under conditions of low Q0, high Sy, large D, and large Dzs/Dt. A relationship
between KH and O could not be determined, which raises some uncertainty regarding the parameter rec-
ommended by Watson et al. [2010] as being a predictor of overshoot. Despite this, O was largest when Tc

was large, in agreement with the findings of Watson et al. [2010].

To further explore the impact of aquifer length on overshoot, Case 1 was simulated for D values ranging
between 1000 and 5000 m. Trends in hf and LT for instantaneous SLR are illustrated in Figures 7a and 7b,
respectively. The time for hf to reequilibrate increased for longer values of D. Overshoot was observed for
values of D� 2130 m, and overshoot magnitude increased with increasing D. The relationship between D
and overshoot magnitude O was found to be approximately linear (Figure 8) under both instantaneous and
gradual SLR. This suggests that Tc/D may be a better measure of the tendency to overshoot than is Tc.

The sensitivity of O to the rate of SLR (i.e., Dzs/Dt) was explored further by calculating O for different rates of
SLR between 0 and 40 mm/yr over 100 years. O increased with increasing rates of SLR in an approximately
linear fashion (Figure 9). Tc is independent of the rate and magnitude of SLR.

All simulations in this study have employed an abrupt cessation of SLR. However, the rate of future SLR is
more likely to adjust gradually. The influence of a gradual cessation of SLR on overshoot was assessed by
smoothing the change in the rate of SLR at the end of the SLR period using a 100 years moving average of
the rates of SLR for the 10 mm/yr over 100 years (with abrupt cessation) scenario. The resulting SLR of 1 m
over 150 years (with gradual cessation) produced an overshoot when applied to Case 2 (Figure 10). The

Figure 5. Case 3 results for: (a) analytic and numeric model interface comparison
and (b) LT and hf trend for instantaneous and gradual-SLR.
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inland movement of the toe was
smaller under gradual SLR cessation
than abrupt SLR cessation, but it took
longer for the toe to reach the final
steady state position after overshoot.

From these results, some of the proc-
esses affecting overshoot can be gen-
eralized. For example, overshoot
occurs during the period of flow field
disequilibrium (i.e., when the head
and flow have not yet reached their
post-SLR steady state position), and is
magnified when the disequilibrium
period is longer. Since greater vol-
umes of water are required to accom-
modate storage changes in a more
extensive aquifer, these require more
time for heads to reequilibrate follow-
ing SLR, producing more extensive
overshoot. Further, systems with high
Sy and high Dzs/Dt equate to larger
post-SLR storage changes, and longer
times to reach new steady state condi-
tions. This leads to more prolonged
disequilibrium and larger overshoot.
Also, when Q0 is low, it takes longer to
increase aquifer storage to the new
steady state condition, resulting in
larger overshoot.

3.3. Inland Boundary Condition
Prior to this study, overshoot has
been observed in SLR-SI studies that
employed fixed-flux inland boundary
conditions [i.e., Watson et al., 2010;

Chang et al., 2011; Morgan et al., 2013a]. Transient SLR-SI studies that used a fixed-head inland boundary
condition [i.e., Webb and Howard, 2010; Morgan et al., 2013b] did not observe an overshoot. Physically,
under fixed-flux conditions the water table is able to rise or fall within the unsaturated zone while the flux
along the inland boundary remains constant whereas under fixed-head conditions head at the inland

Figure 6. Case 4 results for: (a) analytic and numeric model interface comparison
and (b) LT and hf trend for instantaneous and gradual-SLR.

Table 2. Sensitivity Analysis Parameter Sets and Results

Base Case 2a 2b 2c 2d 2e 2f 2g 2h 2i 2j Units

Parameters
KH 200 50 450 200 200 200 200 200 200 200 200 m2/d
zs 20 10 30 20 20 20 20 20 20 20 20 m
Q0 0.17 0.17 0.17 0.085 0.225 0.17 0.17 0.17 0.17 0.17 0.17 m2/d
Sy 0.2 0.2 0.2 0.2 0.2 0.1 0.3 0.2 0.2 0.2 0.2
D 3500 3500 3500 3500 3500 3500 3500 2000 5000 3500 3500 m
Dzs/Dt 10 10 10 10 10 10 10 10 10 20 5 mm/yr
Results
Tc 1.2 3 104 4.9 3 104 5.4 3 103 1.2 3 104 1.2 3 104 6.1 3 103 1.8 3 104 4.0 31 03 2.5 3 104 1.2 3 104 1.2 3 104 day
Li 292.5 32.5 992.5 582.5 217.5 292.5 292.5 292.5 292.5 292.5 292.5 m
Lf 317.5 37.5 1072.5 652.5 237.5 317.5 317.5 317.5 317.5 347.5 307.5 m
Lm 337.5 42.5 682.5 242.5 332.5 332.5 312.5 347.5 387.5 312.5 m
Tm <1 <1 6 <1 <1 <1 <1 <1 <1 <1 year
O 4.5 3 105 3.6 3 104 0 1.2 3 106 2.0 3 105 4.0 3 105 4.2 3 105 1.1 3 105 8.6 3 105 8.5 3 105 7.5 3 104 m d
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boundary is fixed, for example by
lakes or drains, so that the flow
toward the coast decreases when
the sea level rises. We assessed the
potential for overshoot in Cases 1–3
under fixed-head conditions using a
D value of 10,000 m (i.e., a value of
D for which overshoot is large under
a fixed-flux boundary condition).
The applied fixed-head value was
determined from the calculated
head at the inland boundary in the
corresponding fixed-flux simulation.
In all cases, heads reequilibrated
rapidly and overshoot was not
observed under fixed-head condi-
tions, as shown for Case 1 in Figure
11. While fixed-flux boundary condi-
tions result in an approximately uni-
form head rise throughout the
aquifer following SLR, fixed-head
conditions result in a head rise that
reduces with distance from the
coast, and is zero at the inland
boundary. The post-SLR storage
change is therefore less under fixed-
head conditions than fixed-flux con-
ditions, resulting in more rapid
hydraulic reequilibration. Further,
there is more time under fixed-head
conditions for heads to approach
equilibrium before the toe reaches
the post-SLR steady state. This is
because SLR under fixed-head con-
ditions produces much more exten-
sive SI (Figure 11) [Werner and
Simmons, 2009], and yet the toe
velocity (e.g., for the first 190 years
following SLR for Case 1) is equiva-
lent under fixed-head and fixed-flux
conditions. The toe is generally far
from the final post-SLR position
when the head and flow approach
the post-SLR steady state values.

3.4. SEAWAT Modeling
Case 2 was simulated using a multi-
layer SEAWAT model to assess the
influence on overshoot of using a
single layer SWI2 modeling
approach. The SEAWAT model had
30 layers and hydrogeological
parameters outlined in Table 1 were
used along with a longitudinal

Figure 7. Case 1 results for (a) hf trend for varying D and instantaneous SLR and (b) LT

trend for varying D and instantaneous SLR.

Figure 8. Relationship between O (m d), Tc (day), and D (m) under instantaneous and
gradual SLR for Case 1.
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dispersivity of 1025 m, a longitudinal
to transverse dispersivity ratio of 10,
and a molecular diffusion of 0. A verti-
cal specified head and concentration
boundary was used to represent the
sea boundary, which differs from the
horizontal boundary that was used
along the sea bottom in the SWI2
model. A 1 m instantaneous SLR was
applied as well as a gradual SLR of
10 mm/yr over 100 years. Overshoot
was simulated under both instantane-
ous SLR (Lm 2 Lf 5 37 m, Tm 5 10
years, O 5 2.6 3 105 m d) and gradual
SLR (Lm 2 Lf 5 5 m, Tm< 1 year,
O 5 1.1 3 105 m d). These results are
similar to those obtained for Case 2
using SWI2 (section 3.1).

3.5. Significance of SI Overshoot
The results presented above offer insight into the significance of overshoot as well as implications for man-
agement of coastal aquifers. We have shown that overshoot only occurs in unconfined aquifer systems with
a fixed-flux inland boundary condition. These systems are important sources of freshwater supply globally,
and have been estimated as occurring along one-third of global coastlines (with the remaining two-thirds
having fixed-head conditions) [Michael et al., 2013]. The SLR-induced change in steady state wedge toe posi-
tion is smaller under fixed-flux than fixed-head conditions and the status of the inland boundary condition
has been used as a vulnerability indicator by Michael et al. [2013] within a global assessment of coastal aqui-
fer vulnerability to SLR. Results of the present study agree with a lower vulnerability classification for fixed-
flux coastal aquifers. However, in situations where overshoot will occur, there is an increase in vulnerability
to SLR because the inland movement of salt water is larger and faster, although only to a small degree, as
shown by Cases 2 and 3. At locations where overshoot is large, vulnerability to SLR approaches that of the
fixed-head case, at least in the early years of SLR. This is illustrated by the results for Case 1 with
D 5 10,000 m presented in Figure 11.

SI overshoot increases vulnerability of coastal aquifers to SLR. The likelihood of significant overshoot occur-
ring is small when SLR stops abruptly, and even smaller when a gradual rise is followed by a gradual cessa-
tion of SLR. Further, under conditions of climate change it is likely that there will be changes to inland flux,
depending on whether precipitation is projected to increase or decrease. The influence on overshoot of a

changing inland flux is a topic
for future research.

4. Conclusions

Numerical modeling of SLR-SI
has been undertaken using the
MODFLOW Seawater Intrusion
(SWI2) Package to assess
whether seawater intrusion (SI)
overshoot is unlikely in realistic
unconfined aquifers with fixed-
flux inland boundary condi-
tions, as previously concluded
by Chang et al. [2011]. Four
field-scale aquifer cases were
assessed and overshoot was

Figure 9. Relationship between O (m d), Tc (day), and rate of SLR (mm/yr) Case 2.

Figure 10. Case 2 results for gradual SLR with an abrupt and gradual end to SLR.
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found to occur under instantaneous
and gradual SLR in two of the three
unconfined aquifer cases. No signifi-
cant overshoot was produced in the
confined aquifer case, as expected.
This work shows that overshoot can
occur within realistic unconfined
aquifer settings with fixed-flux inland
boundary conditions, and that the
conclusion of Chang et al. [2011] to
the contrary was premature. More
importantly, it has been shown that
SI overshoot is possible under sce-
narios of gradual SLR that are con-
sistent with conditions predicted by
the Intergovernmental Panel for Cli-
mate Change.

Overshoot magnitude was found to be largest in fixed-flux unconfined aquifer systems characterized by
low freshwater flux, high specific yield, and large inland extent. The post-SLR change in aquifer storage is
largest under these conditions, resulting in greater post-SLR flow field disequilibrium and more extensive
overshoot.

Overshoot could not be simulated in aquifers with a fixed-head inland boundary condition. SLR-SI is gen-
erally much larger in these systems than in systems with fixed-flux inland boundary conditions. The effect
of SLR on fixed-flux aquifers is small (i.e., an increase in toe length LT of less than 10% of the initial LT was
found in all cases). Due to overshoot, the toe of the interface passes the steady state position approxi-
mately 50 years after SLR started, which is half the simulated period of SLR (100 years). While the over-
shoot caused by SLR is significant, it is not very important for management decisions, as the small
movement of the toe due to SLR in these aquifers is likely within the uncertainty bounds of regional-scale
models.

Appendix A: Steady Confined/Unconfined Flow to a Sea With a Leaky Bottom

Consider steady, one-dimensional unconfined interface flow toward the coast (Figures 1 and 2). The density
of freshwater is qf [M/L3] and the density of salt water is qs [M/L3]. The dimensionless density difference is
defined as vs 5 (qf 2 qf)/qf. The hydraulic conductivity of the coastal aquifer is K [L/T]. The sea is separated
from the aquifer by a leaky layer with resistance c [T], which is calculated as c 5 Hl/Kv, where Hl [L] is the
thickness of the leaky layer and Kv [L/T] is the vertical hydraulic conductivity of the leaky layer. Below the
sea, the aquifer is semiconfined with thickness H [L]. Sea level is at z 5 zs [L] and the top of the aquifer below
the sea is at z 5 zt [L]. The pressure at the top of the leaky bed caused by stagnant salt water is converted to
an equivalent freshwater head as hs 5 zs 1 vs (zs – zt) [Post et al., 2007].

The origin of the coordinate system is at x 5 0, while the sea extends to x> 0. Flow toward the coast is con-
stant and equal to Q0 [L3/T]. The head in the aquifer below the sea bottom is given by equations (20) and
(25) in Bakker [2006]. Conversion of these dimensionless equations to dimensional equations gives:

hðxÞ5hs1
vs

6Kc
x2

18Q0Kc2

vs

� �1=3
" #2

(A1)

The corresponding elevation f(x) of the interface is:

f5zt2ðh2hsÞ=vs5zt2
1

6Kc
x2

18Q0Kc2

vs

� �1=3
" #2

(A2)

Note that the elevation of the interface is not a function of the sea level (provided that Q0 is fixed and not a
function of the head). The head h0 [L] at the coastline (x 5 0) is:

Figure 11. Case 1 results for LT and hf trend under fixed-flux and fixed-head bound-
ary conditions, and instantaneous-SLR with D 5 10,000 m.
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h05hs1
vs

6Kc
18Q0Kc2

vs

� �2=3

(A3)

The elevation of the interface f0 at the coastline is:

f05zt2
1

6Kc
18Q0Kc2

vs

� �2=3

(A4)

A1. Potential Flow Solution
The discharge potential is defined as:

Qx52
dU
dx

(A5)

The discharge potential for the onshore section of the aquifer (x� 0) is

U52Q0x1U0 (A6)

where U0 is the potential at the shoreline.

The discharge potential for confined interface flow is:

U5
1
2

Kvsðzt2fÞ2 (A7)

So that the elevation of the interface for confined flow as a function of x becomes:

f5zt2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ð2Q0x1U0Þ=ðKvsÞ

p
; x � 0 (A8)

The discharge potential for unconfined interface flow is:

U5
1
2

K
qs

qf
vsðh�s 2fÞ2 (A9)

So that the elevation of the interface for unconfined flow as a function of x becomes:

f5h�s 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2

qf

qs
ð2Q0x1U0Þ=ðKvsÞ

r
(A10)

where h�s 5
qf
qs

vszt1hsð Þ.
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