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a b s t r a c t

Many of the world's largest cities face risk of sea-level rise (SLR) induced flooding owing to their limited
elevations and proximities to the coastline. Within this century, global mean sea level is expected to
reach magnitudes that will exceed the ground elevation of some built infrastructure. The concurrent rise
of coastal groundwater will produce additional sources of inundation resulting from narrowing and loss
of the vertical unsaturated subsurface space. This has implications for the dense network of buried and
low-lying infrastructure that exists across urban coastal zones.

Here, we describe a modeling approach that simulates narrowing of the unsaturated space and
groundwater inundation (GWI) generated by SLR-induced lifting of coastal groundwater. The method-
ology combines terrain modeling, groundwater monitoring, estimation of tidal influence, and numerical
groundwater-flow modeling to simulate future flood scenarios considering user-specified tide stages and
magnitudes of SLR.

We illustrate the value of the methodology by applying it to the heavily urbanized and low-lying
Waikiki area of Honolulu, Hawaii. Results indicate that SLR of nearly 1 m generates GWI across 23% of
the 13 km2 study area, threatening $5 billion of taxable real estate and 48 km of roadway. Analysis of
current conditions reveals that 86% of 259 active cesspool sites in the study area are likely inundated.
This suggests that cesspool effluent is currently entering coastal groundwater, which not only leads to
degradation of coastal environments, but also presents a future threat to public health as GWI would
introduce effluent at the ground surface.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Ongoing sea-level rise (SLR) poses a significant threat to
evolving coastal municipalities and mega-cities initially developed
under the misconception that sea-level would remain approxi-
mately stationary (Gornitz et al., 2001; Nicholls, 1995; Spanger-
Siegfried et al., 2014). However, it is now understood that even
marginal increases in sea-level are cause for concern as, in the
United States alone, 3.7 million people live within 1 m elevation of
their respective local high tide datum (Strauss et al., 2012). Over the
20th century, sea-level rose at a rate of 1.2 ± 0.2 mm/yr, and from
1993 to 2016 accelerated to a rate of 3.4 ± 0.4 mm/yr (Nerem et al.,
2010). Initial ramifications are already being observed in the form
of tidal flooding and decreased drainage. In parts of New York City,
streets flood so regularly that residents joke about giving children
wading boots for Christmas, and cars require regular brake and
muffler changes due to frequent contact with saltwater (Gregory,
2013). In Norfolk, Virginia, vertical rulers have been installed
along low-lying streets so that drivers can assess flood-water depth
(Gillis, 2016). And in Miami, Florida, some businesses have noted a
15% drop in revenue due to traffic rerouting around flooded areas
(Spanger-Siegfried et al., 2014; Prothero, 2013). Such flooding is
expected to increase in frequency and magnitude; for instance, by
2040 it is projected that Washington D.C. will experience 388 tidal
floods per year, not considering the contribution from rainfall,
amounting to multiple flood events per day (Spanger-Siegfried
et al., 2014).

Flooding concerns are further complicated by the interaction of
coastal groundwater levels with sea level. Because coastal
groundwater tables are generally above mean sea level and
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DEM Digital Elevation Model
GWI Groundwater Inundation
LiDAR Light Detection and Ranging
LMSL Local Mean Sea level
MMT Monthly Maximum Tide Stage
NOAA National Oceanic and Atmospheric Administration
OSDS On-site sewage Disposal System
SLR Sea level Rise
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oscillations are closely tied to those of the ocean surface, ground-
water tables rise by a similar magnitude as sea level rises, causing
more flooding than predicted by hydrostatic modeling (Rotzoll and
Fletcher, 2013). E.g., a scenario of 1-m SLR considering groundwater
inundation (GWI) is expected to more than double the amount of
flooding in Honolulu, Hawaii produced solely bymarine inundation
(Rotzoll and Fletcher, 2013). The threat of flooding is unique for
each coastal municipality, hinging largely on the vertical extent of
unsaturated space between built infrastructure and tidally-
influenced coastal groundwater (Sweet and Park, 2014). As sea
level rises, this space will narrow and in some places become lost
altogether. This will produce GWI in the form of increasingly severe
periodic localized flooding (Rotzoll and Fletcher, 2013) that will be
exacerbated during periods of extreme high tide (Firing and
Merrifield, 2004). Heavy rainfall is also likely to cause more
extensive flooding owing to reduced unsaturated space available
for infiltration and reduced run-off options (Horton, 1933).

As coastal groundwater levels rise with sea level and inevitably
breach the elevation of built infrastructure, flood damage will
ensue. Various components of underground infrastructure will be,
and in some locations already are, the first utilities to be compro-
mised by inundation (Sterling and Nelson, 2013; Veiga, 2014). The
array of essential utilities affected includes sewer mains, storm
drain systems, vented utility corridors, and on-site disposal systems
(OSDS). Storm drain systems are subject to high water flooding that
can impact urban activities. The potential for inundation of
corroded sewer mains and OSDS is especially concerning owing to
the likelihood of sewage-based contamination of groundwater. In
regions such as the Hawaiian Islands where OSDS constitute a
major component of sewage treatment, the coastal discharge of
contaminated groundwater already presents a serious public health
concern (Whittier and El-Kadi, 2014). As GWI becomes more
widespread, contamination will expand across the ground surface,
providing increased opportunity for public exposure (Balaraman,
2016).

Various offices in local and state government recognize that
ongoing SLR will necessitate the development of adaptive design
standards with regard to land-use policy, infrastructure, and hazard
mitigation (NJDEP, 2013; NRC, 2011; Savonis et al., 2008; USACE,
2013). Adopting such standards is judicious; however, the lack of
available hazard projections and site-specific mapping is a limiting
factor and has been cited as one of the principal impediments to
adaptation related policy (Bierbaum et al., 2013). The production of
such hazard maps requires consideration of numerous distinct, yet
interrelated regional characteristics that pertain to a municipality's
SLR related flood risk. These include locally unique rates of SLR,
tidal range, topography, water-table elevation, groundwater flow,
and tidal-influence on groundwater.

The purpose of this study is to develop a methodology that can
be used to simulate flood scenarios in urban municipalities
resulting from inundation by tidally-influenced groundwater. The
methodology goes beyond simple hydrostatic modeling that as-
sumes flooding based solely on ground elevation relative to sea
level. Here we account for the over-height of the groundwater table
with respect to sea level and consider the decay of tidal efficiency
with increasing distance from the coastline, which is generally
overlooked in hydrostatic modeling. Further, we employ a quasi-
three-dimensional groundwater model calibrated with a compre-
hensive collection of water level observations, which allows
simulated water levels to vary in the cross-shore direction, an
improvement compared to the one-dimensional simulation of
water levels produced by Rotzoll and Fletcher (2013). The meth-
odology mainly requires data that is publicly available for many
regions including topographic and bathymetric LiDAR, water-level
measurements, rates of groundwater withdrawals and recharge,
and subsurface geology.

The model output can be seamlessly incorporated into geo-
spatial platforms to compare with municipal geospatial data sets,
toward identification of threatened infrastructure and quantifica-
tion of future damage considering threatened taxable real estate.
The output can also be displayed visually, providing decision-
makers with a perspective of future scenarios. Specifically, the
objectives of this methodology are to 1) gain an understanding of
the hydrologic effects of SLR on coastal water-table elevations
across a site-specific dense urban setting, 2) estimate the areal
extent of GWI and expected narrowing of unsaturated space
resulting from SLR-induced groundwater lift, and 3) produce maps
that illustrate localized regions at risk of GWI resulting from SLR at
a specified tide stage.

1.1. Study area: Waikiki, Oahu, Hawaii

For proof of concept, themethodwas applied to theWaikiki area
on the island of Oahu, Hawaii. Waikiki is the gateway of Hawaiian
tourism, accounting for nearly half of tourism statewide, supplying
more than 72,000 jobs, and providing 8% of the gross state product
(Department of Business (2003)). At present, the Waikiki coastal
zone has generally narrow unsaturated space such that many
construction projects working below the ground surface require
dewatering of worksites. The conjunction of tidally-influenced
groundwater and narrow unsaturated space produces localized
temporary flooding during extreme tide events (Firing and
Merrifield, 2004), requiring only a 20 cm tide above the mean
higher high water datum to produce such flooding (Sweet, 2014). It
follows that as SLR continues, unsaturated space will become
progressively narrowed or eliminated altogether, resulting in
chronic GWI.

1.1.1. Background
The study area is located on the southeastern side of the island

of Oahu, Hawaii (Fig. 1). It is situated atop a low-lying coastal
platform that is bounded to the northeast by an eroded and frag-
mented shield volcano known as the Koolau Volcano, to the east by
a volcanic tuff cone known as Diamond Head Crater, to the west by
Honolulu's principal seaport, Honolulu Harbor, and to the south by
the coastline. A dredged, tidally influenced canal marks the land-
ward border of Waikiki.

The southeastern coastal plain of Oahu is composed of amixture
of post-erosional volcanics, eroded alluvial debris from the Koolau
Volcano and sedimentary deposits produced by Pleistocene sea-
level variations including lagoonal deposits, coral debris, and
coral ledges. These materials make up the geologic unit referred to
as caprock, which lie atop the basalt of the Koolau Volcano (Finstick,
1996; Oki et al., 1998; Stearns and Vaksvik, 1935). Nearly the entire
study area has been further overlain by heterogeneous human-



Fig. 1. Study area of Waikiki and surrounding commercial and residential districts on the island of Oahu, Hawaii. The shaded area shows the study region. Locations of wells from
which water-level observations were obtained are shown.
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placed fill consisting mainly of coralline sand and gravel (Finstick,
1996).

Groundwater within Oahu's southeastern coastal plain occurs
primarily in the freshwater lens located in the basalt aquifer, and
secondarily in caprock sediments (Gingerich and Oki, 2000). The
freshwater lens floats atop saltwater due to density differences
between salt and freshwater (Fig. 2) and with an interface that is
roughly approximated by the Ghyben-Herzberg principle
(Macdonald et al., 1983). Groundwater from the lens system mi-
grates from inland recharge areas to coastal discharge areas (Souza
and Voss, 1987). Lower permeability caprock acts as a semi-
confining layer to the freshwater lens along the coastline by
partially obstructing flow (Stearns, 1935).
Fig. 2. Conceptual model of the freshwater lens located in the basalt aquifer and overlying ca
saltwater and a transitional brackish boundary.
Within the caprock aquifer, the uppermost limestone unit is
unconfined and contains mainly brackish non-potable water that is
highly vulnerable to contamination from the adjacent urban setting
(Oki et al., 1998). Well withdrawal from the caprock aquifer is
mainly employed for small-scale irrigation and for use in cooling
towers (Whittier et al., 2010). Groundwater in the caprock aquifer is
influenced by rainfall and marine oscillations generated by the tide
and seasonal sea-level anomalies (Gonneea et al., 2013; Ponte,
1994; Wu et al., 1996; Yin et al., 2001). Marine oscillations
become damped, decreasing in amplitude and increasing in lag as
oscillations propagate further inland (Li and Barry, 2000).

Groundwater flow to the caprock aquifer occurs as water moves
down-gradient from underlying basalt aquifers and discharges into
prock sediments of Oahu's southeastern coastal plain. The lens floats atop lower density
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the caprock and the ocean. Surficial recharge to the caprock aquifer
stems from infiltration of rainfall, water main leakage, septic
leachate, seepage from reservoirs and cesspools, and irrigation
(Engott et al., 2015).

1.1.2. Local sea-level rise
In Honolulu, the semi-diurnal tide range is 0.58 m and the local

rate of SLR is 1.41 ± 0.21 mm/yr based on monthly mean sea-level
measurements at the Honolulu tide station from 1905 to 2015
(NOAA a, 2016). Future acceleration in the rate of local sea level is
expected to occur; however, the timing and magnitude of acceler-
ation remain uncertain. Projections provided by the Fifth Assess-
ment Report of the Intergovernmental Panel on Climate Change
(IPCC) suggest that global mean sea level could reach 0.18e0.32 m
by mid-century, 0.33e0.60 m by 2075, and 0.52e0.98 m by 2100
under Representative Concentration Pathway 8.5, the “business as
usual” scenario (Church et al., 2013). However, simulations of
globally relative rates of future SLR indicate that the component
representing the redistribution of ice melt reaches the highest
magnitude across the equatorial Pacific, resulting in rates of
simulated local SLR in Honolulu exceeding 8 mm/yr over the sec-
ond half of the century (Spada et al., 2013). Additionally, the
contribution of ice melt solely from Antarctica has been reported as
having the potential to contribute more than 1 m of sea-level rise
by 2100 (DeConto and Pollard, 2016). These, and additional findings
that global ice loss is exceeding researchers expectations, and that
the tropical Pacific region is subject to SLR that will exceed global
mean sea level rise, led Sweet et al. (2017) to develop regional SLR
scenarios that significantly exceed IPCC projections. E.g., the Sweet
et al. (2017) “Intermediate High” scenario for global mean sea level
is 1.5 m by the end of the century, with an additional rise of
approximately 0.5 m for the Hawaii region. Since global IPCC SLR
projections likely underestimate future rates of local SLR in the
Honolulu area, and are out of date with respect to sea-level studies
that have been completed since the most recent IPCC report, the
upper ranges of the IPCC projections are considered in the present
case study and are referred to in terms of their magnitudes to
preserve the relevance of simulation results as SLR projections
evolve.

2. Methods

Our methodology toward assessing the effect of SLR on tidally-
influenced water-table elevations and associated GWI includes six
main components; 1) continuous groundwater-level monitoring, 2)
compilation of groundwater-level measurements, 3) estimation of
tidal efficiency, 4) development and calibration of a groundwater-
flow model, 5) generation of flood maps, and 6) completion of a
damage assessment. The following sections detail each component
of the methodology.

2.1. Compilation of water-level measurements: continuous water
level monitoring

Continuous observations of water level were taken to evaluate
the influence of ocean oscillations on coastal water levels within
the study area. Monitoring was accomplished at existing well sites
established by the Department of Health Underground Storage
Tank program. This federally mandated programmanages privately
and publicly owned underground storage tanks and installs
shallow observation wells upon detection of contaminant leaks.
The presence of these wells provides a unique opportunity to
monitor water levels in heavily urbanized areas where monitoring
opportunities would otherwise be limited.

The monitoring network employed in this study consisted of
four shallow (<10 m depth) wells (Fig. 1), penetrating only the
caprock, that were continuously monitored for several months at
intervals ranging from 5 to 15 min. Data acquired during moni-
toring included groundwater pressure changes and temperature.
The readings were converted from pressure measurements to wa-
ter levels (m). The elevation of the ground surface at each well
location was obtained using the nearest data point represented in
2013 NOAA LiDAR data (NOAA b, 2016). Elevations were not ob-
tained through leveling due to the poor condition and control of
benchmarks near well locations, thus providing reduced accuracy
relative to the 2013 NOAA LiDAR dataset, which has 1 m horizontal
resolution and 0.15 m vertical resolution. Ground elevations were
used to reference groundwater levels relative to local mean sea
level (LMSL).

Groundwater levels were compared to ocean levels to evaluate
the influence of long-period (sea-level anomaly) and short-period
(tidal) ocean oscillations at inland locations. Sea-level anomaly is
the deviation of the non-tidal ocean level from LMSL that occurs
over weeks andmonths. Ocean-oscillation datawere recorded at 6-
min intervals at the NOAA Honolulu, Hawaii tide station (Station
1612340) and referenced to LMSL (NOAA a, 2016) (Fig. 1). To
separate tidal from sea-level anomaly oscillations, a weekly-
moving average was applied to the tide-gage and groundwater
data, which effectively removes the semi-diurnal and diurnal os-
cillations associated with the ocean tide. The weekly-moving
average represents the sea-level anomaly, while the pure tidal
signal is calculated by subtracting the sea-level anomaly from the
tide-gage data. Groundwater levels were additionally compared to
rainfall data for analysis of potential relationships to groundwater
elevation. Rainfall data were acquired for the Beretania Pump Sta-
tion (Network ID GHCND:USC00510211) (NOAA c, 2016), located
within approximately 2 km of all monitoring sites.

The influence of ocean oscillations was quantified for each well
by calculating tidal phase lag, and tidal and sea-level anomaly ef-
ficiency. The tidal phase lag was evaluated by cross correlating tidal
signals at the Honolulu tide station with tidal signals observed in
the groundwater data. Tidal efficiency, which describes the
amplitude ratio between groundwater-level oscillations and ocean
oscillations, was found using linear least-squares regression of lag-
corrected groundwater time series to tidal-signal data. The slope of
the regressed line quantifies tidal efficiency, while the y-intercept
quantifies mean elevation of the groundwater level relative to
mean ocean level.

Long-period oscillations of sea-level anomaly efficiency were
found similarly using linear least-squares regression of weekly-
moving averaged groundwater time series to sea-level anomaly
data. The lag of the groundwater data to sea-level anomaly was too
small to be considered. The tidal and sea-level anomaly efficiencies
were used to remove both oscillations at the discrete measure-
ments. For that purpose a linear least-squares regression of lag vs.
distance of the observations from the coastline and exponential
regressions of tidal and sea-level anomaly efficiencies vs. distance
from the coastline were completed.

2.1.1. Compilation of water-level measurements: discrete
observations

Ninety-five discrete water-level measurements (Fig. 1) that
include information regarding time of measurement and surveyed
elevation were acquired from Department of Health Leaky Under-
ground Storage Tank records; measurements were taken between
1992 and 2008. Groundwater-level data were corrected with
respect to the tidal efficiency, sea-level anomaly efficiency, and
tidal lag as a function of distance from the coastline to represent the
meanwater level at that location. Groundwater levels corrected for
ocean oscillations (wlcorr) at the lag corrected time of measurement
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were calculated by:

wlcorr ¼ wl � sltide(T�Lx)eax � slanom ebx,

where.

wl is the measured groundwater level (m relative to LMSL),
sltide is the tidal signal (sea-level anomaly removed) at the time
of the groundwater measurement corrected for tidal lag (m
relative to LMSL),
slanom is the sea-level anomaly (weekly moving average ocean
oscillation) (m above LMSL),
a is the slope of the exponential relation between tidal effi-
ciency and distance from the shoreline,
b is the slope of the exponential relation between sea-level
anomaly efficiency and distance from the shoreline,
x is the distance from the shoreline (m).
T is the time the groundwater measurement was taken (local
standard time: year, month, day, hour, min)
L is the slope of the linear relation between tidal lag and dis-
tance from the shoreline (min/m)

2.2. Groundwater model construction and calibration

A groundwater-flow model was developed to simulate steady-
state water levels at LMSL in the unconfined caprock aquifer
considering the current elevation of sea level and increases in sea
level of 0.32 m, 0.60 m, and 0.98 m. Hydrologic characteristics used
to construct the model were based on regional hydrologic studies
(Oki, 2005), ranges in hydraulic conductivity observed within and
near the study area (Finstick, 1996), and subsurface geology in the
study area (Ferrall, 1976). The numerical model utilizedMODFLOW-
2005 (Harbaugh, 2005), a quasi-three dimensional cell-centered,
finite difference, saturated-flow model.

2.2.1. Model grid withdrawals, and recharge
The model consisted of 443,602 active 10-m uniform grid cells

and two layers, representing caprock and basalt hydrogeologic
units. The top of the caprock unit was characterized using 2013
NOAA LiDAR topography data and 2013 U.S. Army Corps of Engi-
neers LiDAR bathymetry data (NOAA b, 2016), while the bottom of
the unit was characterized using contour data that defines the top
elevation of the basalt aquifer (Rotzoll and El-Kadi, 2007). Details of
the flow in the basalt aquifer unit are beyond the scope of this
study. Therefore, such an aquifer was represented by a thin unit
that extended an arbitrary 1 m below the base of the caprock and
was included exclusively to simulate flow from the basalt into the
caprock aquifer. Horizontal hydraulic conductivity for the second
unit was defined as 600 m/d based on values reported in modeling
studies that simulate local basalt aquifers (Rotzoll and El-Kadi,
2007; Izuka et al., 2016).

Well locations and withdrawal rates available from the State
Commission on Water Resource Management were adopted from
existing groundwater-flow models representative of the Honolulu
aquifer (Rotzoll and El-Kadi, 2007). Only wells pumping from the
caprock were considered. Well withdrawal rates were defined as
the arithmetic mean of respective pumping rates from 1996 to
2005. Since pumping rates did not fluctuate significantly between
1996 and 2005, the average was considered an acceptable repre-
sentation of the simulated period.

Recharge data were acquired from the mean annual water-
budget model for the Island of Oahu, Hawaii (Engott et al., 2015),
which is representative of average climate conditions, 1978 to 2007
rainfall, and 2010 land cover. The hydrological processes simulated
in the water-budget model are rainfall, fog interception, irrigation,
direct runoff, septic system leachate, and evapotranspiration.

2.2.2. Boundary conditions and simulation of SLR
The landward, seaward, and bottom boundaries were defined as

no-flow boundaries and the upper boundary was defined as a
recharge boundary. Flow from the bottom unit to the upper unit
was simulated using a zonally-characterized general-head bound-
ary for the bottom unit. Values of head defined for each zone were
based on simulations of confined head in southern Oahu (Rotzoll
and El-Kadi, 2007).

An additional general-head boundary was applied to the upper
unit, extending seaward of the 0-m elevation contour, to represent
sea-level elevation and coastline position. Increases in sea-level
were simulated by raising the general-head boundary from 0 m
to 0.32 m, 0.60 m, and 0.98 m for the chosen SLR scenarios, and by
migrating the coastline position to corresponding contour lines.

2.2.3. Model calibration
Calibration accuracy was evaluated by comparing simulated

against observed water levels. Several values of horizontal hy-
draulic conductivity applied to the caprock unit were estimated
using the non-linear inversemodeling utility, PEST (Doherty, 2008).

As part of this approach, seven zones were characterized (Fig. 3)
based on locations of distinct geologic units encounteredwithin the
subsurface (Ferrall, 1976). The hydraulic conductivity was defined
for two zones prior to executing PEST; the zone labeled HK 50 was
assigned a hydraulic conductivity of 1 m/d based on the abundance
of cemented and fine grained sediments found offshore (Sherman
et al., 1999, 2014). The zone labeled HK 30 was assigned a hy-
draulic conductivity of 65 m/d to replicate results of a drawdown
test that had been conducted within the respective modeled zone
(HBWS, 2005). All post-calibration values applied to the model
were within the range of values observed inside or just to the west
of the study area (Finstick, 1996).

Manual iterative adjustment was employed in the estimation of
the conductance parameter of the general-head boundary defined
for unit 2, and given a final value of 0.003 m2/d. The general-head
boundary conductance of unit 1 was pre-defined as 10 m2/d.
Following calibration, the mean residual water level and root-
mean-squared error were 0.09 m and 0.12 m, respectively (Fig. 4).

2.2.4. Model assumptions and limitations
In general, numerical models have limitations owing to as-

sumptions inherent in their conceptual design including the gov-
erning equations. Simplifications generally lead to overlooking or
simplifying certain processes and to ignoring spatial and temporal
variability of aquifer parameters. The specific limitations adopted in
this study are summarized below.

Simulated steady-state conditions were modeled under the
assumption that recharge, pumping, and groundwater flow remain
constant. Simulations do not consider small-scale withdrawals that
are currently employed across the study area for purposes
including construction-site dewatering and mitigation of basement
flooding. The simulation is not capable of assessing numerous time-
dependent factors including short-term variations in recharge,
pumping rates, and boundary flows. The model simulations
represent conditions of 30-year average annual recharge and the
tide stage relative to mean sea level. They do not include any
consideration of anomalous conditions of extreme wet or dry pe-
riods or seasonal sea-level anomalies. However, the model results
provide reasonable representation over a longer time frame
considering the relatively slow subsurface water movement.

The MODFLOW-2005 model assumes a uniform density of wa-
ter, which inhibits the model's capability to simulate the saltwater/
freshwater interface, and hence, does not incorporate the influence



Fig. 3. Spatial distribution of parameter zones that characterize variations in hydraulic conductivity across the study area. Values of post-calibration hydraulic conductivity are
reported in units of m/d; associated zone ID's are shown in white boxes where hydraulic conductivity was calculated using the zonal PEST approach, and in dashed boxes where
hydraulic conductivity was defined by other means. The coastline and outer boundary are outlined for reference.

Fig. 4. Calibration plot showing observed vs. computed water levels and corresponding plot of residual vs. computed water levels. Discrete water levels are shown as circles and
averages of continuous water levels are shown as triangles. Reference lines are included to represent the 1:1 correlation line and the zero-residuals line. The correlation coefficients
for continuous and discrete water levels are 0.95 and 0.81, respectively.
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of density driven fluid flow. Because the caprock aquifer is mainly
brackish, the uniform density model was deemed reasonable for
use in this study; however, the caprock aquifer does have a fresh-
water component, thus it would be worthwhile to collect salinity
observations across the study area and employ SEAWAT (Langevin
et al., 2003) or a similar variable-density groundwater flow model
to improve future simulations.

Heterogeneity in groundwater environments is prevalent,
especially in the caprock aquifer; however, heterogeneities across
the study area are poorly understood and thus difficult to include in
the design of the conceptual model. Hydrogeologic zones and units
were simulated as homogeneous to avoid over-complicating the
model, and because detailed hydrologic and geologic information is
limited. Thus, heterogeneities in the caprock aquifer were not
adequately represented.

Simulations of future conditions assume that GWI occurs when
the water-table breaches the ground surface; the model does not
account for subsequent surface flow, evaporation, or ponding that
occurs due to breaching. The model also does not consider flow in
the unsaturated zone, which can be relevant for finematerials. Also,
what is termed here as unsaturated space is completely dry in the
model simulation. With such an assumption, potential risk to
utilities is actually underestimated since such areas are not
completely dry.

2.3. GWI map generation

Digital data surfaces that characterize regions affected by GWI,
and regions with severely narrow unsaturated space (defined here
as having vertical thickness of less than 0.33m), can be produced by
quantifying vertical proximities between the local terrain and
simulated water-table elevations. Local terrain can be simulated by
constructing a digital-elevation model (DEM) from regionally spe-
cific topographic LiDAR data. Such data is available formany heavily
urbanized regions, and can be acquired from NOAA (NOAA b, 2016).

For this study, a DEM was produced by merging and hydro-
flattening 2013 NOAA DEM tiles. Raw ground return data points
describing elevations relative to LMSL were used by NOAA to
generate rasterized DEM tiles with 1-m horizontal resolution. The
data has a linear error of 0.15 m; thus, the DEM has a similar linear
error across regions defined by high-point density, and slightly
higher error across regions defined by low-point density. Hydro-
flattening was accomplished to ensure that water-reflected
returns were excluded from the DEM by applying an arbitrary
constant elevation of�1.5m to all major waterways, water features,
and offshore areas.

Rasterized representations of simulated water-tables were
constructed by interpolating digital data structures from the xyz
point data output of respective MODFLOW simulations. Digital data
structures were produced using the triangulated irregular network
method of interpolation and subsequently converted into 1 � 1 m
raster grids.

Tidal influence was simulated by applying the 1-D analytical
solution for tidal efficiency across a raster grid as a function of the
distance of each raster cell from the modeled coastline. The raster
grid was produced by calculating the distance of each cell from the
0-m elevation contour and applying the tidal efficiency component
of the ocean-oscillation correction equation across the grid to arrive
at tidal efficiency values from 0 to 1. The values of each cell were
then multiplied by a given tide stage to simulate the tidal surplus.
This raster data set was then summed with respective water-table
raster data sets to arrive at the tidally-influenced water-table
height at the given tide stage. The method can be used to simulate
any stage within the local tidal range. For this study, the average
monthly maximum tidal amplitude (MMT) measured at the
Honolulu Tide Station (0.49 m) was chosen for simulation to
represent a monthly flood event. The MMT is defined as average
maximummonthly tide height measured over the 19-year National
Tidal Datum Epoch. The current National Tidal Datum Epoch for the
United States is 1983e2001.

The final step towards producing GWI maps quantifies the ver-
tical extent of respective SLR-influenced water-table simulations
relative to the local terrain. This was accomplished by subtracting
each water-table raster grid from the DEM on a cell-by-cell basis.
This process produced a series of raster grids in which positive cell
values represent locations where the simulated water-table is sit-
uated below the modeled terrain and negative cell values where
the simulated water-table is situated above the modeled terrain at
extents specified by the cell value in meter units.

2.4. Uncertainty

Two main sources of error were identified in the uncertainty
analysis for vertical disparity between the ground surface and
potentiometric surface; these are LiDAR error and calibration
MODFLOW error. Vertical error present in the LiDAR data was re-
ported as less than 15 cm (Photo Science Inc., 2013). Error in the
MODFLOW simulation was found to be 12 cm based on the root-
mean-squared difference between simulated and observed water
levels. Water levels and elevations were measured with sub-
centimeter accuracy, thus measurement error is assumed to be
insignificant compared with the MODFLOW simulation error. The
quadrature sum of the two sources of vertical error (LIDAR and
MODFLOW simulation) was found to be 20 cm. This measure of
vertical uncertainty was used to quantify the lateral uncertainty in
GWI rasters, which was accomplished by re-projecting flood and
narrow unsaturated space contours (0.33 m relative to the
groundwater level) above and below the respective simulated
contours considering the 20 cm error. Additional uncertainties are
present in the GEOID 12amodel, which is used to transform heights
between ellipsoidal coordinates and physical height systems.
Within the study area, the vertical error in GEOID 12a ranges from
59 to 73.5 cm (Carlson, Personal communication). The analytical
solution that was used to simulate elevated tide stages and to
correct discrete groundwater levels considering influence by
ocean-oscillations assumes uniform tidal and sea-level anomaly
attenuation properties across a 1-D transect. Thus, the analytical
solution does not account for cross-shore variation of the attenu-
ation properties. Additional conditions that alter the vertical extent
of the water-table, such as drought, prolonged precipitation and
seasonal sea-level anomalies, were not included as part of the
vertical uncertainty estimate as simulations are representative of
average conditions of annual recharge at the MMT tide stage.

2.5. Damage assessment

To explore the utility of the GWI maps, a damage assessment
was carried out that quantifies the extent of municipal infrastruc-
ture and taxable real estate threatened by projected increases in
water-table elevation.

2.5.1. Taxable real estate
The value of threatened taxable real estate, considering struc-

tural assets and property, was assessed for each SLR scenario using
the following data sets: 2015 tax data from the City and County of
Honolulu's Real Property Assessment Division (CCH, 2016), geo-
spatial data representing tax parcel locations (SHOP, 2016), and
geospatial data characterizing building footprint locations (CCH,
2016). Tax data were merged with geospatial data based on indi-
vidual parcels to link asset values to their corresponding locations.
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Merged geospatial data were then compared to GWI raster grids to
identify proportions of building areas and property areas affected
by GWI. The total value of threatened property was assessed by
multiplying each property value by the corresponding percent area
affected by GWI and summing all products. The total value of
threatened structural assets was quantified similarly; however,
structure values representing only the first floor were considered
by dividing each structure value by the corresponding number of
floors. The sum of the overall threatened property value and overall
threatened structure value was calculated to arrive at the total
value of threatened taxable real estate.

2.5.2. Municipal infrastructure
The potential for roadway inundation was determined for each

SLR scenario using a geospatial dataset that characterizes locations
of Honolulu City and County Roadway acquired from the State of
Hawaii Office of Planning (SHOP, 2016). The dataset was compared
to GWI raster grids to quantify the total length of GWI affected
roadway produced by each scenario.

The potential for OSDS inundation was evaluated for each SLR
scenario using a geospatial dataset that characterizes active OSDS
sites on the island of Oahu, acquired from the State of Hawaii
Department of Health (Whittier and El-Kadi, 2009). The OSDS
dataset was compared to GWI raster grids to quantify the number
of both fully submerged sites and partially submerged sites lacking
the 4.4 m unsaturated space required for cesspool construction
according to Administrative Rule, Chapter 11e62 entitled “Waste-
water Systems” (Department of Health (2004)). Here we consider
fully submerged OSDS sites as potential sources of surface
contamination, and partially inundated sites as potential sources of
groundwater contamination based on the lack of unsaturated space
necessary for sewage filtration. Many existing OSDS sites were
constructed prior to the establishment of these requirements, thus
their existence is legally allowed. However, it is prudent to identify
potentially inundated sites based on the environmental ramifica-
tions that could result from direct seepage of raw sewage into
groundwater and floodwater.

3. Results

3.1. Monitoring results

The influence of ocean oscillations and rainfall on water-table
elevations at the four monitored well sites was investigated
(Fig. 5). The corresponding tidal influence parameters were calcu-
lated for the four monitored sites (Table 1). The ocean-oscillation
correction equation was derived excluding the anomalous value
calculated for Well 3, yielding values of �0.0017 for a, �0.0002 for
b, and 0.1215 for L with correlation coefficients of 0.96, 0.41, and
0.95, respectively.

The influence of tidal oscillations is evident at three of the
monitored well sites, with generally higher influence at the site
located nearer to the coastline. Water levels observed at Well 3
indicate heavy damping of the tidal signal and sharp increases
during rainfall events, specifically during the large rainfall event in
September of 2014. The location of Well 3 within a relict river
channel suggests that the subsurface is likely comprised of fine
grained or weathered material, which would explain the elevated
water levels during rainfall events owing to reduced rates of infil-
tration and the damped tidal influence.

The influence of sea-level anomalies is evident at all four of the
monitored well sites. Observations from Wells 1 and 4 feature
particularly exceptional levels of correlation between long period
variations in ocean and groundwater levels; this is based on sea-
level anomaly efficiency values and plots of weekly-moving
average ocean and water-table elevations that approximately
mimic each other.

The continued rise in sea-level represents an extremely long
period ocean oscillation relative to those observed as part of this
study; thus, it is expected that corresponding sea-level anomaly
efficiencies considering time periods of decades or centuries will be
further elevated and will approach 1.0 across the study area. This
level of efficiency would produce a nearly 1:1 relationship between
magnitudes of SLR and long-term lifting of the coastal water-table.

3.2. Hydrologic modeling results

The simulation of current water-table elevations (Fig. 6) illus-
trates that groundwater levels generally increase with distance
from the coastline. Due to the spatial aquifer variability, the rela-
tionship between water-table elevation and shoreline distance is
spatially variable. The simulation also illustrates the influence of
drawdown at locations where pumping is included in the model.
Simulated water levels in the western coastal region of the study
area appear to overestimate measured groundwater levels by as
much as 18 cm, however these observations consist of anomalously
low or negative water-table elevations and may indicate the pres-
ence of localized pumping or karst in the area. Simulated water
levels adjacent to the eastern end of the canal appear to underes-
timate observed water levels by as much as 37 cm, likely owing to
dynamic conditions of hydraulic gradient that may exist in this
area. Simulations showing the influence of SLR on water-table el-
evations reinforce the assumption that increases in water-table
elevations will be approximately equal to magnitudes of SLR.

3.3. Results of GWI mapping

Raster visualizations illustrate current and future conditions of
GWI and narrow unsaturated space (Fig. 7). The simulation repre-
senting current conditions successfully reproduces water bodies
that are present in the study area. However, small pockets of GWI
are also simulated in areas not known to flood during the repre-
sentative tide stage. The simulation was qualitatively compared
with images taken of archeological survey trenches that confirm
the presence of narrow unsaturated space in multiple regions in
which they were simulated. Because discrete water levels and
photographic evidence indicate that simulated water levels are
consistentwith observations, it is possible that the current extent of
GWI is being alleviated through undocumented small scale
pumping operations employed to dewater basements and con-
struction sites.

Spatial calculations indicate that 1.1% of the 13 km2 study area
currently hosts unsaturated space narrower than 0.33 m. This
extent increases to 5.7% in the þ0.32 m scenario, 15.4% in
the þ0.60 m scenario, and 19.3% in the þ0.98 m scenario (Fig. 8).
The þ0.98 m scenario also shows GWI across 23.0% of the study
area, which resides mainly in places occupied by heavily used
roadways.

3.4. Vulnerability assessment

Results of the vulnerability assessment (Table 2) suggest that
more than $185million of taxable real estate is currently exposed to
flood waters during the MMT stage of the tide. This value increases
exponentially over the three respective scenarios, reaching nearly
$5 billion in the þ0.98 m scenario. The length of inundated
roadway also increases exponentially, covering 0.023 km in the
current scenario and increasing to nearly 48 km in the þ0.98 m
scenario. Results of the OSDS site assessment suggest that 86% of
the 259 total active sites present in the study area are not compliant



Table 1
For each monitored well site, values of site distance from the coastline, vertical offset from LMSL, tidal lag, and tidal and sea-level anomaly efficiency are shown. Tidal lag and
offset are correlated to coastal distance, while tidal efficiency is inversely correlated to coastal distance. Heterogeneities in the sediment cause deviation from these trends, and
the variation in sea-level anomaly efficiency values.

Distance to coast (m) Tidal lag (min) Tidal efficiency (m/m) Sea-level anomaly efficiency (m/m) Offset (m)

Well 1 232 45 0.75 1.02 0.01
Well 2 1042 135 0.13 0.69 0.66
Well 3 867 145 0.002 0.36 0.59
Well 4 1160 130 0.16 1.01 0.53

Fig. 5. Groundwater level observations at the four monitored well sites in order of shoreline proximity. Observations of rainfall in units of meters (�10 vertical exaggeration), the
water level at the tide gage, and weekly-moving average values of ocean-level and groundwater-level observations (vertically displaced by respective values of offset for clarity).
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with current construction requirements, with one site shown as
being fully submerged. Results considering the þ0.98 m scenario
indicate that the percentage of non-compliant OSDS sites increases
to more than 91%, with 39 sites fully submerged.
4. Discussion

This study illustrates the utility of a methodology to identify
localized GWI and municipal vulnerabilities that will result from



Fig. 6. Simulated water levels reported in meters relative to LMSL representing current conditions with average annual recharge and a 0-m tide stage. Circles with the letter “P”
show the locations of pumping wells. Calibration points are shown to illustrate goodness of fit to observed values. Upward and downward extending bars indicate simulated water
levels above and below observed levels respectively. Green bars indicate that computed values are within the model error of 12 cm and orange and red bars indicate computed
values in excess of one and two standard deviations, respectively. The red line shows the extent of the coastline and the offshore boundary of study area.
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SLR-induced lifting of tidally-influenced coastal water-tables. GWI
represents a source of flooding separate from that of direct marine
flooding, and will occur regardless of shoreline hardening. Model
results indicate that SLR will have a strong influence on elevations
of the coastal groundwater table. Because tidal ranges are generally
normally distributed, it follows that episodic GWI will initially
occur at extreme points in the tide, following which it can be ex-
pected to increase in magnitude and frequency as the elevation of
built infrastructure is progressively breached at more frequently
occurring tide stages.

While the main goals of this case study were focused towards
assessing future vulnerabilities, results illuminated two issues of
current concern for the coastal municipality. First, results reveal a
potential prevalence of OSDS inundation by groundwater, and thus
direct and widespread seepage of untreated sewage directly into
coastal groundwater. Contamination by OSDS sites has become a
growing concern as climate-change related temperature increases
and unsaturated space narrowing reportedly have the potential to
reduce the volume of unsaturated soil and oxygen available to treat
wastewater (Cooper et al., 2016). Such reduction in sewage treat-
ment would increase the transport of pathogens and thus jeopar-
dize the health of the public and coastal ecosystems (Cooper et al.,
2016). Additionally, this contamination will be present at the
ground surface as groundwater progressively breaches the terrain.
To prevent future surface exposure of contaminants, it may be
necessary to remediate soil at OSDS sites that are projected to be
fully submerged.

The second issue of concern is the likelihood that rainfall
induced surficial flooding, commonly experienced in the study
area, may result from the prevalence of narrow unsaturated space.
During heavy rainfall events, narrow unsaturated space limits the
amount of water that can be accommodated through infiltration. It
follows that in regions where unsaturated space is narrow (less
than 0.33 m), it is likely that rain induced flooding is partially the
result of the full saturation of the soil. Further investigation is
required to confirm this; however, if found to be true, regions
projected to host narrow unsaturated space in the future can also
be expected to experience increased rainfall induced flooding. This
will occur in concurrence with the progressive reduction of water
accommodation by storm drains due to SLR. Thus, it can be
assumed that raster visualizations indicate tidally-induced chronic
GWI in regions shown as flooded, and episodic rainfall induced
flooding in regions shown as having narrow unsaturated space.

Based on the presented scenarios, it is envisioned that as infil-
tration and drainage are diminished, pools of brackish water con-
taining urban pollutants will become increasingly widespread.
Buried infrastructure (e.g., basements, cesspools, utility corridors)
not designed to withstand continued submersion will experience



Fig. 7. Raster visualizations of simulated GWI (blue) and narrowed unsaturated space (yellow) for simulations representing a) current conditions and b) 0.32, c) 0.60, and d) 0.98 m
increases in sea-level for a tide height representative of the MMT datum (0.49 m above LMSL). The study area is indicated by the shadowed region. Vertical error in the distance
between terrain and groundwater is ± 20 cm.

Fig. 8. Spatial calculations of study area percentages considering regions with unsaturated space narrower than 0.33 m, regions with GWI, and the sum of both. Percentages were
additionally calculated for scenarios considering the error of þ20 cm and �20 cm, denoted here as s.
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inundation and saltwater intrusion. These impacts present engi-
neering challenges that endanger the economic feasibility of
maintaining a dry city. Practical upgrades toward maintaining a dry
city would include the installation of groundwater and storm-
water pumping units, and the modification of drainage to reduce
inflow of seawater during high tide. Alternatively, vulnerable areas
could be redesigned to accommodate a certain amount of flooding.
Adapted means of transportation, such as elevated mass-transit



Table 2
Results of the damage assessment including taxable parcel and structure real estate considering damages to the ground floor, kilometers of inundated roadway, percentage of
the total number of active OSDS sites not compliant with current construction regulations, and the number of OSDS sites fully submerged to the ground surface.

Sea level rise
projection

Taxable real estate (property and
structures)

Inundated roadway
(km)

Percentage of total 259 OSDS sites likely
inundated

Number of cesspools fully
submerged

Current $185,319,692 0.02 86% 1
þ0.32 m $380,638,276 1.20 90% 1
þ0.60 m $1,149,800,027 10.99 91% 5
þ0.98 m $4,968,484,196 47.55 91% 39
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systems, may be necessary, considering the prevalence of GWI
along heavily utilized roadways shown in accompanying simula-
tions. In any case, it will be necessary that submerged infrastructure
be constructed to withstand constant submersion in saline waters,
and that OSDS reliant properties lacking sufficiently thick unsatu-
rated space be connected to municipal sewage treatment systems.
5. Conclusion

Over the 21st century, sea level is expected to rise tomagnitudes
that will result in extensive damage to dense networks of buried
and surface infrastructure that exist across heavily developed
coastlines. The inundation of low-lying areas and buried infra-
structure by tidally influenced groundwater has already become
chronically damaging in urban municipalities along the East Coast
of the United States. In preparation for more extreme and frequent
flood events, the identification of vulnerabilities is a necessary step
toward designing workable solutions.

This case study illustrates the need to consider coastal
groundwater fluxions in the simulation of SLR induced flooding and
presents a regionally flexible methodology in which to do so. The
methodology is specifically geared for use in heavily-developed
coastal regions owing to the generally increased well availability
and public accessibility of required data sets. The production of
flood simulations combines groundwater monitoring, quasi-3
dimensional hydrologic modeling (MODFLOW-2005), 1-D analyt-
ical evaluation of tidal influence, and terrain modeling. The model
output consists of raster data sets that specify the elevation of the
water-table either above or below the simulated terrain, which can
be seamlessly integrated into geospatial platforms to conduct
various hazard analyses.

For proof of concept, this study applies the methodology to the
Waikiki area of Honolulu, Hawaii. Here we construct flood simu-
lations that consider current conditions and future elevations of
sea-level at 0.32, 0.60, and 0.98m, and a tide stage representative of
the mean maximum monthly tide elevation (0.49 m above LMSL).
Tidal influence was estimated across the study area based on
continuous water-level monitoring in three wells.

The hydrologic model simulation of current water-table eleva-
tions was calibrated using data from monitoring wells in addition
to 95 discrete water-level measurements compiled from Depart-
ment of Health Leaky Underground Storage Tank reports. The
calibrated model produced a root-mean-squared residual of 12 cm
between observed and simulated groundwater levels. Following
calibration, the influence of SLR on water-tables was simulated by
specifying themodeled ocean elevations for future scenarios of SLR.

Results indicate that approximately 1.1% of the 13 km2 study
area presently has narrow unsaturated space of less than 0.33 m.
SLR of 0.98 m raises this extent to 19.3% and produces GWI over
23.0% of the study area. It follows that under 0.98 m of SLR, nearly
half (~42%) of the region will likely experience either chronic GWI
during elevated stages of the tide, or episodic flooding induced by
heavy rainfall. The corresponding hazard assessment indicates that
the currently narrow state of unsaturated space likely causes
inundation of 86% of 259 active OSDS sites located across the study
area, and threatens to fully submerge 39 OSDS sites by the end of
the century. This suggests that sewage based contamination is
currently ongoing across the study area. If contamination is indeed
ongoing and remains unchecked, serious public health ramifica-
tions could ensue as waters progressively breach the surface and
come into contact with local residents and the millions of visitors
who travel to Waikiki each year.
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