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Assessment of groundwater inundation as a
consequence of sea-level rise
Kolja Rotzoll1* and Charles H. Fletcher2

Strong evidence on climate change underscores the need for
actions to reduce the impacts of sea-level rise. Global mean
sea level may rise 0.18–0.48m by mid-century1,2 and 0.5–1.4m
by the end of the century2. Besides marine inundation, it is
largely unrecognized that low-lying coastal areas may also
be vulnerable to groundwater inundation, which is localized
coastal-plain flooding due to a rise of the groundwater table
with sea level. Measurements of the coastal groundwater
elevation and tidal influence in urban Honolulu, Hawaii, allow
estimates of the mean water table, which was used to assess
vulnerability to groundwater inundation fromsea-level rise.We
find that 0.6m of potential sea-level rise causes substantial
flooding, and 1m sea-level rise inundates 10% of a 1-km wide
heavily urbanized coastal zone. The flooded area including
groundwater inundation is more than twice the area of marine
inundation alone. This has consequences for decision-makers,
resource managers and urban planners, and may be applicable
to many low-lying coastal areas, especially where groundwater
withdrawal is not substantial.

Coastal regions with low elevations and dense populations are
at the highest risk of marine flooding. Global estimates suggest
that more than 20 million people live below normal high-tide
levels and more than 200 million people are vulnerable to flooding
during temporary sea-level extremes3. Areas with a higher elevated
shoreline than the hinterland are somewhat protected frommarine
inundation; however, groundwater inundation is a further risk
faced by coastal plains before marine flooding occurs (Fig. 1).
The groundwater table in unconfined aquifers typically lies above
mean sea level4, fluctuates with daily tides and other low-frequency
sources of ocean energy, and amplitudes decrease exponentially
with distance from the shoreline5. As sea level rises, the water
table will rise simultaneously6 and eventually break out above the
land surface creating new wetlands and expanding others, changing
surface drainage, saturating the soil, and inundating the land
depending on local topography. Flooding will start sporadically but
will be especially intense seasonally when high tide coincides with
rainfall events. Rising groundwater levels could cause long-term
problems related to water management (aquifer salinization) and
infrastructure (flooding) in coastal areas, which could be costly to
mitigate even when they are not catastrophic7. Thus, groundwater
inundation requires a more complex assessment of adaptation
tools and strategies than marine inundation alone. This study
focuses on southern Oahu, Hawaii; yet the problem is applicable
to most low-lying coastal lands where the water table (freshwater or
otherwise) is near the surface.

The coastal aquifer in southern Oahu is a complex of
sedimentary deposits ranging from variably porous limestone to
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Figure 1 | Conceptual diagram of a freshwater lens, and marine and
groundwater inundation under SLR in the southern Oahu aquifer.

low-permeability alluvium8 called ‘caprock’ (Fig. 1). Although the
unconfined caprock aquifer is heterogeneous, it is often treated as
a homogeneous unit confining the underlying basalt aquifer, which
is the primary drinking-water source on the island9. In this study,
we compile existing groundwater data to estimate the current water
table in the southernOahu caprock aquifer and assess how potential
future SLR could affect inundation potential and timing.

Measured tidal efficiencies in the Honolulu and Pearl Harbor
caprock aquifer (Fig. 2) show the characteristic exponential decay
of amplitude with distance from the boundary (Fig. 3a). At 1 km
inland, tidal amplitudes decrease to 1% of ocean amplitude. Scatter
in the attenuation plot can be attributed to aquifer heterogeneity
at the regional scale, plausible because of the one-dimensional
simplification of the study area. The slope of the regression line
fitted to observations provides an effective aquifer diffusivity of
1.3⇥105 m2 d�1 for the caprock aquifer, equation (1). Specific yield
of the upper limestone unit ranges from 0.1 to 0.2 and aquifer
thickness determined from well logs in southern Oahu varies
between 20m and 80m (ref. 10), yielding hydraulic conductivity
between 170 and 1,300md�1 (respectively; Supplementary Fig.
S2a). Assuming average values of specific yield (0.15) and aquifer
thickness (50m), the unique hydraulic-conductivity estimatewould
be 400md�1. All conductivity estimates are consistent with
previous estimates of the coral- and reef-limestone deposits in
the upper caprock8,11.

Measuredmeanwater levels are divided into wet and dry years to
account for annual variations (Fig. 3b). The calculated groundwater
table, equation (2), was fitted to measured data from both wet and
dry years. The root mean square errors between measured and
calculatedwater levels of thewet and dry years are 0.145 and 0.066m
(respectively). To simplify the assessment, the average water table
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Figure 2 |Map of the study area of southern Oahu, Hawaii, surficial
geology, aquifer-system boundaries and locations of tidal-efficiency and
groundwater-level measurements.

of wet and dry years is used. To obtain an independent check
on the estimated groundwater level, and assuming a recharge rate
over the caprock of 2.0m2 d�1, the leakage from the basalt to the
caprock aquifer is 2.0m2 d�1, which is consistent with previously
reported values11,12. To disregard individual tidal fluctuations, the
offset betweenmean higher high water (MHHW) and currentmean
sea level is multiplied by the tidal efficiency with distance from the
boundary and added to the mean water table to yield an estimated
steady-state groundwater table atMHHW(Fig. 3b).

The estimated water table at MHHW is projected throughout
the Honolulu and east Pearl Harbor caprock aquifer as a function
of distance from the shoreline (Supplementary Fig. S1), which is the
best regional estimate in the absence of further observations. Model
uncertainty and sensitivity are addressed in the Supplementary
Information. Flooding mostly occurs within a 1-km wide coastal
zone along the shoreline, and a SLR of 0.33m has little effect
on inundation, but a 0.66m SLR, and a more pronounced 1.0m
SLR, reveals widespread groundwater inundation of the land
surface (Fig. 4b) that is much greater than marine inundation
(Fig. 4a). The flooded area including groundwater inundation is
twice the area of marine inundation alone for the 0.33-m SLR
scenario (Table 1). For a 0.66m SLR, the portion of groundwater
inundation to total flooded area increases to 69%, and it is
58% for a 1m SLR.

At first, groundwater inundation will occur infrequently, usually
when high tide is coinciding with heavy rainfall. In the chronology
implied by semi-empirical models13, areas lying within 0.33m of
modern MHHW are especially vulnerable to the impacts of SLR
by mid-century, whereas those lying between 0.66 and 1m are
vulnerable in the latter half of the century. Throughout the study
area, flooded regions occupy 0.5% within the heavily urbanized
1-km buffer for the 0.33-m SLR scenario (Table 1). Under 0.66-m
SLR, inundated areas increase to 2.5% of the total area, and for
1-m SLR 5.8 km2 or 10% is flooded. The ratio of inundated areas
to total area in individual aquifer systems is similar to the total
numbers. However, it is noteworthy that the inundation inWaikiki
(Palolo aquifer) and Ala Moana (Nuuanu aquifer) is higher with
13.5 and 19% of the area within the 1-km buffer under a 1-m SLR
(respectively). This is consequential for businesses and tourism, and
also for residents inland of Waikiki.

The vertical uncertainty for the estimated flooded areas
is ±0.35m (Supplementary Information), indicating that areas
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Figure 3 |Measurements in the southern Oahu aquifer. a, Tidal amplitude
attenuation with distance from the coastline. b, Mean groundwater-level
measurements and estimated mean water table (MWT).

inundated by 0.66m SLR, for example, could be the areas
now presented by the 0.33-m or the 1.0-m SLR scenarios.
Limitations also include the one-dimensional assessment of aquifer
properties and water levels. Higher confidence in projecting
groundwater inundation can be achieved with more continuous
groundwater measurements throughout the study area and higher
resolution topographic data.

Figure 4b and Supplementary Fig. S3b depict flooded regions
due to groundwater inundation at higher sea levels. This can be
used to plan for SLR adaption in: the design of infrastructure
such as hospitals, urban drainage, wastewater treatment, and
roadways; cases where public health and safety are at risk; and
in the management of natural ecosystems and resources. Along
the shoreline, impacts will also include beach erosion and marine
inundation from wave overtopping with increased frequency
and magnitude. At inland areas, impacts will include reduced
infiltration and drainage, and saltwater intrusion. Urban drainage
systems in coastal areas rely on the ability to drain surface runoff
into the ocean. As sea level rises, groundwater inundation will
prevent infiltration and drainage. It is likely that future urban
settings will be characterized by standing pools of brackish water,
maximized at high tide. This may affect traffic, walkways, and
any movement in urbanized coastal areas. Eventually, runoff from
rainstorms will encounter few drainage options. Travel, commerce,
and emergency services may be impacted and groundwater
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Figure 4 | Inundation at MHHW under sea-level rise in the Honolulu caprock aquifer, Oahu, Hawaii. a, Marine inundation and b, total inundated areas
including groundwater inundation.

Table 1 |Total flooded areas by groundwater inundation and marine inundation within 1 km of the southern Oahu coastline and
percentage of flooded area by groundwater inundation over total flooded area for several SLR scenarios.

Aquifer Total flooded area (km2) Total flooded area, in percentage
of area in 1-km buffer

Flooded portion by
groundwater inundation, in
percentage of total flooded area

Sea-level rise (m)

0.33 0.66 1.0 0.33 0.66 1.0 0.33 0.66 1.0

Palolo 0.04 0.23 1.09 0.51 2.8 13.5 48 69 54
Nuuanu 0.02 0.21 1.32 0.23 3.0 19.0 42 88 66
Kalihi 0.06 0.17 0.52 0.59 1.8 5.4 48 36 55
Moanalua 0.11 0.53 1.97 0.62 2.9 10.7 68 76 63
Waimalu 0.08 0.31 0.87 0.54 2.1 5.8 33 64 42
Total 0.31 1.44 5.76 0.53 2.5 9.9 51 69 58
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inundation may change the character of the land surface in
ways that work against public health and safety. Furthermore,
increased soil saturation may lead to a series of geotechnical and
slope-stability issues. For example, rising aquifer salinity leads
to corrosion of subsurface structures, including water and sewer
pipes6. A higher water table may also cause increased evaporation
and groundwater discharge.

Groundwater withdrawals from wells in the study area are
used for irrigation of landscaping and golf courses, small-scale
agriculture, and water for cooling purposes. Although a rising sea
level, seawater intrusion, and higher concentrations of brackish
water in the coastal aquifer imply a degradation of water quality
in places that use fresh groundwater for drinking-water purposes,
the effects of SLR on caprock water resources on Oahu are
minimal because potable water is not withdrawn from the caprock
aquifer. Developed coastal aquifers are generally more vulnerable
to groundwater extraction than to SLR (ref. 14), and because
withdrawals lower water tables, it reduces the likelihood for them
to rise and cause flooding. Thus, groundwater withdrawals can be
used to mitigate the effects of a rising water table, even if it means
pumping brackish water to avoid inundation. As groundwater
inundation is largely unrecognized but potentially relevant, we
recommend rigorous planning in affected areas. It is important
to have a detailed understanding of the spatial distribution of
the coastal groundwater level and temporal resolution of the
processes that control changes in water-table height, and it is
therefore essential to monitor groundwater levels continuously
throughout the coastal zone.

Methods
Groundwater levels in the coastal zone oscillate with the ocean surface; thus,
mean water levels of continuous measurements provide more meaningful data
than discrete measurements. Measured mean water levels in the Honolulu and
Pearl Harbor caprock aquifer include observations in the Moanalua aquifer near
Hickam Airforce Base in 2005 (refs 15,16), at the Greyline Terminal near the
Honolulu International Airport in 2002 (El-Kadi, unpublished), and one discrete
measurement at the Beretania pumping station in 2011 by the Honolulu Board of
Water Supply (HBWS, unpublished), where tidal influence is negligible (Fig. 2).
Water levels measured in 2005 correspond to a relatively wet year, and those
measured in 2002 and 2011 correspond to relatively dry years9.

Tidal efficiency is the ratio of amplitude variation in a well compared to
ocean-tide amplitude. It is conveniently used to estimate hydraulic properties,
such as hydraulic conductivity and storage parameters of coastal aquifers, and is
applicable to unconfined aquifers when tidal amplitudes are small in relation to
aquifer thickness17,18. The relation of amplitude attenuation with distance from the
boundary provides a regional aquifer-diffusivity estimate, D (m2 d�1), which yields
a hydraulic-conductivity estimate, K (md�1), assuming plausible values for aquifer
thickness, b (m), and specific yield, Sy (dimensionless)19:

D= Kb
Sy

= x2⇡

(ln A)2⌧
(1)

where x is distance to the coastal boundary (m),A is tidal efficiency (dimensionless),
and ⌧ is the period of the oscillation (d). Owing to higher correlation and thus
higher confidence in the tidal efficiency, time lags are not considered in the analysis.
The increase in aquifer thickness due to a sloping water table is small compared
with the total aquifer thickness and effects are neglected. Tidal efficiencies were
measured in the Moanalua aquifer near Hickam Airforce Base15,16, at the Greyline
Terminal (El-Kadi, unpublished), in the Kalihi aquifer20, and in the Willows Pools
(Palmer, unpublished; Fig. 2).

Simplifying the observations to one dimension by assuming homogeneity of
caprock-aquifer properties throughout the Honolulu and Pearl Harbor area allow
estimates of a generalized water table at steady-state conditions, h (m relative to
mean sea level), using the equation of Glover4:

h=
s
2(⇢s �⇢f)qx

⇢sK
(2)

where ⇢s is the saltwater density (kgm�3), ⇢f is the freshwater density (kgm�3),
and q is the freshwater flow per unit length of shoreline (m2 d�1). Density of
salt- and freshwater is assumed 1,025 and 1,000 kgm�3 (respectively). Flow
through the caprock aquifer includes surficial recharge and leakage from the
basalt to the caprock aquifer. Recharge over the east Pearl Harbor caprock is

estimated as 2m2 d�1 (ref. 12) and estimates of leakage rates to the caprock aquifer
are similar11,21. The regional caprock hydraulic conductivity is estimated from
tidal-amplitude attenuation, equation (1), and the water-table height with distance
from the shoreline is estimated by varying the freshwater flux in equation (2) and
minimizing the root mean square error between calculated and measured water
levels. Hydraulic-conductivity estimates of the upper limestone unit of the caprock
from tidal analyses on the southwest coast of Oahu range from 8 to 8,700md�1

(ref. 21). Oki8 simulated that unit with a horizontal hydraulic conductivity of
760md�1. A sensitivity analysis shows the effects of the parameters affecting the
calculated water table (Supplementary Information).

Areas where the problem of groundwater inundation is likely to develop can
be characterized by digital elevation models (DEM) derived from airborne LiDAR
datasets. The National Geospatial-Intelligence Agency, among others, has collected
LiDAR data for much of the Hawaiian Islands. The DEM of southern Oahu has a
horizontal resolution of 1m. A map of areas vulnerable to groundwater inundation
was obtained by subtracting the DEM from the estimated regional water table and
adding estimates of SLR in 0.33-m increments up to a worst-case scenario of 1m by
end of the century. The linear increase in water-table height with SLR is applicable
in flux-controlled systems where the seaward groundwater flux is maintained22,
for example, in freshwater-lens aquifers underlain by saltwater that is directly
connected to ocean fluctuations (Fig. 1). Water tables may not rise linearly with
SLR; the coastline will shift and changes in recharge or discharge are likely with a
changing climate and a rising water table. These processes are transient and may
lead to a nonlinear response of the water table to SLR.

Marine inundation is assessed by isolating DEM cells that are hydrologically
connected to the ocean or adjacent flooded cells using the 8-side approach23, and
including areas connected through underground drainage channels, which are not
apparent from the DEM. Areas vulnerable to marine inundation are obtained by
adding estimates of SLR toMHHW in 0.33-m increments up to 1m. Consequently,
the part of the total flooded area that is not marine inundation is considered
groundwater inundation.
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