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Abstract
A COMPARATIVE STUDY OF PASSIVE VERSUS DYNAMIC SEA-LEVEL
RISE INUNDATION MODELS FOR THE ISLAND OF KAUAI
by

Rhiannon Bezore

Using ArcGIS, a sea-level rise inundation comparison was conducted using
four different techniques under five sea-level rise conditions for the Kauai, Hawaii,
towns of Hanalei Bay, Kapa’a, and Waimea. Sea-level rise was mapped in 0.5 m
increments from 0.0 m of rise to 2.0 m of rise. Datasets used in the analysis include a
digital elevation model (DEM) layer, wave height data, tidal elevation data, and land
cover data. The four techniques illustrating projected inundation serve as a
comparison of passive versus dynamic models. The primary goals of this study were
to not only compare passive and dynamic sea-level rise inundation models, but also to
provide a realistic representation of what future sea-level rise will look like on Kauai,
and which areas would be inundated at specific future water surface levels. The
results of this analysis can be used to aid Kauai government officials in planning for
the future and to aid in prioritizing where and what infrastructure and development

will need to be considered before actual sea-level rise impacts occur.
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Introduction

Sea level has been rising steadily since the beginning of the 20" Century at a
rate of about 1.8 mm /yr, with the rates increasing to about 3.0 mm/yr since 2000
(NRC, 2012; Board on Atmospheric Sciences and Climate, 2010. P.238) (Figure 1).
Prior to 1993, sea level measurements were taken from tide gauges, which provide
only local values, but since then satellite altimetry has become the primary method of
measurement, which provides global values. According the latest IPCC report on sea-
level rise and climate change, under IPCC AR5 scenarios and within the 95%
confidence range, global sea level is projected to rise by 0.80 m between 1996 and
2100 (Church et.al, 2013. P.1184). Between the years of 2081 and 2100, the fifth
IPCC report also projects the rate of global mean sea-level rise to range from 4.4
mm/yr to 11.2 mm/yr (P.1181). For the Hawaiian Islands, however, sea level is
projected to increase by about 0.82 m (~2.6 ft) from 1990 levels by the year 2100
(Codiga and Wager, 2011. P.2).

This local increase in sea level and global sea-level rise can be attributed to
the increase in anthropogenic carbon dioxide (COz2) that has been observed and
documented (Figure 2) since the Industrial Revolution in the late 19" Century and
subsequent drastic increase in the burning of fossil fuels (Board on Atmospheric
Sciences and Climate, 2010. P.185). Carbon dioxide from anthropogenic sources
enhances Earth’s greenhouse effect by trapping long-wave radiation emitted from
Earth’s surface. As the atmosphere warms, sea- level rises as a result of two main

factors, the melting of land ice and the thermal expansion of seawater. The first raises



sea level by adding mass to the ocean in the form of melting terrestrial ice, compared
to the melting of sea ice, which does not have an effect on sea level. The second
factor is a function of water’s unique physical properties, in that as water warms, it
expands. Sea-level rise is not uniform across the globe and is actually projected to
decrease in some regions due to tectonic uplift and other regional effects. Sea level
surrounding the Hawaiian Islands tends to rise more slowly than the global average
rate, possibly due to wind patterns in the Pacific Ocean and the piling of warm water
to the western Pacific, which raises sea level in that region relative to the rest of the
Pacific. Hawaii has had an average 0.15 cm/yr increase in sea level over the last
century, but the islands are still very susceptible to the impacts of rise (Fletcher,

2012).

Figure 1 Sea-level change for 1870-2014, with data shown in blue being based on
tide gages and data shown in red being based on satellite altimetry (Church 2006, and
University of Colorado, 2014).
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Figure 2 The Keeling Curve showing atmospheric carbon dioxide measured at the
Mauna Loa Observatory from 1960 to 2014 (keelingcurve.ucsd.edu).
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The most common type of sea-level rise inundation mapping is what is known
as passive or “bathtub modeling,” in that it “represents a reference level and depicts
the amount of inundation due to sea-level rise only,” much like filling up a bathtub
(Storlazzi, 2013. P.13). The simplest way to illustrate inundation in a passive model is
to show any low-lying elevation that is likely to be inundated by a rise in sea level.
The next simplest passive method is to use sea surface height specific to the region,
from tidal data, to show inundation due to sea-level rise combined with high tides.
This is best shown using mean higher high tides, so as to show the maximum impact.

Neither type of passive model takes into account dynamic forces, such as
wave height, wave shoaling, wave set-up, or wave run-up (Figure 3). Wave height is
measured offshore at a given depth, and the wave face will steepen as the wave

propagates through shallower water, shoaling over the fringing reef that is found on



the outer edges of the bay, and run-up the beach as it breaks. These processes will act
to amplify the effects of sea-level rise, especially when mapped on top of a tidal
surface. This study compares two types of passive inundation models: one showing
low-lying areas susceptible to inundation and one showing tidal surfaces with sea-
level rise. Two types of dynamic models are also analyzed: one showing sea-level
rise with wave set-up and one showing sea-level rise with wave set-up and wave run-
up. Both of the dynamic models also incorporate tidal sea surface height at mean

higher high water.

Figure 3 Visual representation of passive versus dynamic inundation models,
including various components of inundation calculations for each (Storlazzi, 2013.
P.4).
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Study Area

The Hawaiian-Emperor Seamount Chain is an intra-plate volcanic chain that
sits over an inferred hotspot, which is believed to be the rising of a magma plume
stemming from as deep as the core-mantle boundary, although some argue that the
magma source is from the shallow asthenosphere (Courtillot, et al., 2003). This
hotspot is currently located underneath the Big Island of Hawaii (Figure 4), which
accounts for the ongoing volcanism on the island. The seamount chain extends over
6,000 kilometers from the Big Island of Hawaii to the Aleutian Trench and increase
in age farther away from the hotspot (Watson 1999). The seamounts are shield
volcanoes formed from low viscosity, very fluid basaltic lava flows. The Hawaiian
Islands sit south of the bend and showcase the expected behavior of westward Pacific
Plate motion and an inferred hotspot (Clague and Dalrymple, 1989), although more
recent work suggests that the bend in the chain is more likely due to a moving hot

spot rather than a shift in plate motion (Tarduno, et al., 2009).

Figure 4 Depiction of hotspot volcanism that currently lies under Hawaii, increasing
age away from the hotspot, and north-west movement of the Pacific Plate. (Eruptions
of Hawaiian Volcanoes: Past, Present, and Future: U.S. Geological Survey General
Interest Publication).
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Kauai is the northern-most and oldest inhabited island in the Hawaiian Island
Chain, at 477 km from Hawaii and about 5.7 million years old (SOEST). It has 75 km
of sandy beaches, 71% of which show signs of erosion, classified as temporary or
permanent decrease in beach width, rather than cliff erosion, over the past 86 years
(Fletcher, et al, 2012, P.21). One factor that impacts Kauai’s high percentages of
beach erosion is that it is a volcanic island. The igneous rocks that make up the island
are resistant to the eroding processes, such as wind, rain, and flowing rivers, that
would carry sediment from inland to the beaches. The sediment supply from inland is
limited to said beaches, and when sediment supply does not equal or surpass sediment
loss, beaches erode. The decrease in beach widths will only continue with an increase
in sea-level unless inland migration of the beaches is allowed to occur as it would
without anthropogenic influence. It is believed that “areas lying within 32 cm (1ft) of
modern mean higher high water (MHHW) are especially vulnerable to the impacts of
SLR by mid-century while those lying between O.75 and 1.9 m (2.5-6.2ft) will be
vulnerable in the latter half of the century” (SOEST, 2008).

Three specific locations on the island of Kauai were chosen for this study:
Hanalei, Kapa’a, and Waimea (Figure 5). These locations were chosen to represent
different conditions and to serve as case studies for passive regional versus dynamic
regional inundation models. Each site has different on- and offshore conditions,
including wave height and direction, bathymetry, topography, beach slope, and land

cover types. All three locations were also identified as areas of interest to the County



of Kauai after conferring with Sea Grant Hawaii and the County of Kauai Planning

Department (2013).

Figure 5 Study area showing Kauai as the northernmost island of the Hawaiian
Islands and the three specific study sites: Hanalei on the northern coast, Kapa’a on the
east, and Waimea in the southwest
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The town of Hanalei (Figure 5) is located on the north shore of Kauai in
between the towns of Haena to the west and Princeville to the east and is situated on
the Hanalei Bay. The town is bounded by the Waioli Stream on the west and the
Hanalei River on the east, and the beaches of Hanalei are primarily made of carbonate
and terrigenous sediments. Hanalei beaches (Figure 6) are experiencing an average
accretion rate of
0.0 m/yr to 1.4 m/yr, but can experience large erosional events during winter swells
and can experience greater accretion during calm summer months (Fletcher, et al.,

2011).



Figure 6 Hanalei facing east towards the Hanalei Pier, showing conditions during
Summer 2013.

Kapa’a is on the east side of Kauai (Figure 5) and is confined by what is left
of the Kealia Landing to the north and the Waikaea Canal to the south (Kauai
Shoreline Study Erosion Maps, 2008). The average long-term (1927-2008) erosion
rate for Kapa’a is -0.19 m/yr to -0.15 m/y., while the average short-term (1950-2008)
erosion rate is -0.10 m/yr to -0.06 m/yr (Fletcher, 2011). There are already several
protection measures in place to slow erosion along this section of coast, including rip
rap and groins placed along the shoreline, as well as barrier fences sectioning off
highly erodible sections of the coast in hopes of limiting human access, which tends

to increase erosion (Figure 7).



Figure 7 Kapa’a showing conditions during Summer 2012 and Summer 2014,
respectively. Note the proximity of infrastructure to the beach and the existence of a
te

mporary f

£
i

ence to slow erosion of the coast along this section.

Waimea is located on the southwest shore of Kauai (Figure 5) and is subject
to Kona storm waves, which occur mostly from October through April, are generated
by southerly and southwesterly winds, and reach heights of 3-5 m; trade wind waves;
and southern swell, as well as being exposed to inundation up to 300 m inland from
hurricanes such as Iwa (1982) and Iniki (1992) (Fletcher, 2012. P.25). Waimea is
confined by the Kikiaola Small Boat Harbor, built in 1959, in the west and the
Waimea River in the east, both of which lead to a maximum trend of 0.7 m/yr to 2.1
m/yr of accretion on Waimea’s beaches. The river supplies the majority of the
sediment, and the jetties that bound both sides of the harbor trap sand on the east side

of the harbor as it flows to the west (Fletcher, et al., 2011) (Figure 8).



Figure 8 Looking east on Waimea Beach from the Waimea State Recreation Pier
(Google Earth, 2012)

According to the last countywide census that included all of the census
designated places (CDP), of Kauai County’s 67, 090 residents, 450 live in Hanalei,
10,699 live in Kapa’a, and 9,212 live in Waimea (US Census, 2010). The majority of
these residents live at or near sea level. In addition, Kauai’s economy is almost
entirely dependent upon tourism, which in turn is dependent upon the beaches. With
sea-level rise, one can expect to see damage to buildings and infrastructure, beach
erosion, inundation of low lying areas, and increased impacts during storm events,
none of which are conducive to living near the coast or to supporting an economy
reliant on tourist who come primarily for the beach experience (Fletcher, et al, 2010,
P.16). Examining and analyzing future impacts from sea level rise before the impacts
are actually occurring is a worthwhile and useful endeavor, whether or not it is known

exactly when the sea-level rise will occur (Fletcher, et al, 2010, P.15).
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Methods

Four different methods in ArcGIS were used in this study to show inundation
due t0 0.0 m, 0.5 m, 1.0 m, 1.5 m, and 2.0 m of sea-level rise. All of the methods used
a 3 m digital elevation model (DEM) obtained from NOAA that is referenced
vertically to local mean sea level (LMSL) and horizontally to the North American
Datum of 1983 (NAD83) (NOAA, 2010). This is the same DEM that is used in
NOAA’s Hawaii Edition of the Digital Coast Sea-level rise and Coastal Flooding
Impacts Viewer. Methods in this study were based in part off of the methods used in
Storlazzi et. al’s (2013) comparative study of passive versus dynamic inundation
models and NOAA’s Detailed Methodology for Mapping Sea-Level Rise Inundation
(NOAA, 2012).

The first method was to simply show any elevation less than each of the
stated increments of sea-level rise, which was done by using a conditional statement
within the map algebra raster calculator tool to create a binary raster. This process
was completed for each of the three locations with accompanying maps showing the
results of each increment of sea-level rise.

The second method included tidal data for each location to show not only low-
lying areas susceptible to inundation, as was the case in the first method, but also to
give a more realistic inundation scenario as well as the increased impact that high
tides can have on inundation. The tidal data was retrieved from NOAA, both from the
Digital Coast Sea-level rise and Coastal Flooding Impacts data set, and from the

Tides and Currents database for verification of sea surface elevation for the three

11



locations. The tidal data used was all in the mean higher high water tidal datum,
which is the average of the higher high water height of each tidal day observed over
the National Tidal Datum Epoch, so as to create a tidal surface that would provide
maximum inundation values (NOAA, 2012). This average mean higher high water
value for each location was then added to each sea-level rise increment. This again
was done using a conditional statement within ArcMaps’ math algebra tool to create a
binary raster layer for each sea- level rise scenario. These layers were combined into
a map to show each level of inundation.

For the third method, not only was the tidal surface at mean higher high water
included in the calculations, but the wave run-up for each location at each rise of sea-
level were also used. The run-up was calculated by first using the assumptions that
the average depth of coral reefs near shore is 1.0 m, and that a wave breaking over

coral reefs can only be 1.0 m high then, since breaking wave heights are depth

H
dependent with aratioof Yy = 73 = 0.73 — 1.03 = 1.0, where Hy is the

height of the breaking wave and h is the depth of the water column (Komar, 1976.
P.174). Therefore, as sea-level rises, the depth of the water column will increase over

the reefs, and the height of waves shoaling over the reefs will increase, while still

maintaining an assumed ratio of ¥ = 1.0. Method #3 uses this assumption to find

the wave set-up for sea-level rise increments of 0.0-2.0 m using wave heights of 1.0-
3.0 m, as well as the mean higher high water elevations used in Method #2. Method

#3 represents a spatially-uniform approach to modeling inundation, which may not

12



show what inundation will actually look like in the three locations used in this study,
since the bathymetry varies spatially within all three study areas. For instance, wave
set-up will likely be greater over zones of shallower reefs than modeled and will
likely be less than modeled in areas of deeper reef flats or near paleo-stream channels
in the reefs.

The average beach slope for each location was then found using beach
profiles compiled by Gibbs, et al. with elevations in meters above the local tidal
datum (Gibbs, et al., 2008). A shoaling factor, which is controlled by the deep water
wave steepness and the slope of the beach, of 1.52 was used, as the beaches classified
as having moderate slopes (roughly 1:33 slope), which was then added to each wave
height to get the shoaling breaker height. The wave set-up was then calculated as
being ten percent of the shoaling breaker height, as the shoaling of the wave energy
decreases the set-up height by 85-90% (UCAR, 2009). This set-up height was then
added to the tidal height and each increment of sea-level rise using the map algebra
tool again for the Hanalei, Kapa’a, and Waimea and maps showing inundation were
created.

The fourth and final method incorporated wave run-up. The wave run-up
elevations were calculated using the Stockdon equation (Stockdon et. al, 2006), which

gives the two percent exceedance run-up and is defined as:

1
1 2 >
Rogy = 11(0.358 (HoLo)? + 1kol02638r +0004)1,
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Here f is the slope of the beach, H, is the significant wave height, L, is the

wavelength, and R, is the 2% exceedance run-up elevation. The beach slopes and
wave heights used in Method #4 were the same as those used in Method #3. As with
Method #3, the wave run-up values calculated with Method #4 will likely be lower
than would be seen with a spatially varying model for shallow areas and will be
higher over deep areas than would be seen with a more realistic model. The run-up
elevations were then added to the tidal surface and the wave set-up elevations using
the map algebra tool to create binary rasters. These rasters were used to create a map
of maximum inundation for each sea-level rise scenario.

To create the inundation maps, images from each of the three locations were
obtained and prepared for use within ArcMap as detailed below. The images for
Hanalei and Kapa’a were obtained through Google Earth and were chosen to
represent the most recent satellite view with the least cloud coverage possible. These
both needed to be georeferenced in ArcMap by using control points and adding
coordinates obtained from Google Earth. The image for Waimea was taken in 2006
and was obtained from University of Hawaii’s SOEST Coastal Geology Group from
the Kauai Ortho-Rectified Historical Shoreline Mosaics page
(www.soest.hawaii.edu/coasts/erosion/kauai/mosaics). The Google Earth image for
Waimea was not used because it did not have the desired exposure or lack of cloud
coverage, and the ArcGIS Online Imagery was not used for any of the locations
because it did best show the towns or coverage by the inundation maps but was used

to verify the georeferencing.
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The first set of maps were created by layering the different sea-level rise
rasters from largest sea-level rise increment (2.0 m) to smallest sea-level rise
increment (0.0 m) on top of the images of each location for each given method. The
transparency of each layer was adjusted to provide easier viewing of where the
current coastline was beneath the individual sea levels. A polyline shapefile of the
coastline was then added to the maps to show the inland extent of the inundation and
provide a reference point. These maps were meant to show extent of inundation based
on each sea-level rise value, rather than to compare the different methods. The second
set of inundation maps was created to show differences between methods. As such,
each map depicts a given sea-level rise inundating the land based on all four methods.
This technique is meant to provide context on how the methods differ.

Each raster layer was then converted to a polygon shape file to find the area of
inundation. A raster dataset showing land cover types was then added to the maps,
converted to polygon shape files, and clipped to the sea-level rise scenario polygons
for each of the four methods. These data were collected and mapped by the Coastal
Change Analysis Program (C-CAP, 2009) with Quickbird imagery from January
2009 obtained for this project through NOAA’s Digital Coast Data Viewer website.

The area of each type of land cover was then calculated from the clipped polygons.
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Results

Mean higher high water elevation at present sea level is 0.55 m in Hanalei
(Figure 9) and Kapa’a (Figure 10) and 0.49 m in Waimea (Figure 11).
For all three locations, a mean wave period of 6.0 seconds and a mean wavelength of
11.5 m were used. Hanalei had the greatest average beach slope at 0.47, while Kapa’a
had the second steepest average beach slope at 0.32, and Waimea came in with the
gentlest slope at 0.28. Wave set-up for all three locations was 0.3 m for 0.0 m of sea-
level rise and 0.7 m for all other sea-level rise increments. The two percent
exceedance wave run-up was greatest in Hanalei at 2.18 m, second greatest in Kapa’a
at 1.48 m and the smallest in Waimea at 1.31 m, all under the 2.0 m sea-level rise

scenario. All of these results are compiled in Table 1.
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Mean Higher High Water Tide Results
Figure 9 Hanalei showing mean higher high water tidal inundation (0.55 m) at
current sea level.




Figure 10 Kapa’a showing mean higher high water tidal inundation (0.55 m) at
current sea level.
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Figure 11 Waimea showing mean higher high water tidal inundation (0.49 m) at
current sea level.
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As expected, Method #1 shows the least inundation with each incremental rise
in sea level, then Method #2 and Method #3 respectively, with Method #4 showing
the greatest extent of inundation. Hanelei (Figure 12-15) had the second greatest
percentage of area inundated compared to the total mapped land area for each sea-
level rise increment and method, with Kapa’a (Figures 16-19) showing the least
percent of inundation, and Waimea (Figures 20-23) showing the greatest across all
methods and increments of sea-level rise.

For Hanalei, the minimum percent of coverage was 4.1% under Method #1
and 0.0 m of sea-level rise, and the maximum was 51.8% under Method #4 with 2.0
m of sea-level rise (Table 2). Kapa’a had the lowest percentage of inundation with
0.0 m of sea-level rise using Method #1 at 1.8%, and the greatest percentage with 2.0
m of sea-level rise using Method #4 at 30.3% (Table 3). The lowest percent coverage
by inundation for Waimea was under 0.0 m of sea-level rise using Method #1 at
0.02%, and the greatest was with 2.0 m of sea-level rise using Method #4 at 94.0%
(Table 4). The statistics for percent of total area studied inundated are also
represented visually in Figures 24-27 for Hanalei, Figures 28-31 for Kapa’a, and

Figures 32-35 for Waimea.
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Hanalei Result Maps
Figure 12 Hanalei sea-level rise inundation using Method #1
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Figure 13 Hanalei sea-level rise inundation using Method #2
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Figure 14 Hanalei sea-level rise inundation using Method #3
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Figure 15 Hanalei sea-level rise inundation using Method #4
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Kapa’a Result Maps
Figure 16 Kapa’a sea- Ievel rise mundatlon_usmg Method #1
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Figure 17 Kapa’a sea-level rise inundation using Method #2
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Figure 18 Kapa’a sea-level rise inundation using Method #3
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Figure 19 Kapa’a sea-level rise inundation using Method #4
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Waimea Result Maps
Figure 20 Waimea sea-level rise inundation using Method #1
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Figure 21 Waimea sea-level rise inundation using Method #2

- 2.0m SLR

1.5m SLR
- 1.0m SLR
- 0.5m SLR
- 0.0m SLR

30



Figure 22 Waimea sea-level rise inundation using Metho
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Figure 23 Waimea sea-level rise inundation uing Method #4
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The land cover data analysis shows that the land cover types that will be most
affected by inundation will be wetlands, grasslands/pastures, and areas near open
water. In Hanalei (Figure 36), impervious surfaces made up the land type least
affected by inundation with each incremental rise in sea level, while in Kapa’a
(Figure 37) and Waimea (Figure 38), cultivated croplands are the least affected land
type. The percentage of total land area covered by bare land that was inundated under
each sea-level rise scenario ranges from 0.8% to 2.3% for Hanalei, 0.4% to 1.4% for
Kapa’a, and 1.0% to 8.4% for Waimea. Cultivated crops that are inundated made up
0.002% to 6.3% of the total land area in Hanalei, 0.0% to 0.08% in Kapa’a, and 0.0%
to 4.4% in Waimea. Inundated land classified as developed, open space made up
0.09% to 4.4% of the total land area in Hanalei, 0.04% to 4.3% in Kapa’a, and 0.0%
t0 19.9 % in Waimea. Of the inundated total land area 0.02% to 6.8% is classified as
evergreen forest in Hanalei, 0.06% to 2.9% in Kapa’a, and 0.03% to 13.8% in
Waimea. The inundated area consisting of Grassland/pasture makes up 0.06% to
12.9% of Hanalei’s total area, 0.07% to 7.5% of Kapa’a’s total area, and 0.0% to
48.0% of Waimea’s total area. Of the total area of Hanalei, 0.07% to 3.0% is
inundated impervious surfaces, while the ranges are 0.1% to 4.8% in Kapa’a and
0.04% to 13.9% in Waimea. Open water, which includes any areas of water with less
than 30% cover of trees and other plant life, that is inundated by sea-level rise
comprises 6.3% to 6.8% of the total land area in Hanalei, 5.2% to 5.5% in Kapa’a,
and 16.5% to 18.5% for Waimea. Land classified as wetlands inundated by sea level

ranges from 0.3% to 16.4% in Hanalei (Appendix VI1), 0.2% to 6.2% in Kapa’a
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(Appendix V111), and 0.0% to 0.0% in Waimea (Appendix 1X). The statistics for

land cover data can be found in Tables 5 - 16.
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Hanalei Percent Inundation Results

Figure 24 Percent of total Hanalei land area in study site inundated by each sea-level
rise increment for Method #1
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Figure 25 Percent of total Hanalei land area in study site inundated by each sea-level
rise increment for Method #2
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Figure 26 Percent of total Hanalei land area in study site inundated by each sea-level
rise increment for Method #3
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Figure 27 Percent of total Hanalei land area in study site inundated by each sea-level
rise increment for Method #4
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Kapa’a Percent Inundation Results
Figure 28 Percent of total Kapa’a land area in study site inundated by each sea-level
rise increment for Method #1
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Figure 29 Percent of total Kapa’a land area in study site inundated by each sea-level
rise increment for Method #2
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Figure 30 Percent of total Kapa’a land area in study site inundated by each sea-level
rise increment for Method #3
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Figure 31 Percent of total Kapa’a land area in study site inundated by each sea-level
rise increment for Method #4
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Waimea Percent Inundation Results

Figure 32 Percent of total Waimea land area in study site inundated by each sea-level
rise increment for Method #1
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Figure 33 Percent of total Waimea land area in study site inundated by each sea-level
rise increment for Method #2
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Figure 34 Percent of total Waimea land area in study site inundated by each sea-level
rise increment for Method #3
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Figure 35 Percent of total Waimea land area in study site inundated by each sea-level
rise increment for Method #4
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Land Cover Classification Results
Figure 36 Land cover classifications for Hanalei
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Figure 37 Land cover classifications for Kapa’a
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Figure 38 Land cover classifications for Waimea
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Discussion

Although all methods of inundation modeling have limitations, using all four
of the methods can provide a range of inundation scenarios, including upper and
lower bounds. For example, the passive modeling techniques used in Methods #1 and
#2 might be too conservative to show the furthest extent of inundation under each
sea-level rise scenario, but the models can act as a lower bound for future planning on
Kauai. These passive models can be used to represent everyday conditions at each
location under the sea-level rise increments used, such as during low tides and low
wave energy conditions. At the other end of the spectrum, the dynamic modeling
techniques used in Methods #3 and #4 are not meant to show everyday conditions but
rather extreme conditions, as they show wave set-up on top of mean higher high
water levels and the 2% exceedance run-up values. The areas shown as being
inundated under each sea-level rise increment in Methods #3 and #4 may only be
inundated during storm and swell events with longer recurrence intervals, and thus,
these methods can be used as an upper bound on planning for future inundation
events.

Regardless of whether the inundation model being used is passive, dynamic,
or some combination of the two, it is important to use a regional model, rather than a
global model. Global models, which use methods most similar to Method #1, do not
take into account any of the local conditions that can greatly impact the extent of
inundation, except for topographic elevation. These models do not include important

features such as wave conditions, bathymetry, local tidal levels, beach morphology,
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tectonics, isostasy, or regional onshore land uses. Regional models, such as those
used in Methods #1-4, are appropriate for specific locations and therefore give the
most accurate results for each site.

In this study, the importance of local effects in a model can be seen by the
increasing levels of inundation from Method #1 to Method #4. For instance, Kapa’a
showed the least amount of inundation as a percentage of the total land area studied,
while Waimea showed the greatest amount of inundation across all sea-level rise
increments and using all methods, with a 43.2% difference between the two locations
in inundation under Method #4 and 2.0 m of sea level rise (Tables 3 and 4). These
differences can be attributed to conditions specific to each of the three locations.

While Waimea had the lowest run-up values, it also had the lowest foreshore
beach slope, which could be responsible for the greater extent of inundation.
Although Hanalei had the greatest wave run-up values, its steeper beach face slope
and wider beach width are most likely responsible for protecting it from inundation
compared to Kapa’a. Kapa’a had a steeper beach slope than Waimea, which may
explain the greater protection from inundation events, even though the wave set-up
values are greater than in Waimea. Another reason for the order of least to greatest
inundation is most likely the topography of the land, with Waimea having lower
inland elevations, and Kapa’a having higher inland elevations. If this study had been
completed using a global model, the differences in inundation would have been much
smaller, and the peculiarities of each location, even on an island as small as Kauai,

would have been lost.
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The land cover results were also site-specific and provide valuable
information about what types of features will be inundated. There are two broad,
overarching types of land cover that are important when conducting a sea-level rise
study, resilient features and non-resilient features. Resilient land cover types are
anything that can easily and quickly recover from inundation events without much
interference by or cost to humans. These features include parks, grasslands, wetlands,
and even parking lots. Non-resilient land cover types are those that may take much
longer to recover naturally or may not withstand inundation events at all. These
include many man-made features, such as homes, hotels, hospitals, and any other
building type that will most likely be damaged by inundation and not able to recover
without human intervention. In the case of non-resilient features, human intervention
could be in the form of pumping out water from the buildings after being inundated,
repairing damages, building protective structures before the next inundation event, or
even relocating the structure. All of these efforts to help restore non-resilient features
cost money and time, and depending on which plan of action is taken, the restoration
might be a continuous or ongoing cost to whoever owns that property.

By knowing what types of land cover will be inundated by each rise in sea-
level, planners in the County of Kauai will have a clearer idea of when and where the
greatest impacts might be in the future, in that inundation is less of a cause for
concern in areas with more resilient features and more of a cause for concern in areas
of non-resilient land cover. For example, using Method #4 in Hanalei shows that

impervious surfaces, the non-resilient land cover type in this study, ranged from 0.1%
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to 3.0% of the total land area studied for the five sea-level rise scenarios. When
comparing that to Method #4 results for Waimea, where the percent of total land area
classified as inundated impervious surfaces ranged from 0.04% at 0.0 m sea-level rise
to 13.9% at 2.0 m sea-level rise, planners might be more concerned about sea-level
rise in Waimea than in Hanalei. Thus, the results from the land cover portion of this
study can be used to create a ranking system as to which locations may need more
attention, resources, concern, and adaptation planning. Once these regions of concern
have been identified, planners and the County of Kauai as a whole should create a
plan of action for how the island will adapt to future sea level changes. There a few
options that will be outlined below, and the merits and drawbacks of each will be
discussed.

The first option in responding to future sea-level rise is to do nothing and wait
until the changes are at hand to react. This is often a popular reaction, as future issues
are not thought to be problems until they affect the general population, at which point
people are forced to play catch up in reacting to the problem. This technique may
seem like an easy solution at the present time, but it leaves little to no time for
planning in the future and can lead to further problems as people try to react in the
midst of the problem rather than plan ahead. This method of non-reaction also can
confound the issue at hand in the future. Costs to plan and to protect will only rise
over time, making communities more financially vulnerable as well as physically
vulnerable to inundation in the future. Planning also takes time, and implementing

changes, such as set-back laws, can take even longer, meaning that by the time people
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get around to dealing with sea-level rise, it might be too late to provide much relief to
coastal communities.

Another option is to continue to enforce and possibly strengthen building set-
back laws on the island. Since 2008, Kauai has had the “most progressive setback
standards in Hawaii,” and while in Hawaii “state law requires setbacks of not less
than 20 feet and not more than 40 feet, Kauai’s ordinance requires that structures in
Kauai be setback a minimum of 40 feet from the certified shoreline” (Office of Ocean
and Coastal Resource Management, 2012). These setback laws are based on average
depth of the lot, building footprints, and erosion rates in front of the property. For lots
with an average depth less than 160 ft, the setback is a function of the depth. For
example, lots with a depth less than 100 ft, the minimum setback is 40 ft, and for
every 20 ft increase in depth means an increase of 10 ft in setback. For lots with a
depth of greater than 160 ft and less than 5,000 square feet, including decks, pools,
etc., the setback is 40 ft plus 70 times the annual erosion rate. Finally, for lots greater
than 5,000 square feet, the setback is 40 feet plus 100 times the annual erosion rate
(Office of Ocean and Coastal Resource Management, 2012).

These setbacks limit the number of coastal protection structures needed to
prevent damage to coastal buildings as well as maintaining adequate public access to
the beach. In the future, with sea-level rise, the setback laws should be upheld and
modified as needed, and will probably need to become even more stringent in order to
protect existing structures from inundation. It might also become necessary to

remove grandfather clauses that currently allow houses built prior to the passing of
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these setback laws to be rebuilt at their previous location on lots but on stilts or
pilings to protect from future inundation. With increased sea levels, such buildings
might need to be relocated further inland rather than rebuilt higher off of the ground.

A third option is to continue to permit and build coastal protection structures,
such as rip rap, seawalls, groins, and breakwaters, as needed. There is a level of
hesitation at this time to building additional protection structures unless there is
definitive proof that the property or structure is in danger of being damaged. As of the
summer of 2013, there were roughly 350 coastal structures, including seawalls,
riprap, groins, and jetties, in place around the island, but there will likely be more
petitions to build more as sea level continues to rise. Protection structures are far from
a perfect solution, however, and can exacerbate problems on either side of the
structure or even further downshore.

Erosion, both passive and active, is a common concern when it comes to
building new coastal protection structures. Passive erosion occurs when an armoring
structure fixes the bluff or cliff position behind it and diminishes the beach width in
front of it, while the beach on either side of the structure continues to erode and
migrate inland (Griggs, 2005; Stamski, 2005. P.9). This loss of beach in front of the
structure and inland migration on either side can create an artificial headland and will
occur regardless of structure type. Active erosion includes scouring at the base of
structures or increased erosion on either side of the structure (P.10). The results of an
eight-year study of over 2,000 beach profiles along the central California coast on

seawall backed beaches and adjacent control beaches, however, showed that no
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significant scouring took place directly in front of any of the seawalls or rip rap
monitored (Griggs, et. al., 1997).

There is also the is the issue of the visual impact of structures that do not look
natural, which is primarily a concern for beach goers and the owners of neighboring
properties who do not wish to look at unsightly structures on an otherwise pristine
natural landscape. Newer structure types, such as soil nail walls, which can blend in
fairly well with the natural cliff, are less of an eyesore, but none of the three locations
used in this study are backed by cliffs and would thus require structures such as sea
walls or riprap. These more traditional protection structures are usually less popular
with the public because they can encroach upon the beach, which is public land, and
can restrict access to the beach in some cases, especially during high tide or large
wave events. Other less permanent structures, such as geotextile bags, may be a more
widely accepted option, as they are more easily moved or removed as needed.

An alternative to protection structures is beach nourishment, which is the
importing of sand on to a beach to replenish a lack of sand. The beaches of Waikiki
have historically been nourished periodically, with inland waters being diverted in
order to prolong the residence time of the imported sands on the beaches (Feirstein
and Fletcher, 2004). Kuhio Beach in Waikiki, Oahu was the site of a beach
nourishment project in 2006, in which 10,000 cubic yards of sand were dredged from
offshore sand deposits and pumped onto heavily eroded sections of the beach. The
project temporarily added up to 15m in width and about 1m in height to the beach at a

cost of $475,000 (Eversole and Lemmo, 2007). The coastline of Kauai is much less
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armored than the coastline of Waikiki, however, and therefore sand will not have as
many manmade obstacles, such as groins and breakwaters to trap the sand from
moving farther downshore or offshore once it is placed on the beaches. There are,
however, two nourishment projects being proposed for the island of Kauai, one in the
Poipu region and one in the Kekaha region, which encompasses Waimea. Both
locations currently have preliminary regional sediment management plans that detail
the sediment budgets and littoral cell dynamics. The proposed plan for the Poipu
region is to import sand from offshore to widen the beach with the hopes of also
rebuilding a once natural tombolo that acted to trap sand from moving downshore.
The plan for the Kekaha region is to bypass the sand that gets trapped in the Kikialoa
Harbor by dredging (Garvey, et al, 2012). Beach nourishment is not without its
drawbacks though, such as possible environmental impacts both to the dredging sites
and the pumping locations, the loss of imported sand to either storm activity or
natural littoral drift, and the potential financial cost of having to periodically re-
nourish beaches in order to maintain the results.

One more option of how to respond to future sea-level rise is planned or
managed retreat. This may not initially have the public’s vote, as people tend to want
to move closer to the coast rather than farther inland, especially when the future
effects of sea-level rise are not yet evident. However, as inundation events become
more frequent and intense and the coastline begins to migrate inland, coastal residents
might have to follow suit. There could potentially be a system emplaced in which the

county of Kauai or state of Hawaii encourages people to sell their private property
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within a given distance of the mean higher high water line to the county. In this way,
the government could keep beachfront property as public space and ensure that
resilient land cover types are used to act as a buffer against impacts from inundation.
There are two types of data that were purposefully not included in this study,
one being specific dates for each sea-level rise increment and the other being
population data. No dates were assigned to each sea-level rise scenario because there
are many models that show a wide range of predictions for how much sea level will
increase by a given year. For example, Rahmstorf et al. predict a range in increase of
global sea level from 0.68-1.24m between 1986-2005 and 2081-2100 under Scenario
RCP4.5 with 95% confidence (Church et al., 2013. P.1184). The IPCC ARS5 Scenario
RCP4.5 on the other hand predicts an increase during that same time period of 0.63m
with 95% confidence (P.1184). The purpose of this study was not to show the results
of one specific climate model as it pertains to inundation on Kauai, but rather to show
multiple increases in sea level using different methods and allow the county of Kauai
or whomever uses the results to then choose a prediction model of their liking and be
able to visualize what inundation will look like under those conditions. Several
important considerations in deciding which scenario or level to use include: what
structures or infrastructure are potentially at risk, what is the monetary value or cost
of replacement or relocation of the structures or facilities, and what is the social cost
failure, loss or inundation of the structure. The loss associated with a home, a park, a
road or highway, a hotel, or a sewage treatment plant would all be quite different

from one to the next.
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By not including specific future time lines or dates in this study, it was also
deemed inappropriate to include population data. The population of Kauai is not
steady and changes from year to year, generally increasing over time. If the
population data from the last census, which was in 2011, was used, it would show the
population of the island only at that time. This snapshot of the where and how many
people were living in the three study sites would thus only be a single point in time
and would not represent the population dynamics in the future, when the inundation
will be occurring. Even if the population data were extrapolated into the future using
the rate of change between the last two census polls, it would still not be useful in this
study, as no dates were assigned to each increase of sea-level. Thus, extrapolating the
population of Waimea, for instance, to the year 2100, would not have any meaning in
looking at the inundation maps created for that area, since this study leaves the
assigning of dates to the users’ discretion.

There are limitations in the how the results from this study should be used,
and it is important to note that the results are not an exact description of what future
conditions will be like, as there are uncertainties and invalidities in the data and
methods used. For instance, the use of the wave set-up and Stockdon wave run-up
equations introduce error into the calculations due to the fact that Kauai’s offshore
bathymetry is highly variable, causing wave height gradients in the alongshore
direction. In Hanalei Bay, there is a large patch reef called King’s Reef offshore as
well as a fringing reef on both sides of the bay. These reefs create significant mass

gradients for both wave height and wave energy alongshore, making the calculation
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of wave set-up and wave run-up values inexact. Therefore, the values obtained for
wave set-up and wave run-up in this study may be higher or lower than the actual
future values. For instance, the fringing reefs on both sides of the bay will dissipate
wave energy and decrease wave run-up and set-up, while the region in the center of
the bay may have higher than calculated values due to channeling of wave energy. By
using the assumptions that the depth dependence of breaking wave height over
fringing reefs has an original ratio of 1:1 and that as the depth of the water column
increases with sea-level rise so will the wave height over that water, this study
provides not perfect or exact results but rather provides insight into what future
conditions may look like.

Further work on this study will include use of the Deltares SWAN model,
which is a spatially varying physics based wave model. The SWAN model provides
realistic and valid wave field data that could then be used as more accurate and exact
inputs for the set-up and run-up calculations. A Boussinesq model will also be used to
verify the results of the SWAN model, since SWAN may not accurately model the
steepness and refractive qualities of nearshore fringing reefs for long wavelengths
(Hoeke, et al., 2011. P. 17). Airborne LIDAR (Light Detection and Ranging) remote
sensing datat will also be used to generate a realistic bathymetric surface in order to

better model the nearshore wave field in both the SWAN and Boussinesq models.

60



Conclusions

All evidence to date indicates that sea-level rise and shoreline inundation is no
longer a what if question but rather a when question. Answering this question is
becoming increasingly important for coastal communities and residents, especially on
islands, where space and resources are limited. In order to do this effectively, realistic
models that use reliable and region-specific data must be used to map potential future
areas of inundation. While passive models should not be used alone, they can provide
a useful lower bound for expected inundation and can give a realistic preview of what
everyday conditions could look like in the future. Dynamic inundation models, on the
other hand, show what the maximum extent of inundation under extreme conditions
will likely be, and thus they should be used as an upper bound for inundation and
possibly for zoning and hazard planning purposes.

Much like passive models not providing a complete picture of future
inundation conditions under rising sea level, global models also do not offer enough
information for region-specific planning. Regional and local conditions are very
important in understanding and planning for future inundation, making regional
inundation models much more effective and informative than global models.
Topography, offshore bathymetry, wave characteristics, and tidal data can all help to
make a model more complete and should be used whenever possible.

Land cover data is also site-specific, and the analysis of different land cover
types can be a useful tool in planning for future inundation. Knowing whether an area

projected to be inundated is likely to recover quickly or to be damaged and need help
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recovering can help planners have an idea of where they will need to allocate
resources or pay more attention in preparing for future sea-level rise. This can save
time and money and also ensure that areas that will not easily recover from
inundation events get protected or relocated first.

The island of Kauai should begin planning when and how they will prepare
for future sea-level rise, and assessing regional vulnerabilities is an important first
step in doing so (Russell and Griggs, 2012). No two shoreline will be affected
identically by sea-level rise, but a regional assessment can help prioritize where to
concentrate resources. By using the results of these passive and dynamic models, the
county of Kauai and state of Hawaii can act now to lessen future impacts of sea-level

rise around the island.

62



Appendex |
Hanalei Inundation Maps
Figure 39 Hanalei Bay with 0.0 m of sea-level rise using Methods #1-4
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Figure 40 Hanalei Bay with 0.5 m of sea-level rise using Methods #1-4
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Figure 41 Hanalei Bay with 1.0 m of sea-level rise using Methods #1-4
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Figure 42 Hanalei Bay with 1.5 m of sea-level rise using Methods #1-4
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Figure 43 Hanalei Bay with 2.0 m of sea-level rise usin Methods #1-4
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Appendix 11
Kapa’a Inundation Maps
Figure 44 Kapa’a with 0.0 m of sea-level rise using Methods #1-4
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Figure 45 Kapa’a 0.5 m of sea- level rlse usmg Methods #1- 4
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Flgure 46 Kapa’a with 1.0 m of sea- Ievel rlse usmg Methods #1 4
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Figure 47 Kapa’a with 1.5 m of sea-level rise
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Figure 48 Kapa’a with 2.0 m of sea-level rise using Methods #1-4
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Appendix 111
Waimea Inundation Maps
Figure 49 Waimea with 0.0 m of sea-level rise using Methods #1-4
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Figure 50 Waimea with 0.5 m of sea-level rise using Methods #1-4
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Figure 52 Waimea with 1.5 m of sea-level rise using Methods #1-4
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Figure 53 Waimea inundation with 2.0 m of sea-level rise using Methods #1-4
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Appendix IV

Hanalei Percent Inundation Graphs

Figure 54 Percent of total Hanalei land area in study site inundated by 0.0 m of sea-
level rise using Methods #1-#4
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Figure 55 Percent of total Hanalei land area in study site inundated by 0.5 m of sea-
level rise using Methods #1-#4
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Figure 56 Percent of total Hanalei land area in study site inundated by 1.0 m of sea-
level rise using Methods #1-#4

Total Percent of Hanalei Land Inundated

with 1.0 m Sea-Level Rise
60

50

40

B Method #1
30 B Method #2
Method #3

B Method #4

Percent of Land Inundated (%)

20

10

Method Used

80



Figure 57 Percent of total Hanalei land area in study site inundated by 1.5 m of sea-
level rise using Methods #1-#4
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Figure 58 Percent of total Hanalei land area in study site inundated by 2.0 m of sea-
level rise using Methods #1-#4
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Appendix V
Kapa’a Percent Inundation Graphs

Figure 59 Percent of total Kapa’a land area in study site inundated by 0.0 m of sea-
level rise using Methods #1-#4
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Figure 60 Percent of total Kapa’a land area in study site inundated by 0.5 m of sea-
level rise using Methods #1-#4
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Figure 61 Percent of total Kapa’a land area in study site inundated by 1.0 m of sea-
level rise using Methods #1-#4
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Figure 62 Percent of total Kapa’a land area in study site inundated by 1.5 m of sea-
level rise using Methods #1-#4
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Figure 63 Percent of total Kapa’a land area in study site inundated by 2.0 m of sea-
level rise using Methods #1-#4
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Appendix VI

Waimea Percent Inundation Graphs

Figure 64 Percent of total Waimea land area in study site inundated by 0.0 m of sea-
level rise using Methods #1-#4
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Figure 65 Percent of total Waimea land area in study site inundated by 0.5 m of sea-
level rise using Methods #1-#4
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Figure 66 Percent of total Waimea land area in study site inundated by 1.0 m of sea-
level rise using Methods #1-#4
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Figure 67 Percent of total Waimea land area in study site inundated by 1.5 m of sea-
level rise using Methods #1-#4
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Figure 68 Percent of total Waimea land area in study site inundated by 2.0 m of sea-
level rise using Methods #1-#4
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Appendix VI
Hanalei Percent Inundation by Land Cover Type
Figure 69 Land cover types inundated by each sea-level rise increment as a percent

of total Hanalei land area in study site for Method #1
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Figure 70 Land cover types inundated by each sea-level rise increment as a percent
of total Hanalei land area in study site for Method #2
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Figure 71 Land cover types inundated by each sea-level rise increment as a percent
of total Hanalei land area in study site for Method #3
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Figure 72 Land cover types inundated by each sea-level rise increment as a percent
of total Hanalei land area in study site for Method #4

Hanalei Land Cover by Area (sq.km)
Method #4

Wetlands —.
Open Water
Impervious Surface =
Grassland+Pasture/Scrub
Evergreen Forest
Developed, Open Space

Cultivated Crops
Bare Land

Land Cover Type

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Area Covered (m)

m 0.0 mSLR 0.5mSLR W1.0mSLR MW15mSLR M2.0mSLR

94



Appendix VI
Kapa’a Percent Inundation by Land Cover Type
Figure 73 Land cover types inundated by each sea-level rise increment as a percent

of total Kapa’a land area in study site for Method #1
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Figure 74 Land cover types inundated by each sea-level rise increment as a percent
of total Kapa’a land area in study site for Method #2
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Figure 75 Land cover types inundated by each sea-level rise increment as a percent
of total Kapa’a land area in study site for Method #3
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Figure 76 Land cover types inundated by each sea-level rise increment as a percent
of total Kapa’a land area in study site for Method #4
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Appendix IX

Waimea Percent Inundation by Land Cover Type

Figure 77 Land cover types inundated by each sea-level rise increment as a percent
of total Waimea land area in study site for Method #1
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Figure 78 Land cover types inundated by each sea-level rise increment as a percent
of total Waimea land area in study site for Method #2

Waimea Land Cover by Area (sq.km)
Method #2

Wetlands

Open W ater
Impervious Surface | —
Grassland+Pasture/Scrub —_
Evergreen Forest ‘h
Developed, Open Space | —
Cultivated Crops B
Bareland [ e
0 0.1 0.2 0.3 0.4 0.5 0.6

Area Covered (sq.km)

Land Cover Type

H0.0m SLR 0.5mSLR ®m1.0mSLR ®m15mSLR m2.0mSLR

97



Figure 79 Land cover types inundated by each sea-level rise increment as a percent
of total Waimea land area in study site for Method #3
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Figure 80 Land cover types inundated by each sea-level rise increment as a percent
of total Waimea land area in study site for Method #4
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Appendix X
Data Tables
Table 1 Wave data information

Mean Sea Level Mean Mean Wave Wave

. Rise Wave . Wavelength Run-Up
Location | Beach ; Period Set-Up

Slope Increment | Height (sec) (m) (m) (R2%)

(m) (m) (m)

0.0 1.0 6.0 115 03 13

0.5 15 6.0 115 0.7 1.6

Hanalel | o ;759 1.0 2.0 6.0 115 07 1.8

15 2.5 6.0 115 0.7 2.0

2.0 3.0 6.0 115 0.7 2.2

0.0 1.0 6.0 115 0.3 0.9

0.5 15 6.0 115 0.7 1.1

Kapa’a | 3165 1.0 2.0 6.0 115 0.7 1.2

15 25 6.0 115 0.7 1.4

2.0 3.0 6.0 115 0.7 1.5

0.0 1.0 6.0 115 0.3 0.8

0.5 15 6.0 115 0.7 0.9

Waimea | 0.2796 1.0 2.0 6.0 11.5 0.7 1.1

15 25 6.0 115 0.7 1.2

2.0 3.0 6.0 115 0.7 1.3
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Table 2 Hanalei area covered by each method and all increments of sea-level rise

Total
Area = Method Method Method Method
10.9969 #1 #2 #3 #4
sg.km
Sea- Area Percent of Area Z?':[giglt Area Z? :(c:)ig;[ Area Percent of
level Covered | totalarea | Covered area Covered area Covered total area
rise (m) | (sg.km) covered (sq.km) covered (sgq.km) covered (sq.km) covered
0.0 0.4462 4.1 0.7369 6.7 0.8523 7.8 3.0527 27.8
0.5 0.6912 6.3 1.3701 125 2.4205 22.0 4.7881 435
1.0 1.2960 11.8 2.2730 20.7 3.2093 29.2 5.3577 48.7
15 21741 19.8 3.1845 29.0 4.0252 36.6 5.5857 50.8
2.0 3.1102 28.3 3.9352 35.8 4.7082 42.8 5.6975 51.8
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Table 3 Kapa’a area covered by each method and all increments of sea-level rise

Total
Area = Method Method Method
19.2992 | Method#1 42 43 #4
sq.km
Percent Percent Percent Percent
Sea-level Area of total Area of total Area of total Area of total
. Covered Covered Covered Covered
rise (m) (s.km) area (s.km) area (s.km) area (sq.km) area
' covered ' covered ' covered ' covered
0.0 0.3563 1.8 0.6910 3.6 1.6788 8.7 3.3978 17.6
0.5 0.6585 3.4 2.0334 10.5 3.4598 17.9 5.1374 26.6
1.0 1.9698 10.2 3.0740 159 5.4956 285 5.5320 28.7
15 2.9687 15.4 4.1638 21.6 5.7080 29.6 5.7080 29.6
2.0 4.0480 21.0 4.9552 25.7 5.8540 30.3 5.8540 30.3
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Table 4 Waimea area covered by each method and all increments of sea-level rise

Total
Area = Method Method Method Method
1.732 #1 #2 #3 #4
sg. km
Percent Percent Percent Percent
Sea- Area Area Area Area
level Covered of total Covered of total Covered of total Covered of total
rise (m) (sg.km) area (sg.km) area (sg.km) area (sg.km) area
' covered ’ covered ’ covered ' covered
0.0 0.0003 0.02 0.004877 0.3 0.1815 10.5 0.2786 16.1
0.5 0.005779 0.3 0.1713 9.9 0.3331 19.2 0.9931 57.3
1.0 0.3831 22.1 0.4200 24.2 0.6388 36.9 1.4228 82.1
15 0.4542 26.2 0.4929 28.5 1.0209 58.9 1.5852 91.5
2.0 0.4998 28.9 0.8802 50.8 1.3712 79.2 1.6276 94.0
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Table 5 Hanalei land cover using Method #1
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Table 6 Hanalei land cover using Method #2
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Table 7 Hanalei land cover using Method #3
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Table 8 Hanalei land cover using Method #4
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Table 9 Kapa’a land cover using Method #1
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Table 10 Kapa’a land cover using Method #2
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Table 11 Kapa’a land cover using Method #3
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Table 12 Kapa’a land cover using Method #4
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Table 13 Waimea land cover using Method #1
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Table 14 Waimea land cover using Method #2
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Table 15 Waimea land cover using Method #3
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Table 16 Waimea land cover using Method #4
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