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Executive Summary

This report accompanies the digital hazard posters for Pu ‘ukohold Heiau National Historic Site
(Pu ‘ukohola Heiau NHS or PUHE) and Kaloko-Honokohau National Historical Park (Kaloko-
Honokohau NHP or KAHO) on the island of Hawai‘i. It contains information relevant to
resource management and scientific research.

The Hawaiian Islands are seldom directly hit by hurricanes. However, high waves from low-
pressure systems and other storms affect the coastline on a regular basis. As sea level rises, these
high wave events will have further impacts on the coast, which will threaten the ecology and
cultural resources found in this region. For planning and emergency response purposes, the
National Park Service (NPS) requested that the University of Hawaii Coastal Geology Group and
USGS complete an assessment of coastal vulnerability to wave overtopping, sea-level rise, and
flooding for two national park units in the Pacific Islands Network (PACN). By identifying
vulnerable sections within these parks, NPS managers can identify and document cultural
structures that might be threatened and plan safety protocols when storms approach. Storm
vulnerability assessments are completed for Pu‘ukohola Heiau National Historic Site
(Pu‘ukohola Heiau NHS or PUHE) and Kaloko-Honokohau National Historical Park (Kaloko-
Honokohau NHP or KAHO) on the Island of Hawai‘i.

This report includes assessment of the current shoreline morphology and several coastal hazards
at the National Parks. The addressed hazards are coastal inundation and overtopping from large
swells, sea-level rise, tsunamis, and coastal erosion. This report includes an interpretation of the
results and provides explanations regarding coastal hazards. Products also include maps of
historical shoreline change showing coastal erosion areas for each park and a paleotsunami
evaluation.

Scope of work

One goal of this project is to generate maps revealing areas vulnerable to storms, extreme wave
events, and sea-level rise. Other objectives include viewing the shoreline morphology through
digital elevation models and producing posters that depict rates of shoreline change for each
park. The approach taken for each hazard assessment in this report is listed below:

- Coastal Inundation Maps (wave over-topping, sea-level rise and tsunami)
A time series of overtopping frequencies are provided using various published sea level
scenarios [e.g.,( IPCC 2007, Rahmstorf 2007, and others)]. Inundation by tsunami is
numerically modeled using the 1946 Gulf of Alaska source event as a base scenario.
Overtopping and tsunami inundation hazard areas are defined on maps for each park.

- Shoreline Morphology
Digital elevation models of shoreline morphology including photogrammetry and interpretive
layers will be provided for the parks.

- Historical Shoreline Change and Coastal Erosion
A 50-year projection of shoreline change is produced in the form of a poster. Deliverables
consist of maps for each park showing modern change rates spaced 20 m along the shore and a
2050 erosion hazard zone at 95% probability.

- Paleotsunami assessment
Evaluation of paleotsunami history is included within the tsunami hazard section.
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Results and Recommendations

Regions of the parks vulnerable to many or specific coastal hazards are detailed in this report. A
description of specific areas that are vulnerable to coastal hazards is provided along with
recommended mitigation steps. For both parks, potential tsunami hazards appear to be minimal.
However, impacts to Pelekane Beach at Pu‘ukohola Heiau NHS have the greatest threat of
damage to historical and cultural sections of the park. Both parks will also see an increase in the
frequency of wave overtopping due to sea-level rise.

Sea-level rise is a subtle process and there may not be a clear trigger for adaptive management.
Most likely, seasonal wave damage will increase and this will be the clearest indication of sea-
level rise. In order to prevent a state of disrepair and preserve key coastal features and points of
interest, we recommend that park personnel monitor regions vulnerable to coastal impacts
detailed in this report as well as other natural, historic, and cultural sites they deem important.
We suggest monitoring should begin at the start of the next high-wave season (winter) and last
25-50 years or longer. We also recommend particular vigilance during high-tide events (full and
new moon phases) when large swell is expected. Ideally, monitoring should start a few days
before the high-tide and high-wave events so that before-and-after states can be captured.
Photographic records of wave wash and any damage associated with it, beach profiles of the
beach shape (if a beach exists), and differential GPS on archeological sites would also provide
excellent catalog of data to identify emerging and progressive threats. As sea level rises with
time, frequency of monitoring should increase. If enough erosion, inundation and overtopping
threaten the archeological sites, consider coordinated efforts with local/federal agencies to
determine if the historic sites should be preserved in the short- (or long-) term. If preservation of
the sites is the goal, consider enacting active measures (e.g. sandbagging).

The Ala Kahakai National Historic Trail (NHT) along the Pu‘ukohola Heiau NHS coast will see
a higher frequency in flooding due to sea-level rise. The trail backing Pelekane beach currently
experiences wave spray and overwash on a yearly basis, with visible erosion and root exposure
seaward of the trail. Sea-level rise does appear to pose a threat of further disrepair to this part of
the trail. The portion of the trail extending to the south may experience wave spray and
overwash at sea-level conditions by 2050-2100, however impacts to the portion of the trail south
of Pelekane beach appear minimal.

Projected sea levels will passively flood Pelekane beach on the northern portion of Pu‘ukohola
Heiau NHS at high tide between 2050 and 2100. This will result in increased erosion and loss of
trees backing the beach. By 2100, the entire beach will likely be submerged at high tide. The
archeological sites behind Pelekane beach will also be flooded under large swell by 2100. We
recommend monitoring this section of beach. Beach profiling (either biannually or annually) can
be used to document any changes in the beach which could threaten archeological sites.
Differential GPS can be used to monitor these archeological sites. Also, long-term monitoring of
wave action due to high tide and large swell events will document any impacts and changes that
occur due to sea-level rise or climatic variability. If archeological sites show deterioration due to
wave action, we recommend consulting with local cultural agencies to discuss appropriate action
for these sites.
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The kuapa (seawall) at Kaloko Fishpond, the beach seaward of ‘Aimakapa Fishpond, and the
archeological sites at the southern portion of Kaloko-Honokdhau NHP including the ‘Ai‘opio
Fishtrap and Pu uoina Heiau are the historic sites and features that are at greatest risk to
deterioration from coastal hazards. Kaloko seawall and the northern section of Honokohau
beach incur the largest risk of overtopping and deterioration from wave impacts because they are
at the park’s lowest elevation. Currently, Kaloko seawall experiences overwash and wave spray
during small to moderate swell and high tides. Continual maintenance of Kaloko Seawall is
recommended to prevent loss/deterioration.

The beach fronting ‘Aimakapa Fishpond is eroding at average rates of 0.08-0.15 m (0.25-0.5 ft)
per year. If these rates continue and if sea level continues to rise, the fishpond may potentially be
breached by 2050, affecting the coastal trail and the ecology of the wetland habitat. The beach
separates the fishpond from the ocean. Presently, areas of this beach are partially overtopped
more than once a year. As sea level rises, the frequency of overwash will increase. By 2050-
2100, the entire beach will be fully overtopped several times a year, which may cause significant
erosion and breaching of the sand barrier. A breach may pose a serious hazard to the park
ecology by impacting the flora and fauna of the estuary, including two federally endangered
waterbirds. Monitoring the beach width as well as salinity, nutrient levels and ecosystem health
of this area is recommended. If a breach appears imminent, we recommend active measures to
prevent such an event such as sandbagging. Such active measures often require permits, which
take time to obtain. Coastal threats, however, can appear quickly and without ample warning
period, leaving little time for due process. Therefore, we recommend that the park formulate a
plan of action specifically concerning the potential breach of the beach fronting ‘Aimakapa
Fishpond with local/federal agencies in advance so that actions can be taken quickly if such
threats appear. We believe that any premeditated plan of action will be invaluable in the event
that potential threats appear.

Sea-level rise will submerge the ‘Ai‘opio Fishtrap during low tide by 2050, and constantly
submerge the fish trap by 2100. The Heiau at ‘Ai‘Opio Fishtrap will feel the effects of higher sea
levels, but should not experience failure based on 2050 sea-level conditions. Long-term
monitoring of the fishtrap and Heiau during high tide and large swell events is recommended.
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Introduction

The following section briefly describes the regional geologic setting and coastal historic sites of
Pu ‘ukohold Heiau NHS and Kaloko-Honokohau NHP.

The mandate of the National Park Service is to:

*“...conserve the scenery and the natural and historic objects and the wild life therein and to
provide for the enjoyment of the same in such manner and by such means as will leave them
unimpaired for the enjoyment of future generations.” (The NPS Organic Act of 1916, 16 USC
81)

In addition, the mission of Kaloko-Honokohau NHP park enabling legislation is to perpetuate
Hawaiian Culture and maintain/sustain fishponds and other cultural/recreational resources
(beaches for canoe launching, ceremony, etc.). Coastal hazards including erosion, waves from
large swell, hurricanes, tsunamis and sea-level rise threaten several National Parks and National
Seashores on the United States coastline. To conserve such regions and allow for their enjoyment
by future generations, it is important to assess the extent of coastal hazard vulnerability and
manage such risks accordingly. This project details a coastal hazard analysis and assessment of
Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP located on the Big Island of Hawai‘i.

Background

Pu‘ukohola Heiau NHS (PUHE) and Kaloko-Honokohau NHP (KAHO) contain several natural
and cultural landmarks including ancient Hawaiian Heiau, loko i‘a and loko kuapa (fishponds),
and coastal wetlands of intrinsic value (Figure 1). Coastal hazards threaten the preservation of
these landmarks. Thus, the goal of this project is to assess the risk of coastal hazards to the parks.
The coastal hazards under evaluation include coastal erosion, waves from large swell, sea-level
rise, and tsunamis.

Geologic Setting

Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP, located at the base of the Kohala and
Hualalai volcanoes (respectively), were created by basaltic lava flows with ages dating
approximately 400,000 years and less than 3,000 years (respectively). Both regions receive little
rainfall 250-760 mm (10-30 in) per year (Giambelluca et al. 1986).

Pu‘ukohola Heiau NHS, being the older of the two regions, has fewer basaltic lava outcrops and
a better developed topsoil. The northern beach of Pu‘ukohola Heiau NHS near the historic site of
Pelekane has a significant patch of trees and vegetation due to a small intermittent stream
extending up the Kohala mountains, which is also likely to have continuous groundwater input.
The shorelines of Pu‘ukohola Heiau NHS consist of embayed beaches of carbonate sand located
on the northern and southern portions of the park. The beaches of the park are backed by dry
grass and trees.

Unlike Pu‘ukohola Heiau NHS, Kaloko-Honokdohau NHP has numerous basaltic lava outcrops,
and little topsoil cover. Kaloko-Honokohau NHP also contains more green vegetation and trees
fed by significant groundwater input. The shorelines of Kaloko-Honokohau NHP are mostly
perched beaches of basaltic lava flows, which are heavily encroached by salt tolerant vegetation.



The beach fronting the ‘Aimakapa Fishpond is the largest sandy beach of the park, with a width
of about 32 m (105 ft) and a maximum height of 3 m (10 ft) above Mean Lower Low Water
(MLLW). This beach is a natural barrier between the ‘Aimakapa Fishpond and the ocean.

Coastal Historic Sites

Our hazard assessment for the parks has found coastal historic sites to be at risk. At Pu‘ukohola
Heiau NHS, the beach at Pelekane Bay, as well as the remaining archeological sites, are
threatened by coastal hazards.

The kuapa (seawall) at Kaloko Fishpond, the beach fronting the ‘Aimakapa Fishpond, and the
archeological sites at the southern portion of the Kaloko-Honokohau NHP including the ‘Ai‘opio
Fishtrap and Pu‘uoina Heiau are the historic sites and features that are at greatest risk to
deterioration from coastal hazards. The Kaloko Fishpond is fronted by a seawall or kuapa that is
approximately 9 m (30 ft) wide and a maximum height of 2 m (6.5 ft) above Mean Lower Low
Water (MLLW). There are also a number of significant historic and cultural sites in the southern
end (near the harbor entrance) of Kaloko-Honokohau NHP, including ‘Ai‘opio Fishtrap,
Pu‘uoina Heiau, and other significant archeological structures.



(¥ahu

Muloka'i

Maui

Lina‘i

Kahin olawe ekl anvaici
il .

e

Figure 1. Locations of Pu‘ukoholad Heiau NHS and Kaloko-Honokdhau NHP on the Big Island of Hawai'i.






Wave Climate

The following section briefly describes the wave regime of Pu ‘ukohola Heiau NHS and Kaloko-
Honokohau NHP.

Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP are located on the Kohala and Kona coasts
(respectively) of the Big Island of Hawai‘i. These coasts are primarily west facing coastlines, and
receive large north and south Pacific swell during winter and summer months respectively.
These large swells produce coastal impacts in the form of coastal erosion, overtopping and
inundation. However the nature of these impacts is seasonal: they occur during high swell
season, and are followed by calm conditions which favor recovery. Thus to understand the
seasonal nature of the waves and coastal impacts, we must investigate the seasonal nature of the
occurrence of large swell in Hawai‘i. The following is a description of the Hawaiian wave cycle
and how it affects the coastal hazards at Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP.

Hawaiian Swell Regimes

The four dominant regimes responsible for large swells in Hawai‘i are: north Pacific swell, trade
wind swell, south swell, and Kona storms. The regions of influence of these regimes, outlined by
Moberly and Chamberlain (1964), are shown in Figure 2. A wave rose depicting annual swell
heights and directions (Vitousek and Fletcher 2008) has been added to their original graphic.
The average directional wave spectrum in Hawaiian waters is bimodal and dominated by the
north Pacific and trade wind swell regimes (Aucan 2006). Although quite important to the
complete Hawaiian wave climate, south swell and Kona storm regimes do not occur with
comparative magnitude and frequency as north Pacific and trade wind swell regimes. The
Hawai‘i buoy network from the National Oceanic and Atmospheric Administration (NOAA)
National Data Buoy Center (NDBC), shown in Figure 2, provides data for understanding the
local wave climate. Buoy reports are available via the World Wide Web at:
http://www.ndbc.noaa.gov/maps/Hawaii.shtml.

Inter-annual and decadal cycles including El Nifio Southern Oscillation (ENSO) occurring
approximately every three to four years (Goddard and Graham 1997), and Pacific Decadal
Oscillation (PDO) occurring around 20-30 years (Mantua et al. 1997, Zhang et al. 1997),
influence the variability of the Hawaiian wave climate. These large-scale oceanic and
atmospheric phenomena are thought to control the magnitude and frequency of extreme swell
events. For example, strong ENSO events are thought to result in larger and more frequent swell
events (Seymour et al. 1984, Caldwell 1992, Inman and Jenkins 1997, Seymore 1998, Allan and
Komar 2000, Wang and Swail 2001, Graham and Diaz 2001, Aucan 2006). Understanding the
magnitude and frequency of extreme wave events is important as they may control processes
such as coral development (Dollar and Tribble 1993, Rooney et al. 2004), sediment supply
(Harney et al. 2000, Harney and Fletcher 2003) and beach morphology in Hawai‘i and abroad
(Moberly and Chamberlain 1964, Ruggiero et al. 1997, Kaminsky et al. 1998, Storlazzi and
Griggs 2000, Rooney and Fletcher 2005, Ruggiero et al. 2005).
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Figure 1. Hawai'i dominant swell regimes after Moberly & Chamberlain (1964), and wave monitoring buoy
locations. From Vitousek & Fletcher (2008).

North Pacific Swell

Hawai‘i, located in the middle of a large swell-generating basin, the north Pacific, receives large
ocean swell from extra-tropical storms that track predominantly eastward from origins in the
northwest Pacific. The north Pacific storminess reaches a peak in the boreal winter, as the
Aleutian low intensifies and the north Pacific high moves southward. The strong winds
associated with these storms produce large swell events, which can travel for thousands of miles
until reaching the shores of Hawai‘i. In summer months, the north Pacific high moves northward
and storms in the north Pacific become infrequent (Flament et al. 1996). Figure 3 shows the
satellite-derived wave average heights over the north Pacific in the winter and summer. The
average winter wave heights in the north Pacific are approximately >3 m while the summer wave
heights are approximately <2 m. Figure 3 gives the average wave heights of the north Pacific,
however the dynamic system typically involves individual storm events tracking eastward with
wave heights of 5-10 m. These swell-producing storms occur during winter months with typical
periods of 1-1.5 weeks (for 5-7 m swells), 2-3 weeks for (for 7-9 m swells) and one month (for
swells 9 m or greater). Many north Pacific storms produce swells that do not reach Hawai‘i.
Storms that originate in high latitudes and those that track to the northeast send swells to the
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Aleutians and the Pacific Northwest. Swells that originate from storms in lower latitudes, and
those that track slightly to the southeast, reach Hawai‘i with the largest wave heights.

Hawai‘i receives north Pacific swell with an annually recurring maximum deep-water significant
wave height of 7.7 m (Vitousek and Fletcher 2008) with peak periods of 14-18 sec. However, the
size and number of swell events in Hawai‘i each year is highly variable — varying by a factor of 2
(Caldwell 2005). The annual maximum wave height recorded from buoy 51001 ranges from
about 6.8 m (in 1994, 1997, 2001) to 12.3 m (1988).

The seasonal cycle of north Pacific swell reaches a peak in winter and a trough in summer, with
a daily average significant wave height around 4 m. Aucan (2006) depicted the monthly average
directional spectra from buoy data at Waimea (buoy 51201) and Mokapu (buoy 51202) that
showed the dominance of north Pacific swell out of the northwest in winter months, and
relatively persistent energy out of the northeast associated with trade wind swell. Buoy locations
can be seen via the World Wide Web at: http://www.ndbc.noaa.gov/maps/Hawaii.shtml.

—10
Avg. Wave
Height [m]

Figure 2. Satellite (JASON-1) derived average wave heights [m] over the North Pacific in the summer and
winter.

Trade Winds and Trade-wind Swell

Occurring about 75% of the year, the trade winds are northeasterly winds with an average speed
of 15.7 mph and direction 73° with standard deviations (15) of 5 mph and 23°. In winter months,
the north Pacific high flattens and moves closer to the islands decreasing trade wind persistence.
Although the number of windy days in summer months increases, the mean trade-wind speed in
summer and winter months remains relatively similar (Figure 4).

The persistent trades generate limited fetch trade wind swell on northeast facing coasts. Choppy
seas with average wave heights of 2 m (1 5= 0.5 m) and peak periods of 9 sec. (15= 2.5 sec.)
from the northeast characterize trade wind swell in Hawai‘i. Although these represent nominal
conditions, trade-wind swell can exceed 5 m in height and have periods of 15-20 sec.
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Figure 3. The number of days per season that the trade winds occur with a certain speed (data from
Buoy 51001). The days per season are shown in red for winter months and blue for summer months.
Notice the persistence of typical trade winds (~ 16 mph) during summer months.

Southern Swell

Southern swell arriving in Hawai‘i is typically generated farther away than north Pacific swell.
These swells are usually generated from storms south of the equator near Australia, New Zealand
and as far as the Southern Ocean and propagate to Hawai‘i with little attenuation outside the
storm-generated region (Snodgrass et al. 1966). South swell occur in summer months (Southern
hemisphere winter months) and reach Hawai‘i with an annual significant wave height of 2.5-3 m
and peak periods of 14-22 sec, which are slightly longer than north Pacific swell (Armstrong
1983, Vitousek and Fletcher 2008).

Kona Storms
Giambelluca and Schroeder (1998) describe Kona storms as:

“low-pressure areas (cyclones) of subtropical origin that usually develop northwest of Hawai‘i
in winter and move slowly eastward, accompanied by southerly winds from whose direction the
storm derives its name, and by the clouds and rain that have made these storms synonymous with
bad weather in Hawai‘i”.

Strong Kona storms generate wave heights of 3-4 m and periods of 8-11 sec, along with wind
and rain, and can cause extensive damage to south and west facing shores (Rooney and Fletcher
2005). While minor Kona storms occur practically every year in Hawai‘i, major Kona storms
producing strong winds, large wave heights and resulting shoreline change tend to occur every 5-
10 years, during the 20-30 year negative PDO cycle (Rooney and Fletcher 2005). Consequently,
Positive (warm) PDO, and EI Nifio phases tend to suppress Kona storm activity (Rooney and
Fletcher 2005).



Maximum Annual Recurring Wave Heights in Hawai'‘i

Although each wave regime (trade wind swell, north Pacific swell, south swell, and Kona
storms) has its own underlying processes and mechanics, the sum of all of these regimes
contribute to the wave heights and shoreline change in Hawai‘i. Thus evaluating extreme wave
heights on a continuous scale around these islands is informative. Breaking waves at the
shoreline are often composed of many swell sources from different storms and swell regimes.
North Pacific (south) swell and trade wind swell are the most common sources of swell for north
(south) facing shores. Thus the spectral approach to understanding swell and surf patterns,
following Aucan (2006), is quite informative.

The maximum annually recurring significant wave heights and the largest 10% and 1% wave
heights for various directions in 30° windows around Hawai‘i are given in Table 1 (Vitousek and
Fletcher 2008). These annual wave heights are also depicted in Figure 2.

Table 1. The observed maximum annually recurring significant wave heights (Hs) in meters and the
largest 10% (H1/10) and 1% (H1/100)wave heights for various directions around Hawai‘i. GEV is the
Generalized Extreme Value Analysis.

Wave Direction Annual Hs (m) — GEV Model
Lower Upper | Observed - Hs | Hiio | Hinoo
0 30 5.9 7.4 9.8
30 60 6.0 7.6 10.0
60 90 51 6.5 8.5
90 120 4.3 55 7.2
120 150 2.8 35 4.6
150 180 3.0 3.8 5.0
180 210 2.4 3.0 3.9
210 240 1.6 2.0 2.7
240 270 1.5 1.9 2.5
270 300 3.7 4.7 6.2
300 330 5.9 7.5 9.9
330 360 5.8 7.4 9.7

Tides

The tides result from the varying gravitational attraction of the Earth to the Moon and Sun during
orbit. Tides are composed as a sum of sinusoidal components that typically have their largest
variability in diurnal (one cycle per day) and semi-diurnal (two cycles per day) frequencies.
Large gravitational forces and maximum tides are also produced when the Earth, Moon, Sun
system are aligned (referred to as syzygy). Conversely, minimal gravitational forces and tides
result when the Earth, Moon, Sun systems are at right angles (referred to as quadrature). This
alignment occurs on a monthly cycle as related to the moon phases in Hawai‘i, and periods when
the tides are the largest (smallest) are referred to as spring (neap) cycles. The tide range in
Hawai‘i is quite small compared with the rest the world, having a typical tide range [Mean
Higher High Water (MHHW)- Mean Lower Low Water (MLLW)] of 0.58 m and a spring tide
range around 1.0 m.

The astronomic tide typically represents the largest water level variability at a particular location.
However other factors such as atmospheric pressure, wind setup, ENSO cycles, and oceanic



disturbances can produce water level variability on the order of tens of centimeters. One
important process influencing extreme sea level events in Hawai‘i is the occurrence of mesoscale
eddies, which are large oceanic disturbances (a few hundred km in diameter), having elevated
sea levels of around 15 cm (Firing and Merrifield 2004).

Coincidence of Waves and Tides

Coincidence of large swell and high tide events can cause severe coastal flooding and
overtopping in Hawai‘i, whereas swell events occurring on low tides or neap cycles can be less
severe (Caldwell et al. 2008). Using joint probabilities of wave and tide distributions, Caldwell et
al. (2008) found the number of hours a particular combination of surf height and tide level are
expected to be exceeded. We will employ a similar approach to estimating the overtopping
frequency and severity for the parks.

Runup and Inundation

We are most interested in the recurrence of high surf events because these events control many
natural beach processes like rip current formation, erosion, and reef growth. Additionally the
high surf events pose significant risk to coastal communities and ocean users in the form of
overtopping and coastal flooding due to large runup events, property damage and drowning and
ocean safety concerns. Wave runup is the maximum vertical height of the wave on a beach, and
is influenced by the wave swash and setup. Coastal events such as tsunamis and hurricanes pose
the greatest potential hazards in terms of the magnitude of flooding, property damage and loss of
life; however they are rare (occurring with return periods of several decades) compared with high
surf events, which occur several times per year. Many sources contribute to the maximum water
level on a beach, including tide, wave setup, wave runup and other sources of water level
variability (mesoscale eddies, sea-level rise). Coincidence of large swell and tide events can
cause severe coastal flooding and overtopping in Hawai‘i (Caldwell et al. 2008).

Sea-level Rise

Sea-level rise is a significant coastal hazard. If we consider sea-level rise as a coastal hazard
alone, then low-lying coastal lands will be at greatest risk to sea-level impacts in the form of
passive flooding. The time horizons for such impacts are often distant, relative to the rate of sea-
level rise and the elevation of structures at risk. However considering sea-level rise as a coastal
hazard interacting with large wave and tide events, we see that potential impacts due to sea-level
rise (in the form of increased overtopping frequency associated erosion and shoreline change)
appear on a much shorter time horizon.

There is much debate over quantifying potential sea-level rise scenarios. The IPCC has
estimated six sea-level rise scenarios, which predict a range of sea levels from 0.1-0.88 m by
2100 (based on data and various climate models). Rahmstorf (2007) estimates sea-level scenarios
of 0.5-1.4 m by 2100 (based on a fit of global temperature to sea-level and the projection of
IPCC temperature predictions). Church and White (2006) found global sea-level to rise almost
20 cm between 1870 and 2004 based on data from tide gauges, and estimated 0.28-0.34 m of sea-
level rise by 2100 based on a constant acceleration rate of 0.013 mm/yr? from the historical data.
Beckley et al. (2007), using satellite altimetry, found global sea-level rise rates increased from
~2.75 mm/yr (during 1993-2000) to ~3.75 mm/yr (during 2000-2007).
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If we consider Hawai‘i as an isolated region in terms of global sea level and examine its unique
sea-level history we see that sea-level rise ranges from ~1.4 mm/yr to ~3.8 mm/yr (Figure 5).
The sea-level rise rates for the Big Island (and islands close to it) are larger than the rest of the
islands due to island subsidence. The tide gauge at Kawaihae Harbor, near Pu‘ukohola Heiau
NHS, on the Big Island has reported the largest sea-level rise rate of 3.8 mm/yr. It is also the
gauge with the shortest observation record. If we consider the Big Island to experience a sea-
level rise rate that is the average of the Hilo and Kawaihae we find a rate of ~3.5 mm/yr. We
have determined a hierarchy of sea-level rise scenarios based on rates found from Big Island tide
gauges and global acceleration terms reported in the literature. The future sea-level predictions
based on these scenarios are reported in Table 2.

Table 2. Hierarchy of sea-level rise scenarios.

Mean Sea Level (MSL) increase [in m] relative to present (2008)

Scenario | Rate (mml/yr) | Acceleration (mm/yrz) 2025 (m) 2050 (m) 2100 (m)

Modest 3.5 0 0.06 0.15 0.32
Probable 4 0.013 0.07 0.19 0.48
Extreme 4 0.14 0.11 0.41 1.55
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Figure 4. Sea-level history [mm] in Hawai‘i as observed from several tide gauges.
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Coastal Inundation, Overtopping of Swells and Sea-level Rise
2004 Sampling Event

This section describes the methods and results for inundation, overtopping of swells and sea-
level rise at Pu ‘ukohola Heiau NHS and Kaloko-Honokohau NHP.

Modeling the Wave Cycle of the Big Island of Hawai'i

It is important to keep in mind that the annually recurring maximum wave (swell) heights
(Figure 2 or Table 1) represent open ocean, deep-water wave heights that are unaffected by the
presence of the other islands. Because seven of the main eight Hawaiian Islands lie to the
northwest of the Big Island, significant blockage (i.e., shadowing) and reduction in nearshore
wave heights occurs. Therefore adequate modeling of the wave transformation from deep-water
to the nearshore, particularly to capture the reduction in wave height due to island blockage, is
important. The ultimate goal of the wave transformation model is to find the maximum annually
recurring wave heights in the nearshore at the study sites. These wave heights will provide the
boundary conditions (initial assumptions of wave heights) for runup modeling. Without island
blockage, the maximum annual wave height would occur from the northwest and the north,
somewhere between 300° and 60° as found simply from the annual wave heights (Figure 2, Table
1). However, using this information directly would overestimate the annual wave heights near
the national park sites. Instead, we use the information of the open annually recurring maximum
wave heights found in Figure 2 or Table 1, as the required boundary conditions (starting point)
for nearshore wave transformation modeling.

To model the wave transformation from deep-water to nearshore we use the SWAN (Simulating
WAVves Nearshore) model, which is widely used within the oceanographic and wave forecasting
community. Details on the development and validation of the SWAN model are reported in
Booij et al. (1999) and Ris et al. (1999).

To find the maximum annually recurring wave height and direction near the study sites we ran
85 model simulations of the wave field for the Big Island (spatial resolution of 1 km), each of
which is nested in the model for the main eight Hawaiian Islands (spatial resolution of 3.5 km).
Nesting brings open ocean wave height data to the nearshore environment. The 85 simulations
were run in 2.5° directional increments for the south to northeast window (clockwise) from 195°
to 45° with maximum annual significant wave heights interpolated from values of the wave
heights found in Table 1. Four of the 85 simulations representing different annual wave heights
from particular directions are shown in Figure 6.

The goal of these 85 different simulations is to find the maximum annually recurring wave
height as a function of wave direction at the national park sites. Plotting the annual significant
wave height as a function of wave angle for virtual buoys near the national park sites, we find a
maximum annual significant height of 3.3 m from about 290° (Figure 7), for both Pu‘ukohola
Heiau NHS and Kaloko-Honokohau NHP. The similarity between the wave heights for both
Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP allow us to treat the recurrence
relationships in a uniform manner rather than individually.

13



A: H,*23[r] T, *16(s] Dr=200[

-
B. Ho= 410w T_=14[s] i = 29019
B T e e e e e e e S e e e e e e e e

B T T e e T T T e T T T ]
B T T T e T T e

b B e B
e ]

e ——
e

B e T T T T e e i
T T R R R R R R

e

L]
( o Ha=581m T_=16(s] Dr=240

Figure 5. Four of 85 SWAN model simulations each with representative annual maximum significant
wave height from a particular direction. Ho is the deep water wave height (m) and Tp is the wave period
(s). Case A: South swell, Ho=2.3 m Tp=16 s Dir=200°. Case B: Northwest swell, Ho=4.1 m Tp=14 s
Dir=290°. Case C: North swell, Ho=5.8 m Tp=16 s Dir=340°. Case D: Northeast swell, Ho=6 m Tp=16 s
Dir=45°,
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Figure 6. The maximum annual significant wave height for the Big Island national park sites as a function
of wave direction (Pu‘ukoholad Heiau NHS = red, Kaloko-Honokdhau NHP = blue). The blue and red x’s
on the map of the wave field around the Big Island indicate the virtual buoy (model) locations. The
maximum wave height case occurs during west northwest swell where the wave direction is about 2900.
There is a small secondary peak associated with north wrap when the wave direction approach can fit in
the gap between Maui and the Big Island. Also indicated on the figure is the degree of island blockage,
which is the difference between the dashed line and the solid blue and red lines.

Coastal locations may receive large swell, or lie in the shadow of nearby islands and thus have
reduced exposure to seasonal waves. The most important result from the directional annual wave
height modeling is to characterize the island blockage and find the direction of maximum swell
impact for the study sites. This occurs for the very westerly segment, 282°-305° of the North
Pacific swell window shown in Figure 2. Knowing the swell window that results in the largest
wave heights close to the national park sites, we can return to an extreme value analysis on the
open-ocean buoy data (similar to the approach outlined in Vitousek and Fletcher 2008) to
determine the relationship between the open swell deep-water wave height and the return period
for the 282°-305° window (Figure 8).

Again, this analysis is relevant to deep-water open-ocean wave heights and thus it is necessary to
transform these wave heights into nearshore wave heights near the national park sites using the
SWAN model (model settings in Appendix A). The output from this model will give the
relationship between significant wave height and return period; however this model will also
include the effects of island blockage. The effective island blockage, or reduction in wave height,
from this particular window (282°-305°) is about 20%. For more northerly directions, the
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reduction can increase to around 75% (Figure 7). The relevant relationship for the maximum
recurring wave heights at the national park sites is given in Figure 9.

Swell window: 282-305°

50 - Year return wave height = 7.4 [m]
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Figure 7. The relationship between the open-swell significant wave height and the return period
determined from Generalized Extreme Value Analysis (GEV) for the 282°-305° window.

The maximum recurring wave heights are then translated to maximum recurring runup elevations
at the national park sites using empirical equations following the approach of Vitousek et al.
(2008). These empirical equations are best-fit relationships determined from field observations of
wave height and runup, and are widely used in engineering computation for lack of a more
robust physical or process-based approach. Our approach uses a recently developed equation for
the 2% exceedance runup derived from 10 datasets primarily from the continental US, which we
refer to as the Stockdon equation (Stockdon et al. 2006):
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which similarly gives runup as a function of beach slope (foreshore slope b, ), deep-water wave

height (Ho), and deep-water wavelength (L”). We use the Stockdon formula because it is
complete: it formulates runup as the sum of setup< h > and swash S, due to both incident and
infragravity energy. Wave setup is the increase in nearshore sea level due to the presence of
waves, and it can be as large as 10-20% of the significant wave height. Swash is the wave action
on the dry beach itself; it is composed of an incident part (at frequencies very close to that of the
offshore waves) and an infragravity part (at frequencies much lower than the offshore waves).
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Figure 8. The relationship between the significant wave height and the return period at Pu‘ukohola Heiau
NHS and Kaloko-Honokohau NHP (green) determined from Generalized Extreme Value Analysis (GEV)
for the 282°-305° window used as a boundary condition for a wave transformation model from deep water
to the national park sites. The x’s are the individual cases modeled. The GEV model is compared with
the recurrence relationship for open ocean swell given in Figure 8 (blue). The difference between the
blue line and the green line is the effect of island blockage.

The infragravity component can be as large as 10-20% of the significant wave height, while
depending on the beach slope and breaking conditions the incident swash component can range
from nothing (on fringing reefs or beaches with intense breaking) to larger than the offshore
wave heights (on steep beaches with little or no breaking). Using the Stockdon equation, we find
the following relationship between the maximum runup elevations and return period at the
national park sites (Figure 10). The results for the wave and runup characteristics that exert the
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greatest influence on Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP are summarized in
Table 3.

Reduction of wave
height into runup

1 - Year retumn runup = 1.7 [m]

Significant Wave Height [m]

5= Year return runup = 2.1 [m]
10 - Year return runup= 2.2 [m] Y

e 25 - Year return runup= 2.4 [m]
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Figure 9. The relationship between the runup elevation and the return period at Pu‘ukohola Heiau NHS
and Kaloko-Honokdhau NHP (red) determined from the Stockdon equation. The runup relationship is
compared with the recurrence relationship for open ocean swell (blue) given in Figure 8 and for local
swell (green) given in Figure 9. As is typical, the runup elevations are much smaller than the wave
heights as there is significant energy dissipation due to breaking.

Table 3. Wave and runup summary of Pu‘ukoholad Heiau NHS and Kaloko-Honokdohau NHP.

Return Open Local
period Wave heights |Wave heights | Stockdon
[years] [m] [m] Runup [m]
1 4.1 3.3 1.7
5 5.6 4.5 2.1
10 6.1 4.9 2.2
25 6.9 5.4 2.4
50 7.4 5.8 2.5
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The Stockdon runup values (Table 3) may help explain the formation of perched beaches at
Kaloko-Honokohau NHP. Approximately 60% of the beaches at Kaloko-Honokohau NHP are
perched beaches (Hapke et al. 2005). The origins of perched beaches are not well understood, but
are thought to be controlled by wave runup during large wave events and the elevation of the
slope of the underlying rock platform (Hapke et al. 2005, Richmond et al. 2008). The perched
beach behind Kaloko Point is at an elevation ranging from 1 to 3 m and is well within the
Stockdon runup values.

The runup predicted by the Stockdon equation may not be the best way of predicting the runup at
these particular locations. The equation was developed from datasets of mildly sloping barred
beaches without fringing reefs, which are significantly different from many beaches in Hawai‘i.
Both Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP have reefs (see Appendix B) that
cause waves to break offshore, which will significantly reduce the incident swell energy, incident
swash magnitude and overall runup compared to the predictions from the Stockdon equation.

To make better predictions of the runup we make simulations of nearshore wave fields using
SWAN. The important features of the nearshore simulations we are looking for are the nearshore
wave height, wavelength and wave setup. SWAN can accurately predict these features, although
it cannot predict runup. To improve our predictions of runup we use the setup predicted from
SWAN and add it to the incident swash component of the Stockdon equation with the nearshore
wave heights in place of the deep-water wave heights, and include an infragravity term that
comes from the offshore wave height rather than the nearshore wave height. Our modified
equation for the 2% runup looks like the following:

Ry, = <h>+S

2756, (H,L, )"

5
+.15H, %,

/]

Ry = <h>ga + 11

where b, is the foreshore slope, which is given by LIDAR topography and bathymetry data, H,

HO

is the nearshore significant wave height, is the offshore (deep-water) significant wave height,

and Lnis the nearshore wave length.
The nearshore significant wave height and wavelength for different return periods are modeled

using SWAN and forced with deep-water boundary conditions determined from the analysis in
Figure 9 and are summarized in Table 4.

Table 1. Boundary conditions of nearshore wave simulations using SWAN. Tr is the return period, Hs is
the significant wave height, Tp is the wave period and Dir is direction.

Case | Tr[yrs] Hs [m] Tp [s] Dir [0]
A 1 3.3 14 285
B 5 45 14.5 285
C 10 49 15 285
D 25 5.4 15.5 285
E 50 5.8 16 285
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The modeling results from the five different cases are shown in the following figures. The wave
(height, length, and setup) fields for Pu‘ukohola Heiau NHS and Kaloko-Honokohau NHP are
shown in Appendix B.

Based on the results of the nearshore wave height, wavelength, and wave setup fields we can
determine the regions that are protected from exposure to large offshore wave heights. These
protected regions naturally happen to be the reef fronted areas. At Pu‘ukohola Heiau NHS there
is a significant offshore reef providing a barrier to the entire park. Kaloko-Honokohau NHP has
reef fronting the majority of the park, but it is not significant. Only the beach fronting the
‘Aimakapa Fishpond has a significant offshore reef (Gibbs et al. 2006). It is clear from the
nearshore wave field that the reef structure an