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Purpose
The purpose of the Pacific Waves and Water Levels Project was to improve understanding and
better quantify multiple nearshore processes affecting Hawaiʻi’s coastlines using wave hindcast
and water level analysis. The intent was to address the need for nearshore wave and water level
information that is essential for planning, operations and maintenance, and engineering design
undertaken by the U.S. Army Corps of Engineers (USACE), Honolulu District as well as other
Federal, state and local agencies. The methodology developed and the resulting information will
enable the USACE to more efficiently estimate coastal hazard risk for various coastlines of
Oʻahu. In addition, the work conducted for this study may later be extended to similar analyses
for other jurisdictions within the area of responsibility for Honolulu District as well as other
coastal ocean observing systems along the west coast and Alaska, thus potentially supporting all
the districts in the Pacific Basin.
Program Background: USACE program funding in the State of Hawaiʻi
The National Shoreline Management Study at the Institute for Water Resources (IWR) has
supported USACE Honolulu District since 2012, to work with the State of Hawaiʻi to develop a
long-term strategy for dealing with the most profound future threats to the coasts of Hawaiʻi.
Early efforts have: 1) identified variations in rainfall patterns caused by changes in ocean
currents and storms that have dramatic impacts on the islands; and 2) assisted each of the
counties (islands) to make use of the existing data sources for more robust planning at the county
level.
The Pacific Waves and Water Levels Project is a timely extension of the work with the State for
two reasons. First, the Pacific Islands Ocean Observing System (PacIOOS) has now been
operational for over ten years, and several buoys that are part of the system were installed under
other programs years before that. The data set is now long enough to begin to identify trends and
variations in multiple phenomena. Second, Hawaiʻi recently experienced flooding events caused
not by storm-induced surge or rainfall, but rather by multiple oceanographic phenomena that
caused water level rise and high surf on the islands simultaneously. These conditions provided a
peek into potential future conditions in a changing climate.
Funding for this project was made available through a subcontract with Louis Berger to
PacIOOS based within the School of Ocean and Earth Science and Technology (SOEST) at the
University of Hawaiʻi at Mānoa. PacIOOS is a partnership of data providers and users working
together to enhance ocean observations and to develop, disseminate, evaluate, and apply ocean
data and information products to address the environmental, economic, and public safety needs
of stakeholders who call the U.S. Pacific Islands home. PacIOOS assembled a team of
researchers with extensive experience in numerical wave modeling and water level and wave
analysis to accomplish the project objectives.
Importance of nearshore wave hindcast and water level analysis
The wave climate of Hawaiʻi includes a mix of seasonal swells and year-round wind waves from
all directions across the Pacific Ocean, in addition to occasional tropical storm activity. Islands,
headlands, and other geomorphologic features shelter the multimodal sea states, creating spatial
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variation of the wave conditions near the shores. Offshore and nearshore buoys provide in-situ
wave measurements, but they are limited to discrete locations and subject to various operational
and maintenance downtimes. A detailed description of the complex wave climate in Hawaiʻi is
best accomplished by hindcasting with numerical models. The steep offshore slope and the
rough, shallow reef along the nearshore profile differ from the general application of most wave
models, requiring additional calibration before extension of the deep-water hindcast to shallow
waters. Measurements from buoys are useful for validation of model results and assessment of
model performance.
Validated nearshore hindcast datasets reproduce long-term historical wave conditions at
nearshore sites of interest and provide a basis for characterizing the wave climate for the design
of coastal erosion protection (revetments, seawalls, beach nourishment, living shorelines),
estimation of coastal run-up/inundation/overtopping, modeling of sediment transport, design of
harbor structures, determination of harbor operational conditions, and more.
A nearshore wave hindcast also provides useful information on the effect of extreme wave
conditions on nearshore water level. This effect varies dramatically based on wave exposure,
nearshore bathymetry, wind exposure, and other factors. The water level statistics analysis
addresses the spatial variation, defines the probabilities of future impacts, and evaluates changes
in the frequency of severe conditions that could take place with future sea level rise.
Approach
Hindcasts typically provide wave information for deep-water sites far offshore due to the
variability and complexity of wave transformation in the nearshore. Additional empirical and
spectral models are needed to transform the offshore hindcast information for specific nearshore
applications. This method, which is not practical to run multi-year time series due to the
computing time required, usually uses selected prevailing and extreme wave conditions in the
transformation to represent the entire wave climate, without providing a full coverage of the
probable nearshore wave and water level conditions.
As such, the Pacific Waves and Water Levels project consisted of the following technical tasks:
Task 1. Calibrate the commonly used Simulating Waves Nearshore (SWAN) model for
coastal wave processes in tropical island environments with fringing coral reefs; validate
the calibrated SWAN with coastal buoy and nearshore sensor measurements; and conduct
the high-resolution wave hindcast through a hierarchical nested model system to produce
a complete spatial and temporal dataset for nearshore wave conditions around Oʻahu
from October 2013 to January 2018.
Task 2. Conduct statistical analysis on significant wave height and water levels from the
wave hindcast, tide gauge records, and offshore buoy and nearshore sensor
measurements. This included a joint probabilistic analysis for wave heights and water
levels at strategic nearshore locations around Oʻahu as a function of water depth, incident
significant wave height, direction, and period.
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Both tasks identified the limitations of the present approach, provided a baseline for further
improvements, and listed future work needed to extend the analysis to other locations in Hawaiʻi
and the Pacific Islands.
This SOEST technical report combines and presents the two major outcomes of this project (i.e.,
a report for each task) into one combined report.
Brief summary of results
The nearshore wave hindcasting employed for Task 1 provided a comprehensive dataset with
quantitative descriptions of the seasonal and spatial variations for the dominant wind wave and
swell conditions around Oʻahu. The results show that a 50-m grid resolution and tidal input are
needed to sufficiently resolve the wave heights in the shallow water across the reef flat in this
area. The slope-scaled breaking index of Nelson (1994) with a calibrated reference value of 0.47
for the horizontal bottom combined with the composite roughness length of 0.5 and 0.16 m
suggested by Filipot and Cheung (2012) can resolve the energy dissipation from reef face to reef
flat. Good agreement between the model results and nearshore measurements available on
northern and eastern shorelines shows that the calibrated SWAN model is suitable to describe the
nearshore wave transformation in the tropical reef environment around Oʻahu, and could be
further improved with additional nearshore measurement data along other coasts.
The comparison of the modeled and measured wave parameters at offshore buoys illustrates that
the model system can capture individual wave events, albeit with underestimation of extreme
swell and wind wave events. Scatter plots of the hindcast and measured wave height data pairs
show the discrepancy between the two datasets increases with the wave height. Nevertheless, the
quantile distributions of the hindcast wave height are within 10% of the measurements for the
majority of the wave conditions.
Wave rose plots and a wave exceedance probability table are provided at the end of the Task 1
report for the predefined USACE Honolulu District’s high-priority locations at depths from 1 to
7 m, in the surf zone. The plots and table show varying wave conditions around the island with
narrow direction bands due to refraction of waves toward the shoreline. In addition, water depth
limits wave heights at the nearshore sites.
Task 2 utilized the output from the high-resolution modeling framework developed in Task 1 to
define parameterized relationships between wave forcing at the 20-m isobath and nearshore setup
and wave height. The parameterized relationships, in turn, form a multidecade time series of
nearshore setup and wave height based on the long-term wave hindcast. The long-term wave
setup and height provide a basis for high-fidelity water level probabilistic analysis. One step in
the return period analysis was necessarily altered for the three locations in deep water near
harbors, because unlike at the surf zone locations, the wave heights at the harbor sites are not
depth-limited.
Results from the probabilistic analysis for all 16 USACE Honolulu District’s high-priority
locations are presented in a series of figures in Appendix A of the Task 2 report. Each figure
provides estimates of return levels for periods ranging from one to one hundred years with 90%
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confidence intervals for years 2020, 2040, 2060, and 2080 under the three USACE sea level rise
scenarios of low, intermediate, and high.
Limitations and suggestions for future efforts
There are several ways in which the quality and utility of the analysis herein may be improved in
the future. SWAN was calibrated with a set of offshore and nearshore measurements at the north
shore of Oʻahu, and the calibrated SWAN was validated with independent measurements at the
north and east shores. Despite the good agreement between the model results and the nearshore
measurements, this project lacked concurrent offshore and nearshore measurements for the
model calibration and validation at the south and west shores.
The calibrated SWAN was implemented in the high-resolution wave hindcast from October 2013
to January 2018. The hindcast was thoroughly validated with available offshore buoy
measurements; however, there are inadequate measurements in the surf zone for quantifying the
uncertainty in the nearshore hindcast. In addition, the four years of hindcast cannot reflect the
inter-annual variations associated with climate cycles and show an underestimation of extreme
events. Therefore, caution is necessary when using the wave hindcast in engineering
applications, especially in the extremal analysis.
For future work around Oʻahu, additional nearshore sensor and buoy measurements are needed
to conduct further calibration and validation at south and west shores of Oʻahu. In order to
provide additonal utility for USACE Honolulu District, another recommendation is to extend the
hindcast period to at least 10 years, ideally more. In addition, the wave setup and infragravity
waves are important components for nearshore water level analysis that are not computed in the
wave hindcasting. Phase-resolving modeling is suggested to account for these factors and to
compare results for extreme events.
USACE Honolulu District and other agencies and stakeholders would benefit by applying the
methodology presented herein to other islands in Hawaiʻi and the U.S. Insular Pacific. In
addition to personnel time and computing power, the availability of data to validate the hindcast
is currently a significant limiting factor in this region.
For the return period analysis of nearshore water levels, there are two sources of uncertainty that
could be addressed in future work. The first is uncertainty and bias in the hindcasted wave
parameters at the 20-m isobath, which have been assumed to be ‘truth’ in the approach outlined
here due to a lack of observations for direct comparison. The second is uncertainty due to future
changes in wave climate. Although this analysis assumed stationary statistics of the wave
climate, changing storm tracks could lead to changes in the directionality and/or frequency of
wave events.
The estimates in Task 2 of fitted parameters establishing the relationships between wave forcing
at the 20-m isobath and nearshore setup and wave height are based on single wave events over
short windows (<48 hours) in order to account for time and computational constraints. To
improve the robustness of the fits and to ensure applicability across varying conditions,
additional model runs capturing a range of swell directions and sizes for each location should be
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generated, allowing the parameterizations to be revisited and improved. Similarly, simulations
for all swell events should be run with varying increments of sea level added to the mean water
depth to simulate sea level rise and ensure that the fitted parameters are valid for more extreme
future scenarios.
A significant deficiency in the utility of this analysis is the absence of infragravity waves (i.e.,
wave-driven fluctuations in water level with periods of 10s of seconds to minutes). For the
validation site at which observations of coastal water level are available, infragravity wave
height is highly correlated to the significant wave height at the 20-m isobaths, suggesting the
potential for parameterizing and hindcasting the influence of infragravity waves on coastal water
level. In the absence of observations for high-priority locations on Oʻahu, it may be possible to
achieve useful estimates of infragravity wave amplitudes from high-resolution, phase-resolving
coastal wave models.
Finally, wind-driven storm surge is not well represented in this study. By using the tide gauge as
a surrogate for water level changes on the reef, the analysis implicitly includes the statistics of
surge related to synoptic pressure variations. The wind-driven component of surge is not well
captured, though, as wind-driven surge is dependent on wind direction and water depth, with
shallower locations experiencing greater surge for the same onshore wind. The statistics and
magnitudes of synoptic wind-driven surge along shallow reef-lined portions of the shoreline are
not well quantified.
Conclusion
This project was successful in providing valuable information to improve understanding and
better quantify multiple nearshore processes affecting Hawaiʻi’s coastlines. The limitations and
constraints of the project as well as the methodology herein provide directions for future work.
As illustrated through the project results, the complex hydrodynamic processes associated with
the intricate bathymetric features of islands surrounded by fringing coral reefs and the various
levels of sheltering from the multi-modal sea states must be accounted for in order to fully
inform planning, operations and maintenance, and engineering design efforts undertaken by the
USACE Honolulu District as well as state and local agencies. Improved understanding of these
dynamics also then provides the opportunity to better account for the potential changes in sea
level and wave climate.
For future work, a phased approach with smaller tasks building to a more robust outcome may be
advantageous, based on the needs of USACE Honolulu District and other key partners and
stakeholders. Extension of the present hindcast to 10 years or more would expand the utility by
providing coverage of interannual variation of wave conditions associated with climate cycles.
Phase-resolving models are in the early stages of implementation in Hawaiʻi for short-term
forecast needs. While the prospects for such models is encouraging, computational needs must
be considered, and nearshore measurements to calibrate and validate the models should not be
undervalued. This methodology developed in this pilot study can also be applied to other islands
that have offshore and nearshore measurements.
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Executive Summary
The “Pacific Waves and Water Levels” project is an initiative under the National Shoreline
Management Study at the U.S. Army Corps of Engineers (USACE) Institute for Water
Resources, which has supported USACE Honolulu District to work with the State of Hawaiʻi on
the topic of coastal hazard mitigation. The objectives of Task 1 in this project are to calibrate the
commonly used Simulating Waves Nearshore (SWAN) model for coastal wave processes in
tropical island environments with fringing reefs and to develop a hindcast dataset extending from
deep to shallow water around Oʻahu using the calibrated model. One set of cross-shore
measurements at Mokulēʻia and concurrent offshore PacIOOS buoy records provided the basic
information for a sensitivity test of the model settings to identify the optimal grid size as well as
calibration of model parameterizations for bottom friction and wave breaking. The calibrated
SWAN is validated with independent datasets recorded at the same Mokulēʻia cross-shore
transect for winter swell events and at sites along the Kāneʻohe shore for summer wind wave
conditions.
We assemble WAVEWATCH III and the calibrated SWAN into a wave hindcast system with a
hierarchy of nested grids from global to nearshore. The wind forcing comes from the Climate
Forecast System Reanalysis (CFSR) for the entire globe and its downscaling around the
Hawaiian Islands by the Weather and Research Forecast (WRF) model. This approach
reproduces distant synoptic weather patterns as well as local mesoscale events that influence the
diverse wave climate in Hawaiʻi. The hindcast system produces a complete spatial and temporal
dataset for nearshore wave conditions around Oʻahu from October 2013 to January 2018. The
hindcast dataset captures individual wave events and describes the seasonal variations recorded
at offshore buoys. The percentile distributions of modeled wave height are within 10% of the
measurements for the majority of wave conditions. The comparison at the offshore sites shows
that the hindcast underestimates wave heights for extreme wave events likely due to limited
resolution of the wind forcing or the capability of the wave model in resolving complex wind
events.
The comparison with offshore buoy measurements provides guidance for implementation of the
wave hindcast in coastal engineering projects and coastal zone planning. The USACE has 16
predefined high-priority sites at depths from 1 to 7 m in the surf zone around Oʻahu. The highresolution nearshore hindcasting produces hourly wave parameters and spectra at the nearshore
sites from 2013 - 2018. The wave rose diagrams show the wave heights are limited by the water
depths and offshore wave conditions with principal wave directions normal to the shore due to
refraction. The hindcast dataset provides the basic information for the subsequent water-level
analysis in Task 2.
The limitations in the present study include the lack of concurrent measurements at nearshore
and offshore sites at the south and west shores of Oʻahu for SWAN calibration, and inadequate
measurements in the surf zone for quantifying the uncertainty in the nearshore wave hindcast. In
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addition, the 4 years of wave hindcast cannot reflect the inter-annual variations associated with
climate cycles and also show the underestimation of the extreme events. Therefore, special
cautions are needed for using the wave hindcast in engineering application, especially in
extremal analysis. Future work is needed to complete the calibration and validation of the
nearshore wave model around Oʻahu, examine the sources of the underestimation for the extreme
wave events, and extend the high-resolution wave hindcast to above 10 years. The wave setup
and infragravity waves, which are not computed in the hindcasting, are important components
for nearshore water level analysis. Phase-resolving models are suggested in the future study for
the detailed modeling of those factors.
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Calibration of SWAN for Nearshore Wave Hindcasting around
Oʻahu
1. Introduction
Hawaiʻi has a complex wave climate due to its mid-Pacific location and massive archipelago
(Stopa et al., 2011; Li et al., 2016). Figure 1 shows its main wave regimes and offshore buoy
locations. Extratropical storms near the Kuril and Aleutian Islands generate swell energy toward
Hawaiʻi from the northwest to north during the boreal winter. The year-round Southern
Hemisphere Westerlies augmented by mid-latitude cyclones in the boreal summer bring modest
swells to south-facing shores. Persistent trade winds generate waves from the northeast to east
throughout the year, while tropical cyclones in the summer and subtropical cyclones during the
winter as well as passing cold fronts throughout the years can generate waves from all directions.
The steep volcanic mountains speed up the wind flows and create heightened seas in the
channels through orographic effects (Yang et al., 2005; Nguyen et al., 2010; Hitzl et al., 2014).
Waves generated by distant synoptic and local mesoscale weather systems propagate from the
open ocean to the islands. The wave height changes significantly through shoaling, refraction,
diffraction, bottom dissipation, and breaking in the shallow water near the shore. Severe
nearshore waves can interfere with maritime operations, damage coastal infrastructure, and cause
inundation and erosion in low-lying areas, especially when they occur during high tides.
Comprehensive information and understanding of nearshore wave conditions are needed for
mitigating coastal hazards and improving maritime safety.
There are very limited nearshore buoys and sensors to provide in-situ measurements of wave
heights, periods, and directions around Oʻahu. Records from offshore PacIOOS buoys are useful
for inferring the nearshore wave conditions, and yet they are limited to discrete locations and
subject to downtime due to equipment maintenance. A detailed description of the complex
nearshore wave conditions is best accomplished by numerical modeling, while measurements
from offshore and nearshore buoys and sensors are vital for validation of model results and
assessment of model performance.
Third generation spectral wave models, such as WAVEWATCH III of Tolman (2008) and
SWAN (Simulating Waves Nearshore) of Booij et al. (1999), are proven tools in describing the
multi-modal sea states of Hawaiʻi (Stopa et al., 2011, Li et al., 2016). Despite being developed
for open oceans and shelf seas, WAVEWATCH III is able to depict shadowing of the wave field
by the Hawaiian Islands and heightened seas with small fetches in interisland channels and
around headlands (Stopa et al., 2013; Foster et al., 2014). SWAN is better suited for nearshore
environments due to its efficient implicit scheme for high-resolution modeling and ability to
account for triad wave interactions in shallow water. Despite the proven effectiveness of
WAVEWATCH III and SWAN in modeling wave generation and propagation from the open
1

ocean to the continental shelf in U.S. mainland (Gabriel et al., 2013; Yang et al., 2017), the
models were mainly validated with offshore buoy measurements around Hawaiʻi (Li et al.,
2016).
With a distinct coastal substrate from the continental beach, tropical islands are surrounded with
fringing reefs characterized by a steep slope with an abrupt transition at the reef crest to a
shallow platform attached to the shoreline. This differs from the general application of SWAN
with gentle-sloping beaches and requires special examination of the model parameterization in
resolving the complex nearshore processes in the reef environment. Filipot and Cheung (2013)
calibrated the wave breaking parameterizations in SWAN based on the laboratory data from
scaled model tests of reefs on southeast Guam by Demirbilek et al. (2007) and implemented the
bottom friction formulation of Lowe et al. (2005) using 10 days of field measurements across a
fringing reef off Mokulēʻia beach on the north shore of Oʻahu. A University of Hawaiʻi (UH)
research team led by Dr. Mark Merrifield conducted additional field experiments at north, south,
leeward, and windward facing shorelines around Oʻahu. The additional measurements provide a
wide-ranging dataset for evaluation of the wave transformation over the local reef environment.
The dataset allows for the optimization of the parameterization in SWAN to better resolve the
wave processes over the intricate and variable nearshore bathymetry around Oʻahu.
In this project, we utilize the field data at Mokulēʻia, Oʻahu used by Filipot and Cheung (2013)
to recalibrate the parameterizations for wave breaking and bottom friction along with grid and
depth sensitivity in SWAN. Through the calibration and sensitivity tests, SWAN is tuned for
nearshore wave modeling in the reef environment around Oʻahu. We validate the calibrated
model with an independent set of nearshore measurements at the same north-shore site as well as
an additional set of measurements on the east shore of Oʻahu near Kāneʻohe. After validation,
SWAN and WAVEWATCH III are assembled into a hindcast system utilizing a suite of nested
grids from deep water to nearshore with increasing grid resolution. The wind forcing includes the
Climate Forecast System Reanalysis (CFSR) for the entire globe and its downscaling in the
Hawaiʻi region from 2013 October to 2018 January. The four years of wave hindcast, validated
with available buoy measurements, provides a basis for limited statistical analysis of the wave
heights and water levels at the high priority sites close to the shore that in turn may be used as
guidance for planning, operations, maintenance, and engineering design undertaken by Federal,
state and local agencies.
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Figure 1. Hawaiʻi wave climate, locations of offshore and nearshore buoys (black dots with
labels), boundaries of nested Hawaiʻi grid within Global WaveWatch III (bold dash lines), and
nested SWAN grid around Oʻahu (dash lines).
2. Methodology
2.1 Nearshore wave measurements
A UH research team led by Dr. Mark Merrifield conducted field experiments and measured a
wide range of nearshore wave conditions around Oʻahu through multiple projects, including the
USACE Pacific Islands Land-Ocean Typhoon Experiment, from 2007 to 2017. The
measurements include time series of water level and significant wave height at the sites. The data
shed light on the complex nearshore hydrodynamic processes and provide a basis for calibration
and validation of nearshore wave models. A careful examination of the available measurements
identifies three datasets from nearshore deployments at the north and east shores of Oʻahu. An
important requirement in the selection is the availability of concurrent data from nearby offshore
buoys. The nearshore and offshore measurements provide complete time series representing
wave height transformation from the open ocean to the shore. The selected datasets at the north
shore come from two deployments, identified as A and B, and the dataset at the east shore from
deployment C. Deployment A included 4 sensors (A01, 02, 03, 04) located at 1.7 to 20 m depth
across Mokulēʻia Beach to record water-level and wave parameters from December 28, 2007, to
January 8, 2008. Deployment B involved five sensors (B01, 02, 03, 04, 05) at depths from 1.3 to
23 m along the same transect for January 9 to 17, 2008. The two consecutive deployments at
Mokulēʻia have close to 1 month of wave records in the winter swell season. Figure 2 shows the
3

location map for the nearshore sensors (A01-04 and B01-05) and an offshore PacIOOS wave
buoy #51201 to the north. Table 1 lists their coordinates, depths, and deployment periods. The
more recent deployment at Kāneʻohe (Kaneohe-C) has two months of wave measurements from
July 17 to August 27, 2017. During the Kāneʻohe field experiment, four sensors (C01, 02, 03,
04) were deployed at water depths from 7 to 9 m along the beach with an offshore wave buoy
(#51210) to the north at 80-m depth as seen in Figure 3 and listed in Table 1. The summer
measurements at Kāneʻohe and winter measurements at Mokulēʻia provide a robust dataset for
thorough SWAN calibration and validation at the north and east shores of Oʻahu.
Two-dimensional spectra at the offshore PacIOOS buoys from the CDIP website were used as
boundary conditions for SWAN nearshore wave modeling. The model results are compared with
the significant wave heights measured at the sensors (A01-04) in the grid and depth sensitivity
tests as well as the calibration of parameterization in the numerical schemes. With the optimized
setting and calibrated parameterizations, SWAN is adjusted for nearshore modeling in the
tropical reef environment. And the measurements from the sensors B01-05 and C01-04 were
utilized for the validation of SWAN before its implementation of the high-resolution nearshore
wave hindcasting around Oʻahu from October 2013 to January 2018.
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Table 1. Coordinates and water depth of offshore PacIOOS wave buoys and nearshore sensors at
Mokulēʻia and Kāneʻohe.
Time Period
Label
Location Longitude (◦W) Latitude (◦N) Depth
(m)
2001/12/16 - present

#51201 North Shore

201.8830

21.671

200

2007/12/28

A01

Mokulēʻia

201.8426

21.581

1.7

-

A02

Mokulēʻia

201.8428

21.5840

5.9

2008/0109

A03

Mokulēʻia

201.8428

21.5865

9.6

A04

Mokulēʻia

201.8428

21.5891

19.9

2008/01/09

B01

Mokulēʻia

201.8427

21.5802

1.3

-

B02

Mokulēʻia

201.8426

21.5810

1.7

2008/01/17

B03

Mokulēʻia

201.8428

21.5840

6.8

B04

Mokulēʻia

201.8428

21.5882

11.9

B05

Mokulēʻia

201.8431

21.5892

22.6

2016/08/26 - present

#51210

East Shore

202.2442

21.4774

80

2017/07/17

C01

Kāneʻohe

202.2315

21.4634

7.1

-

C02

Kāneʻohe

202.2394

21.4614

9.4

2017/08/27

C03

Kāneʻohe

202.2481

21.4580

7.1

C04

Kāneʻohe

202.2570

21.4562

7.7
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Figure 2. Location maps for offshore buoy #51201 (yellow) and nearshore sensors from
deployments A (red) and B (green) at Mokulēʻia.
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Figure 3. Location map for offshore buoy #51210 and nearshore sensors from deployment C at
Kāneʻohe.
2.2 Nearshore bathymetry
The nearshore bathymetry around Oʻahu is complex with fringing reefs on top of the steep
volcanic slope. Accurate bathymetry data is needed to resolve the intricate coastline and
bathymetric features for the nearshore wave modeling. A digital elevation model (DEM) has
been compiled for the Pacific basin with high-resolution regional data through a series of storm
surge and tsunami inundation mapping projects at the University of Hawaiʻi. The DEM around
the Hawaiian Islands includes data from the National Geophysical Data Center Coastal Relief
Model as well as high-resolution hydrographic and LiDAR surveys. The source data, which
varies in resolution from 3 arcsec to 1 m, has been blended and rectified with orthoimages and
nautical charts for development of computational grids. Figure 4 shows the topography at
Mokulēʻia at the north shore of Oʻahu with complex relief features such as headlands, bays, and
harbors. The bathymetry also changes significantly near the shoreline. Figure 5 shows the water
depth at the cross-shore transect, where nearshore sensors were deployed. The water depth over
the nearshore reef flat is less than 3 m and gradually extends to ~10 m along the fore reef and
then abruptly increases to 30 m through a reef face. The width of the reef zone is about 1 km.
Outside the reef zone, the water depth increases offshore along a steep slope. Large offshore
waves transform over the fore reef and break over the reef flat before reaching the beach. Proper
calibration and sensitivity tests are needed for SWAN to resolve the complex nearshore
processes.
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Figure 4. SWAN grid and bathymetry at Mokulēʻia. Red line denotes the cross-shore transect of
nearshore sensors.

Figure 5. Water depth and bathymetric features at the cross-shore transect at Mokulēʻia.
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2.3 Sensitivity tests and calibration of SWAN
Wave dynamics and processes become very complex and highly nonlinear in tropical coastal
environments. This presents a challenge for nearshore wave modeling with SWAN. Despite its
widespread implementation, calibration is still needed to assure proper resolution of the
nearshore processes including breaking and bottom friction over the reefs in the Hawaiian
Islands. The measurements collected from the Mokulēʻia field experiment A provide the basis
for a detailed examination of the key model setting and parameterizations in SWAN.
2.3.1 Grid size
A fine spatial resolution is needed to capture the complex bathymetry in nearshore wave
modeling. Yet, refining the grid size, which can significantly lengthen the computing time, may
not always improve the model result. Therefore, proper selection of spatial resolution is needed
to achieve a good balance of model accuracy and efficiency. The grid size is first kept as the only
tunable parameter in a series of sensitivity tests. The SWAN default parameter settings listed in
Table 2 remain the same. The 2D spectra from the offshore buoy #51201 are implemented as
boundary conditions for the domain shown in Figure 4. The model results at A01 to A04 are
compared with the field measurements. Figure 6 shows the time series of measurements and the
modeled significant wave heights with grid sizes of 500, 200, 100, 50 and 25 m from December
28, 2007 to January 8, 2008. The model results with 500-m grid size show good agreement at
A04 and slight underestimation and overestimation at A03 and A02, yet no data at A01 due to
the limited resolution. This indicates that 500 m of grid resolution is only sufficient to capture
offshore wave conditions with depth greater than 20 m. Increasing the grid resolution to 200 m
gives slightly improved results at A04, A03, and A02, and still fails to resolve the location of
A01. This is associated with the narrow reef zone, which requires a spatial resolution finer than
100 m to resolve the nearshore features and wave transformation. Refining the grid size from 100
to 50 m gives very minor changes to the wave height and from 50 to 25 m results in negligible
improvements at A04 to A01. This indicates that model results converge at the 50-m grid size for
the site.

9

Table 2. Model baseline for SWAN grid sensitive tests
Parameters
Direction convention
Computing mode
Coordinate
Number of directional bins
Directional range
Number of frequency bins
Frequency range
Breaking method

Value
Nautical
Non-stationary
Spherical
36
0-360 degree
50
0.035-0.963
Constant
breaking
indexes,
alpha=1.0,
gamma=0.73
Whitecapping method
Komen et al. (1984)
Bottom friction method
Hasselmann et al. (1973, JONSWAP),
Triad wave-wave interaction
On
Wave setup
On
Quadruplets wave-wave interaction Off
Discretization in geographical space BSBT
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Figure 6. Measured and modeled significant wave heights at nearshore sensors A01, A02, A03,
and A04. Dots and lines denote measurements and model results, respectively. The vertical
scales are different among the panels.
2.3.2 Tidal effects
The records at A04, A03, A02 in Figure 6 show similar patterns with mild seas from December
28 to 31, 2007 followed by larger waves until January 4, 2008, that gradually subside through
January 8, 2008. In contrast, the 2 m-depth A01 site has gentle waves with heights around 0.5 m
throughout the entire experiment. The time series of the recorded wave height shows a clear
diurnal signature suggesting tidal influences. The tidal information was extracted from the water
level measurement at the 20 m-depth A04 site, as seen in Figure 7. The hourly tidal elevations of
-0.4 to 0.4 m can significantly influence the water depth at the shallow site and modulate the
depth-limited wave height. The tidal elevation time series was implemented as an additional
water-level input in the 50-m SWAN model. The results at the 20-, 10-, and 6- m sites are almost
the same with and without tidal input as seen in Figure 8. However, the results with tidal input
reproduce the diurnal signature as seen in the measured wave height at the 2-m site. This shows
that the tide elevation, despite its moderate range, can modulate the wave conditions over the
reef flat. Large tidal events like king tides can significantly increase the nearshore water depth to
allow bigger waves to propagate to the shoreline and bring severe local impacts. It is evident that
tidal elevations are an important input for the nearshore wave modeling. SWAN with tidal input
on 50-m grid can capture the overall wave pattern in the reef zone. The overestimation at the 6-m
and 2-m sites suggests further calibration of the source term and the parameterization in the
dissipation schemes are necessary.
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Figure 7. Hourly tidal elevation at A04 during the field experiment.

Figure 8. Measured and modeled significant wave heights at nearshore sensors A01, A02, A03,
and A04 in depth sensitivity tests with and without tides. Dots and lines denote measurements
and model results, respectively. The vertical scales are different among the panels.
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2.3.3 Source term
SWAN has multiple source term options to account for energy input and dissipation, including
JANSSEN developed by Janssen (1989,1991), KOMEN by Komen et al. (1984),
WESTHUYSEN by Westhysen et al. (2007), and ST6 by Rogers et al. (2012). The default
source term KOMEN is used in the grid and depth sensitivity tests that produce reasonable
results at A04 and A03 (at 20 and 10 m-depth, respectively) and gives increasing overestimation
of significant wave height at the 6 m-depth A02 site and the 2 m-depth A01 site. Although wind
input is not considered in the near-shore SWAN domain, the source term also includes
parameterizations of whitecapping and nonlinear wave interactions. To evaluate the performance
of other source terms, we repeat the nearshore wave modeling at Mokulēʻia from December 28,
2007 to January 8, 2008, with the optimized grid and the time-dependent tide level. All four
source terms give almost the same results at the nearshore sites from A04 to A01 as seen in
Figure 9. This indicates the source terms do not have noticeable influences on the results in the
reef environment. We continually used the KOMEN term in the subsequent tests and
calibrations. The overestimation of the wave height at the shallow A01 and A02 sites are most
likely associated with underestimation of energy dissipation in wave breaking and bottom
friction.

Figure 9. Measured and modeled significant wave heights at nearshore sensors A01, A02, A03,
and A04 in source-term sensitivity tests. Dots and lines denote measurements and model results,
respectively. The vertical scales are different among the panels.
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2.3.4 Bottom roughness
In the absence of wave breaking for mild seas, energy dissipation is mainly from bottom friction.
Toward the end of the first Mokulēʻia wave data time series, waves subside from the rough seas
and the significant wave heights are smaller than 1 m in the entire reef zone. This provides a
unique subset of the data to assess the bottom friction in SWAN. The available parameterizations
include the empirical JONSWAP model of Hasselmann et al. (1973), the drag law model of
Collins (1972), and the eddy viscosity model of Madsen (1988). The JONSWAP method
assumes a constant bottom friction coefficient of 0.038 m2s-3 retrieved from wave observations in
the North Sea. The bottom friction coefficient in the drag law model is calculated from the rootmean-square wave orbital velocity at the bottom and a Collins friction coefficient of 0.015 based
on field experiments at multiple locations at U.S. mainland coasts. In both methods, the friction
coefficients were determined from comparison of the model predictions and observations.
Therefore, the coefficients are for the friction only with no direct correlation with the physical
bottom roughness. To overcome the limitation in these methods, Madsen (1988) developed a
friction-coefficient formulation based on the hydraulic roughness scale. The default bottom
roughness in SWAN is 0.05 m, intended mainly for sandy beaches. Field experiments in the
tropical reef environment show stronger energy dissipation with friction coefficients one to two
orders of magnitude larger than the normal sandy bottom (Pequignet et al., 2011). The large
friction at the reef surface is associated with the rugged texture composed of eroded limestone,
benthic organisms, and coral rubbles. The physical roughness of the bottom substrate is
comparable to their hydraulic roughness lengths.
Lowe et al. (2005) suggested a homogenous hydraulic roughness value of 0.16 m for the reef flat
based on observed dissipation rates in Kāneʻohe Bay on the east shore of Oʻahu. Filipot and
Cheung (2012) calibrated the parameterization of Lowe et al. (2005) with the measurement from
Mokulēʻia deployment A and recommended roughness lengths of 0.5 and 0.16 m for the reef flat
and the fore reef, respectively, delineated by the 5-m contour. The homogeneous value of 0.16 m
suggested by Lowe et al. (2005), and the combination of 0.16 and 0.5 m as suggested by Filipot
and Cheung (2012) in the bottom friction method of Madsen (1988) are implemented here for
comparison with the measurements. Figure 10 shows the modeled and measured significant
wave heights for the mild sea conditions toward the end of the field experiment. The good
agreement from A04 to A02 shows that the bottom friction parameters are properly resolved with
0.16 m of hydraulic roughness lengths for the fore reef. The overestimation at the A01 site with
the homogenous roughness indicates higher roughness exists on the reef flat. An increased
hydraulic roughness length 0.5 m as suggested by Filipot and Cheung (2012) gives better
agreement, but still leads to slight overestimation at A01. The overestimation may be associated
with depth-limited breaking as indicated by the strong tidal influence. The aerial photo of the
Mokulēʻia beach from the UH coastal geology group in Figure 11 shows patchy rubbles on the
limestone substrate of the reef flat. This infers spatial variations of the roughness scale associated
with the bottom textures across the shore. The slight overestimation of wave height at A01 site
might be further curtailed by increasing the hydraulic roughness length above 0.5 m in the
bottom friction model. However, any further increase will likely go beyond the range of the
actual physical roughness, given the 2-3 m shallow water depth at the reef flat. The 0.5 and 0.16
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m roughness lengths within and outside the 5 m contour are used in the bottom friction method
of Madsen (1988) in the subsequent calibrations for wave breaking.

Figure 10. Measured and modeled significant wave height with homogenous and composite
bottom roughness at nearshore sensors A04, A03, A02, and A01. Dots and lines denote
measurements and model results, respectively. The vertical scales are different among the panels.

Figure 11. Aerial photo of Mokulēʻia beach from the UH SOEST Coastal Geology Group
(ftp://ftp.soest.hawaii.edu/coastal/webftp/Oahu/aerials/C75322.jpg).
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2.3.5 Wave breaking index
Waves break in shallow water when the height to depth ratio exceeds a threshold causing
significant energy dissipation. Wave breaking over reefs is a common phenomenon, which
provides a certain level of shoreline protection, especially from large waves. The sensors A04,
A03, A02 recorded a few major wave events from December 31, 2007 to January 2, 2008, with
maximum wave height reaching 3 m at the 20 m-depth site as shown in Figure 12. Despite the
varying sea state outside the reef flat, waves at the 2 m-depth A01 site are depth-limited with
heights around 0.5 m. The large height difference between A01 and other sites in the narrow reef
zone indicate significant energy dissipation by wave breaking.

Figure 12. Measured significant wave height at nearshore sensors A04, A03, A02, and A01.
SWAN has wave breaking parameterizations such as CONSTANT developed by Battjes and
Janssen (1978), TG by Thornton and Guza (1983), and BKD by Nelson (1987, 1994). The
breaking index, which relates to a maximum wave height at a given depth, is the most critical
parameter to define the amount of energy dissipated through breaking. The laboratory and field
experiments by Nelson (1994) show that the wave height to water depth ratio at the flat reef top
is much lower than what is widely used in engineering practice for gentle slopes (approximately
0.78). Figure 13 shows the ratios of the significant wave height to water depths at the reef flat
and fore reef from the measurement at the A01 and A02 sites from December 28, 2007 to
January 8, 2008. The ratio is between 0.2 and 0.3 over the reef flat and reaches 0.4 on the fore
reef during the peak of the event, when breaking occurred. The results corroborate Nelson’s
finding and suggest varying breaking indexes with the bottom slope.
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Figure 13. Ratio of measured significant wave height to water depth at near-shore sensors A02
and A01.
Only the breaking index in the BKD parameterization is scaled with the bottom slope based on a
reference value of 0.54 for a horizontal bottom. CONSTANT has a homogeneous breaking index
representing the ratio of the maximum individual wave height over depth with a default value of
0.73, while TG uses the ratio of the maximum root-mean-square wave height over depth with a
default value of 0.42. To provide a baseline, we implement all 3 parameterizations with their
default values and the optimized model setting with the 50-m grid, tidal input, the KOMEN
source term, and the composite bottom roughness of 0.5 and 0.16 m. Figure 14 shows the
measured and modeled wave heights at the nearshore sites. The three parameterizations give
similar and reasonable results at the 20- and 10-m A04 and A03 sites due to minimal breaking.
The TG parameterization underestimates the wave height at A02 for the large wave events from
December 31, 2007 to January 2, 2008, and CONSTANT shows systematic overestimation at the
A01 site over the entire field period. The BKD breaking index, which is scaled by bottom slope,
gives the best results for both sites, albeit with slight overestimation at the A01 site.
The overestimation from BKD can be reduced by lowering the breaking index from the default
value of 0.54. Figure 15 compares the measurements and the modeled significant wave heights
with breaking index of 0.50, 0.48, 0.47, and 0.46. The smaller breaking indexes improve the
model results at the A01 site, albeit with minor discrepancies. After careful examination of the
modeled wave heights, we select 0.47 as the reference breaking index for the flat reef bottom in
the BKD parameterization. Figures 16 and 17 show the scatter and Q-Q plots of the measured
and modeled significant wave heights with the selected breaking index illustrating good
agreement of the two datasets. The slight overestimation of the wave heights under 0.4 m at A01
site is due to the tuning for wave height envelope. The mean errors of the measured and modeled
datasets are 0.005, 0.04, 0.02, and 0.03 m at the A04, A03, A02, and A01 sites, respectively. The
correlation coefficients are 0.97 at each of the A04, A03, A02 sites and 0.91 at A01 associated
with the slight overestimation at low tides. Based on these results, it is concluded that the small
mean error and high correlation with the measurements from the calibrated parameterization and
optimal model settings can resolve wave transformation over the reef at Mokulēʻia very well.
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Figure 14. Measured and modeled significant wave heights with wave breaking
parameterizations at nearshore sensors A04, A03, A02 and A01. Dots and lines denote
measurements and model results, respectively. The vertical scales are different among the panels.

Figure 15. Measured and modeled significant wave heights with varying wave breaking index in
the BKD parameterization at nearshore sensors A04, A03, A02 and A01. Dots and lines denote
measurements and model results, respectively. The vertical scales are different among the panels.
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Figure 16. Scatter plots of modeled and measured significant wave heights at nearshore sensors
A04, A03, A02, and A01 using BKD parameterization with breaking index 0.47.

Figure 17. Q-Q plots of modeled and measured significant wave heights at nearshore sensors
A04, A03, A02, and A01 using BKD parameterization with breaking index 0.47.
19

2.4 Validation of calibrated SWAN
Waves in Hawaiʻi have complex spatial and temporal variations. The parameterizations and
model settings in SWAN are optimized based on one set of measurements at Mokulēʻia.
Validation of the calibrated model with additional measurements is needed before the
implementation in the long-term wave hindcasting. In this section, we utilize independent
datasets at Mokulēʻia and Kāneʻohe for validation.
2.4.1 Nearshore measurements at Mokulēʻia
Deployment B at Mokulēʻia was from January 9 to 17, 2008, immediately after deployment A.
Five nearshore sensors B05, B04, B03, B02, and B01 were placed along the same cross-shore
transect at water depths of 22, 12, 7, 2, 1 m (see location map in Figure 2). The offshore buoy
#51201 recorded the wave conditions at 200 m depth as seen in Figure 18. The offshore record
shows a series of northwest swells with significant wave height and peak period reaching 4 m
and 18 s during January 9-13, and 6 m and 20 s during January 13-15, followed by mixed seas
with wave heights around 3 m and peak period of 10-15 s through January 17. The five nearshore
sensors capture wave transformation across the reef as illustrated in Figure 19. B05 and B04 are
located at the reef face and fore reef, respectively, and recorded similar significant wave heights.
The trend generally follows the offshore wave conditions despite a slightly smaller wave height
of 3.6 and 5.5 m at the peaks of the two northwest swell events. The B02 and B01 sites located at
the reef flat have much smaller waves with depth-limited wave heights around 0.5 m. B03 at the
transition from the fore reef to the reef flat recorded a dramatic reduction of the wave height due
to breaking during the second swell event. The significant wave height is capped at 3.2 m due to
depth-limited conditions. Overall, deployment B recorded rougher wave conditions in
comparison with deployment A, and provides a suitable dataset for validation of the calibrated
SWAN model.

20

Figure 18. Measured significant wave height, peak period, and peak direction at buoy #51201
off Oʻahu’s north shore during deployment B.

Figure 19. Measured significant wave heights at nearshore sensors B05, B04, B03, B02, and
B01.
In the validation, the 2D spectra recorded at the offshore buoy are implemented as boundary
conditions in the same model domain as shown in Figure 4. The grid resolution of 25 m is used
(instead of 50 m) to resolve the wave heights at the B01 site, which at 1-m depth, is close to the
shore. Tidal elevations are retrieved from the water level measurement at the B04 site. The
calibrated parameterizations for bottom friction and wave breaking are implemented for wave
energy dissipation. Figure 20 shows the measured and modeled wave heights from January 9 to
17, 2008. The good agreement between the two datasets at the five nearshore sites from 22 to 1
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m-depth shows the calibrated SWAN model can accurately describe transformation of swells and
mixed seas over the reef at this Mokulēʻia site.

Figure 20. Measured and modeled significant wave heights at nearshore sensors B05, B04, B03,
B02, and B01. Blue dots and black lines denote measurements and model results, respectively.
The vertical scales are different among the panels.

2.4.2 Nearshore measurements at Kāneʻohe
A recent field experiment was conducted at Kāneʻohe on the east shore of Oʻahu from July 16 to
August 27, 2017. During the experiment, four sensors C01, C02, C03, and C04, were deployed
along the shore at 7 to 9-m depth to record the water level and wave height. Figure 3 shows a
location map for the nearshore sensors. The offshore wave buoy #51210 provides in-situ
measurements at 80 m depth. The offshore record in Figure 21 shows typical trade wind waves
with significant wave height of 1.3 - 2.2 m and peak period of 5 - 10 s during the field
experiment. The wave heights recorded at the nearshore sites in Figure 22 have a similar pattern
associated with the offshore conditions, but with a smaller height in the range of 0.5-1.6 m.
Energy dissipation from bottom friction and breaking should be minimal due to the moderate
wave conditions and the fore reef locations of the sensors in intermediate to shallow depths. The
0.6 m of difference between the offshore and nearshore wave heights may be due to refraction.
The SWAN model is implemented with the calibrated breaking and bottom friction
parameterizations in a 50-m computational grid extending from the offshore buoy to Kāneʻohe
beach as shown in Figure 23. The 2D spectra recorded at the offshore buoy are used as the
boundary conditions. The tidal elevations are retrieved from the water level measurement at the
C02 site at 9 m deep. The nearshore wave modeling is performed for the period of July 16 to
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August 27, 2017. Figure 24 shows the modeled significant wave heights at the four nearshore
sites match the measurements well. The mean errors are less than 0.03 m. The good agreement of
the modeled and measured wave heights for a period of 41 days demonstrates that the calibrated
SWAN model can accurately resolve wave height transformation through intermediate to
shallow depths for the wind wave conditions along this coastline.

Figure 21. Measured significant wave height, peak period, and peak direction at buoy #51210
off Oʻahu’s east shore during deployment C.

Figure 22. Measured significant wave heights at nearshore sensors C01, C02, C03, and C04.
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Figure 23. SWAN domain and bathymetry at Kāneʻohe. Black and yellow dots denote offshore
buoy and nearshore sensors during deployment C, respectively.

Figure 24. Modeled and measured significant wave heights at nearshore sensors C01, C02, C03,
and C04. Black dots and blue lines denote measurements and model results, respectively.
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3. High-resolution wave hindcast for Oʻahu
The parameterizations in SWAN have been calibrated with the 13 days of cross-shore
measurements at Mokulēʻia and validated with a second set of Mokulēʻia measurements for 10
days of winter swell conditions as well as recent measurements at Kāneʻohe for 2 months of
summer wind waves. The validated SWAN model is used to produce a spatial and temporal
dataset of nearshore wave conditions around Oʻahu.
A hindcast system is assembled using WAVEWATCH IIII and the calibrated SWAN model on a
suite of nested grids from global to nearshore with increasing resolution. Figure 25(a) shows the
two-way nested WAVEWATCH III regional grid for Hawaiʻi within the global grid, while
Figure 25(b) depicts the nested SWAN grids for Oʻahu and nearshore regions. Table 3 lists the
coverage and spatial resolution for each computational grid. The global WAVEWATCH III
model, which resolves the oceans from 77.5 °S to 77.5 °N at 0.5° (~55 km near Hawaiʻi)
intervals, has a two-way nested regional grid covering the major Hawaiian Islands at 3 arc-min
(~5.5 km) resolution. The regional WAVEWATCH III grid provides directional wave spectra
along the boundaries of the nested SWAN grid encompassing Oʻahu for modeling of coastal
wave transformation with 18 arc-sec (~550 m) resolution. The 50-m resolution nearshore SWAN
grids enable modeling of propagation of the boundary conditions from the Oʻahu SWAN grid to
the coastlines.
High-quality global and regional wind data are crucial for the wave model system to resolve the
swells and wind waves generated by distant and local weather systems. The NOAA NCEP
Climate Forecast System Reanalysis (CFSR) produces assimilated surface winds for the entire
globe at 0.5° resolution from 1979 to 2011 and 0.205° from 2011 to the present (Saha et al.,
2010, 2014). CFSR also provides the boundary conditions for regional down-scaling to 6 km
resolution winds around the Hawaiian Islands using the Weather Research and Forecasting
(WRF) model (Hitzl et al., 2014). We utilize the CFSR global winds as well as downscaled
Hawaiʻi regional winds for wave hindcasting from October 2013 to January 2018.
Tides, despite their amplitudes of less than half a meter in Hawaiʻi, can modulate the wave
height over shallow reef flats. The hourly tidal elevations were computed using the Oregon State
University Tidal Prediction Software from a regional resolution with a 1/60 arc-degree resolution
in Hawaiʻi. The regional tidal model has been assimilated with altimetry data and tide gauges
and ship-borne ADCP measurements. The computed tidal elevations were implemented on the
Oʻahu and nearshore SWAN grids as water level inputs for wave hindcasting.
The coupled global and Hawaiʻi WAVEWATCH III hindcast models produce significant wave
height, peak wave period and peak direction at each grid point, and wave spectra along
boundaries of the Oʻahu SWAN grid at hourly intervals. The nesting of the Oʻahu SWAN grid in
WAVEWATCH III provides a detailed estimation of wave conditions over the shallow insular
shelves as well as boundary conditions for the subsequent high-resolution nearshore SWAN
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wave modeling. The nearshore SWAN model produces wave parameters at each grid point and
the 2D spectra at selected locations. The high-resolution nearshore wave hindcast can be further
used for probabilistic analysis of nearshore water level for the purposes of hazard mitigation and
coastal planning. The hindcast does not include wave setup and infragravity wave due to the
limitation of the parallel mode and the phase-averaged parameterization in SWAN. Lacking
these factors brings errors in the water level analysis and requires inclusion of a phase-resolving
model in the future work.
Table 3. Nested computational grid settings.
Model
WAVEWA
TCH III
WAVEWA
TCH III
SWAN
SWAN
SWAN
SWAN
SWAN

Grid
Global

Longitude (°E)
0 - 360

Latitude (°N)
-77.5 - 77.5

Resolution
0.5 arc-degree (~55 km)

The Hawaiian
Islands
Oʻahu
West shore
South shore
East shore
North shore

199 - 206

18 - 23

3-arcminute (~5.5 km)

201.65-202.40
201.66-201.90
201.66-201.90
201.85-202.39
202.146-202.39

21.2 - 21.75
21.52-21.74
21.25-21.62
21.23-21.33
21.29-21.62

0.3-arcminute (~550m)
1.8-arcsecond (~55 m)
1.8-arcsecond (~55 m)
1.8-arcsecond (~55 m)
1.8-arcsecond (~55 m)
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Figure 25. Nested model grids. (a) Regional WAVEWATCH III grid boundary with outline of Oʻahu
SWAN (white rectangle). (b) Oʻahu SWAN grid boundary with layout of nearshore SWAN grids (black
rectangles). Black triangles and red circles denote offshore buoys and USACE Honolulu District highpriority locations, respectively.
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3.1 Comparison of wave hindcast with buoy measurements
The high-resolution wave hindcasting reproduces the historical wave conditions around Oʻahu
from 2013 to 2018, and creates a spatial and temporal dataset for coastal engineering and
planning applications. PacIOOS wave buoys, despite their sparse distribution as shown in Figure
25(b), provide in-situ measurements of wave parameters and spectra for the validation of the
hindcast data. Figure 26 compares time series of measured and modeled significant wave
heights, peak and average periods, and peak directions at buoy #51201 off the north shore of
Oʻahu from October 2013 to January 2018. The offshore buoy recorded diverse wind wave and
swell conditions with wave heights from 0.5 to 8.5 m, peak periods from 3 to 25 s, and
predominant wave directions from northwest to northeast. The hindcast captures the individual
wave events and describes the seasonal variations very well, albeit with slight underestimation of
the wave height at the peaks and overestimation of the wave periods. Modeled wave heights are
compared with buoy measurements at the nearest time stamp for the scatter plot in Figure 27.
The linear regression of the data pairs matches the perfect fit with a mean error of 0.12 m,
indicating strong correlation. The spreading in the scatter plot may be associated with arrival
time errors. The quantile-quantile (Q-Q) plot in Figure 28 directly compares the probability
distribution of the measured and modeled wave heights. The hindcast quantile is within 10%
above the measurement, except for extreme events where the hindcast under-predicts the wave
heights. As an illustration, the buoy record and wave hindcast show maximum wave heights of
8.5 m and 7.7 m, respectively, at the peak of an extreme northwest swell event on February 22,
2016. The 0.8 m of height difference is further investigated through the 2D and 1D spectra from
which the significant wave heights are derived. The recorded and modeled spectra in Figure 29
show a similar overall pattern with high energy density from northwest within the frequency
range of 0.05 to 0.08 Hz. The 1D spectra in Figure 30 illustrate the energy density along the
frequency. The frequency spectrum from the recorded data has a higher energy density at the
peak frequency, which is slightly smaller than the hindcast. The good alignment of the peaks
suggests reproduction of the severe event and the lower hindcast spectral density indicates
underestimation of the extreme wind speed or the capability of the wave model in resolving the
complex wind distribution.
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Figure 26. Measured and hindcast significant wave height, peak period, average period, and
peak direction at buoy #51201 off Oʻahu’s north shore. Black dots and blue lines denote
measurements and hindcast, respectively.

Figure 27. Scatter plot of measured and hindcast significant wave height at buoy #51201 off
Oʻahu’s north shore.
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Figure 28. Q-Q plot of measured and hindcast significant wave height at buoy #51201 off
Oʻahu’s north shore.

Figure 29. 2D wave spectra at buoy #51201 off Oʻahu’s north shore. (a) Measured, (b) Hindcast.
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Figure 30. 1D wave spectra at buoy #51201 off Oʻahu’s north shore.
The energetic northwest swells, which bring extreme wave conditions at the north shore, are
sheltered by land at the east shore buoys #51202 and #51207. The primary wave conditions at
the two windward sites are swells from the north and trade wind waves from northeast through
east, as seen in the recorded and modeled peak direction time-series at buoy #51202 in Figure 31,
and buoy #51207 in Figure 32. Despite the proximity of the two sites (see Figure 25(b)), the
wave height and period vary slightly due to different levels of sheltering of the northwest swell.
The recorded significant wave height varies from 0.6 to 5.6 m, peak period from 4 to 25 s, and
average period from 4 to 15 s at buoy #51202, versus 0.4 to 5.3 m, 4 to 22 s, and 3 to 13 s,
respectively, at buoy #51207 to the north. The comparison of the buoy record with the hindcast
shows that the model system resolves the individual wave events as well as the seasonal
variations at both sites, albeit again with underestimation of wave heights for the severe events.
The scatter plots in figures 33 and 34 directly compare the modeled wave height at the nearest
time stamps with the measurements from buoy #51202 and #51207. The negative mean errors of
-0.04 and -0.02 from the data pairs indicate slight underestimation by the wave hindcast. The
regression slopes of 0.86 and 0.85 indicate increasing error between the hindcast and measured
datasets with increasing wave height. The increasing discrepancies are also reflected in the
percentile distributions in Figures 35 and 36 for wave height above 2 m. Nevertheless, the
hindcast distributions are within 10% of the measurement except for the extreme wave events at
both sites. For example, the maximum significant wave height recorded at #51202 is 5.6 m,
associated with an energetic north swell event on February 22, 2016. The hindcast only gives a
maximum value of 4.4 m for the same event. The model system also underestimates extreme
wind wave events. At buoy #51207, the maximum recorded wave height is 5.3 m on January 22,
2017, associated with a strong wind wave event generated from a high-pressure system in the
31

wake of a cold front. The hindcast gives a value of 4.2 m, which is 1.1 m less than the recorded
value.
The detailed energy distribution over frequency and direction can provide additional information
for evaluation of the underestimation of extreme events in the wave hindcast. Figures 37 and 38
show the 2D and 1D spectra from the measurement and the hindcast for the largest swell event at
#51202. The two spectra have a similar pattern characterized by a single peak within the
frequency band of 0.05-0.08 Hz and a direction from the north. However, the modeled data has
lower energy densities and more directional spreading at the peak in comparison with the
measurement. This is also seen in the comparison for the strongest wind wave event at #51207 in
Figures 39 and 40. The 2D and 1D spectra are both broad-banded with noticeable energy from
east to north-northwest and in the frequency of 0.09 to 1.4 Hz. However, the buoy spectra have
clear peaks at 0.11 Hz that are not evident in the modeled SWAN spectra. The underestimation
of the energy density at the peak and the smoother distribution around the main direction in the
modeled data for both the large north swell and east wind wave events could be due to
inadequate resolution in the global and regional wind forcing or the capability of the wave model
in resolving complex wind events. This provides an explanation for the wave height
underestimation for the extreme events as reported by Stopa and Cheung (2014).

Figure 31. Measured and hindcast significant wave heights, peak periods, average periods, and
peak directions at buoy #51202 off Oʻahu’s east shore. Black dots and blue lines denote
measurements and hindcast, respectively.
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Figure 32. Measured and hindcast significant wave heights, peak periods, average periods, and
peak directions at buoy #51207 off Oʻahu’s east shore. Black dots and blue lines denote
measurements and hindcast, respectively.

Figure 33. Scatter plot of measured and hindcast significant wave heights at buoy #51202 off
Oʻahu’s east shore.
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Figure 34. Scatter plot of measured and hindcast significant wave heights at buoy #51207 off
Oʻahu’s east shore.

Figure 35. Q-Q plot of measured and hindcast significant wave heights at buoy #51202 off
Oʻahu’s east shore.
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Figure 36. Q-Q plot of measured and hindcast significant wave heights at buoy #51207 off
Oʻahu’s east shore.

Figure 37. 2D wave spectra at buoy #51202 off Oʻahu’s east shore. (a) Measured, (b) Hindcast.
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Figure 38. 1D wave spectra at buoy #51202 off Oʻahu’s east shore.

Figure 39. 2D wave spectra at buoy #51207 off Oʻahu’s east shore. (a) Measured, (b) Hindcast.
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Figure 40. 1D wave spectra at buoy #51207 off Oʻahu’s east shore.
Buoy #51204 off southwest Oʻahu is sheltered from both easterly trade wind waves and north
swells by the island and headlands. The buoy records in Figure 41 show that waves are mainly
from the northwest and the south with significant wave heights from 0.6 to 4.8 m, peak period
from 4 to 25 s, and average period of 4 to 16 s. The hindcast model can resolve the energetic
northwest swell in the winter months and the regular south swells through the year, but the peak
period and peak direction do not reveal the occasional short period wind waves of 5 to 10 s from
the west to south.
The scatter plot in Figure 42 compares the significant wave height from measured and hindcast
datasets. The slope of the regression is 0.9, slightly below the perfect fit. The spreading in the
measured and hindcast data pairs becomes wider for wave height above 2 m, indicating relatively
large uncertainly in the hindcast. Despite the uncertainty, the percentile distribution of the
hindcast wave height is within 10% above the measurements in the Q-Q plot in Figure 43, except
for the largest waves, which are underestimated by the hindcast. The maximum wave height
from the hindcast is 4.5 m, which is slight lower than 4.8 m from the buoy record. This extreme
event was generated by a cold front system migrating from west to east across the state on
January 21, 2014. The 2D and 1D spectra from the buoy record in Figures 44 and 45 show one
spectral energy peak for the swells at 0.07 Hz from the northwest, as well as a weak signal for
the wind waves at 0.12 to 0.15 Hz from northwest to west-northwest. The hindcast spectrum
shows a peak for the northwest swells in the slightly smaller frequency of 0.06 Hz, and with
negligible energy for wind waves. The missing wind wave energy may be the cause of the 0.3 m
height difference between the measurement and hindcast in this area with mixed sea/swell
conditions.
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Figure 41. Measured and hindcast significant wave heights, peak periods, average periods, and
peak directions at buoy #51204 off southwest Oʻahu. Black dots and blue lines denote
measurements and hindcast, respectively.

Figure 42. Scatter plot of measured and hindcast significant wave heights at buoy #51204 off
southwest Oʻahu.
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Figure 43. Q-Q plot of measured and hindcast significant wave heights at buoy #51204 off
southwest Oʻahu.

Figure 44. 2D wave spectra at buoy #51204 off southwest Oʻahu. (a) Measured, (b) Hindcast.
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Figure 45. 1D wave spectra at buoy #51204 off southwest Oʻahu
Buoy #51211 was deployed at 35 m-depth near the Pearl Harbor entrance off the south shore of
Oʻahu in June 2017. The 6-month record from June 2017 to January 2018 (Figure 46), which
overlaps the hindcast, shows the lowest energy level among the 5 offshore buoys, due to
sheltering of waves from the east and north by the island. Waves at the site are primarily swells
from the south and wind waves from the southeast with 0.3 to 1.7 m significant wave height, 3 to
21 s peak period, and 3 to 10 s average period. The hindcast model resolves the long-period
swells, but misses some of the short-period wind waves, and tends to underestimate wave
heights. The scatter plot in Figure 47 shows a relatively large mean error of -0.095 m and the
lowest regression slope of 0.72, indicating a systematic bias. The Q-Q plot in Figure 48 shows
the percentile distribution of hindcast wave height is within 10% of the measurement up to 1 m.
The underestimation increases with the wave height. The recorded maximum wave height of
1.72 m is generated by trade wind waves wrapping around Diamond Head from the east on
January 19, 2018. The corresponding hindcast is 1.33 m or 23 % less than the record. Figure 49
shows the 2D spectra from the buoy measurement and wave hindcast. Both spectra show waves
from southeast to east. The measured spectrum has a peak from the east-southeast at 0.15 Hz and
noticeable energy from 0.2 to 0.3 Hz, while the SWAN spectrum is much smoother with energy
unnoticeable above 0.2 Hz. The 1D spectra in Figure 50 further illustrate that the hindcast has
much less energy density than the measurement for frequencies above 0.13 Hz likely due to low
resolution of the wind field.
Buoy records around Oʻahu show a decreasing trend of the wave energy from north to south due
to various levels of sheltering from the energetic north and northwest swells. The comparison of
the wave hindcast with buoy measurements shows that the hindcast system can capture
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individual events and resolve the seasonal pattern reasonably well. The hindcast distributions of
wave height are within 10% of the measurements for the majority of wave conditions. All the
comparisons show increased discrepancy between the two datasets with the wave height. The
hindcast model generally underestimates the wave height for extreme wave events. The 2D
spectra from the hindcast model show similar patterns with the measurement for the swells and
wind waves, yet with less total energy and smoother distributions around the main directions.
Eliminating the directional distribution, the modeled 1D frequency spectra have lower energy
levels at the peak frequency for the extreme swell events as well as the frequency band above 0.1
Hz for the extreme wind wave and mixed events. Identification of the systemic sources of the
underestimation would require a separate study.

Figure 46. Measured and hindcast significant wave heights, peak periods, average periods, and
peak directions at buoy #51211 off Oʻahu’s south shore. Black dots and blue lines denote
measurements and hindcast, respectively.
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Figure 47. Scatter plot of measured and hindcast significant wave heights at buoy #51211 off
Oʻahu’s south shore.

Figure 48. Q-Q plot of measured and hindcast significant wave heights at buoy #51211 off
Oʻahu’s south shore.
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Figure 49. 2D wave spectra at buoy #51211 off Oʻahu’s south shore. (a) Measured, (b) Hindcast.

Figure 50. 1D wave spectra at buoy #51211 off Oʻahu’s south shore.
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3.2 Seasonal and spatial variations of wave conditions
The comparison of the wave hindcast with buoy measurements at each shore of Oʻahu provides
guidance for its implementation in research and engineering projects. The four years of wave
hindcast provide a spatially and temporally comprehensive dataset that complements the buoy
measurements to describe the nearshore wave conditions in Hawaiʻi. Figure 51 shows, as an
example, the prevailing wave conditions represented by the monthly 50-percentile wave height
around Oʻahu in 2016. Northerly swells are dominant in the winter months, with significant
wave height reaching 4 m to the north of the island. The wave height decreases to less than 1 m
in the shadow zone off the south shore during these times. Trade wind waves of 2 m-height from
the east occur throughout the year and become dominant in summer months in the absence of the
north swell. The wave height distributions in spring and fall show the transition of the dominant
wave conditions between swells and wind waves. Throughout the year, the south shore has a
relatively low energy level. This is also reflected in the monthly 90-percentile significant wave
height around Oʻahu in Figure 52. The 90-percentile wave heights are defined by large wave
events, which have less than 10% of exceedance occurrence. Those events are most energetic in
February, with wave heights above 5 m off the north, east, and west shores. In contrast, waves
are moderate in August with the 90-percentile wave height less than 2.5 m around the island. The
various percentile distributions of the significant wave height at this representative year provide
useful seasonal wave information for the operational and resiliency analyses of coastal
infrastructure. Basin-scale effects, such as Pacific Decadal Oscillation (PDO) and El Niño
Southern Oscillation (ENSO), with much longer time scales can significantly impact the wave
conditions in Hawaiʻi. Future extension of the high-resolution wave hindcast is needed to
account for inter-annual variations associated with climate cycles.
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Figure 51. Monthly 50-percentile of hindcast significant wave height around Oʻahu in 2016.
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Figure 52. Monthly 90-percentile of hindcast significant wave height around Oʻahu in 2016.
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3.3 Wave conditions at high-priority nearshore sites
The high-resolution wave hindcast provides a detailed estimate of wave conditions across the
reefs and into shallow water. USACE Honolulu District defined 16 high-priority locations within
the surf zone around Oʻahu for wave and water-level probabilistic analysis. Figure 53 shows a
location map of these nearshore sites, where dense infrastructure and population are located. The
hourly wave parameters and spectra at the sites are exported from the nearshore hindcast from
October 2013 to January 2018. The wave rose diagrams of the hindcast significant wave height
and peak direction at each site are shown in Figure 54. The rose diagrams are arranged by site
locations starting at Waiʻanae (WaianaeSBH), continuing counter-clockwise to illustrate the
varying wave conditions around the island. Waves typically approach the nearshore sites at a
direction normal to the shoreline due to refraction. The main wave directions are closely
associated with the shoreline orientations as seen in the rose diagrams. For example, the west
shore sites (WaianaeSBH and BarbersPtHarbor) have waves mainly coming from southwest, and
the east shore sites (Kaiona Beach, Lanikai, Kaʻaʻawa, Punaluʻu, and Hauʻula) from east and
northeast. The south shore has a concave shape leading to a window of wave arrival from the
west-southwest to east-southeast as seen at IroquioisPt, Airport, SandIsland, FtDeRussy,
RoyalHawaiian, Kuhio, and Natatorium. The north shore also has a concave shape, but the two
sites (RockyPt and HaleiwaHarbor) are along a shoreline facing the northwest and thus, so is the
primarily wave arrival direction.
The wave heights at the sites are influenced by local water depths and the offshore wave
conditions. WaianaeSBH and BarbersPtHarbor (at the 4.5 and 7.0 m-depth, respectively) at the
west shore have average wave heights of 0.7 and 1.0 m, in the ranges of 0.3 to 2.0 m and 0.4 to
2.6 m, respectively. The sites at the south shores (IroquioisPt, Airport, SandIsland, FtDeRussy,
RoyalHawaiian, Kuhio, and Natatorium) with depths from 1.3 to 3 m have smaller waves with
height less than 1 m due to the sheltered locations. Careful consideration is recommended for the
implementation of the hindcast at the south shore sites due to the underestimation shown in
Figures 46 and 47. KaionaBeach and Lanikai (1.2 and 2.5 m-depths, respectively) along
southeast Oʻahu are sheltered from the northwest and south swells by headlands. Their wave
heights are also small within 0.6 m. The other 3 east-shore sites (Kaʻaʻawa, Punaluʻu, and
Hauʻula) are located to along the northern windward coast. Despite their locations exposed to
north swells, the wave heights are under 0.4 m, due to approximately 1 m water depths, and
wide, fringing reefs offshore. In contrast, RockyPt and HaleiwaHarbor at the north shore are in
relatively deeper water of 4.2 and 5.3 m, respectively, and open to energetic northwest swells.
These locations show larger waves with maximum wave heights reaching 2.4 and 2.0 m,
respectively. Table 4 lists the water depth at the selected sites, and their wave height with 10, 50,
100 percent of exceedance probability from the 2014-2017 wave hindcast. The four years of
high-resolution wave hindcast around Oʻahu provide useful estimations of nearshore wave
conditions for this limited period, and are used for the water level in the Task 2 of this project.
Despite careful calibration of the SWAN model with measurements at the north and east shores
of Oʻahu before production of the wave hindcast, bias in the wind and tidal input and
approximation in the model parameterization can contribute to the uncertainties in the nearshore
wave hindcast. Nearshore measurements on each side of the island are needed to quantify the
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bias in the model results. Cautions should be exercised in the implementation of the hindcast in
the engineering projects.

Figure 53. Location map of USACE Honolulu District’s high-priority nearshore sites around
Oʻahu.
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Figure 54. Wave rose diagrams at USACE Honolulu District’s high-priority nearshore sites from
nearshore wave hindcast.
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Table 4. Water depth at the selected nearshore locations around Oʻahu and the significant wave
height with 10-, 50-, 100- % of annual exceedance probability from the 2014 - 2018 wave
hindcast.
Name
Water Depth
Significant wave height (m) for exceedance
(m)
probability of
10 %
50 %
100 %
WaianaeSBH
4.5
1.06
0.69
0.32
BarbersPtHarbor
7.0
1.55
0.82
0.37
IroquioisPt
2.5
0.41
0.34
0.20
Airport
1.5
0.42
0.39
0.23
SandIsland
3.1
0.96
0.67
0.31
FtDeRussy
1.3
0.29
0.24
0.12
Royal_Hawaiian
1.2
0.27
0.25
0.16
Kuhio
2.1
0.62
0.43
0.20
Natatorium
1.5
0.42
0.34
0.18
KaionaBeach
1.2
0.42
0.37
0.23
Lanikai
2.5
0.38
0.33
0.19
Kaaawa
1.0
0.27
0.23
0.14
Punaluu
1.0
0.15
0.14
0.10
Hauula
1.0
0.21
0.15
0.09
RockyPt
4.2
2.03
1.40
0.42
HaleiwaHarbor
5.3
0.76
0.31
0.11

4. Conclusions
Tropical islands such as those in the Hawaiian Island chain are typically surrounded by coral
reefs with intricate bathymetric features, in addition to island sheltering of multi-directional
waves. This differs from the general application of SWAN and calls for reexamination of the
model parameterizations. Multiple nearshore deployments around Oʻahu measured a range of
wave conditions over the reef zone. One set of cross-shore measurements at Mokulēʻia with a
large swell event and mild seas is instrumental for sensitivity analysis of the model setting and
calibration of SWAN parameterizations. The results show that a 50-m grid resolution and tidal
input are needed to resolve the wave heights in the shallow water across the reef flat. The slopescaled breaking index of Nelson (1994) with a calibrated reference value of 0.47 for the
horizontal bottom and the composite roughness length of 0.5 and 0.16 m suggested by Filipot
and Cheung (2012), when used together, can resolve the energy dissipation from reef face to reef
flat. The optimized model setting and parameterizations were validated with an independent set
of cross-shore measurements at Mokulēʻia for winter swell conditions, and another set of alongshore measurements at Kāneʻohe for summer wind waves. The good agreement between the
model results and the additional measurements shows that the calibrated SWAN model is
suitable to describe the nearshore wave transformation in the tropical reef environment around
Oʻahu; however, further validation at the south and west shores for the swells and mixed seas
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should be conducted with coincident buoy/nearshore sensor data if they become available in the
future.
The calibrated SWAN model and the WAVEWATCH III model are assembled into a model
system based on a suite of nested grids from the entire globe to the shoreline with increasing
spatial resolutions. The model system is implemented to develop a wave hindcast along the
shores of Oʻahu from October 2013 to January 2018. The hindcast is a spatially comprehensive
dataset with good descriptions of the seasonal and spatial variations for the dominant wind wave
and swell conditions. The comparison of the modeled and measured wave parameters at offshore
buoys illustrates that the model system can capture individual wave events, albeit with
underestimation of the peak events. The scatter plots show the discrepancy between the modeled
and measured datasets increases with the wave height. Nevertheless, the quantile distributions of
the hindcast are within 10% of the measurements for the majority of the wave conditions.
Among all the offshore buoys, the one deployed at the Pearl Harbor entrance experiences the
mildest wave conditions due to sheltering by the island and headlands from energetic north and
northwest swells as well as east trade wind waves. Yet the comparison of the modeled and
measured wave height at the site have a relatively large mean error of -0.095 m, indicating a
systematic underestimation. The large uncertainty in the hindcast at the well-sheltered location
suggests a direction for future research.
Overall, the comparison with the offshore PacIOOS buoy measurements shows the model
underestimates the wave height for extreme swell and wind wave events. The spectra from the
model show similar patterns as the measurements, yet with less energy and smoother
distributions. The underestimation of the extreme events may be associated with the low spatial
resolution in the wind forcing and/or the capability of the wave model in resolving the complex
wind events. Future increases in atmospheric model resolution and additional source term
parameterizations in the wave models could better describe the wave conditions for the extreme
events.
In conclusion, the 50-m resolution SWAN hindcast provides a detailed time-series of wave
conditions at the selected nearshore sites, where dense infrastructure and population are located.
Wave rose plots are provided for the predefined USACE Honolulu District’s high-priority
locations at depths from 1 to 7 m, in the surf zone. The plots show varying wave conditions
around the island with narrow direction bands due to refraction of wave directions toward the
shoreline. The wave heights at the nearshore sites are limited by the water depths, as well as the
offshore wave conditions. The detailed wave information for the sites is provided, together with
the report for the subsequent nearshore water-level analysis. Bias in the wind and water level
input and parameterizations of the detailed wave processes can cause uncertainties in the model
results. Nearshore measurements are needed for quantifying the uncertainties in the wave
hindcast. Wave setup and infragravity waves are not considered in the wave hindcast due to the
parallel mode and the parameterization of the phase-averaged model. A phase-resolving model
should be included for computing those factors in the future work.
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1. Introduction
The island of Oʻahu experienced a number of extreme sea level events in recent years (Yoon et
al., 2018). The high sea levels resulted in minor flooding of roads and parking lots and
contributed to repeated over-wash of beaches when high sea levels coincided with high-energy
wave events. The highest hourly water level ever recorded by the tide gauge in Honolulu Harbor
occurred in 2017, and the frequency of such extremes will increase substantially in coming
decades due to projected sea level rise (Thompson et al., 2019). The impact of sea level rise is
exacerbated by high-energy wave environments around the island of Oʻahu (Onat et al., 2018).
Breaking waves drive setup of shoreline water level, while greater water depth due to high sea
level and setup allows more wave energy to reach the shore. Design and maintenance decisions
for coastal structures require information about the frequency and magnitude of extreme water
level and wave events encountered over the lifetime of the structures.
The objective of Task 2 is to utilize results from the model development and wave hindcasting
activities performed during Task 1 to generate return period analyses of nearshore water level
and significant wave height for the sixteen high-priority locations around Oʻahu identified by the
USACE Honolulu District (Figure 48 in the Task 1 report). Thirteen of these locations are in
shallow water shoreward of the surf zone, and the analysis must incorporate the nonlinear
coupling between wave-driven setup of shoreline water level and the effect of water depth on
significant wave height.
2. Methodology
Return period analyses are sensitive to the length of time series utilized, because focusing on
only the most extreme values severely limits the volume of relevant data. Longer time series
produce estimates of return periods and levels with higher confidence. Thus, in addition to highresolution nearshore wave simulations from Task 1, the analyses that follow also utilize longer
time series from a lower-resolution wave hindcast for Hawaiian waters spanning the period
1979–2013 (Li et al., 2016). The general approach herein is to: (1) use output from the highresolution modelling framework developed in Task 1 to determine parameterized relationships
between wave forcing at the 20-m isobath and nearshore setup and wave height; (2) use the wave
hindcast to generate multidecade time series of nearshore setup and wave height for use in
generating return period statistics. It is important to note that the estimates of the parameters in
(1) are based entirely on model output and not observations, because the methodology is
developed to be applied at the high-priority locations defined by the USACE where observations
are not currently available.
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2.1 Parameterized relationships between waves at 20-m depth and nearshore quantities
To relate wave parameters from the 20-m isobath to nearshore still water level and nearshore
significant wave height, we utilize a set of parameterized relationships developed specifically for
reef-lined coasts (adapted from Becker et al., 2014; Merrifield et al., 2014). Nearshore still water
level (ℎ!" ) is the sum of sea level (𝜁; this includes tides, ocean dynamics, and sea level rise) and
wave-driven nearshore setup (𝜂!" ), i.e.,
ℎ!" = 𝜁 + 𝜂!" .

(1)

Nearshore wave heights are extremely depth limited, and nearshore significant wave height (𝐻!" )
can be modeled to good approximation in most locations by a linear function of ℎ!" (see Becker
et al., 2014),
𝐻!" = 𝑐! ℎ!" + 𝑐! ,
= 𝑐! 𝜁 + 𝑐! 𝜂!" + 𝑐! ,

(2)

where 𝑐! and 𝑐! are constants unique to each location. Wave-driven setup can be modeled as a
function of breaking significant wave height (𝐻! ) and nearshore significant wave height (𝐻!" ),
𝜂!" =

5
6
𝛾! 𝐻! − 𝐻!" ,
32
5

(3)

where 𝛾! is a parameter unique to each location that represents the ratio of breaking wave height
to water depth at the breaking point. Substituting the second line from equation 2 into equation 3
and solving for the nearshore setup gives

𝜂!" =

1 5
𝐻 − 𝑐! 𝜁 − 𝑐! ,
𝐾 6 !

(4)

where 𝐾 = 𝑐! + 16𝛾! /3. Significant breaking wave height can be parameterized as a function of
the offshore wave parameters (from Merrifield et al., 2014),
𝐻!! 𝑇!
𝐻! =
cos 𝜃! − 𝜃!
4𝜋

𝛾! 𝑔

!
!

(5)

where 𝐻! , 𝑇! , and 𝜃! are the significant wave height, peak period, and peak direction,
respectively, from the 20-m isobath; 𝜃! is the angle normal to the shoreline.
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In summary, nearshore setup can be estimated using wave parameters at the 20-m isobath from
the 1979–2013 hindcast using equations 4 and 5, which then allows for estimates of nearshore
significant wave height over the same period via equation 2. In order to implement this approach,
however, we must first estimate the unknown parameters 𝑐! , 𝑐! , and 𝛾! for each of the highpriority locations individually. As discussed below, the parameters are estimated for each
location from targeted runs of the high-resolution wave model with setup turned on that capture
significant wave events relevant for the varied coastline orientations around Oʻahu.
2.2 Parameter estimation
2.2.1 Bayesian formulation
The parameter 𝛾! and its uncertainty is estimated for each location by forming a hierarchical
statistical model from equations 3 and 5 as follows,
𝜂!" | 𝐻!" , 𝛾! , 𝐻! , 𝑇! , 𝜃! ~ 𝒩 𝜇! , 𝜎!! ,
𝜇! =

(6)

5
6
𝛾! 𝐻! − 𝐻!" ,
32
5

𝐻!! 𝑇!
𝐻! =
cos 𝜃! − 𝜃!
4𝜋

𝛾! 𝑔

!
!

.

The model states that if given the nearshore significant wave height, the parameter 𝛾! , and wave
parameters from the 20-m isobath, then the nearshore setup is a normally distributed random
variable with mean, 𝜇! , determined by equation 3 (repeated in the second line of equation 6) and
variance, 𝜎!! . The third line in equation six represents a deterministic relationship between the
wave parameters and the breaking wave height (repeated from equation 5), which is also a
function of 𝛾! . In this hierarchical model, 𝜂!" and 𝐻!" are assumed to be time series of output
from the high-resolution model described in Task 1. The wave parameters (𝐻! , 𝑇! , and 𝜃! ) are
assumed to be time series from the location along the 20-m isobath nearest each high-priority
location from the lower-resolution hindcast. The free parameters of this model are 𝛾! and 𝜎!! . The
former defines the relationship between the wave parameters at 20-m depth and nearshore setup,
while the latter represents error in the parameterized estimate of setup relative to the true model
output.
Rather than solve for a single ‘best fit’ value for the free parameters, we treat them as random
variables and use Bayesian inference to estimate the probability densities of the free parameters.
This approach provides the ability to propagate uncertainty in estimates of the free parameters
forward into uncertainty in estimates of the return levels. Bayes’ rule gives the posterior
probability density of the free parameters, Θ = 𝛾! , 𝜎!! , conditional on the model time series,
𝑀 = {𝜂!" , 𝐻!" , 𝐻! , 𝑇! , 𝜃! }:
3

𝑃 Θ𝑀 ∝𝑃 𝑀𝜃 𝑃 𝜃 ,

(7)

where the first density on the right is the probability of the model time series given the
parameters, and the second density represents prior belief about the distributions of the
parameters before conditioning on the model data. We choose the following uninformative prior
distributions for the parameters: 𝛾! ~ 𝒰 0, 2 and 𝜎!! ~ 𝒰 0, 1 , where 𝒰 is a uniform
distribution given lower and upper bounds.
It is not possible in this case to derive a closed form solution for the posterior distribution (left
hand side of equation 7), but the posterior can be estimated numerically via Markov Chain
Monte Carlo (MCMC). To implement Bayesian inference via MCMC, we build and evaluate the
hierarchical statistical model in PyMC3 (Salvatier et al., 2016), an open source probabilistic
programming framework for Python. This package provides access to state-of-the-art sampling
algorithms, including the No-U-Turn Sampler (Hoffman & Gelman, 2014), which is utilized here.
The parameters 𝑐! , 𝑐! and their uncertainties are estimated for each location in a similar fashion
by forming a hierarchical statistical model from equation 2,
𝐻!" | ℎ!" , 𝑐! , 𝑐! ~ 𝒩 𝜇! , 𝜎!! ,

(8)

𝜇! = 𝑐! ℎ!" + 𝑐! .
The model states that given nearshore still water level (sea level plus wave-driven setup) and the
parameters 𝑐! , 𝑐! , then the nearshore significant wave height is a normally distributed random
variable with mean, 𝜇! , determined by equation 2 with variance, 𝜎!! . In this case, ℎ!" and 𝐻!"
are assumed to be time series of output from the high-resolution model described in Task 1. The
free parameters of this model are 𝑐! , 𝑐! , and 𝜎!! , where the latter represents error in the
parameterized estimate of nearshore significant wave height relative to the true model output. As
above, the free parameters are treated as random variables with probability densities inferred via
equation 7 with Θ = 𝑐! , 𝑐! , 𝜎!! and 𝑀 = ℎ!" , 𝐻!" . Uninformative prior distributions are
chosen for the free parameters: 𝑐! ~ 𝒰 0, 1 , 𝑐! ~ 𝒰 −1, 1 and 𝜎!! ~ 𝒰 0, 1 .
2.2.2 Test case: Mokulēʻia Deployment B
To test and validate the approach outlined above, the formulation is applied to the Mokulēʻia
Deployment B dataset used for nearshore validation of the high-resolution nearshore wave model
in Task 1 (section 2.4.1 in the Task 1 report). In this test case, we compare observed and
modeled estimates of nearshore setup and significant wave height at 1-m depth, as well as
observed nearshore significant wave height. Nearshore setup cannot be observed directly,
because it cannot be cleanly separated from other oceanographic processes affecting mean water
level in the observations on the reef.
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Applying the parameter estimation method to model output from Mokulēʻia produces the
following posterior distributions summarized here by median values and 90% credible ranges:
𝛾! = 0.37 ± 0.01 , 𝜎! = 0.019 ± 0.002 m, 𝑐! = 0.36 ± 0.01 , 𝑐! = −0.022 ± 0.010 m,
𝜎! = 0.013 ± 0.001 m, where the square root has been taken of the variance parameters to
produce intuitive units (i.e., standard deviations). Using random samples from these posterior
distributions in the relationships in section 2.1 provides credible ranges as functions of time for
the parameterized estimates of 𝜂!" and 𝐻!" . The credible ranges agree well with the model time
series and give confidence that the parameterized approach can provide reasonable estimates of
nearshore setup and significant wave height from wave parameters at the 20-m isobath available
from the multidecade hindcast for producing return period statistics (Figure 1a–b). Scatter plots
of parameterized vs. modeled setup suggest that the parameterized estimates underestimate setup
at the peak of the event by a few centimeters (Figure 1c). It is not clear, however, from this
single event whether this is indicative of bias or random error. Scatter plots of parameterized vs.
modeled significant wave height are tightly correlated, while both modeled and parameterized
values tend to overestimate the significant wave height relative to the observations by up to 5 cm.

Figure 1: Time series during the Mokulēʻia Deployment B validation event of (a) nearshore
setup and (b) nearshore significant wave height from the numerical model developed in Task
1 (black), a parameterized estimate developed in Task 2 based on deep-water wave
parameters from a lower resolution hindcast (blue), and observations (red, significant wave
height only). Scatter plots show parameterized estimates vs. numerical/observed values for
(c) nearshore setup and (d) nearshore significant wave height.
5

2.3 Return period analysis
2.3.1 Approach
Wave parameters from the 20-m isobath are available during the 1979–2013 period from
previous work (Li et al., 2016), but producing long time series of nearshore still water level and
significant wave height also requires an estimate of sea level variability (equation 1). Sea level
variations experienced in the nearshore environment include a variety of processes occurring at
multiple time scales. For example, open-ocean processes such as mesoscale eddies and planetary
waves that impinge upon the islands can raise or lower water levels by 10s of centimeters over
periods of days to months (e.g., Yoon et al., 2018). It is essential from a statistical point of view
to include these fluctuations in the return period analysis.
Unfortunately, tide gauges—which are far from ubiquitous—are the lone source of long, local
sea level records that capture fluctuations on the continuum of temporal scales associated with
sea level variability. The highest-quality and longest tide gauge record on Oʻahu is from
Honolulu Harbor, spanning 1905–present. In the analysis that follows, the time series of sea level
from Honolulu Harbor is used as a surrogate for local water level variability at all high-priority
locations during the hindcast period, 1979–2013. This choice is justified, because the return
period analysis is not concerned with the phasing of sea level variations, only with the statistical
distribution of anomalies and time scales of variability. The Honolulu record is generally
indicative of the distribution and time scales of sea level variability across the island. Prior to
using the sea level from Honolulu Harbor in the return period analysis, the hourly record is
detrended and demeaned over the 1979-2013 period, which removes implicit non-stationarity in
the statistics associated with sea level rise. The effect of sea level rise on the statistics is included
explicitly later in the return period analysis based on USACE sea level rise scenarios.
The procedure used to produce short time series of setup and significant wave height in section
2.2 can be used to produce multidecade time series of the same quantities from (1) a set of
parameter values from the posterior distributions conditioned on the model data, (2) a wave
hindcast from the 20-m isobath, (3) the detrended and demeaned time series of sea level from
Honolulu Harbor, and (4) the local depth of the water at mean sea level. To produce return
period statistics with uncertainties, one thousand time series of nearshore still water level and
significant wave height were generated for each location from one thousand distinct samples
from the posterior distributions of the fitted parameters. For each of the one thousand time series,
a Generalized Pareto Distribution (GPD) was fitted to peaks over a threshold, and return levels
were calculated for a set of pre-determined return periods. A large source of uncertainty in such
calculations is the choice of threshold. Thus, for each of the one thousand time series, the
threshold was chosen randomly from a range of percentiles, [98.7, 99.7], which roughly
corresponds to including between 5 peaks per year and one peak per year in the GPD fit. In this
way, a distribution of return levels is obtained for each return period that represents uncertainty
in the value of fitted parameters, uncertainty due to misfit of the parameterized estimates
compared to the model, and uncertainty in the chosen threshold. It is important to note, however,
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that uncertainty and bias in the 20-m wave parameters from the model are not propagated
through the analysis as formulated here.
2.3.2 Test case: Mokulēʻia Deployment B
Returning to the test case of Mokulēʻia Deployment B, Figure 2 shows 34-year time series of
daily maximum nearshore still water level and nearshore significant wave height generated as
outlined in section 2.3.1. These time series were generated from a single set of values drawn
from the posterior distributions of fitted parameters, and peaks over the 99th percentile threshold
are identified. Following section 2.3.1, this procedure is repeated one thousand times for random
draws from the posterior distributions of parameters and randomly selected thresholds. GPD fits
to each set of peaks allows for one thousand estimates of the return levels associated with each
return period. Figure 3 shows the median and 90% confidence range for the return levels
calculated using this approach. In this case, the return period analysis assumes no sea level rise
relative to the mean sea level datum. The effect of some amount of future sea level rise is
straightforward to include, however, by simply adding a constant level to the mean depth prior to
beginning the calculations (as will be done below).

Figure 2: Thirty-four-year time series of daily maximum nearshore still water level
(black) and nearshore significant wave height (blue) generated from a single set of values
drawn from the posterior distributions of fitted parameters. Circles denote peaks over the
99th percentile threshold for nearshore still water level (red) and significant wave height
(orange).
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Figure 3: Return levels and uncertainties for (a) nearshore still water level and (b)
nearshore significant wave height assuming no sea level rise relative to the mean sea
level datum.
3. High-priority locations
3.1 Sea level rise scenarios
The return period analysis was performed at each high-priority location for varying amounts of
mean sea level rise corresponding to projected increases by 2020, 2040, 2060, and 2080 for the
three USACE sea level rise scenarios: low, intermediate, and high (Table 1). The entire analysis
procedure—from fitting of the parameters through the return period calculations—was repeated
for each location and sea level rise amount. In practice, the effect of sea level rise was simulated
by simply adding the projected sea level rise value to the mean depth at the onset of the analysis
procedure.
Year

Low

Intermediate

High

2020

0.04 m

0.06 m

0.13 m

2040

0.07 m

0.13 m

0.17 m

2060

0.10 m

0.23 m

0.63 m

2080

0.13 m

0.34 m

1.01 m

Table 1: Sea level rise from the low,
intermediate, and high USACE
scenarios for selected years.

3.2 Wave events
The sixteen high-priority locations identified by the USACE Honolulu District are distributed
around Oʻahu along shorelines of various orientations and swell exposures. Thus, multiple wave
events were simulated using the high-resolution model from Task 1 with setup turned on in order
to provide swell conditions and nearshore variability relevant for each high priority location.
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Table 2 shows conditions for the four swell events simulated for this analysis along with the
relevant shoreline orientations and high-priority locations targeted by each event.
Orientation Relevant locations
South

Date

Iroquois Point, Airport, Sand Island, Fort DeRussy,

May ‘17

𝑯𝒔𝒊𝒈

𝑻𝒑𝒆𝒂𝒌 𝜽𝒑𝒆𝒂𝒌

1.5–2 m 16–18 s

S

Royal Hawaiian, Kuhio, Natatorium
East

Kaiona Beach, Lanikai, Kaʻaʻawa, Punaluʻu,

Sep ‘15

4–5 m 13–15 s ENE

North

Hauʻula
Rocky Point, Haleʻiwa Harbor

Feb ‘16

3–8 m 15–17 s NW

West

Waiʻanae SB Harbor, Barbers Point Harbor

Jan ‘14

3–4 m 18–22 s

W

Table 2: Characteristics of wave events utilized for parameter estimation for USACE
Honolulu District high-priority locations with similar shoreline orientations.
Characteristics of the swell are from the 20-m isobath: significant wave height (𝐻!"# ),
peak period (𝑇!"#$ ), and peak direction. (𝜃!"#$ ).

3.3 Surf zone vs. harbor locations
Thirteen of the high-priority locations are in shallow water shoreward of the surf zone, while the
remaining three locations are in deeper water near harbors. For the locations inside the surf zone,
high-resolution model output during the relevant wave event was extracted from the shallowest
grid points closest to each high-priority location that are also at least two cells away from the
shore in the model grid (generally 1–2 meters depth relative to mean sea level, where mean sea
level refers to the tidal datum defined over the National Tidal Datum Epoch, 1983–2001). For
harbor locations, model output was extracted from the grid cell closest to the coordinates defined
by the USACE (> 4 meters depth relative to mean sea level). The distinction between surf zone
and harbor locations is important, because wave height is not depth-limited at harbor locations
due to the greater mean water depth. The difference is demonstrated by scatter plots of nearshore
significant wave height from the model vs. water depth during the wave events used to determine
the fitted parameters (Figures 4a and 5a). For locations in the surf zone, the linear relationship
between wave height and water depth is clear (Figure 4a), which supports the use of equation 2
to estimate nearshore wave height over longer time periods in the absence of high-resolution
model output. In contrast, wave heights from harbor locations demonstrate no such relationship
to water depth (Figure 5a). Wave heights from harbor locations do, however, show a reasonably
strong relationship to significant wave heights from the 20-m isobath (Figure 5b); no such
relationship exists for surf zone locations (Figure 4b).
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Figure 4: (a) Nearshore significant wave height vs. water depth and (b) nearshore
significant wave height vs. offshore wave heights from the 20-m isobath for locations in
the surf zone (depths 1–2 meters relative to mean sea level, where mean sea level refers
to the tidal datum defined over the National Tidal Datum Epoch, 1983–2001).

Figure 5: (a) Nearshore significant wave height vs. water depth and (b) nearshore
significant wave height vs. offshore wave heights from the 20-m isobath for harbor
locations (depths 4–7 meters relative to mean sea level).
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Thus, for harbor locations, nearshore water depth in equation 2 (i.e., ℎ!" ) was replaced by
significant wave height from the 20-m isobath (𝐻!"! ) such that 𝐻!" = 𝑐! 𝐻!"! + 𝑐! . All other
steps in the return period analysis remain the same for harbor locations. Substituting wave height
at 20-m depth in equation 2 is especially effective at the Haleʻiwa Harbor location, where the
relationship is strongly linear (Figure 5b). This approach is less effective for the Waiʻanae and
Barbers Point locations, but clearly preferable over the parameterization using water depth
(Figure 5a). The difference in effectiveness of this parameterization between Haleʻiwa and the
other two locations manifests in the substantially larger uncertainty ranges around significant
wave height return levels for Waiʻanae and Barbers Point in the results summarized in the
appendix (section A.2).

3.4 Results
Results of the return period analysis for all 16 USACE Honolulu District high-priority locations
are summarized in a series of figures aggregated in Appendix A. Each figure provides estimates
of return levels for periods ranging from one to one hundred years with 90% confidence intervals
for years 2020, 2040, 2060, and 2080 under all three USACE sea level rise scenarios (low,
intermediate, high). Note that the range of return levels (i.e., vertical axis) in the figures changes
for each location, which improves clarity of the results for locations where the range is small.
4. Limitations and suggestions for future work
There are a variety of ways in which the quality and utility of this analysis can be improved in
the future:
• There are two sources of uncertainty that are not included in this analysis and could be
addressed in future work. The first is uncertainty and bias in the hindcasted wave
parameters at the 20-m isobath, which have been assumed to be ‘truth’ in the approach
outlined here due to a lack of observations for direct comparison. The second is
uncertainty due to future changes in wave climate. The statistics of the wave climate have
been assumed to be stationary in this analysis, but changing storm tracks due to climate
change could lead to changes in the directionality and/or frequency of wave events.
•

Due to time constraints and the computational expense of high-resolution model runs
with setup turned on, the estimates of fitted parameters are based on single wave events
over short windows (< 48 hours). To improve the robustness of the fits and to ensure
applicability across varying conditions, additional model runs capturing a range of swell
directions and sizes for each location should be generated, allowing the parameterizations
to be revisited and improved. Similarly, simulations for all swell events should be run
with varying increments of sea level added to the mean water depth to simulate sea level
rise and ensure that the fitted parameters are valid for more extreme future scenarios.
This was done for the Mokulēʻia validation, but time did not permit the additional runs
for the high-priority locations, and as a result, the depth dependence of the parameters is
based on the tidal range experienced over the modeled events.
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•

A significant deficiency in the utility of this analysis is the absence of infragravity waves
(i.e., wave-driven fluctuations in water level with periods of 10s of seconds to minutes).
During the Mokulēʻia validation event, for example, the observed infragravity significant
wave height at 1-m depth reaches more than a meter (Figure 6), which is more than three
times the peak of the wave-driven setup and more than twice the nearshore significant
wave height at the same depth. The amplitude of infragravity waves is highly dependent
on local geomorphology, so the Mokulēʻia observations should be treated as an order of
magnitude estimate only for other locations. It is important to note that the infragravity
wave height is highly correlated to the significant wave height at the 20-m isobath
(Figure 6), suggesting the potential for parameterizing and hindcasting the influence of
infragravity waves on coastal water level. Such a parameterization has been done
previously for other island locations using observations (Merrifield et al., 2014), but in
the absence of observations for high-priority locations on Oʻahu, it may be possible to
achieve useful estimates of infragravity wave amplitudes from high-resolution, phaseresolving coastal wave models. Given that the results are likely to be highly dependent on
location, however, this effort would require a number of modeling experiments.

Figure 6: Scatter plot of observed infragravity significant wave height vs. offshore
significant wave height during the Mokulēʻia Deployment B validation event.
•

Finally, wind-driven storm surge is not well represented in this study. By using the tide
gauge as a surrogate for water level changes on the reef, the analysis implicitly includes
the statistics of surge related to synoptic pressure variations. The wind-driven component
of surge is not well captured, however, as wind-driven surge is dependent on wind
direction and water depth, with shallower locations experiencing greater surge for the
same onshore wind. The Honolulu tide gauge has not experienced a nontidal surge
greater than 60 cm in the entirety of the record beginning in 1905, but this could be
partially due to the deep-water location in the harbor. The statistics and magnitudes of
12

synoptic wind-driven surge along shallow reef-lined portions of the shoreline are not well
quantified.
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Appendix A. Aggregated figures of return period analyses
In the figures that follow, note that the range of return levels (i.e., vertical axis) in the figures
changes for each location, which improves clarity of the results for locations where the range is
small. Also note that MSL refers to the mean sea level tidal datum defined over the National
Tidal Datum Epoch (1983–2001).
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A.2 Harbor locations
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