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Waves are the dominant influence on coastal morphology and ecosystem structure of tropical Pacific islands.
Wave heights, periods, and directions for the 21st century were projected using near-surface wind fields from
four atmosphere–ocean coupled global climate models (GCM) under representative concentration pathways
(RCP) 4.5 and 8.5. GCM-derived wind fields forced the global WAVEWATCH-III wave model to generate hourly
time series of bulk wave parameters around 25 islands in the mid to western tropical Pacific Ocean for historical
(1976–2005), mid-century, and end-century time periods for the December–February and June–August seasons.
The December–February regional wave climate is dominated by strong winds and large swell from extratropical
cyclones in the north Pacific while the June–August season brings smaller waves generated by the trade winds
and swell from Southern Hemisphere extratropical storms. Extreme significant wave heights decreased
(~10.0%) throughout the 21st century under both climate scenarios compared to historical wave conditions
and the higher radiative forcing RCP 8.5 scenario displayed a greater and more widespread decrease in extreme
significant wave heights compared to the lower forcing RCP 4.5 scenario. An exception was for the end-century
June–August season. Offshore of islands in the central equatorial Pacific, extreme significant wave heights
displayed the largest changes from historical values. The frequency of extreme events during December–
February decreased under RCP 8.5, whereas the frequency increased under RCP 4.5. Meanwave directions rotat-
ed more than 30° clockwise at several locations during June–August, which could indicate a weakening of the
trade winds' influence on extreme wave directions and increasing dominance of Southern Ocean swell. The re-
sults of this study underscore that December–February large wave events will become smaller and less frequent
inmost regions, reducing the likelihood andmagnitude ofwave-drivenflooding at these island locations over the
21st century. However, relatively large increases in the mean of the top 5% of significant wave heights and large
changes to themeandirection of thesewaves in the June–August season at several islandswithin 150–180° Ewill
drive greater flooding and islandmorphological change along previouslymore stable shorelines. The reported re-
sults herein project large changes to tropical Pacific island wave climates that will be necessary for assessing is-
land vulnerability under climate change in future studies.
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1. Introduction

Large wave events generated from tropical and extratropical cy-
clones pose a significant threat to low-lying Pacific island nations.
Flooding from these events can damage infrastructure, salinate ground-
water, and ruin crops; thewaves can induce largemorphological chang-
es to island coastlines (Terry and Falkland, 2010; Aucan et al., 2012;
Hoeke et al., 2013; Smithers and Hoeke, 2014). It is anticipated that
sea-level rise (SLR) will increase the severity of flooding events, as
more wave energy will reach the shoreline (Nicholls et al., 2007;
Storlazzi et al., 2011; Seneviratne et al., 2012). However, these SLR pro-
jections do not take changing wave climates into account. Understand-
ing how themagnitude and frequency of large wave events will change
over the next century is critical to anticipate hazards to island commu-
nities and changes to island morphology.

Previous research projecting the stability and sustainability of tropi-
cal Pacific islands (Dickinson, 1999;Woodroffe, 2008;Webb and Kench,
2010) has predominantly focused on inundation from SLR. Sea level in
the western tropical Pacific (WTP) rose at a rate of 4.3 mm/yr over
1993–2001, which is significantly faster than the global average of ap-
proximately 3.0 mm/yr (Church et al., 2006, 2013). Increased SLR
rates in the WTP are associated with increased regional trade wind in-
tensity (Merrifield, 2011; Merrifield and Maltrud, 2011). If SLR in the
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Fig. 1. Extent map of the study area displaying model coherence over the hindcasted
period (1976–2005). (a) Hs95 and (b) Tp95. The colors represent the magnitude of the
standard deviation of the mean (SDOM) for (a.) Hs95 and (b.) Tp of Hs95 values. The red
box in (a) indicates the study area within the global map. Black boxes in (b) represent
regional groupings of output points based on proximity and similar variation. Black
points in (b) represent National Data Buoy Center station names and locations near the
Hawaiian Islands.
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WTP continues at a fast rate, the region will likely experience more ex-
tensive inundation in the near future. However, extreme wave events
coupled with SLR will threaten island communities before inundation
by SLR alone, as increased sea level will contribute to extreme high
water levels along coasts, allowing nearshore waves to be larger and
more damaging (Seneviratne et al., 2012).

Global (Hemer et al., 2013; Mori et al., 2013) and regional (Semedo
et al., 2013) projections of future WTP wave conditions show general
decreases in boreal winter (December–February) and summer (June–
August) significant wave heights (Hs) by the end of the 21st century.
These projections, however, focus on mean wave parameters instead
of extreme events. There has been limited exploration of global extreme
wave conditions, but recent studies forecast decreases in Pacific ex-
treme Hs (Fan et al., 2013; Wang et al., 2014). Regional-scale projected
extremes are still uncertain, yet Pacific island nations are increasingly
threatened by SLR and depend on these projections as extreme events
deliver themost devastating impacts to insular communities and island
morphologies (Fletcher and Richmond, 2010; Hoeke et al., 2013).

Many extreme wave events within theWTP are dominated by swell
waves generated by extratropical cyclones (Hoeke et al., 2013). In De-
cember 2008, an extreme event inundated five island nations in the
tropical Pacific over a period of several days, resulting in significant
damage to community infrastructure and large-scale coastal erosion
(Fletcher and Richmond, 2010; Smithers and Hoeke, 2014). However,
there have been few studies projecting how waves from extratropical
storms within the WTP will change over the 21st century and how
these changes may affect island nations in the region. Combined with
King tides (maximum annual spring high tides), El Niño Southern Oscil-
lation (ENSO)–induced seasonal sea level anomalies, and/or tropical cy-
clone storm surge, extratropical cyclone waves can deliver even more
energy to island shorelines via reduced depth-limited breaking
(Storlazzi et al., 2011; Seneviratne et al., 2012; Hoeke et al., 2013).
Therefore, extratropical swell has the potential to cause significant
flooding events along low-elevation Pacific island coastlines throughout
the WTP.

In this paper, we present results derived from near-surface wind
fields from four Coupled Model Intercomparison Project, phase 5
(CMIP5) global climate models (GCMs) used to force WAVEWATCH-III
(WW3) to project wave conditions in the WTP. Projections of
December–February (DJF) and June–August (JJA) parameters of the
mean of the top 5% of significant wave heights were developed for his-
torical (1976–2005), mid-century (2026–2045), and end-century
(2081–2100) time periods. This study focused primarily on waves gen-
erated in extratropical regions. These extratropical-generated swell
waves, although likely smaller than typhoon-generated waves, will
pose a hazard to these islands throughout the 21st century as SLR en-
ables more extensive flooding. A description of the study area's wave
climatology and island vulnerability is given in Section 2. Section 3 de-
tails the GCM and WW3 input parameters and analysis methods.
Section 4 presents the model skill analysis, changes in wind speed con-
ditions, and extreme wave parameters (heights, directions, and fre-
quencies) relative to historical values. Wave parameter changes
duringDJF and JJA for themid- and end-century are presented separate-
ly. A discussion of implications to island vulnerability from these chang-
es is presented in Section 5 and conclusions in Section 6.

2. Study area

2.1. Wave and Wind Climate

This study focused on 25 island locations in the tropical Pacific west
of 150° W (Fig. 1a) that were divided into six regions based on proxim-
ity and similarity of general atmospheric patterns (Australian Bureau of
Meteorology and CSIRO, 2014): Western, Marianas, Central, Northeast,
Eastern Equatorial, and Southern (Fig. 1b). WTP Hs are generally larger
and more energetic during boreal winter than during other seasons
(Young, 1999; Bromirski et al., 2013). Swell generated by northern
hemisphere extratropical cyclones dominates the extreme wave cli-
mate of the WTP during boreal winters and summers. Boreal winter
waves are generally the largest in the region each year, except for the
Southern Hemisphere islands, wherewaves are largest during the bore-
al summer (Young, 1999). These waves can traverse more than
4000 kmwithin the basin, delivering energy frommid-latitude cyclones
to islands near the equator (Hoeke et al., 2013). During boreal summer,
waves generated by easterly trade winds dominate the swell wave
spectrum in the eastern half of the study area. Waves generated in the
Southern Hemisphere characterize larger swell waves in the western
half of the region during the boreal summer (Young, 1999; Australian
Bureau of Meteorology and CSIRO, 2014).

Easterly trade winds dominate atmospheric circulation and surface
windswithin the region throughoutmost of the year (Australian Bureau
of Meteorology and CSIRO, 2014). However, the strongest winds in the
region are the result of tropical cyclones and other storm systems. The
northeast quadrant of the study area receives strong winds and large
waves from mid-latitude storms during boreal winter, despite the



Table 1
List of global climate models used, wave model used, and the model resolutions.

Model Resolution (longitude × latitude) in degrees

BCC-CSM1.1 2.8 × 2.8
INM-CM4 2.0 × 1.5
MIROC5 1.4 × 1.4
GFDL-ESM2M 2.5 × 1.5
WAVEWATCHIII 1.25 × 1.00
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influence of the tradewinds (Vitousek and Fletcher, 2008; Semedo et al.,
2011). Extreme winds and waves in the western half of the study area
are mainly from typhoons and mid-latitude extratropical cyclones
(Mori et al., 2010).

2.2. Island characteristics and vulnerability

Two primary island types are found within this region: volcanic
“high” islands and low-altitude atoll islands. Though most high islands,
such as the Mariana andMain Hawaiian Islands, have high mean eleva-
tions (10 s–1000 s of m), their harbors, population centers, and infra-
structure are generally concentrated along the coast within a few
meters of sea level. These low-elevation areas are vulnerable to large
wave events (Mimura, 1999). Many high islands in the tropical Pacific
have fringing reefs along their coasts that function as breakwaters for
incidentwaves, protecting coastal areas from largerwaves and reducing
wave-driven flooding (Ferrario et al., 2014). Coastal groundwater on
high islands can become salinated from flooding, but large abundances
of fresh groundwater generally flush contaminated water out of the
aquifer quickly (Rotzoll and Fletcher, 2012).

Atoll islands, such as the Marshall or Northwestern Hawaiian
Islands, are low-lying carbonate islands on atoll reefs that generally
have mean elevations of less than 2–3 m above sea level. They have
high population densities (e.g., 8300 people/km2 on Fongafale,
Tuvalu) and represent most of the inhabited landmass in the tropical
Pacific (Webb and Kench, 2010; Ford, 2012). Due to their low elevation,
many atoll islands are vulnerable to inundation, saltwater intrusion, en-
hanced shoreline erosion, and infrastructure damage due to wave-
driven flooding events that will likely be exacerbated by SLR. However,
it is unlikely that WTP atoll islands will be completely inundated in the
future, as they are dynamic featureswith shorelines that change consid-
erably over short time periods of days to years in response to changing
wave patterns (Kench and Brander, 2006; Rankey, 2011; Beetham and
Kench, 2014). Even so, the mechanism bywhich an atoll island can ver-
tically accrete to keep up with SLR is for wave-driven flooding events to
entrain sediment from the adjacent reefs and deposit it onshore. This
overwash is beneficial to island growth over geologic timescales, but
such wave-induced flooding events may make these islands inhospita-
ble for humans over shorter time scales, due to impacts to infrastruc-
ture, agriculture, and freshwater resources (Mimura, 1999; Yamano
et al., 2007; Fletcher and Richmond, 2010). Once salinated due to
wave-driven overwash, freshwater lenses (themain source of freshwa-
ter on atoll islands) take on the order of months to years to completely
refreshen, depending on precipitation and climate (Terry and Falkland,
2010). Therefore, the frequency of these events is concerning: if large
wave events become more frequent over the next century, the slow
freshening processmay render freshwater lenses of atoll islands perma-
nently unpotable.

2.3. Implication of Wave Changes to Island Vulnerability and Stability

The results of this study allow for a first-order evaluation of how
changing extreme wave conditions from increased radiative forcing
due to global climate changemay impact processes that governWTP is-
land coastlines over the next century. It is therefore necessary to briefly
outline how potential changes to incident waves can affect set-up,
flooding, and erosional patterns along reef line shorelines. Deep-water
wave heights serve as a proxy for wave energy reaching island shore-
lines after attenuation by coral reefs. Shoreline reefs induce depth-
limited breaking of largerwaves at the reef crest and flat, effectively dis-
sipating asmuch as 97% of the total wave energy before it reaches shore
and reducing incident wave heights up to 84% (Storlazzi et al., 2011;
Ferrario et al., 2014). Although large waves may break offshore, a frac-
tion of the energy still progresses towards shore, increasing the cross-
shore radiation stress and driving set-up along the reef flat (Pequignet
et al., 2011). Set-up from waves can increase local sea levels along
reef-protected island coasts by asmuch as 32% of breakingwave heights
at reef crests (Pequignet et al., 2011; Merrifield et al., 2014). Pequignet
et al. (2011) and Becker et al. (2014) found that set-up along reef flats
was positively correlated with reef face breaking wave heights. In-
creased set-up on reef flats results from larger wave heights at the
reef crest, reducing wave energy dissipation at the reef crest and allows
more wave energy to be delivered to the shoreline. Therefore, although
much wave energy is dissipated, larger wave heights and greater
resulting set-ups deliver greater energy to shore, driving flooding and
potential erosion of reef-protected coastlines (Storlazzi et al., 2011;
Grady et al., 2013).

3. Methods

3.1. Global climate models and analyses

Recent historical and future wave conditions were generated for the
western tropical Pacific Ocean via a dynamical downscaling approach
(Wang et al., 2009). Four separate atmosphere–ocean coupled global
climate model (GCM) wind fields under two climate change scenarios
forced the WAVEWATCH-III (WW3) numerical wave model (ver. 3.14;
Tolman et al., 2002; Tolman, 2009). The selected GCMs and their resolu-
tions are listed in Table 1; all GCMs follow the CMIP5 framework (World
Climate Research Programme, 2013). Three time periods were simulat-
ed: historical (1976–2005), mid-century (2026–2045), and end-
century (2081–2100). Two IPCC–defined climate change scenarios
forced the GCM runs: representative concentration pathway (RCP) 4.5
characterizes a medium increase of radiative forcing (4.5 W/m2 by
2100 relative to preindustrial conditions) assuming stabilization
startingmid-century, and RCP 8.5 characterizes unabated radiative forc-
ing increase to 8.5 W/m2 by 2100 relative to preindustrial conditions
(Riahi et al., 2010; Thomson et al., 2011).

GCM-derived three-hourly wind speed and direction fields forced
WW3 over a near-global domain (NWW3, latitude 80° S–80° N) at a
1.00° × 1.25° spatial resolution (Table 1). Bathymetry was generated
from the Naval Research Laboratory's (2013) Digital Bathymetric Data
Base version 3.0 and shoreline positions were generated with the
National Geophysical Data Center's (2013) Global Self-consistent Hier-
archical High-resolution Geography Database version 2.2.2.Wave spec-
tra were computed in 25 frequency bands ranging from 0.04 to
0.50 Hz with a directional resolution of 15°. Nonlinear quadruplet
wave interactions were modeled using the Hasselmann et al. (1985)
formulation, and wave growth and whitecapping were simulated via
the Tolman and Chalikov (1996) source term package. Diffraction and
wind interruption from the small islands within the model domain
were not resolved due to the coarse spatial resolution of the WW3 do-
main. This limitation was accounted for within this study by focusing
on trends of offshore, deep water waves that are relatively unaffected
by these smaller islands. The larger Hawaiian Islands were resolved,
however, and the diffraction and wind effects were accounted for with-
in WW3. Additionally, the effects of ENSO were not considered within
this study. It appears that ENSO is only somewhat realistically repre-
sented in about half of all CMIP5 GCM models (Kim and Yu, 2012).
Also, Stevenson (2012) noted that ENSO variability and amplitudes
within 27 CMIP5 multi-model means under climate change projections
were statistically indistinguishable from values determined for the 20th
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century. In the fewmodelswhere ENSO amplitudes do increasewith cli-
mate change forcing under RCP 4.5, the changes were smaller than the
standard deviation of ENSO amplitudes of all tested CMIP5 models
(Kim and Yu, 2012). Due to the weak to non-existent changes to ENSO
intensity with climate change in these studies, it can be assumed that
ENSO did not change significantly within our model runs and affect
wave parameters. Hourly time series of Hs, peak wave periods (Tp),
and mean wave directions (Dm) were saved at 25 locations from
WW3 runs. Dm is defined as themean direction in whichHs propagates,
measured in degrees clockwise from north. Outputs from each GCM-
driven WW3 model run were concatenated into a multi-model dataset
on monthly and seasonal scales. An ensemble of models better simu-
lates observed data than any single model for dynamic GCMs and re-
gional climate models with similar parameters (Donat et al., 2010).

Multi-model averages and standard deviations of boreal winter
(DJF) and summer (JJA) extreme Hs, Tp, and Dm were calculated for his-
torical, mid-century, and end-century periods. Extreme values are de-
fined as the mean of the top 5% of Hs and associated Tp and Dm each
season (those exceeded 36 h/month) over each time period (number-
ing 175,200 measurements for each future period and 262,800 mea-
surements for the historical period). Seasonal (DJF or JJA) values were
first taken from the complete model datasets; the extreme Hs and the
Tp and Dm associated with those values were selected and combined
into a multi-model extremeHs value dataset fromwhich seasonal aver-
ages were calculated. Extreme significant wave heights are denoted
Hs95, with a standard deviation of σHs95, and associated mean wave di-
rection are denoted Dm95, with a standard deviation of σDm95. Dm95

was calculated by converting the wave directions of Hs95 and Hs95 mag-
nitudes into rectangular (x, y) vectors and summing the resultant com-
ponents. These components were then used in the formula: Dm95 =
arctangent (Σy, Σx), where Dm95 is the mean wave direction of the top
5% of significant wave heights, y is the north–south component of the
wave directions in radians and x is the east–west component of the
wave directions in radians. The average direction of waves is weighted
by Hs95 and the Dm95 equation accounts for wave directions at 0° and
360° being the same. Peak wave periods associated with Hs95 are desig-
nated as Tp95. Projections of boreal spring and fall seasons are beyond
the scope of this report because the selectedmodels do not fully capture
tropical cyclones, the dominant wave generation mechanism during
these seasons.

For both DJF and JJA, the frequency of extremewave events with the
greatest spectral energy density each season (extrapolated to events per
decade, fext) was calculated, with a standard deviation of σf. The power
spectrum was calculated for each season on a yearly basis using a
Hanning window of 30 d with 50% overlap for each season (~90 d).
The power spectrum was calculated by applying an infinite impulse re-
sponse discrete fast Fourier transform digital filter to the seasonal time
series of Hs values of each model year by year. From the Hanning win-
dowed power spectrum, the frequencywith the greatest energy density
was recorded for each model and year (e.g., 30 years of historical simu-
lations resulted in 120 separate measurements of frequencies as there
were four separate GCM-forced WW3 simulations). These frequencies
were then combined into multi-model averages for each location for
each time period. The selected frequencies represent the events that de-
liver the most energy to these islands during each season and not the
exceedances of a single threshold. Rather, the frequencies recorded
were the ones that have the largest potential to drive morphological
changewithin one season. Therefore, these frequencies do not necessar-
ily represent the frequency of Hs95 events. The dominant frequency of
future and historical periods was subsequently derived for DJF and JJA
for all GCM-driven WW3 runs. Data provided herein are relegated to
deep-water wave conditions in the tropical Pacific, but changes in ex-
treme wave heights, directions, and fext were broadly extrapolated to
determine effects on the coastlines of atoll and volcanic islands in the
tropical Pacific. For further detail on model parameters, model output,
and bulk wave parameter analysis, refer to Storlazzi et al. (2015).
3.2. Model skill

Multi-model historical wave conditions were compared to National
Data Buoy Center (NDBC) platformmeasurements at the same locations
in the Hawaiian Island Chain (NDBC, 2013) to evaluate the skill of the
models to approximate observed extreme wave climate. The Pacific
Ocean historical buoy dataset is scattered, inconsistent, and temporally
short. The Hawaiian Island Chain was the only location that had obser-
vation platforms (NDBC buoys 51001, 51003, and 51004; Fig. 1b) with
sufficiently long datasets (data from 1985 to 2005 were used in this
study) to compare with WW3 historical time series. Other buoys in
the Pacific generally offered only a year or less of temporal overlap
with the historical simulation period. The models do not approximate
the observed Hs, Tp, and fext datasets on a year-by-year basis, but rather
on a multi-annual scale, and therefore an error analysis using buoys of-
fering only limited temporal overlap was not carried out. These NDBC
buoys collect hourly deep-water Hs and Tp measurements. These
buoys were co-located with WW3 Hawaiian virtual buoy output loca-
tions. WW3 historical time series (1976–2005) were shortened to the
same range as buoy observations (1985–2005) and the missing times
of observation measurements were removed from each model time se-
ries to better match the observed historical measurements.

Model performancewas assessed by calculatingmean absolute error
(MAE) betweenmodeled and observedHs95, Tp95, and fext duringDJF and
JJA. fext was calculated for each year of modeled and observed time pe-
riods and the distribution of fext values was then compared using the
MAE, as opposed to Hs95 and Tp95, for which bulk data were used. MAE
provides a measure of model accuracy when modeled and observed
values are at approximately the same scale (Hyndman and Koehler,
2006) and is given by:

MAE ¼ 1
N
∑N

i¼1 obsi−modij j ð1Þ

where obsi= ith observed value andmodi= ithmodeled value of the
empirical cumulative density functions (CDFs) for DJF and JJA Hs95, Tp95,
and fext. TheMAE is not time dependent, and the gaps in the observation
data had little effect on the assessment of Hs95 and Tp95 model error. So
long as similar proportion of occurrences for each Hs95 and Tp95 value
were represented, the incomplete observational dataset was sufficient
to determinemodel error. Large gaps in the time series would affect cal-
culation of fextmodel error. Therefore, years without 2months ofmostly
temporally continuous (no gaps larger than 24 h) data were removed
from the calculation of theMAE as outliers. Small gaps in the time series
of a few hours were found to not significantly impact the calculation of
fext and theMAE.

Model coherencewas evaluated by calculating standard deviation of
themean (SDOM) of themulti-model average ofHs95 and Tp95 values for
the historical period for DJF and JJA as:

SDOM ¼ σ
ffiffiffi

n
p ð2Þ

where σ = standard deviation calculated from the means of each
model and n = the number of sample means (within this study n =
4, the number of means for each GCM driven WW3 output).

4. Results

4.1. Model Skill

Modeled Hs95 reproduced observed Hs95 and Tp95 magnitudes well
(Table 2). The Hs95 DJF MAE was the smallest at buoy 51002, 0.28 m
(6.1%), and the largest at buoy 51003, 0.53 m (11.5%). The 51003 MAE
represented the largest error, but this MAE value was smaller than the
calculated standard deviation of extreme wave heights. Tp95 showed



Table 2
Average and standard deviation of Hs95 and Tp95 of observed values at selected NDBC sta-
tions within the Hawaiian Islands for 1985–2005 and MAE values calculated for multi-
model hindcast Hs95 and Tp95, at co-located WW3 virtual buoy output points by season.
MAE statistics are represented in meters (seconds) and as a percentage of mean observed
Hs95 (Tp95).

Season NDBC station Averaged Hs95 MAE Hs95 Averaged Tp95 MAE Tp95

(m) (m) (%) (s) (s) (%)

DJF 51002 4.53 ± 0.38 0.28 6.1 12.15 ± 3.20 1.61 13.2
51003 4.60 ± 0.46 0.53 11.5 14.47 ± 4.93 1.30 9.0
51004 4.52 ± 0.51 0.35 7.7 13.10 ± 3.19 1.73 13.2

JJA 51002 3.19 ± 0.39 0.18 5.6 9.33 ± 1.52 0.48 5.2
51003 2.75 ± 0.38 0.50 18.2 9.73 ± 2.67 0.40 4.2
51004 3.18 ± 0.53 0.40 12.5 9.97 ± 2.20 0.32 3.2
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the opposite pattern, where buoy 51003MAEwas 1.30 s (9.0%). Hs95 JJA
MAE values were all less than or equal to 0.50m,with buoy 51003 again
being the largest at 0.50 m (18.1%). Buoy 51004 also showed a large
MAE of 0.40 m (12.7%). JJA MAE values for Tp95 were all less than
0.50 s (3.0–5.2%). Buoy 51003 likely had the largest Hs95 error due to
its location to the west of the Hawaiian Islands, whereby both DJF and
JJA larger swell waves are refracted by the islands, leading to more var-
iation between models and therefore error compared to historical ob-
servations. The Hs95 and Tp95 error statistics reported within this study
are consistent with the range of similar studies that use dynamically-
downscaled GCM-simulated winds to project wave climates
(e.g., Hemer et al., 2013), though these statistics were for all wave pa-
rameters, not just the extremes. When calculating the MAE, the error
values for the comparison time period (1985–2005) would be larger
for Hs95 and Tp95 than for bulk Hs and Tp, as most non-extreme values
were be similar. Therefore the error reported herein for the extremes
within the range is considered acceptable and consistent with other
studies, as the Hs95 and Tp95 error is within the range of errors reported
for bulk Hs and Tp data.

The multi-model dataset did not approximate fext as well asHs95 and
Tp95 (Table 3). The largest DJF MAE values were 40 events/decade
(24.1%) at NDBC station 51004 and 33 events/decade (18.5%). The larg-
est JJAMAEwas 33 events/season (25.5%) at station 51002. These larger
errors indicate that the multi-model data set did not compare well to
the observed datasets within these areas. Otherwise the remaining sta-
tions had smaller MAE (less than 15.0%). It should be noted, however,
that the standard deviation of each observed location was larger than
any MAE value. However, the model errors, being within one standard
deviation of the observed mean, indicated that the even the locations
with the largest errors present a possible distribution of events. Addi-
tionally, there is not a standard by which to define acceptable error for
fext.

The multi-model dataset approximated DJF Hs95 conditions well in
the Hawaiian Islands, but was not as good a fit for JJA wave conditions
(12.7% and 18.1% error for 51004 and 51003, respectively), with the
models over-predicting wave magnitudes in both cases. Conversely,
Table 3
Average and standard deviation of fext of observed values at selected NDBC stationswithin
the Hawaiian Islands for 1985–2005 and MAE values calculated for multi-model hindcast
fext, at co-locatedWW3 virtual buoy output points by season.MAE statistics are represent-
ed in events/decade and as a percentage of mean observed fext.

Season NDBC station Averaged freq MAE fext

(Events/decade) (Events/decade) (%)

DJF 51002 177.61 ± 68.50 32.78 18.5
51003 153.81 ± 50.16 18.50 12.0
51004 166.84 ± 64.61 40.22 24.1

JJA 51002 130.51 ± 46.64 33.33 25.5
51003 128.37 ± 41.95 16.79 13.1
51004 123.14 ± 47.49 7.17 5.8
Tp95 was approximated well in JJA compared to DJF with smaller MAE
values during these months. fext was not approximated well compared
to the MAE percentages of Hs95 and Tp95 measurements, but the error
was less than one standard deviation. Overall, the multi-model dataset
acceptably simulated extreme wave conditions at these buoy locations.
However, it should be noted that model skill in the Hawaiian Islands is
not representative for the entire study area, since the accuracy of
GCM-derived results can vary from region to region. The focus of this
paper is to use relative changes between modeled historical and future
wave conditions to discern trends and give a first-order analysis of im-
plications for islands within the WTP.

Hs95 SDOMwas largest in theMarianas Region (0.30m) (Fig. 1a). Ad-
ditionally, extreme wave conditions were less consistent across GCM-
forced model runs along the edges of the study area compared to the
northern Central Region, the Eastern Equatorial Region, and the Main
Hawaiian Islands. In all three regions, SDOM was less than 0.20 m. The
western half of the study area represents the confluence of waves gen-
erated by the tradewinds, Southern Hemisphere extratropical cyclones,
and Northern Hemisphere extratropical cyclones. This convergence
leads to large variation within each model due to the differing GCM
physics and likely led to the moderate disagreement in Hs95 between
models. Tp95 SDOM was often less than 1 s in magnitude and it was as-
sumed that the Tp95 coherence was generally good throughout the
study area because of these small magnitudes (Fig. 1b). Changes of
1–2 s can reflect sizable differences in associated wave-driven run-up
values, but the differences in Tp95 values here are not large enough to in-
dicate that resultant run-up values are significantly affected by model
scatter. Overall, model coherence was deemed acceptable throughout
the region and amulti-model averagemutes individualmodel variation
to more easily discern physical changes.

4.2. Wind speed and direction synopsis

Projected changes to trade wind speeds, the top 5% of wind speeds,
and wind directions at island locations utilized in this research are re-
ported in-depth in Storlazzi et al. (2015), and are briefly summarized
here without analysis on broader meteorological patterns. Mean mid-
century wind speed near the equator in all future scenarios did not
change much with increased radiative forcing. Most average wind
speed changes were less than 0.25 m/s and directions remained con-
stant, travellingwest to southwest. By the end-century, DJF averages de-
creased by 0.25 to 0.5 m/s in most regions within the study area under
both scenarios with a larger decrease under RCP 8.5. This decrease is
consistent with modeled wind speed projections documented by
Dobrynin et al. (2012) and Lauer et al. (2013) for annual projections.
JJA saw a small increase of 0.25–0.5 m/s in the Central Region islands
with a similarly small decrease in wind speed intensity under RCP 8.5
in the Northeastern region.

Patterns of the means of the top 5% of wind speeds showed much
more variability. The mean of the top 5% of RCP 4.5 and RCP 8.5 DJF
wind speeds decrease throughout the century, with end-century de-
creases being 0.25–0.50m/s and 0.25–0.75 m/s in most regions, respec-
tively. The top 5% of JJA wind speeds increased by 0.25–0.75 m/s in the
Central Region by 2100 in both scenarios with smaller decreases of
0.25–0.50 m/s in the Marianas region in RCP 4.5 and decreases of
0.25–0.75 m/s in the Marianas and Northeast Region in RCP 8.5. The
mean directions of the top 5% of DJFwind speeds did not change notice-
ably in each scenario. JJA top 5% wind directions within the central re-
gion rotated clockwise by 5–10° in RCP 8.5 by 2100 and 10–20° under
RCP 4.5.

4.3. Mid-century (2026–2045)

4.3.1. Mid-century: RCP 4.5
Mean Hs95 was generally projected to decrease west of 180° within

the study area and in the Southern Region. Decreases of approximately



Fig. 2. Changes in ensemble Hs95 and the change in σHs95 from hindcast (1976–2005) values. Change in 2026–2045 from hindcast for RCP 4.5 during (a) the DJF season, and (b) the JJA
season. Change in 2026–2045 from hindcast for RCP 8.5 during (c) the DJF season, and (d) the JJA season. Change in 2081–2100 from hindcast for RCP 4.5 during (e) the DJF season,
and (f) the JJA season. Change in 2081–2100 from hindcast for RCP 8.5 during (g) the DJF season, and (h) the JJA season. Colors represent change in Hs95 in meters and shapes
correspond to changes in σHs95.
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0.10–0.30m (1.0–5.0%) inDJFHs95 compared to hindcastDJF values (see
Supplementary Fig. 1a) were concentrated in the Central Region
(Fig. 2a), but the Southern Region experienced a decrease in DJF Hs95

of 0.20–0.30 m (5.0–7.0%). The only exception to this trend was at
Asuncion where DJF Hs95 increased by 0.11 m (4.1%). σHs95 did not
change significantly throughout the study area, except at American
Samoa,where it increased by 0.30m (43.0%). JJAHs95 decreased primar-
ily within the Marianas Region by approximately 0.30–0.45 m
(7.0–9.0%) (Fig. 2b) compared to hindcast JJA values (see Supplementa-
ry Fig. 1b).
Dm95 changes primarily occurred west of 180°, with the majority in
the Central Region. DJF σDm95 increased by 5–15° at Palau, Pohnpei, Kos-
rae, and the Big Island of Hawaii, and by 16° at Chuuk (Fig. 3a). The larg-
est DJF Dm95 change (20° counterclockwise) occurred at American
Samoa, accompanied by a small σDm95 decrease. JJA σDm95 decreased
non-uniformly in the Central Region and at Howland by 5–10°, but
showed a somewhat strong increasing trend of 5–15° in the Marianas
Region and at Johnston Atoll (Fig. 3b). The greatest JJA Dm95 shifts
were in the Western and equatorial Central Regions, where Dm95 rotat-
ed counter clockwise by approximately 15°.



Fig. 3. Changes in ensemble Dm95 and the change in σDm95 from hindcast (1976–2005) values. Change in 2026–2045 from hindcast for RCP 4.5 during (a) the DJF season, and (b) the JJA
season. Change in 2026–2045 from hindcast for RCP 8.5 during (c) the DJF season, and (d) the JJA season. Change in 2081–2100 from hindcast for RCP 4.5 during (e) the DJF season, and
(f) the JJA season. Change in 2081–2100 from hindcast for RCP 8.5 during (g) the DJF season, and (h) the JJA season. Black ticks indicate hindcast directions (Dm95), blue RCP 4.5 directions,
and red RCP8.5 directions. Colors correspond to changes in σDm95. Tick orientation indicates wave propagation towards island location.
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Compared to hindcast frequencies, DJF fext non-uniformly increased
north of 5° N by 5–15 events/decade (2.0–12.0%), with Wake (11.0%),
Molokai (7.0%), and Midway (12.0%) featuring the largest departures
(Fig. 4a). The only exception to this trend was at Kosrae, where fext de-
creased by 5–10 events/decade (6.5%). JJA fext showed similarly variable
changes,withHowland having the largest decrease of 10–15 events/de-
cade (12.0%) and Guam, Kosrae, and Kwajalein decreasing by 5–10
events/decade (8.0–10.0%) (Fig. 4b). The Big Island of Hawaii and Jarvis
displayed an fext increase of 5–10 events/decade (6.0–7.0%). σf de-
creased at Kosrae, Kwajalein, Howland, and all Western Region islands.

4.3.2. Mid-century: RCP 8.5
Mean DJF Hs95 was projected to generally decrease in the northern

Central, western Northeast, and Western Regions by 0.10–0.30 m
(2.0–6.0%) (Fig. 2c) with the exception of the Big Island of Hawaii,
which increased by 0.15 m (3.3%). DJF Hs95 increased in the Southern
Region by 0.10–0.30 m (5.0–16.0%), and σHs95 increased by 0.6 m
(50.0%) at American Samoa. JJAHs95 values increased within the Central
Region by 0.10–0.20 m (2.0–6.0%), accompanied by a small increase in
σHs95 within its northern islands (Fig. 2d). The Northeast Region exhib-
ited scattered decreases in Hs95 of 0.10–0.20 m (3.0–4.0%).

DJF σDm95 generally increased at Palau, the Northeast Region, and
equatorial islands in the Central Region by 5–10° with the exception
of the Big Island of Hawaii where σDm95 decreased by 5–10° (Fig. 3c).
This season did not exhibit many significant Dm95 changes except at
Johnston and Rose whereby values rotated approximately 15° clock-
wise. The majority of changes occurred during JJA. σHs95 decreased by
5–15° in Guam, the Western Region, and the equatorial Central Region



Fig. 4. Changes in ensemble fext and the change in σf from hindcast (1976–2005) values. Change in 2026–2045 from hindcast for RCP 4.5 during (a) the DJF season, and (b) the JJA season.
Change in 2026–2045 from hindcast for RCP 8.5 during (c) the DJF season, and (d) the JJA season. Change in 2081–2100 fromhindcast for RCP 4.5 during (e) the DJF season, and (f) the JJA
season. Change in 2081–2100 fromhindcast for RCP 8.5 during (g) theDJF season, and (h) the JJA season. Colors represent change in fext in events/decade and shapes correspond to changes
in σf.
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islands (Fig. 3d). σHs95 increased in the Northeastern Region and at
Wake by 5–15°. The largest Dm95 changes during this season were at
Asuncion, Kosrae, andWake, each rotating clockwise by approximately
20°.

DJF fext decreased for the most part at every region except for Mid-
way, Johnston, the Northwest Hawaiian Islands, and the Southern Re-
gion islands (Fig. 4c). The largest decreases were at Kosrae and
Palmyra, each decreasing by 15–20 events/decade (13.0–16.0%).
Midway's fext increased by 22 events/decade (12.8%). σf at most islands
decreased from hindcast values, with the greatest decreases (15–25
events/decade [30.0–32.0%]) at the Big Island of Hawaii, Kingman
Reef, and Palmyra Atoll. JJA fext generally increased in the far eastern
part of the study area, especially at Palmyra Atoll and the Big Island of
Hawaii (Fig. 4d). fext decreased in the Western Region, the northern
Marianas Region, and at Wake, Enewetak, Kosrae, and Howland, with
most points showing a decrease of 5–10 events/decade (7.0–13.0%)
and Enewetak and Palau decreasing by 10–15 events/decade (13.7%
and 13.0%, respectively). σf increased east of 107° E by 5–15 events/de-
cade (2.0–30.0%), except at Wake. σf decreases characterized the west-
ern remainder of the study area, with the strongest decreases at Palau
and Wake. These trends, however, were weak and non-uniform for
each area.
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4.4. End-century (2081–2100)

4.4.1. End-century: RCP 4.5
The majority of projected DJF changes in Hs95 occurred west of 180°,

with the Central and Western Regions displaying decreases of
0.10–0.30 m (3.0–7.0%) (Fig. 2e). As opposed to mid-century values,
JJAHs95 values increasedwithin the Central Region; the largest increases
were at Enewetak (0.32 m [10.0%]) and Bikini (0.23 m [7.5%]) (Fig. 2f).
Both islands and the majority of the Northeast islands experienced an
increase in σHs95, with the easternmost Hawaiian Islands showing the
largest change.

DJF σDm95 displayed a small increase (5–15°) in the equatorial Cen-
tral Region islands of Kosrae, Pohnpei, and Chuuk aswell as at Howland,
Palau, Midway, and the Northwest Hawaiian Islands (Fig. 3e). In gener-
al, these changes were similar to the patterns present in both mid-
century scenarios. Dm95 did not change significantly except at Rose,
where it rotated clockwise 17°. JJA σDm95 increased east of 160° E,
north of 5° N, and in the northern Marianas Region (Fig. 3f). The largest
increases were at Molokai (~17°), Johnston Atoll (~17°), and Bikini
(~30°). σDm95 decreased at Enewetak, Pohnpei, and Chuuk by approxi-
mately 20°. The largest Dm95 changes occurred in the Central Region,
specifically at Bikini (clockwise 33°), Enewetak (clockwise 66°), Wake
(clockwise 25°), Kwajalein (clockwise 19°), and Kosrae (clockwise 21°).

Every Northeast Region island, Wake, and Kingman Reef showed an
increase in DJF fext. Midway and the Northwest Hawaiian Islands exhib-
ited the largest change of 15–20 events/decade (8.0–14.0%) and the
trend became stronger progressing northeast (Fig. 4e). σf increased in
the Central Region and at Yap despite no significant changes in fext. JJA
fext trends were inconsistent, with only the Southern Region clearly de-
fined by a decrease in fext at both locations (Fig. 4f). The largest increase
was at the Big Island of Hawaii (20 events/decade [6.0%]), but other
islands within the region had small decreases of 5–10 events decade
(Kauai [6.1%] and the Northwest Hawaiian Islands [8.6%]) or showed
no significant change. Similarly, σf changes were not consistent across
the study area, with Palau, Chuuk,Wake, Majuro, and Kingman Reef de-
creasing while Enewetak, Kwajalein, American Samoa, and the Big Is-
land of Hawaii increased.

4.4.2. End-Century: RCP 8.5
ProjectedHs95were similar to RCP 4.5 trends, but tended to be great-

er in magnitude and more widespread. DJF decreases affected every re-
gion except the Southern Region (Fig. 2g). ThemeanHs95 of most points
within the Northern Hemisphere decreased by more than 0.30 m, with
the strongest decreases in the Central Region of approximately 0.45 m
(11.0%). Decreased Hs95 at these islands was often accompanied by a
0.15–0.30 m (30.0–40.0%) decrease in σHs95. The Hs95 increased by
0.46 m (13.3%) at American Samoa and by 0.13 m at Rose (3.2%), with
theσHs95 of American Samoa increasing by 0.30–0.45m. JJA patterns ex-
hibited an increase in Central Region Hs95 values of 0.10 to more than
0.30 m (3.0–10.0%), and the largest increases were at Enewetak
(0.32m [9.7%]) and Bikini Atoll (0.23m [7.6%]) (Fig. 2h).Hs95 decreased
throughout the surrounding regions. Hs95 decreased by 0.10–0.20 m
(2.0–4.0%) in the Marianas Region, by 0.10–0.30 m (5.0–10.0%) in the
western Northeast Region islands, and by 0.35 m (10.0%) at the North-
west Hawaiian Islands. Similar to RCP 4.5, σHs95 increased in the north-
ern Central Region and the Northeast Region, with the largest increases
occurring at Enewetak, Bikini, and Wake. The similarity between the
two end-century scenarios was in contrast to the differences in mid-
century scenarios. Boreal winter values were projected to undergo the
largest changes in both scenarios.

DJF σDm95 did not change significantly except in the Northern Ha-
waiian Islands and at Chuuk, where values increased by 5–10° and Jar-
vis, where σDm95 decreased by 5–10° (Fig. 3g). The largest changes in
Dm95 were at Asuncion (clockwise 15.0°) and American Samoa (coun-
ter-clockwise 15.0°). JJA σDm95 followed a similar increasing pattern
within most Northern Hemisphere islands east of 160°, but increased
by 5–10° (Fig. 3h). σDm95 at Bikini had the largest increase (15°). JJA
σDm95 decreased by 5–10° at Enewetak and Palau. The Central Region
islands displayed a clockwise Dm95 shift of about 15°. Though smaller
than the RCP 4.5 scenario, shifts in Dm95 were again largest at Enewetak
(35°) and Bikini (26°).

DJF fext decreased weakly by 5–10 events/decade at many islands
and strongly (15–20 events/decade [16.8%]) at Kosare. At the Big Island
of Hawaii and Midway, fext increased by 5–10 events/decade (5.7% and
4.1%, respectively) (Fig. 4g). Otherwise fext showed no significant
trend. fext at Kosrae and Molokai decreased by the largest amounts: 16
(17.0%) and 14 events/decade (9.0%), respectively. σf similarly de-
creased across the study area, with stronger, more consistent decreases
to the east. JJA fext decreased within the Central and Southern Regions
(Fig. 4h). Again these decreases were small, generally less than 10
events/decade (5.0–10.0%). The Northwest Hawaiian Islands and Jarvis
also saw decreases of 5–10 events/decade (5.2% and 8.7% respectively)
while Yap and Johnston had increases of 5–15 events/decade (7.4%
and 12.2% respectively). σf decreased within the Central Region and at
Palau. There was a small increase in σf (5–15 events/decade
[15.0–30.0%]) in the easternmost islands, at Johnston, and in the South-
ern Region.

4.5. Statistical Significance

Statistical significance of Hs95 trends was assessed by fitting a least-
squares linear regression line to yearly averages of the seasonal
concatenated Hs95 data for hindcast, mid-century, and end-century pe-
riods. The significance of the regression trend was assessed using an F-
test with the null hypothesis that the regression slope is zero and an al-
ternative hypothesis that the slope is significant at the 95% confidence
level (Emery and Thomson, 2001; See Supplemental Material: Signifi-
cance Tests). Effectively, if the trend is determined to be significant,
then the forecast data is interpreted as significantly different (higher
or lower) than the hindcast data. The significance of the Hs95 regression
model was assessed for each radiative forcing scenario and for the DJF
and JJA seasons. The DJF RCP 8.5 Hs95 trends significantly decreased at
Midway, Chuuk, Asuncion, Kosrae, Palau, Pohnpei, Yap, Majuro,
Enewetak, Bikini, the Northwest Hawaiian Islands, Kwajalein, Wake,
Johnston, Kingman Reef, Palmyra, Howland, and Jarvis over the century.
The DJF RCP 4.5 Hs95 decreasing trend was significant at Chuuk, Kosrae,
Palau, Pohnpei, Enewetak, Bikini, Kwajalein, and Wake.

JJA Hs95 trends for both RCP 4.5 and RCP 8.5 were mostly not signif-
icant. The JJA RCP 8.5 Hs95 trend significantly decreased at Kauai, Mid-
way, the Northwest Hawaiian Islands, and Johnston. The JJA Hs95 RCP
4.5 decreasing trend was statistically significant at Jarvis, though the
mean values decreased by less than 0.10 m. The increase of Hs95 during
JJA at the Central region islands was not significant. As the standard de-
viations ofHs95 increased by the endof the century, therewas aworse fit
of a least-squares trend line, effectively demonstrating no significant
change.

The statistical significance of the changes in Dm95 was assessed by
comparing the directional distributions of the hindcast, mid-century,
and end-century periods using a directional Kuiper test at the 95% con-
fidence level (Stephens, 1965; Marida and Jupp, 2009; See supplemen-
tal Material: Significance Tests). The change in mid-century RCP 4.5 DJF
Dm95 from hindcast was significant at the Big Island of Hawaii, Chuuk,
Yap, Johnston, andHowland. Themid-century DJFDm95 changewas sta-
tistically significant at Asuncion, Palau, Molokai, and Kingman Reef.
Mid-century RCP 4.5 JJA Dm95 changed significantly at the Big Island of
Hawaii, Chuuk, Asuncion, Yap, Enewetak, Kingman Reef, and Rose.
Mid-century RCP 4.5 JJA Dm95 changed significantly at Chuuk, Saipan,
Asuncion, Palau, Yap, the Northwest Hawaiian Islands, Wake, Rose,
and Jarvis.

End-century RCP 4.5 DJF Dm95 changed significantly at American
Samoa, Saipan, Molokai, Wake, Johnston, and Rose. End-century RCP
8.5 DJF Dm95 significantly rotated at American Samoa, Saipan, Palau,
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Yap, Guam, Wake, and Howland. End-century changes in RCP 4.5 JJA
Dm95 were significant at Kauai, Chuuk, Saipan, Kosrae, Palau, Pohnpei,
Enewetak, Bikini, Molokai, the Northwest Hawaiian Islands, Kwajalein,
Howland, and Jarvis. End-century RCP 8.5 JJADm95 changed significantly
at Kauai, the Big Island of Hawaii, Chuuk, Asuncion, Palau, Yap,
Enewetak, Bikini, Molokai, Wake, Howland, and Jarvis.

fext changes were found, in all instances, to not be statistically signif-
icant. In general, many of the changes in fext tended to be small (gener-
ally b 16%) with only a few locations seeing a change of 25 events/
decade. However, the changes observed may not necessarily be noise
in the data. To adequately assess whether these changes signify an (ad-
mittedly) weak trend or noise, a larger forecast period (past 2100) will
need to be simulated. These small projected changes can have larger
ramifications by slightly increasing/decreasing the risk of a larger
wave event coinciding with transient high sea levels.
5. Discussion

5.1. Comparison with previous studies

Most studies of mean and extreme Pacific Ocean wave climate pro-
jections in recent years have been part of larger, global-scale studies,
and many only offer changes to annual means. Present model results
are broadly consistentwith the results from these studies under various
climate change scenarios.

Hemer et al. (2013) and Semedo et al. (2013) projected that mean
boreal winter Hs decreased in the western Pacific by as much as 10%,
consistent with the results presented herein whereby many of the larg-
est changes in Hs95 at island locations decreased by 7–11% with smaller
decreases throughout the entire region (Fig. 2e, g). Similarly, Fan et al.
(2014) projected a small decrease in swell and wind sea energy density
west of Hawaii during the this season and Wang et al. (2014) found a
decrease in maximum Hs within the region by 0.15–0.30 m under RCP
8.5 by the end of the century. The magnitudes of DJF decrease under
RCP 8.5 reported in this studywere asmuch as 0.45mat some locations,
but followed the same broad decreasing trend. Additionally, Mori et al.
(2010, 2013) describe annual-scale changes to Hs averages on a global
scale under climate change, projecting 0.05–0.10 m decrease in annual
means. While these values are for annual means, the boreal winter is
typically the most energetic season and likely dominates annual aver-
ages. Comparing these results with the end-century winter values, the
decrease in wave heights west of Hawaii is still discernible, despite
the different averaging scales.

JJA trends differed from Hemer et al. (2013) July–September projec-
tionswithin the Central Region. Their projections show aweak decreas-
ing trend in wave heights by less than 5% whereas Fig. 2(f,
h) demonstrate an increase in Hs95 by as much as ~10% (0.32
m)within this region, consistent with Semedo et al. (2013). Conversely,
Wang et al. (2014) reported a small increase in mean and maximum
July–September Hs of west of the Hawaiian Islands by as much as
0.15–0.30 m, which is within the range of reported increases within
the Central Region. Similarly, they reported a decrease in mean Hs

near Hawaii that is also represented in our JJA RCP 8.5 result (Fig. 2h).
DJF directions are projected to broadly remained unchanged, often

changing by less than 5° (Fig. 3), which is supported by Hemer et al.
(2013) and Fan et al. (2014), where wave directions during this season
did not change significantly. The greatest differences observed between
studies in boreal summer wave directions were within the central re-
gion. Hemer et al. (2013) projected little change in wave directions
within this region while Fan et al. (2014) demonstrated that July–
September sea and swell wave directionswithin the region rotate clock-
wise in response to climate change, with the swell becoming oriented
almost directly north. Fig. 3(f, h) similarly denote a clockwise rotation
in Dm95 for many of the islands west of 180°. The frequency of large
wave events within the WTP has not been previously reported, and a
discussion of potential causes of frequency changes are listed in the fol-
lowing section.

5.2. Potential Cause of Changes in Extreme Waves

Under both RCP 4.5 and 8.5 for the mid-century and end-century,
DJF Hs95 is projected to decrease throughout much of the study area,
likely driven by changes to the intensity and frequency of North Pacific
extatropical cyclones. It is generally agreed that there will be poleward
shifts in storm tracks and resultant wave energy under warming condi-
tions (Bengtsson et al., 2006; Ulbrich et al., 2008; Catto et al., 2011; Wu
et al., 2011; Semedo et al., 2013) and that these shifts will be accompa-
nied by decreased frequency of storm events within the extratropics
(Bengtsson et al., 2006; Chang et al., 2012; Eichler et al., 2013). As the
DJF wave climates of the central Pacific are greatly influenced by swell
from the north Pacific storms (Alves, 2006; Semedo et al., 2011), the
projected decrease in DJF Hs95 in the Northern Hemisphere are attribut-
ed to the poleward shifts of storm tracks and reduced storm frequency.
The reduction of the frequency of north Pacific storm events and the de-
crease of wave period and swell energy within the northwest Pacific in
response to climate change (Hemer et al., 2013; Fan et al., 2014) ac-
counts for the lowermeanDJF values reportedwithin his study. Similar-
ly, projected increases in end-century JJA Hs95 likely result from
increased Southern Hemisphere storm intensity, generating large
swell that arrives at the Central Region islands (Bengtsson et al.,
2006). A future study will need to analyze the pressure fields of the
four GCM forcings used in this study to determine the magnitude of
changes to storm tracks or storm frequency under the radiative forcing
scenarios. However, it is beyond the scope of this study to ascertain the
broader meteorological/climatological trends of storms and pressure
fields through the Pacific over the 21st century. Therefore, the results
are presented within the context of other studies of storm tracks,
swell, and wave magnitude changes.

Changes in end-century JJA Dm95 likely result from changes in the
types ofwaves that dominate Central Region islands during boreal sum-
mer months. Historical mean wave directions demonstrate that Central
Region islands receive most JJA wave energy from trade wind waves
from the east (Fig. 3b), with Southern Hemisphere swell becoming
more dominant progressing west through the region, as can be seen
by the broad clockwise rotation of Dm95 (Fig. 3). Southern Ocean
extratropical cyclone swell waves can influence areas well into the
Northern Hemisphere and dramatically affect local wave climates of
the WTP (Young, 1999; Alves, 2006; Semedo et al., 2011). Clockwise
shifts in wave direction at some of the Central islands suggests that, rel-
ative to trade wind seas, Southern Hemisphere swell will contribute
more to extreme incident waves in the future compared to historical
conditions. Fan et al. (2014) documented a strong increase in projected
southern Pacific swell energy density during the boreal summer, ac-
companied by a clockwise rotation of mean swell propagation direction
within the central Pacificwith climate change. The clockwise rotation of
meanDm95within the Central Region indicates a similar pattern,where-
by increasing swell energy from the south will generate larger waves
within the Central Region compared to today, despite projected in-
creases to tradewind strength (and, by extension,waves) under climate
changes as demonstrated by Merrifield (2011) and Merrifield and
Maltrud (2011). The resultant directional shifts could dramatically
alter the erosional patterns of the shorelines of both atoll and high
islands. Mid-century RCP 4.5 DJF Hs95 at the Big Island of Hawaii in-
creased by 0.10–0.20 m compared with Midway, the Northeast Hawai-
ian Islands, and Kauai, where Hs95 decreased by 0.10–0.30m. A possible
cause for this difference within the region could stem from increased
energy in the generation region of larger swell that reaches the Big Is-
land. The DJF Dm95 for the location is broadly to the southwest, very dif-
ferent from the other locations, whose waves propagate towards the
southeast. This increase compared to others could be due to an increase
in storminess in the northeastern Pacific (Eichler et al., 2013), which
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would affect the Big Island of Hawaii's wave heights, but not necessarily
the other Northeast Region Islands that receive themost of their DJF en-
ergy from the northwest.

fext results showed much varying trends between mid- and end-
centuries for each forcing scenario. Mid-century DJF RCP 8.5 trends
show the largest general decrease in fext by asmuch as 20 events/decade
in theNorthernHemisphere, following the trend of decreasing northern
hemisphere storm frequency (Bengtsson et al., 2006; Chang et al., 2012;
Eichler et al., 2013). By the end-century, while there is a very weak de-
creasing trend, it is not as strong as during the mid-century period. The
smaller magnitudes of change indicate possible changes to these storm
frequencies betweenmid- and end-century, whereby there is a relative
increase in storminess relative to the mid-century period, though this
finding would be at odds with the trends of Bengtsson et al. (2006);
Chang et al. (2012), and Eichler et al. (2013). The smaller magnitudes
of change indicate possible changes to these storm frequencies between
mid- and end-century, whereby there is a relative increase in stormi-
ness relative to the mid-century period. However, under climate
change, Catto et al. (2011) noted greater storm track density in the
northeastern Pacific extratropics under four times present CO2 levels
compared to a two times CO2 levels scenario during the DJF season.
This increase in frequency coupled with an eastward shift in the high
storm density regions can account for the difference between frequen-
cies. In both cases, the shifts cause a decrease in DJF large wave event
frequency compared to present, but increasing storm frequency under
the higher climate change scenario (reflecting greater radiative forcing
during the end-century) in the northeast Pacific would likely drive
smaller than mid-century changes. This change is not reflected in the
Hs95 values for the DJF season, indicating that the incident waves may
be smaller as a result of this shift. The increase of 15–25 events/decade
in DJF fext in the Northeast Region projected under RCP 4.5 for bothmid-
and end-centuries reflects increases in linear storm tack frequency
trends for RCP 4.5 in the northeastern Pacific observed by Eichler et al.
(2013) that were not present for RCP 8.5. The increase in storminess
in the northeastern Pacific can result in an increased frequency of
swell from this region reaching the islands of the Northeast Region
(Alves, 2006). JJA changes were mainly attributed to changes in trade
wind intensity and southern hemisphere storminess. Under most sce-
narios, fext decreasedweakly throughout the study region,with the larg-
est exception being the eastern islands under RCP 8.5. The general
decrease here is attributed to the poleward shift of and decrease in the
number of extratropical storms in the southern hemisphere, and there-
fore the instances of large swell that these storms generate (Bengtsson
et al., 2006). These above trends are not applicable everywhere. Mid-
century RCP 4.5 DJF fext for Midway increased by 25 events/decade in
contrast to most other regions seeing a decrease. This difference could
be due to Midway's position (being the most northern island in the
study area) whereby it receives more frequent waves compared to the
remainder of the study area due to storm proximity. Similarly, there is
an increase in the eastern islands' fext during the JJA season during the
mid-century RCP 4.5 scenario as well as the Big Island of Hawaii's fext
by 2100. The rest of the Northeast region does not change dramatically,
but the Big Island point's fext increases by 15–20 events/decade by 2100.
It is currently unclear as towhat the true drivers of the smaller scale var-
iability could be. Therefore, further research into storm systems changes
within the GCM pressure fields would need to address why these loca-
tions are singularly different during these time periods.

5.3. Implications for island sustainability

Hs95 is projected to decrease throughout themid- towestern tropical
Pacific during DJF throughout the 21st century under both RCP 4.5 and
8.5, with the largest decreases occurring within the Central Region by
as much as 0.45 m (12.0%). Wave driven set-up along reef flats and
run-up levels onshore would therefore be smaller (Becker et al., 2014,
see Section 2.3). Furthermore, the decrease in σHs95 under RCP 8.5 by
2100 in the Central Region indicates that Hs95 would be consistently
lower. However, with sea levels increasing by approximately
0.5–1.5 m by 2100 (Vermeer and Rahmstorf, 2009; Church et al.,
2013), the effects of the projected decrease in Hs95 will be muted and
more energywill propagate to shore relative to the historical period. In-
creased energy at the shorelinewill drive stronger reef flat currents that
could result in enhanced coastal erosion (Storlazzi et al., 2011; Grady
et al., 2013). Additionally, vertical reef flat accretion at atolls and fring-
ing reefs is anticipated to be negligible due to slower growth rates com-
pared to projected SLR rates (Buddemeier and Smith, 1988;
Montaggioni, 2005), reducing the effectiveness of these reefs as a buffer
for these reef-lined island shorelines into the future. More inundation
and more sediment resuspension from large waves propagating onto
the reef flat are certain with SLR (Storlazzi et al., 2011). The results of
this study suggest that projected DJF run-up and longshore current
strength along island shorelines will not be as great in magnitude
throughout the Central Region, where end-century wave heights de-
crease by as much as 12.0% under RCP 8.5 and 7.0% under RCP 4.5 com-
pared to using contemporary Hs95 values to project future values under
SLR (Fig. 1e, g).. JJA run-up will increase considerably in the Central Re-
gion by the end of the century under both climate change scenarios as
increased Hs95 of as much as 10% (Fig. 1f, h) will increase wave-driven
set-up along reefs, reducing depth-limited breaking and increasing in-
land flooding and longshore drift magnitudes. Consequently, morpho-
logical changes of these quasi-equilibrated shorelines will be more
dramatic compared to present. Increasing JJA Hs95 at the Central Region
islands coupled with SLR will drive more extensive flooding of these
islands during this season.

Atoll island erosional patterns will change due to increasing wave
heights and SLR, but the dominant control on island morphodynamic
change is the magnitude of wave direction change. Changing wave di-
rections in turn alters longshore current strength and possibly direction
(Kench et al., 2009). The Dm95 rotation of 15–30° in the Central Region
islands (Fig. 3f, h) could drive large shifts in coastline erosional patterns
and alter longshore current intensity (Kench et al., 2009). Atoll island
shorelines vary considerably over shorter time scales in response to
changing wave directions and shorelines can migrate several meters
over a few years under new conditions (Rankey, 2011). The projected
clockwise rotation of JJA Dm95 by 30–40° in the Central Region in some
locations (Fig. 3f) will cause incident waves to arrive along parts of
the island coastlines that are currently not subject to largerwave events,
or at least not to events of that frequency or magnitude. Historical run
JJA Dm95 within the Central Region propagated toward the west to
northwest. By 2100, JJA Dm95 under both climate scenarios is markedly
different at Wake, Bikini, and Enewetak, with dominant waves travel-
ling to the northwest to north. A Dm95 shift of 20° could result in rapid
shoreline adjustment and new erosional patterns, which would threat-
en island communities, especially on urbanized or human-altered
islands where current extrema induce flooding and damage to infra-
structure (Yamano et al., 2007; Ford, 2012). Seasonal changes in wave
direction can cause significant fluctuation in atoll island shorelines; for
example, Kench and Brander (2006) found that Maldivian atoll shore-
lines can change considerably between monsoon seasons. Therefore,
the large variation inDm95 by 2100 betweenDJF and JJA atmany islands,
especially Enewetak and Bikini, could result in significant inter-seasonal
oscillations in island shoreline areas.

fext changes can impact islands in two ways. First, a long-term in-
crease in the frequency of large Hs events on the order of 10 events/de-
cade, as projected for the Northeast Region under RCP 4.5 (Fig. 4e) can
alter shoreline erosion patterns by increasing episodes of strong
longshore drift and the number of flooding episodes. A decrease in fext
would result in the opposite pattern: fewer large erosional episodes
and less frequent flooding. Second, an increase in frequency also in-
creases the likelihood that one of these events will coincide with other
contributors to anomalously high water levels (e.g., King tides or
ENSO). Under RCP 4.5, DJF fext increased by 15–20 events/decade
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(8.0–14.0%) over the 21st century in the Northeast Region. Combined
with little to no change in Hs95 under this scenario and increasing SLR,
it is likely that the increase will drive larger and more frequent flooding
along these island shorelines. An atoll island aquifer can take months to
a year to freshen after a large flooding event (Terry and Falkland, 2010),
and more frequent flooding from the DJF fext increase projected in the
Northeast Region (Fig. 4) may create conditions where the islands'
freshwater resources are brackish for extended periods. JJA RCP 4.5 fext
decreased by 5–10 events/decade (1.0–10.0%) throughout the Northern
Hemisphere, but the changes were spatially scattered. Possible future
damage and hazards posed to Central islands from SLR will be some-
what mitigated, as it is less likely that large waves will coincide with
transient high sea levels. DJF fext under RCP 8.5 decreased largely by
mid-century, by 5–20 events/decade (1.0–14.0%) throughout most re-
gions (Fig. 4c), and the likelihood that large wave events will occur si-
multaneously with temporary high sea levels will decrease. Therefore,
it seems that under RCP 8.5, aside from SLR, the potential risk for large
swell events to cause significant onshore damage will decrease com-
pared to current conditions as Hs95 will decrease by 0.20–0.40 m
throughout the Northern Hemisphere regions, indicating reduced set-
up and flooding potential, and the most energetic of these waves each
season will become somewhat less frequent throughout the study area.

6. Conclusions

Coastalflooding riskwill increasewithin theWTPdue to SLR; chang-
es in the WTP wave climate during the 21st century will modulate the
magnitude and frequency of flooding. The trends observed under RCP
8.5 are an intensification of similar trends observed under RCP 4.5, ex-
cept for fext. It is apparent, and expected, that a greater amount of radi-
ative forcing (RCP 8.5) will result in the strongest changes. Under RCP
8.5, Hs95 within the WTP during DJF will become smaller and less fre-
quent. It is therefore possible that RCP 8.5 borealwinterwaves in partic-
ular may become less hazardous as large waves will less frequently
coincide with King tides or ENSO-driven water levels. Regardless, the
decrease in fext will reduce any anticipated wave-driven modification
of island shorelines as there will be less incident wave energy arriving
at island coastlines. The biggest divergence is the increase in DJF fext in
the Northeast Region under RCP 4.5, possibly leading to more flooding
andmore erosion of island shorelines. The large Dm95 changes seen dur-
ing JJA will also lead to dramatic shifts in islandmorphology and poten-
tially damage infrastructure under both scenarios.

The projected decreases in Hs95 during DJF, the season that typically
delivers the most wave energy, throughout the study area by 2100 do
not indicate that these islands will be safe from inundation. A decrease
in Hs95 results in less set-up and therefore less energy reaching island
shorelines, assuming no changes to local sea level. However, even con-
servative estimates of SLR project a global increase of 0.50 m by 2100
(Church et al., 2013), so island shorelines will be subject to more inci-
dent wave energy regardless of changes in wave climate. Future
flooding events will inevitably be larger and more frequent, affecting a
larger inland area. However, the DJF Hs95 we project indicates that
flooding events and morphological changes to islands will not be as se-
vere as if hindcast values are assumed to couple with SLR. Conversely,
the large JJA Dm95 rotations at both end-century scenarios coupled
with increased sea levels and increased Hs95 within the Central Region
will drive large changes to island shorelines that will threaten
infrastructure.

Future studies will need to create a more detailed picture of the
changing wave climates within the WTP and the effects these changes
will have on islandmorphologies and populations. Although the results
from this study generally correlate with the changes in wave climates
published by other studies (Semedo et al., 2011; Hemer et al., 2013;
Fan et al., 2014), it will be important for future studies to incorporate
larger multi-model ensembles of GCMs to increase result robustness.
This study focused on extratropical cyclone and trade wind swell, but
high water levels associated with tropical cyclones will be a necessary
addition to modeling future hazards to island communities. Additional-
ly, hazard projectionswill have to take into account changing fext, which
has not been discussed previously. The current DJF 10-year flooding
event will become more frequent due to SLR, but larger 50–100-year
events that depend on the synergy of largewaves and other temporarily
elevated sea levels are projected to become rarer under RCP 8.5
throughout the WTP. Under RCP 4.5 this trend reverses within the
Northeastern Region, where the extreme events are projected become
more frequent. Otherwise, the uncertain nature of how atoll islands
will respond to both rapid SLR and changing wave climates over the
next century will also need to be addressed. The coral reef flats make
run-up from large events by empirical relationships likely inaccurate
due to wave energy reductions and changing bathymetry. Therefore it
will be necessary to employ high-resolution, nearshore, hydrodynamic
models to ascertain island response to the changing wave conditions
presented here. Overall, the future effects of extratropical storm swell
on tropical Pacific islands will be island-specific and accurate individual
island response models will require detailed bathymetries and in situ
ground truthing measurements.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.gloplacha.2016.03.009.
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