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Abstract The objective of this study is to provide an
improved climatology of sea level extremes on seasonal
and long-term time scales for Hawaii and the U.S-Trust
islands. Observations revealed that the Hawaiian and U.S.-
Trust islands, by and large, display a strong annual cycle.
For estimating the statistics of return period, the three-
parameter generalized extreme value (GEV) distribution is
fitted using the method of L-moments. In the context of
extremes (20- to 100-year return periods), the deviations in
most of the Hawaiian Islands (except at Nawiliwili and
Hilo) displayed a moderate sea-level rise (i.e., close to
200 mm), but the deviations in the U.S.-Trust islands
displayed a considerably higher rise (i.e., more than
300 mm) in some seasons due to typhoon-related storm

surges. This rise may cause damage to roads, harbors, and
unstable sandy beaches. Correlations between the El Niño-
Southern Oscillation (ENSO) climate cycle and the vari-
ability of seasonal sea level have been investigated. Results
show that correlation for the station located west of the
International Date Line (DL) is strong, but it is moderate or
even weaker for stations east of the DL. The skill of SST-
based Canonical Correlation Analyses (CCA) forecasts was
found to be weak to moderate (0.4–0.6 for Honolulu,
Kahului, Hilo, and Wake, and 0.3 or below for Kahului,
Mokuoloe, and Johnston). Finally, these findings are
synthesized for evaluating the potential implications of sea
level variability in these islands.
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El Niño-Southern Oscillation (ENSO) . Sea-surface
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Introduction

Besides being at risk from four natural phenomena—
earthquake, volcanic eruptions, tsunamis, and hurricanes—
Hawaii is also threatened by coastal erosion, sea-level rise,
coastal stream flooding, and extreme seasonal high wave
energy (Richmond et al. 2001). Examples of some common
coastal Hazards in Hawaii are presented in Fig. 1. The
occurrence of these dangerously high water levels and
associated erosion and inundation is an extremely important
issue. Because all coastal activities are influenced by
temporal fluctuations in sea level, there is a demand for
information related to variability and predictability of sea-
level on seasonal-to-long time scales. This study is
therefore aimed at providing a basis for the development
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of a seasonal-to-long-term outlook on sea-level variability
and predictability for the Hawaiian and U.S.-Trust Islands.
This information is significant to decision analyses for
coastal hazard management.

In order to examine sea-level variability, the monthly
mean values of sea level have been used to investigate the
seasonality; the varying likelihood of extremely high sea
levels has been examined from the hourly sea-level data.
The Generalized Extreme Value (GEV) model is used to
estimate the returns of expected extremes of high sea level
[details of GEV, L-moments, and bootstrap analyses are
available in Gnedenko 1943; Efron and Tibshirani 1993;
Chu and Wang 1997; Zwiers and Kharin 1998; Katz et al.
2002; Mendez et al. 2007; and Chu et al. 2008]. Some
results of GEV analyses used herein are from the previous
work of Chowdhury et al. (2008). These results show that

the extreme events in these islands vary both temporally
and spatially; some of the islands (Wake and Johnston)
display considerably higher extreme values in some seasons
on a 1–100-year return period (RP). These seasonal
increases are likely to cause tidal inundations followed by
increased erosion of these low-lying atolls/islands that
result in considerable damage to roads, harbors, unstable
sandy beaches, and other major infrastructures.

The predictability of sea-level has been investigated
from the ENSO climate cycle and the SSTs in the tropical
Pacific Ocean. Many previous studies [see Bjerknes 1966,
1969; Ropelewski and Halpert 1987; Chu 1995; Chu and
Chen 2005; Barnston and He 1996; Yu et al. 1997;
Chowdhury et al. 2007a, b and references therein] have
demonstrated that ENSO has a significant impact on
climate variability in the Pacific islands. Two factors (i.e.,

i) Tsunami 

ii) Coastal erosion (beach loss)  

iii) Coastal erosion 

iv) High swell 

v) Shoreline displacement 

Fig. 1 Common coastal
hazards in Hawaii. (Source:
http://www.soest.hawaii.edu/
coasts/presentations/)
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ENSO and SST) are chosen for forecasting sea-level
variability on seasonal time scales, and an operational
Canonical Correlation Analyses (CCA) model for seasonal
sea-level forecasts has been developed. The monthly
average sea level shows a moderate-to-marginal negative
deviation during strong El Niño years and a positive
deviation during strong La Niña years. While other studies
(Chowdhury et al. 2007a) have shown that the sea-level
variability in the U.S.-Affiliated Pacific Islands (USAPI) is
strongly correlated to ENSO climate cycle, the sea-level
variability in the Hawaiian and U.S-Trust islands is found
to be weakly-to-moderately correlated to ENSO. Finally,
the results are compared and evaluated with respect to the
global sea-level rise, reports of the Intergovernmental Panel
for Climate Change (IPCC) are discussed, and a scenario
for potential implications of sea-level extremes is presented.

Data

The research-quality, hourly sea-level data for the years
with at least 4-month of data have been used for the
extreme-value analyses. All these sea-level heights have
been referred to the tide staff's zero, which is linked to fixed
benchmarks.

In order to investigate the seasonality of the sea-level
variability, the seasonal average data for the following
Hawaiian stations (Honolulu, Kahului,Mokuoloe, Nawiliwili,
and Hilo) and U.S-Trust stations (Wake and Johnston) (Fig. 2)
have been analyzed (Source: University of Hawaii Sea Level
Center (UHSLC), available at http://ilikai.soest.hawaii.edu/
uhslc/rqds.html). Geographical details (latitude, longitude)
and length of data records of the tide gauge stations are listed
in Table 1. This study utilizes only the historical data
recorded by a tide gauge; the technical aspects of quality-
control procedures of the UHSLC data have been docu-
mented in http://ilikai.soest.hawaii.edu/uhslc/rqds.html.

Sea-level variability

Climatology of annual cycle

To quantitatively evaluate the importance of the annual
cycle from these data, harmonic analysis has been
performed on the monthly mean sea-level time-series
(Fig. 3). Harmonic analysis consists of representing the
fluctuations or variations in a time series as having arisen
from the adding together of a series of sine and cosine
functions (Wilks 1995); harmonic analysis has commonly
been used to determine the annual fluctuations of geophysical
time series (see Chowdhury et al. 2007a).

The first harmonic, which represents the annual cycle,
explains a considerable percentage of variance of the sea-
level variability. The observed value of sea-level seasonal
indices (Fig. 3 — solid lines with shaded circle) of most of
the Hawaiian Islands, by and large displayed a strong
annual cycle (Fig. 3, i-v). In most cases the first harmonic
explained more than 90% of the variance. For Kahului, a
combination of first and second harmonic modes explains
99% of the total variance. For two U.S-Trust Islands
(Wake and Johnston), a strong annual cycle is also visible
(Fig. 3, vi, vii). In all these cases, a gradual rise of sea level
from May to October has been observed. Soon after the
peak in September–October, a gradual recession starts.

Extremes of sea level and return calculations

Sea-level extremes for seasonal (JFM, AMJ, JAS and
OND) scale on 1–100-year return periods have been
plotted, with both upper and lower bounds being at 90%
confidence level. These two boundaries are calculated by
the bootstrap resampling method with 5,000 iterations. For
simplicity, only the plots for high sea-level in Honolulu are
presented (Fig. 4). The upper and lower bounds of sea-level
extremes for all other stations are presented in Table 2. A

Fig. 2 Geographical locations
of Hawaiian and U.S.-Trust
Islands
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brief outline of GEV distribution and return calculations is
summarized in Appendix A.

Synopsis of sea level extremes

The deviations of sea-level extremes, which are derived by
subtracting the average values from the estimated sea level
extremes, are presented in Table 3. Positive deviations
indicate a rise from the climatological mean value, while
negative deviations indicate a fall. Findings revealed that all
the Hawaiian and U.S.-Trust stations are likely to experi-
ence positive deviations (extremes) in all the successive
seasons on 20–100-year return periods. The deviations for

Fig. 3 1st and 2nd harmonic of
sea-level variability. R2-values
are percentage of variances
explained by the 1st or combi-
nation of 1st and 2nd harmonics

Table 1 Geographical locations and length of data records of each
tide gauge station

Islands/
Country

Tide gauge Latitude Longitude Years of data
records

Oahu Honolulu 21–18N 157–52W 1905–2004
Maui Kahului 20–54N 156–28W 1950–2004
Oahu Mokuoloe 21–26N 157–48W 1957–2004
Kauai Nawiliwili 21–58N 159–21W 1954–2003
Big Island Hilo 19–44N 155–04W 1927–2004
U.S.-Trust Wake 19–17N 166–37E 1950–2004
U.S.-Trust Johnston 16–44N 169–32W 1947–2003

This table is reproduced from Chowdhury et al. (2008) with
permission from the ASCE.
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most of the Hawaiian Islands (except Nawiliwili and Hilo)
are found to be moderately elevated (100–200 mm). For the
same time span, the deviations in the U.S.-Trust islands are
found to be highly elevated (more than 300 mm in several
seasons). Observations, from a historical perspective,
revealed that any rise of 100–200 mm may cause slight
local inundations; a rise greater than 300 mm can cause tidal
inundations followed by increased erosion and damage to
roads, harbors, and unstable sandy beaches.

On a 100-year return period, extremes of 329 mm and
547 mm are visible in the JAS season for Nawiliwili and
Wake (Table 3). The reason for these high values is that
some of these stations have recorded large and significant
increases in their tidal range as a result of storms. Both

Nawiliwili and Wake were hit by Hurricane Iniki in 1992.
Formed during the strong El Niño of 1991–1994, Iniki was
one of eleven Central Pacific tropical cyclones during the
1992 season. The eye of Hurricane Iniki passed directly
over the island of Kaua'i on September 11, 1992, as a
Category 4 hurricane on the Saffir-Simpson Hurricane
Scale. As a result, these two stations recorded large sea-
level increase in JAS. Despite increases at these two
stations, other neighboring stations recorded no consider-
able variations caused by the same storm event. The
probable reason for an abrupt rise at a specific station is
that typhoons are mesoscale systems and only affect a
narrow swath under the storm path. Similar observations
hold for Johnston Island for the JFM season. It is therefore

Fig. 4 The highest (maximum)
sea level values at station
Honolulu on seasonal (JFM,
AMJ, JAS, OND) scale (at 1- to
100-years return period). The
solid line shows the estimated
value by analyzing the true
observations. The dashed and
dotted lines are the upper and
lower bounds at 90% confidence
level

Table 2 Lower and upper bounds of the sea level extremes (in mm) at 20- and 100-year return periods

Stations Sea level extremes (mm) (100 mm=3.94 in.)

20-year return period 100-year return period

JFM AMJ JAS OND JFM AMJ JAS OND

Honolulu 76∼126 65∼126 60∼109 53∼103 111∼198 98∼211 107∼186 89∼172
Kahului 99∼165 93∼158 77∼110 96∼167 106∼220 120∼233 89∼144 133∼262
Mokuoloe 89∼120 84∼172 75∼126 87∼146 90∼135 128∼284 92∼174 113∼203
Nawiliwili 90∼142 85∼122 80∼332 73∼107 109∼209 116∼184 98∼770 94∼143
Hilo 142∼265 121∼199 134∼183 116∼157 181∼440 157∼287 158∼242 140∼202
Wake 71∼204 98∼153 150∼387 96∼299 96∼409 127∼214 245∼857 128∼634
Johnston 185∼356 108∼166 90∼189 107∼165 278∼649 144∼243 123∼337 146∼248

This table is reproduced from Chowdhury et al. (2008) with permission from the ASCE
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evident from the discussion that the GEV shape parameter
can significantly change, making a big difference in the 20-
and 100-year levels when the record contains only a few
tropical cyclone events. On the basis of this observation, a
fair conclusion could be drawn here: the GEV methodology
has some limitations in capturing the extremes of sea level
when the record contains only a few tropical cyclone
events. The discussion related to GEV analysis with
typhoon-affected data is still a researchable topic; here we
simply present the deviations of extremes that were
generated from the available time-series with typhoon-
effect data for some sites.

Sea-level predictability

ENSO and sea level

ENSO usually starts to develop in summer, reaches its peak
phase in the winter, and gradually weakens through the
spring. Based on (i) 5-month running average of the Niño
3.4 SST and (ii) average SOI for 6-month, various studies
have identified 1951, 1957–1958, 1972–1973, 1982–1983,
and 1997–1998, as the strong El Niño events and 1964,
1973–1974, 1975–1976, 1988–1989, and 1998–1999 as the
strong La Niña events (see http://iri.columbia.edu/climate/
ENSO/background; also see Chowdhury et al. 2007a and
references therein). For simplicity, we have shown here
deviations of sea level for two historically strongest El Niño
(1982–1983, 1997–1998) and two La Niña (1988–1989,
1998–1999) events (Fig. 5). Other strong years and other
stations displayed similar trends.

The monthly average sea level of all these stations shows
a trend of negative deviations during the strong El Niño
events (Fig. 5). This is visible from October to June.
Significantly lower-than-average sea-level was recorded in

these months during the strong El Niño years. Similar, but
opposite, relationships exist in La Niña years. It may be
mentioned here that, unlike many other U.S.-Affiliated
Pacific Islands (USAPI) (see Chowdhury et al. 2007a), the
sea level of Hawaiian and U.S-Trust islands did not show
strong correlations to ENSO; only some moderate correla-
tions were visible.

To further verify the associations between the ENSO and
sea level variability, lowest and highest sea level years/
seasons are identified from the same time series (Table 4).
The magnitudes of deviations (either positive or negative)
are also marked, and then the ENSO years are super-
imposed. Observations revealed that the sea-level variabil-
ity in Wake shows some strong correlations to ENSO, with
negative deviations (fall) in all El Niño years and positive
deviations (rise) in all La Niña years. In contrast, the sea-
level variability in Honolulu and Hilo displays very weak
correlations to ENSO.

Linear correlation of SSTs and sea level

The 3-month average sea levels for the target seasons
(AMJ, JAS, OND, and JFM) for Hawiian and U.S.-Trust
islands were correlated with the 3-month moving average
of SSTs starting from the preceding season (JFM, AMJ,
JAS, and OND). Results for two stations—Honolulu and
Hilo in Hawaii (Fig. 6) and Johnston and Wake in the U.S.-
Trust Island (Fig. 7)—are shown here. The positive
correlation in these figures implies that warmer sea waters
or more heat content with a deeper thermocline in the
tropical North-Central Pacific correspond to higher sea
level in these areas. Conversely, negative sea-level anoma-
lies are associated with cooler sea waters or less heat
content in the North-Central Pacific.

In Honolulu, the sea level (SL) in JAS and OND
displays good correlation with the SSTs of the preceding

Table 3 Deviations of sea-level extremes (in mm) at 20- and 100-year return periods

Stations Sea level deviations (mm)* (100 mm=3.94 in.)

20-year return period 100-year return period

JFM AMJ JAS OND JFM AMJ JAS OND

Honolulu 102 96 86 80 152 152 145 130
Kahului 131 130 94 136 148 181 114 198
Mokuoloe 102 134 103 121 103 219 133 159
Nawiliwili 118 108 194 95 153 150 329 121
Hilo 201 162 161 139 288 221 196 172
Wake 132 128 270 183 221 170 547 313
Johnston 274 142 139 139 465 200 217 196

*Note that positive deviations indicate rise from the climatologically mean value; JFM, AMJ, JAS, and OND stands for January-February-March,
April-May-June, July-August-September, and October-November-December. (This Table is reproduced from Chowdhury et al. (2008) with
permission from the ASCE)
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seasons AMJ and JAS [Fig. 6 (ii), (iii)]. A region of positive
correlation (horseshoe shape) is distinct in the tropical
western Pacific extending up to 140E, and a region of
negative correlation exists in the Niño 3.4 area. Some

marginal positive association (also of horseshoe shape) has
also been observed between OND sea-level and SSTs of the
following year (+JFM) [Fig. 6 (iv)]. As observed in the
correlation maps [Fig. 6 (iii, iv)], part of the tropical

Table 4 Lowest and highest sea-level years/seasons

Lowest sea level Highest sea level

Stations Year Season Deviations (mm) Remarks (EN/LN) Year Season Deviations (mm) Remarks (EN/LN)

Honolulu 1990 JFM −112.5 EN 2003 JAS +133.0 EN
1997 JFM −102.5 ENb 1981 JAS +123.0 n/a
1986 AMJ −100.0 EN 1984 OND +119.7 LN
1976 JFM −81.3 ENb 1995 OND +107.0 LN
1982 AMJ −70.7 ENb 2004 OND +102.0 EN

Hilo 1975 AMJ −128.0 EN 2004 JAS +133.3 EN
1977 AMJ −126.7 EN 1996 JAS +112.7 LN
1976 JFM −125.3 EN 2003 JAS +109.3 EN
2000 JFM −99.7 LN 1984 JAS +94.3 LN
1998 AMJ −98.3 LN 2005 JFM +91.0 EN

Wake 1992 AMJ −152.7 ENa 1996 JAS +174.3 LN
1983 AMJ −139.0 EN 2000 JAS +147.0 LN
1977 JFM −129.0 EN 1995 JAS +146.0 LN
1989 JFM −102.0 LN 1981 JAS +144.5 n/a
1979 AMJ −99.7 n/a 1997 JAS +142.7 LN

aNote that EN and LN stands for El Niño and La Niña years, and JFM, AMJ, JAS, and OND stands for January-February-March, April-May-
June, July-August-September, and October-November-December.
b Strong event

Fig. 5 Composites of monthly sea-level deviations for Honolulu, Hilo, and Wake during major El Niño (EL) and La Niña (LN) years
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western Pacific SSTs (140W-160E; 15N — 25N) also
displayed strong positive correlation (0.5–0.7) to sea level
at these two stations. In the case of Hilo, the correlation
maps for OND (SL) and JFM (SL) display some important
positive correlations (0.4–0.9) in the region of 120W-140E
[Fig. 6 (vii) and (viii)]. In both of these cases, the local
SSTs appear to be in phase with sea-level variations.

Other stations at Kahului, Mokuoloe, and Nawiliwili
also display similar correlations; the correlation maps for
Mokuoloe and Nawiliwili correspond well to those of
Honolulu while Kahului corresponds better with Hilo.
Observation also revealed that the AMJ (SST) and JAS

(SL) maps for Nawiliwili and Kahului display (not shown)
a region, bounded by 110E-110W and 20N-40N, of very
high negative correlation (0.5–0.7).

Considering the other stations at Johnston and Wake, the
OND (SL) and JFM (SL) of Johnston display some weak to
moderate positive correlations with JAS (SST) and OND
(SST) [Fig. 7 (iii–iv)]. There are no specific regions of
distinct positive or negative correlations. However, Wake
provided some interesting correlation maps for SSTs in
JFM and JAS and for sea levels in AMJ and OND
respectively. The variability of AMJ (SL) shows very
strong negative correlation (0.5–0.7) with the preceding

Fig. 6 Linear correlation between seasonal SST across the tropical Pacific and sea levels (SL) in the Hawaiian Islands [Honolulu (left panel) and
Hilo (right panel)]
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JFM (SST) in the Niño 3.4 area [Fig. 7 (v)]. A region of
positive correlation is also visible between 160E-160W and
15N-30N. While the AMJ (SST) and JAS (SL) map shows
no interesting features, the JAS (SST) and OND (SL) again
show an active Niño 3.4 area with negative association
[Fig. 7 (vii)]. The local SSTs seem to be in phase with sea-
level variations here.

It has been interestingly observed that, among the
correlation maps, only Wake shows some features that
resemble ENSO [Fig. 7 (v), (vii)]. It is important to mention
here that Wake is the only island in this study from the west
of the dateline (DL). Therefore, it seems that the sea-level

variability of the islands located west of the DL (i.e., Wake)
is more sensitive to ENSO than the locations to the east of
the DL (i.e., Honolulu, Hilo, Johnston, and others). Also it
is notable that only Wake shows some strong correlations to
ENSO, with negative deviations (fall) in all El Niño years
and positive deviations (rise) in all La Niña years). Previous
studies of Chowdhury et al. (2007a, b) also support this
finding by showing that sea level variability in the U.S-
Affiliated Pacific Island (USAPI) communities that are
located west of the DL and across the northwestern Pacific
Ocean, is very sensitive to ENSO cycle with low sea-level
in El Niño and high sea-level in La Niña years.

Fig. 7 Same as Fig. 6, except for U.S.-Trust Islands [Johnston (left panel) and Wake (right panel)]
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CCA model forecast and hindcast skill
for seasonal maxima

As one of the goals of this study is to help forecast sea level
maxima on seasonal time-scales, exploiting PEAC's expe-
rience with a similar forecasting scheme in other regions
(see Chowdhury et al. 2007b), a canonical correlation
analysis (CCA) statistical model has been developed. The
hindcast skill of the CCA model for 1950–2004 is
estimated using a cross-validated scheme. The CCA cross-
validation skill is a measure of forecast quality. If the skill
lies between 0.3 and 0.4 then the forecasts are thought to be
somewhat useful. Higher skills correspond to greater
expected accuracy of the forecasts. Forecasts are thought
to be ‘fair’ if the skill level is closer or greater than 0.4, it is
said to be ‘good’ when the skill level is greater than 0.5,
and the skill is treated as ‘very good’ when the skill level is
closer or greater than 0.7. This CCA method has been
described extensively in the literature (see Barnston and He
1996; Chu and He 1994; Cherry 1996; Newman and
Sardeshmukh 1995 and references therein) and is not
discussed further here. A short summary of some of the
most interesting findings follows.

To provide a predictive skill at longer lead time, CCA
cross-validation skills up to three seasons in advance are
calculated; the average skills at 0–3 seasons lead time for
different islands (Fig. 8) show different levels of predictive
skill. In general the forecast skills for Honolulu, Kahului,
and Hilo are fairly good with average CCA correlation
skills of 0.333, 0.401, and 0.499 at 1–3 seasons lead time,
respectively. The skill is considerably better at 0-season
lead time. Among all the islands, the average predictive
skill for Hilo has been found to be strongest (0.506, 0.520,
0.486, and 0.486) at 0 to 3-seasons lead time. Predictive
skill for other stations in the Hawaiian Islands (Nawiliwili

and Mokuoloe) displayed poor skill (<0.30). Of the two
other U.S.-Trust islands, Wake displayed relatively better
skill (0.2–0.4), but Johnston Island provided very poor
skill.

Global sea-level rise and potential implications
in Hawaiian islands

The recent IPCC report on climate change illustrates that
global average sea level rose at an average rate of 1.8 [1.3–
2.3] mm per year from 1961 to 2003 (IPCC 2007a). The
rate was faster from 1993 to 2003: about 3.1 [2.4 to 3.8]
mm per year (also see, for example, Rhamstorf (2007);
Otto-Bliesner et al. (2006); and Overpeck et al. (2006)].
The IPCC report has already projected that coasts will be
exposed to increasing risks, including coastal erosion, due
to climate change and sea-level rise (IPCC 2007b). The
effect will be exacerbated by increasing human-induced
pressures on coastal areas. By the 2080's, many millions
more people are projected to be flooded every year due to
sea-level rise. Those densely populated and low-lying areas
where adaptive capacity is relatively low, and which
already face other challenges such as tropical storms or
local coastal subsidence, are especially at risk. The numbers
affected will be largest in the mega-deltas of Asia and
Africa, and small islands (Hawaii and others) are equally
vulnerable.

Findings of this study have clearly demonstrated that
projected extremes in global sea-level rise are expected to
have a number of profound impacts on coastal systems in
the Hawaiian and other Pacific islands. Such impacts
include increased coastal and beach erosion, higher and
more frequent storm-surge flooding with more extensive
coastal inundation, changes in surface-water quality and
groundwater availability, increased loss of property and
coastal habitats, increased flood risk and potential loss of
life, loss of cultural resources and values, impacts on
agriculture and aquaculture through decline in soil and
water quality, and loss of tourism, recreation, and transpor-
tation functions. Many of these impacts will be severely
detrimental to many major coastal island communities and
ecosystems.

At present it is difficult to build a definitive relation-
ship between sea level rise and erosion at specific
locations because of the considerable variability in slope,
beach width and geomorphology along the coast. While
the Bruun Rule (Bruun 1962) is commonly used in many
places (Samantha and Kenneth 2007) to develop a generic
ratio for sea-level rise to shoreline retreat, the conditions
in Hawaii don't particularly satisfy the prerequisites for
applying the Bruun Rule. However, there are studies that
can provide a guideline for predictive accuracy of

Fig. 8 Average CCA cross-validation hindcast skills at 0–3 seasons
lead time. Note that Lead 0, 1, 2, and 3 indicates ‘sea-level’ of target
season (say for example, JFM) based on SSTs of previous seasons
OND (lead 0), JAS (lead 1), AMJ (lead 2), and JFM (lead 3)
respectively
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shoreline change rate methods for Hawiian Islands (Genz
et al. 2007; Dolan et al. 1991). Despite these efforts,
coastal damage scenarios based on extremes of sea-level
and shoreline change for the Hawaiian Islands are still a
challenging task. The unpredictability of periodic storm
effects, land subsidence, coastal stabilization, and the
influence of inlets further complicate the problem. More
research is needed here to develop a comprehensive
picture of damage threat, possible impact, and vulnerable
infrastructures.

Summary and conclusions

Coastal hazards management will need the integration of
weather and climate monitoring into the process. Therefore,
expanding our capability in areas of observing the ocean
and the atmosphere for accurate and timely forecasts of
extreme sea level is necessary.

One of the important findings from this study is that
typhoon-affected data (Nawiliwili, Wake, and Johnston) can
significantly change the GEV shape parameters, making a
big difference in the year level. If other stations had a
similar direct hit in the past 100 years their GEV curves
may resemble the same curves as Nawiliwili, Wake, and
Johnston. Therefore, a fair conclusion could be drawn that
GEV methodology has some limitations in capturing the
extremes of sea level when the record contains only a few
tropical cyclone events. However, despite this limitation,
the GEV model has been found to be instrumental in
generating advance information for sea level extremes on
seasonal and long-term time scales. This is an important
knowledge base for coastal hazards management decision
analyses in the Hawaiian and U.S.-Trust islands. At the
same time, it is also true that other stations might
experience the same storm surges in the future. Therefore,
the extreme events of Nawiliwili, Wake, and Johnston
should be seen as a problem for the whole region, and a
unified regional planning approach for coastal hazard
management is essential to tackle this problem.

While ENSO is the largest source of year-to-year climate
variability, our observations have revealed that, because of
weak teleconnections, a skillful ENSO-based sea-level
forecast is difficult for some of the islands. However, the
SST-based sea-level forecasts provided a better result, but
still not as skillful as expected. Therefore, we emphasize
the need for further studies with additional oceanic/
atmospheric variables (indices) to raise the predictive skill.

In the future, Arctic warming and the melting of polar
glaciers will be considerable. This is one of the most
pressing global research problems for policy and planning
analysis and is currently one of the most intensely studied
fields related to global climate change. Increased vulnerability

to flooding inundation and coastal hazards will necessitate a
new planning initiative to managing these risks.
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Appendix A

Probability distribution function (PDF) of GEV:

f xð Þ ¼ 1

b
1þ k x� zð Þ

b

� �1�1=k

exp � 1þ k x� zð Þ
b

� ��1=k
( )

;

1þ k x� zð Þ
b

> 0

ð1Þ
The cumulative distribution function (CDF) of GEV:

F xð Þ ¼ exp � 1þ k x� zð Þ
b

� ��1=k
( )

ð2Þ

And the return period R(x):

R xð Þ ¼ 1

1� F xð Þ½ � ð3Þ

There are three parameters in these equations: a location
(or shift) parameter ζ, a scale parameter β, and a shape
parameter κ. We need to estimate all these three parameters.
The method of L-moments was chosen to estimate these
parameters:

k ¼ 7:859cþ 2:9554c2; c ¼ 2

3þ t3
� log 2

log 3
; t3 ¼ l3

l2

b ¼ l2k
1� 2�kð ÞΓ 1þ kð Þ

z ¼ l1 � b 1� Γ 1þ kð Þ½ �=k
Where l1 is the L-location or mean of the distribution, l2

is the L-scale, and C3 is the L-skewness (Hosking and
Wallis 1997).

Sea-level variability and predictability for the Hawaiian and U.S.-Trust Islands—a knowledge base for coastal hazards management 103



Finally, the bootstrap resampling technique was adapted
to estimate the sampling uncertainty of the return values
(see Gnedenko 1943; Efron and Tibshirani 1993; Chu and
Wang 1997; Zwiers and Kharin 1998; Katz et al. 2002;
Mendez et al. 2007; and Chu et al. 2008 for a comprehen-
sive treatment of GEV).
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