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Island regions face a wide range of challenges associated with sea-level rise (SLR). High
mean water levels and the possibility of more frequent extreme water level events in
a changing climate threaten coastal structures and property, groundwater reservoirs,
harbor operations, waste water systems, sandy beaches, coral reef ecosystems, and other
social and economic concerns. Low islands are especially vulnerable given their limited
elevation above present-day sea level. Global SLR is a concern for all island regions,
although short- to medium-term impacts (several decades) will vary with location depending on how natural sea-level variability combines with modest increases of mean
levels. Over longer time scales (end of the century), projected SLR is likely to exceed important height thresholds, and together with possible climate-related changes in storm
patterns and regional winds, may lead to chronic high water levels along island coasts.
In this section, we summarize the current understanding of global sea-level rise and
recent regional deviations from the global rate for the Pacific Ocean. Factors that contribute to high-water-level events are described, and their relative importance for different
islands within the region is discussed. We consider some of the challenges involved in
projecting sea-level change and summarize outlooks for mean and extreme sea-level
change for the Central North Pacific (Hawai‘i); Western North Pacific (Guam, Republic
of Palau (RP), Federated States of Micronesia (FSM), Commonwealth of the Northern
Marianas Islands (CNMI), Republic of the Marshall Islands (RMI)); and Central South
Pacific (American Samoa).

Overview
Elevated water levels result from the complex interplay of a spectrum of oceanic, atmospheric, and cryospheric processes (Figure 3-1). At one end of the spectrum are variations
in elevation associated with the passage of surface gravity waves. These short-period
(seconds to minutes) variations are superimposed upon longer-period (hourly to daily)
variations in elevation attributable to phenomena such as tides and storm-induced surge.
These elevation changes, in turn, rest upon other effects primarily related to variations
in wind strength and ocean circulation that affect elevations at even longer time scales
(weeks to decades). At the other end of the spectrum are isostatic and cryospheric variations (over decades to millennia). The challenge is to understand how the phenomena
that manifest across this continuum interact to determine water levels at specific places
and times (Marra et al., 2007).
Averaged over the global ocean, sea level currently is rising at a relatively slow and
subtle rate (tens of centimeters/inches per century) compared to fluctuations attributable to sea-level variability. Global sea level rises because of an increase in the volume
of ocean water due to changes in both density and mass (Figure 3-2), which are both affected by global warming. Heating of the ocean surface causes the water to become less
dense and to expand and rise, whereas heating and melting of glaciers and ice sheets
transfers water mass from the land to the ocean.
In addition to ocean changes, sea level relative to land can also change due to vertical
movement of the land itself, which can occur at rates comparable to global SLR. A primary cause for vertical land motion is the glacial isostatic adjustment (GIA) of the continents in response to melting ice. These signals appear at high latitudes as an apparent
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Figure 3-1 Factors affecting extreme water levels in the Pacific Islands. In the Pacific Islands, extreme
water levels primarily result from a combination of global and regional changes in mean sea level due
to the addition of mass and density changes driven by processes operating over centuries to millennia;
ENSO and other modes of natural variability that control regional to local mean sea level over decades
to months; tropical and extra-tropical storms, and swell from distant storms that manifests as events
lasting hours to seconds; unusually high tides; and regional to local vertical land motion. (Figure courtesy
of John Marra.)

fall in sea level as the continents rebound under a reduced ice mass load. Other factors
affecting vertical land motion include groundwater or oil extraction, local tectonic activity, and island subsidence near hot spot formation regions. Assessments of sea-level rise
impacts at any location require consideration of vertical land motion. For example, the
high apparent rate of SLR at Torres Islands, Vanuatu, has been attributed to subsidence
of the islands, primarily due to episodic earthquakes (Ballu et al., 2011).
Superimposed on the global SLR signal are regional sea-level variations (Figure 3-3).
The amplitude of these sea-level variations is generally on the order of tens of centimeters (less than a foot) on a year-to year time scale, and on the order of centimeters
(an inch) on a decade-to-decade time scale. Although these height variations generally
are weak, they can strongly influence sea-level trend estimates on multi-year to multidecadal time scales. The most energetic regional sea-level variations in the Pacific Islands region are associated with the El Niño Southern Oscillation (ENSO) (e.g., Wyrtki,
1975; Becker et al., 2012). During La Niña events, enhanced trade winds cause Pacific
water levels near the equator to rise in the west and to fall in the east. During El Niños,
the relaxation of the trade winds causes the pattern to reverse. Energetic ENSO events
in the tropical Pacific can cause sea levels to rise by 10 to 20 centimeters (6 to 12 inches)
above mean conditions.
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Figure 3-2 Causes
of sea-level change.
(From IPCC, 2001.)

The most damaging inundation events are associated with storm surges caused by
tropical and extra-tropical storms. The passage of a low-pressure system can cause sea
level to rise a centimeter (roughly half an inch) for every millibar drop in atmospheric
pressure (the inverse barometer effect), and storm winds can cause a surge of coastal
water levels of tens of centimeters (inches) to meters (feet). The impact of storm-driven
waves is twofold: breaking waves cause water levels to rise at the shoreline in some
cases by 20% to 30% of the breaking-wave height, and energetic wave motions can lead
to inundation and flooding. Wind and wave impacts vary with local topography, particularly with the presence of coral reefs, which significantly reduce wave energy. Flooding and erosion impacts will also vary with the elevation of the groundwater table and
rates of precipitation.
Swell waves from distant storms pose a significant inundation risk. Breaking waves
lead to high water levels at the shore, known as wave setup. In addition, swell waves
and lower-frequency waves tied to wave groups can cause variable runup at the shoreline. Coral reefs are the primary defense against wave-driven inundation, in that they
cause significant swell wave dissipation due to breaking and frictional decay compared
to exposed sand beaches. Setup and low frequency runup are less affected by the presence of reefs than ocean swell.

Historic and current trends
Global
Since the early 1990s, the rate of globally averaged sea-level rise has been estimated to
be 3.4 ± 0.4 mm (0.134 ± 0.016 inches) per year based on satellite altimeter measurements
(Nerem et al., 2010). This is twice the estimated rate for the 20th century as a whole
based on tide-gauge reconstructions (reviewed by Bindoff et al., 2007). A statistically
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Figure 3-3 Sea-level time series (red) at Pacific Island tide-gauge
sites, including reconstructed time series (black) and altimeter sea
levels (blue). Note high interannual variability and the recent upward
trend since the mid-1990s. (From Becker et al. [2012] by permission
of Elsevier.)

significant acceleration in the global trend has been reported, largely reflecting an increase between the 19th and 20th centuries (Church and White, 2006; Jevrejeva et al.,
2008; Church et al., 2011). A related issue is whether the recent altimeter trend represents
an acceleration compared to tide-gauge estimates for the 20th century. Global sea-level
reconstructions using tide-gauge data show trends over 10- to 15-year time spans that
are comparable to the present altimeter rate, suggesting that multidecadal fluctuations
in global sea level are important and that the current rate may represent a peak in these
fluctuations (Church et al., 2004; Holgate, 2007). On the other hand, the recent high trend
is partially explained by an estimated increase in the amount of freshwater input to the
ocean due to melting glaciers and ice sheets (Church et al., 2011), which is less likely to
represent a fluctuating signal on these time scales. In addition, Merrifield et al. (2009)
find that the recent global trend increase appears to stand alone during the second half
of the 20th century based on a spatially distributed set of tide-gauge stations. The issue
of trends versus decadal variations in global sea level is under investigation.
Regional
Regional sea-level trends may differ significantly from the globally averaged rate over
multi-year to multidecadal time scales (Stammer et al., 2012). For example, for 1993–2010,
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Box 3-1

How do you measure sea level?
Sea level, for most applications, can be considered the long-term average of the ocean’s surface.
It is often referred to as local or global, though in
either case it is rarely at its mean level. Forces are
constantly causing change, from the rhythmic influence of the tides to long-term climatic changes
associated with sea-level rise (SLR). Global sea
level is rising on average, though not uniformly,
mainly from land-ice melt and thermal expansion
of the world’s oceans. Since 1992, satellite altimeters have provided a detailed view of where and
how fast global SLR has been occurring (http://
sealevel.jpl.nasa.gov). Before this time, a global network of tide gauges (see below) and a few other
techniques were used to approximate global SLR.
Altimeters measure the cumulative response
from all inputs and make ~10-day repeat observations of the world’s ocean surface from a
fixed-space reference frame. Another space-based
platform, the Gravity Recovery and Climate Experiment (GRACE; http://grace.jpl.nasa.gov), can
detect small changes in the Earth’s gravity field
as land ice melts, adding to the SLR signal measured by altimeters. Throughout the oceans, the
Argo network of profiling floats (http://www.argo.
ucsd.edu) tracks the other major factor causing
global SLR—thermal expansion—by measuring
changes in the ocean’s temperature (and salinity).
Most relevant to human societies living along
the continental margins are the relative changes

to local sea level occurring at the land-ocean interface. Relative SLR is measured by tide gauges,
which record vertical land motion as well as locally realized changes in global SLR (e.g., dynamic changes). Tide gauges are of critical importance
as they capture the coastal response—from tides
to SLR—as well as extreme events. NOAA operates a vast array (> 200) of gauges throughout
the US (many of which have been in operation
for 100+ years) as a part of the NOAA’s National
Water Level Observation Network (NWLON).
NWLON gauges track local SLR and provide a
connection between mean sea level (MSL) and
geodetic reference frames (e.g., GPS or surveyed
land elevations) via their benchmark network.
A subset of NWLON gauges comprises the US
contribution to the international Global Sea Level
Observing System (GLOSS) Global Core Network
(GCN), the primary global observing system for
in situ sea level. The University of Hawai‘i Sea
Level Center (UHSLC) is also a key contributor
to GLOSS. In addition to maintaining nearly 80
gauges worldwide, the UHSLC reviews and archives tide-gauge observations from nearly 500
gauges and 70 international agencies. The Joint
Archive for Sea Level (JASL) research-quality dataset, managed and hosted at UHSLC, is the premier global sea-level data set.

the standard deviation of regional trends based on satellite altimetry is as large as the
global mean trend, and trend deviations from the mean are particularly pronounced in
the Pacific basin (Figure 3-4). Regional trend variations on these time scales generally
are attributed to changes in prevailing wind patterns due to natural climate variability.
Examples of wind-driven changes in regional sea level that are particularly relevant to
the Pacific Islands region include ENSO events on interannual time scales (e.g., Wyrtki,
1975; Chowdhury et al., 2010; Becker et al., 2012) and the Pacific Decadal Oscillation
(PDO) on decadal to multidecadal time scales (e.g., Feng et al., 2004; Di Lorenzo et al.,
2010; Bromirski et al., 2011; Merrifield et al., 2012).
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Figure 3-4 Sea-level trend for 1993–2010 from Aviso altimeter product, produced by Ssalto/Duacs
with support from the Centre National d'Etudes Spatiales. (From Merrifield [2011] by permission of
American Meteorological Society.)

The highest rates of regional SLR during 1993–2010 have occurred in the western
tropical Pacific (Cazenave & Llovel, 2010; Nerem et al., 2010; Timmermann et al., 2010)
(Figure 3-4). A multidecadal increase in the strength of the trades since the early 1990s
accounts for the high sea-level trends in the western tropical Pacific that have not been
observed since tide-gauge measurements began in the 1940s (Feng et al., 2010; Merrifield, 2011; Merrifield & Maltrud, 2011; McGregor et al., 2012). Becker et al. (2012) show
that a reconstruction of regional sea level in the western tropical Pacific that incorporates
the global mean rise, low-frequency regional variations, and ground motion has created
a significant total sea-level change, particularly at Funafuti Atoll in Tuvalu. In contrast,
an earlier sea-level reconstruction for 1950–2001 shows rates in the western tropical Pacific that are below the global average (Church et al., 2006). The current high sea-level
rise rates in the western tropical Pacific have been linked to trade wind fluctuations associated with the PDO and low-frequency components of the Southern Oscillation Index
(SOI) (Feng et al., 2010; Merrifield et al., 2012), suggesting that the high regional trend
is due to natural climate variability. The recent rise reflects weak (order of centimeters)
multidecadal fluctuations in water level that track the PDO/SOI (Figure 3-5)—that is,
the current rates are not expected to persist over time, and the net result of the regional
trend will be a few centimeters (inches) of sea-level change in the region before falling
once the trade winds begin to weaken. In addition to the impact on sea level, the PDO/
SOI may be associated with recent trends in tropical storm activity and rainfall observed
in the western Pacific (Maue, 2011). Further research is required to evaluate the ongoing impacts of decadal trade wind variations on water levels, rainfall, and storminess
broadly across the entire region.
Vertical land motion contributes to relative sea-level trends at islands (e.g., Caccamise et al., 2005; Wöppelmann et al., 2007; Becker et al., 2012). Becker et al. (2012)
provide an assessment of vertical land motion at islands in the western tropical Pacific
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Figure 3-5 Western Pacific sea level (black) compared to
reconstructions based on the PDO (red) and the SOI (red
dash) with the Church and White (2011) global mean sea
level included (black dash). The PDO index (blue) and scaled
SOI (green) are shown for comparison. (©2012 American
Geophysical Union. Reproduced/modified from Merrifield et al.
[2012] by permission of American Geophysical Union.)

based on global positioning system (GPS) solutions. Islands with negative rates (i.e.,
land is subsiding, which contributes to positive relative sea-level trends) include Pohnpei (–0.6 mm:–0.024 inches per year) and Pago Pago (–0.4 mm:–0.016 inches per year).
The land motion is positive at Guam (+0.4 mm:+0.016 inches per year) and at Honolulu
(+0.46 mm:+0.018 inches per year) (Wöppelmann et al., 2007), with variations along the
Hawaiian Islands chain (Caccamise et al., 2005). The rates represent the movements at
a single point at each island, and uncertainties on these rates are high given the short
record lengths available. Additional measurements are needed to assess vertical land
motion at Pacific Islands.

Extreme sea-level events
The main causes for extreme sea-level events in the region include tropical and extratropical storms, unusually high tides sometimes referred to as king tides, ENSO, ocean
mesoscale variability, and swell events from distant storms. Statistical assessments of
extreme sea levels in the region and elsewhere have relied primarily on tide-gauge observations (reviewed by Woodworth et al., 2011). Because tide-gauge stations generally
are located in places that do not experience wave-driven setup, although stations in
exposed atoll lagoons (e.g., Midway) are a notable exception (Callaghan et al., 2006; Aucan et al., 2012), the influence of distant swell generally is not considered in tide gauge–
based assessments. Extreme sea-level trends in tide-gauge records tend to match trends
in local mean sea level (Woodworth & Blackman, 2004; Menéndez & Woodworth, 2010).
This suggests that the causes of extreme sea levels at tide gauges have not changed over
the tide-gauge record, and that changes in extreme levels are due to changes in mean
levels. Thus, increases in mean levels are expected to result in an increased frequency in
extreme events (Firing & Merrifield, 2004).
The range of tidal and nontidal residual extremes has been estimated for a global
set of tide gauges (Menéndez & Woodworth, 2010). Stations can be grouped regionally
into those where high tides dictate extremes (e.g., RMI), where the combination of high
tides and the nontidal residual is important (e.g., main Hawaiian Islands), and where
nontidal residual events are the primary cause of extreme levels independent of the tide
(e.g., Guam, CNMI) (Merrifield et al., 2012) (Figure 3-6). The phasing of extremes over
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Figure 3-6 The ratio of mean
nontidal residual to mean extreme
amplitude for annual maxima.
(©2012 American Geophysical
Union. Reproduced/modified from
Merrifield et al. [2012] by permission of American Geophysical
Union.)

the course of the year has also been examined and related to storm versus tidal forces.
In regions where the tide determines extreme levels, highest levels will be influenced
by astronomical cycles, such as the equinoctial spring tides, the quasi 4.4-year perigean
cycle, and the 18.6-year nodal cycle (Menéndez & Woodworth, 2010).
In the equatorial Pacific, interannual variations in extreme events are pronounced in
regions affected by ENSO (Menéndez & Woodworth, 2010; Chowdhury et al., 2010). In
the western tropical Pacific, peak La Niña events can lead to 10 to 20 cm (~1 foot) sealevel anomalies (Figure 3-3). ENSO sea-level variations are also pronounced along the
eastern boundary of the Pacific (e.g., Cayan et al., 2008), and in the western sub-tropics
(Kawabe, 2000). Other than ENSO, interannual to interdecadal sea-level fluctuations are
associated with modest changes in sea level, with peak events typically < 10 cm (~4 inches)—for example, Honolulu sea level (Firing et al., 2004). Fluctuations of this magnitude
are a concern to the extent that they contribute to high tide events. The same holds true
for intra-annual sea-level variations associated with ocean processes, such as mesoscale
eddy events—for example, 10 to 15 cm (~4 to 6 inches) at Wake Island (Mitchum, 1995)
and at Honolulu (Firing & Merrifield, 2004).
Extreme island surge events result from wind, wave, and atmospheric forces associated with tropical storms. Guam and CNMI are particularly vulnerable, lying in a
region of frequent and energetic typhoons (Figure 3-7). Hawai‘i and American Samoa
experience fewer direct encounters with tropical storms, although when storms do occur, the impacts can be profound (e.g., Fletcher et al., 1995; Cheung et al., 2003). A key
issue for climate change impacts on sea level is whether storm tracks and intensities are
expected to change under future warming scenarios.
Distant storms also influence island sea levels through the generation and propagation of ocean waves. On island shorelines, the increase in water level caused by breaking
waves (i.e., wave setup) can be on the order of 35% of the offshore breaking wave height,
even in the presence of fringing reefs (Vetter et al., 2010). For most island shorelines in
the Pacific, wave runup represents the most prevalent nontidal sea-level anomaly, and
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Figure 3-7 Map of cumulative tropical
cyclone tracks and intensity. (Image by
Robert A. Rohde, Global Warming Art.
Courtesy of NASA Earth Observatory.)

potentially the most dangerous threat in terms of coastal inundation. For example, an
unusual low pressure system in December 2008 near Wake Island led to the generation of energetic northeasterly (southwestward) swell that caused significant flooding at
RMI and other western Pacific Island groups (Ford et al., 2012). Coastal flooding on the
north shore of O‘ahu, Hawai‘i, tends to occur when wave-driven runup and high tides
coincide (Caldwell et al., 2009). Offshore coral reef platforms significantly impact the
amount of incident wave energy that contributes to coastal runup along island shorelines (Péquignet et al., 2011).
Given that long records of wave height generally are unavailable to evaluate wave
climate changes for the Pacific Islands region on the whole, along with other considerations including the upward growth rate of the reef crest, it is difficult to assess
climate-related changes in the tropical Pacific Island wave climatologies and hence in
wave-driven water-level extremes (Young et al., 2011; Seneviratne et al., 2012). Using 23
years of satellite altimeter measurements to investigate global changes in oceanic wind
speed and wave height, Young et al. (2011) found that there has been no statistically significant trend for mean monthly values, but for extreme conditions there is a statistically
significant trend of increasing wave height at high latitudes and more neutral conditions in equatorial regions. Based on the analysis of buoy and voluntary observing-ship
data, positive trends in wave height in the eastern North Pacific over the past several
decades have been reported (Allan & Komar, 2006; Menéndez et al., 2008; Ruggiero et
al., 2010; Seneviratne et al., 2012). A recent study by Gemmrich et al. (2011) has raised
doubts about the significance of these results. Wave-driven setup within the Midway
Atoll in the Hawaiian Islands chain captured in tide-gauge observations indicates that
the number of storm wave events has increased significantly over the past 50 years, associated with variability of the Pacific Decadal Oscillation (PDO) index rather than a
long-term trend (Aucan et al., 2012). Analysis of wave buoy and satellite altimeter data
for trends in wave heights in the South Pacific has yielded mixed results (Hemer et al.,
2010). Several studies show a strong correlation of wave height with natural modes of
variability, in particular ENSO (Allan & Komar, 2006; Sasaki & Toshiyuki, 2007; Hemer
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et al., 2010; Seneviratne et al., 2012), yet the significance of interannual and decadal variations in wave properties remains to be fully evaluated.
The relative importance of the various factors causing extreme sea level in Pacific
Island tide-gauge records has been quantified as part of the Pacific Storms Climatology
Project (Kruk et al., 2012). Annual climatologies of extreme events observed in individual tide-gauge records have been constructed and separated into tidal, seasonal, and nontidal residual contributions, and are compared with the five largest observed extremes
on record (Figure 3-8). The average daily extremes (black lines) are primarily associated
with peak tides (blue lines) at Pago Pago. Seasonal (green lines) and nontidal residuals
(red lines) contribute noticeably at Honolulu and Guam. The observed peak extremes
(colored circles) tend to be marginally above the average extremes at Honolulu and Pago
Pago, indicating that a combination of tides and moderate-amplitude nontidal residuals
results in peak extreme events at these locations (e.g., a mesoscale eddy combined with a
high spring tide; Firing & Merrifield, 2004). At Guam, the peak extremes are significantly
above annual climatologies, indicating that energetic typhoon surge events set the highest inundation levels at these sites. Thus, not only can stations be grouped regionally
into those where high tides dictate extremes, where the combination of high tides and
the nontidal residual is important, and where nontidal residual events are the primary
cause of extreme levels, but they also can be grouped by the combination of processes
that contribute to the nontidal residual (e.g., tropical and extra-tropical storms, ocean
mesoscale variability, and swell events from distant storms).

Climate projections and sea level
Based on climate model predictions for various greenhouse gas emission scenarios, the
IPCC AR4 report estimates an 18 to 59 cm (~6 to 24 inch) rise in global sea level by 2100
(Meehl et al., 2007). These projections did not include contributions due to changes in
the dynamics of ice-sheet discharge (which is less well understood and likely to be an increasing factor, particularly if greenhouse gas emissions are not reduced). Instead, IPCC
AR4 provided an estimated rise in the upper ranges of the emission scenario projections
that would be expected with “scaled-up ice sheet discharge” if contributions to sea-level
rise were to grow linearly with global temperature change for each emission scenario.
This was estimated within the IPCC AR4 as varying from an additional 9 to 17 cm (~4 to
7 inches) but was rounded up in the IPCC (2007) Synthesis Report to an additional 0.1 to
0.2 m (4 to 8 inch) rise. It was also clearly stated that larger contributions from the Greenland and West Antarctic ice sheets over this century could not be ruled out. Sea-level
projections have also been made subsequent to AR4 using “semi-empirical models.”
These models are based on statistical relationships between observed SLR and global
temperature, coupled with projections of future global temperature. These models yield
higher estimates of global SLR, ranging from roughly 1 to 1.5 m (~3 to 5 feet ) by 2100
(e.g., Grinsted et al., 2010; Rahmstorf, 2007; Vermeer & Rahmstorf, 2009), than the AR4.
Currently, there is an insufficient understanding for why semi-empirical models yield
higher values than estimates based on climate models.
Figure 3-9a highlights recent studies chosen to formulate likely global sea-level
change scenarios in order to provide broad-scale planning guidance for the US National
Climate Assessment (NCA) process. “High,” “Intermediate,” and “Low” scenarios were
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Figure 3-8 Extreme climatologies from
tide gauges for each day of the year at
selected tide stations in the Pacific (black,
darker line is smoothed). The contribution
to the extreme levels from the tides (blue),
seasonal (green), and nontidal residual
(red) are depicted. The five largest extreme
events on record are also shown. Longterm linear trends in time series have been
removed. Note how in Pago Pago (top),
extremes are governed by the seasonal tidal
signal. In contrast, in Guam (middle), it is the
seasonal occurrence of tropical cyclones that
dominates extremes. In Honolulu (bottom),
there is both a tidal and a storm component
in the signal. (From NOAA NCDC at http://
www.pacificstormsclimatology.org/.)
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established (Figure 3-9b). The NCA Low scenario (0.2m:0.66 feet) is based on linear extrapolation of the historic rate of global SLR over the 20th century (1.7 ± 0.2 mm:0.067 ±
0.008 inches per year; Church & White, 2011). The High (2m:6.56 feet) and Intermediate
1 (1.2m:3.94 feet) and 2 (0.5m:1.64 feet) scenarios represent future (by 2100) accelerations
in global mean sea level (Figure 3-9b). These approaches are similar to those adopted by
the National Research Council (1987) and the US Army Corps of Engineers (2011), which
for simplicity initiate at the mid-point (1992) of the 1983–2001 National Tidal Datum Epoch (NTDE) currently in use by NOAA’s National Ocean Service. There is no evidence,
however, to assume that global SLR will evolve in this type of gradually changing manner. In addition, the skill of projections based upon semi-empirical methods is a topic of
active debate, given the underlying assumptions inherent in extrapolating regressionbased results to future scenarios.
Climate-related shifts in sea level are also predicted to occur in the future on a regional scale. Contributions to regional sea-level deviations from the global mean include gravitational changes associated with melting land ice, changes in GIA, and shifts
in ocean dynamics (as an example, Figure 3-10). For the Pacific Islands region, the first
(a)

Figure 3-9 (a) End-of-century (~2090–2100)

(b)

estimates for global mean sea level rise
in meters. Meehl et al. (2007) is based on
climate model projections for the IPCC and
outlined in black. NRC (1987, 2011, and
2012) is based on synthesis of the scientific
literature and shown in light gray. Vermeer
and Rahmstorf (2009), Horton et al. (2008),
Jevrejeva et al. (2010), Grinsted et al. (2009)
are based on semi-empirical approaches
and shown in dark gray. Pfeffer et al. (2008)
is a calculation of the maximum possible
contribution from ice sheet loss and glacial
melting and shown in black. (b) Global mean
sea level rise scenarios developed for the
2013 NCA. Present mean sea level (MSL)
for the US coasts is determined from the
National Tidal Datum Epoch (NTDE) provided
by NOAA. The NTDE is calculated using
tide gage observations from 1983–2001 and
1992, the mid-point of the NTDE, is chosen
as a starting point. (From Parris et al., in
press).
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two effects are not expected to lead to strong spatial variations (e.g., Riva et al., 2010;
Slangen et al., 2011; Australian Bureau of Meterology & CSIRO, 2011). Climate model
simulations do indicate changes in ocean circulation and regional sea level (Stammer et
al., 2012); but, as in the case of ENSO prediction, there is not a high level of confidence
in these estimates at this stage.

Figure 3-10 Local relative sea-level
(RSL) change anomaly with respect to
global mean change estimates (1.02
m:3.35 feet) between 1980–1999 and
2090–2099 based on an ensemble of
coupled climate model simulations
for the IPCC A1B emission scenario
(IPCC, 2007) with an adapted ice-sheet
contribution of 0.22 m (0.72 feet) for
Greenland and 0.41 m (1.35) from
Antarctica. (From Slangen et al., 2011.)

There are conflicting assessments as to how the tropical Pacific atmospheric circulation will respond in the future to climate change, so there is low confidence in the prediction of future wind patterns and their influence on regional sea level. Many modeling
studies conclude that there will be a tendency toward a more El Niño–like background
state in response to global warming (e.g., Vecchi & Soden, 2007; Yu & Zwiers, 2010),
and a weakening of the Walker circulation over the 20th century has been attributed
to anthropogenic forcing (Vecchi et al., 2006). Timmermann et al. (2010) use climate
model projections to identify a water-level change in the southern tropical Pacific associated with increased trade wind speeds. Recent trends in the Indo-Pacific point to an
enhanced La Niña state (e.g., Chen et al., 2002; Yu & Weller, 2007; Li & Ren, 2011; Feng et
al., 2010) as well as modifications to classical El Niño patterns (Ashok & Yamagata, 2009;
Kug et al., 2009). The separation of intrinsic climate variations, as these recent trends
likely represent, from anthropogenic forcing represents a key area for future research.
Recent assessments of future extreme conditions generally place low confidence on
region-specific projections of future storminess (Seneviratne et al., 2012).
Future wave conditions are difficult to project with confidence given the uncertainties regarding future storm conditions; however, progress has been made in the development of dynamical and statistical wave models. An intercomparison of global wave
model projections using different approaches for simulating storm forcing based on
CMIP3 projections and for different emission scenarios (SRES A1B: Mori et al. [2010], Semedo et al. [2012], Fan et al. [2012]; SRES A2: Hemer et al. [2012a]) has been performed
by Hemer et al. (2012b). For the Pacific Islands region, the multi-model ensemble for the
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late 21st century indicates an increase in annual mean significant wave heights in the
southern tropical Pacific associated with a strengthening of the trades, with most other
areas of the Pacific showing a decrease. Similar findings are obtained using statistical
models (Wang & Swail, 2006). Wind speeds are projected to increase over the southern Pacific, leading to increases in mean wave period and a shift toward a more southerly wave direction across the Pacific Islands region as austral winter swell propagates
northward into the Pacific basin.
Whether or not future storm patterns will change appreciably over the next century
does not diminish the impact that rising mean water levels will have on extreme events
at Pacific Island regions. Hunter (2012), focusing on Australian sea-level stations, estimated that an increase of 10 cm (about 4 inches) in mean water level generally corresponds to a threefold increase in the frequency of extreme events on average. Thus, an
increase of 20 cm (about 8 inches) will mean that what is currently the 100-year event
will become the 10-year event. Enhanced storm impacts may add to these changes.

Impacts
Island regions face a wide range of impacts due to increased mean water levels and
the possibility of more frequent extreme inundation events. These phenomena, manifest
principally as increased flooding and erosion, threaten both natural and built environments. A key consideration with respect to the potential impacts of increased flooding
and erosion is the inherent differences between high versus low islands, and their corresponding differences in both social and ecosystems diversity.
Low islands
Low islands are especially vulnerable to increasing mean water levels. Over the near to
mid-term (next 25 to 50 years), they will be subject to increasing frequency and intensity
of extreme events as mean water levels increase over time and as local storm impacts
perhaps increase. This will result in a cascade of impacts that will increase the pressures
on, and threats to, social and ecosystem sustainability in the Pacific Islands region (Storlazzi et al., 2011).
Their low elevation suggests that critical public facilities and infrastructure (e.g.,
roads, bridges, runways, water and waste water systems, and so forth) as well as private commercial and residential property will increasingly experience damage due to
coastal flooding during extreme events. Beyond problems that already exist unrelated
to climate change, freshwater resources will be a particular concern. On islands where
there is groundwater, the lens is often small, shallow, and thus readily susceptible to
thinning or loss due to intrusion of saltwater from the ocean during storms. Agricultural
activity will be affected correspondingly—not only will sea-level rise decrease the land
area available for farming (Easterling et al., 2007), but episodic inundation will increase
the salinity of groundwater resources. Secondary effects include the fouling of sanitary
systems. Taken together, these impacts will make human habitation of low islands increasingly untenable.
Long before islands are submerged as a result of SLR, coastal and nearshore environments (sandy beaches, shallow coral reefs, seagrass beds, intertidal flats, and mangrove
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forests) and the vegetation and terrestrial animals in these systems will increasingly be
affected by wave overwash during storms, reshaping and movement of islets and beaches, and salinization and rising of groundwater. For example, freshwater and brackish
water wetlands will become more saline with increasing sea-water inundation and intrusion into shallow water tables. Species that are dependent on fixed islands for breeding,
such as seabirds and sea turtles, are particularly susceptible to such change (Frederiksen
et al., 2004). These episodic but progressive changes will reduce or eliminate endemic
terrestrial species on many small islands over time. In addition, coral reef ecosystems in
the region are likely to be affected by mid-century as the upward growth rates of corals
are expected to slow in response to rising sea levels (Burke et al., 2011).
Over the long term (100-plus years), low islands face an existential threat due to rising sea levels. Dickinson (2009) describes how a mid-Holocene (~4,000–6,000 years ago)
hydro-isostatic highstand in the tropical Pacific sea level drowned atoll rims and built
reef flats at elevations of 1.0 to 2.4 m (~3 to 8 feet) above modern low-tide level (Figure
3-11). As late Holocene sea level declined, ambient high tide eventually fell below the
surfaces of paleoreef flats. After that crossover date, stable atoll islets formed with underpinnings of resistant mid-Holocene paleoreef flats that protected the flanks of the islets
from wave attack. With rising global sea level, ambient high-tide level will once again
rise above the mid-Holocene low-tide level and another crossover will occur. This time
it will submerge the resistant paleoreef flats and subject their unconsolidated sediment
cover to incessant wave attack even before ambient sea level actually overtops the islets.
Dickinson suggests future crossover dates ranging from the latter half of this century
(2050–2080), with a rapid rate of SLR, to the first half of the next century (2100–2160), if
SLR is slow. Beyond human habitability, over the long term, impacts will go beyond the
loss of tangible artifacts and structures (Vitousek et al., 2004) to the intangible loss of a
land base and the cultural traditions that are associated with it (Henry & Jeffery, 2008).
High islands
Many of the considerations noted above for low islands apply to the nearshore and
coastal portions of high islands. Impacts to the built environment on low-lying portions
of high islands will be much the same as those experienced on low islands. Unlike low
islands, however, high islands have large uplands where facilities and infrastructure
could be moved inland to reduce risk. With a tendency to be more developed, increased
economic impacts in sectors such as tourism due to increased flooding and erosion are
worth note. In Hawai‘i, for example, where tourism comprises 26% of the state’s economy, damage to tourism infrastructure, including the loss of Waikīkī Beach, could lead to
an annual loss of $2 billion in visitor expenditures (Waikīkī Improvement Association,
2008).
On high islands, the beaches, dunes, coastal wetlands, and their associated species
will face similar pressures to those on low islands. For example, sea-level rise is a particular threat to mangroves, as human infrastructure and/or steep volcanic topography
are likely to restrict landward migration. In American Sāmoa, mangrove resilience to
SLR shows a 0.2% annual loss, indicating that the Pacific Island mangrove may be substantially reduced by 2100 (Gilman et al., 2008). Other species and habitats may be able
to move landward and upward as topography and human infrastructure allow.
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Figure 3-11 Contours of the magnitude (above modern sea level) of the hydro-isostatic mid-Holocene
highstand in regional sea level across the tropical Pacific Ocean; solid dots are control points (number
[n] = 27) from personal observations (Dickinson, 1998, 1999, 2000, 2001, 2003; Dickinson et al., 1999;
Dickinson & Burley, 2007), and open dots are congruent control points (n = 18) from others (Pirazzoli
& Montaggioni, 1986, 1988; Nunn, 1988, 2000; Woodroffe et al., 1990; Woodroffe & McLean, 1998;
Grossman et al., 1998). For contouring, control points within the microcontinental Fiji platform were
ignored from the perspective that isostatic upflexure of the platform under the enhanced load of
deepening water offshore promoted emergence that partly counteracted SLR (Nakada, 1986). (From
Dickinson, 2009.)

A number of government and university-based efforts are under way to help provide
decision makers with actionable information needed to address the challenges associated with SLR and the increasing occurrence of coastal inundation. The University of
Hawai‘i, for example, is working with NOAA to create maps based on SLR scenarios to
help identify vulnerable assets, assess impacts, and determine appropriate adaptive responses to sea-level rise. NOAA (through the NESDIS NCDC, NWS PEAC Center, NOS
COOPS, and Coastal Storms Program) is working with other federal agencies, as well as
university and international partners, to help advance our knowledge of extreme water
levels and incorporate this information into products such as seasonal to annual “outlooks” and decadal to multidecadal “scenarios” that are targeted to meet local needs.
More broadly and on a regional scale, entities such as PaCIS, Pacific RISA, PICCC, and
others are working to grow a “network of networks” as a means to nurture essential
partnerships, align complementary interests and activities, and thereby foster a regional
culture of communication, coordination, and collaboration in support of climate adaptation planning and disaster risk reduction.

Summary
The key findings regarding regional sea level and coastal inundation in response to climate change are as follows:
• Since the early 1990s, the rate of globally averaged sea-level rise has increased
to ~3.4 mm (a little more than a tenth of an inch) per year. This is twice the
estimated rate for the 20th century as a whole.
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• Regional sea-level trends may differ significantly from the globally averaged
rate over multi-year to multidecadal time scales. For 1993–2010, the standard
deviation of regional trends based on satellite altimetry is as large as the global
mean trend, with the highest rates of regional SLR having occurred in the
western tropical Pacific.
• Regional sea-level fluctuations at inter-annual to multidecadal time scales (e.g.
ENSO, PDO) will combine with global sea-level rise. These fluctuations are
largely wind-driven and represent a redistribution of water associated with
climate variability. This suggests that the current high rates of regional SLR in
the western tropical Pacific are not expected to persist over time, falling once
the trade winds begin to weaken.
• Models suggest that global warming will raise global sea level significantly
over the course of this century. The range of predictions is largely due in part
to unresolved physical understanding of various processes, notably ice-sheet
dynamics.
• Modeling studies have yielded conflicting results as to how ENSO and other
climate modes will vary in the future. As a result, there is low confidence in the
prediction of future climate states and their subsequent influence on regional
sea level.
• Regional sea-level trends associated with climate change (i.e., distinct from
natural variability) are predicted in climate models but not with sufficient
confidence for definitive projections.
• Vertical land motion has been assessed at some islands based on continuous
GPS measurements. Land motion trends generally are weak compared to
global rates (~ <10%).
• For the region, extreme sea-level events generally occur when high tides
combine with some nontidal residual change in water level. In the major
typhoon zones (i.e., Guam, CNMI), storm-driven surges can cause coastal
flooding and erosion regardless of tidal state. At present, trends in extreme
levels tend to follow trends in mean sea level.
• Wave-driven inundation events are a major concern for all islands in the
region. In situ wave observations are needed to better assess wave-driven
flooding statistics.
• Increasing mean water levels and the possibility of more frequent extreme
water-level events, and their manifestation as flooding and erosion, will
threaten coastal structures and property, groundwater reservoirs, harbor
operations, airports, waste water systems, sandy beaches, coral reef
ecosystems, and other social and economic resources. Low islands are
especially vulnerable over the near to mid-term (next 25 to 50 years), with
impacts varying with location and depending on how natural sea-level
variability combines with modest increases of mean levels.
• A number of efforts are under way in the region to identify vulnerable assets,
assess potential impacts, and determine appropriate adaptive responses to sealevel rise and coastal inundation.
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Focus on impacts

Case Study 3-1

A combination of processes creates
extreme water levels and contributes to
flooding and erosion
Episodic extreme water level events pose a serious risk to Pacific Island regions. Higherthan-normal sea levels, for example, allow more wave energy to pass over reef systems.
Combined with high waves, this increases the possibility of inundation of low-lying
coastal areas and low islands (e.g., atolls) and contributes to coastal erosion. This, in
turn, can lead to saltwater intrusion, which damages freshwater sources and agricultural crops; damage to roads, houses, and other infrastructure; and destruction of critical
habitat such as nesting sites for seabirds and turtles. Understanding and identifying the
processes that cause such extreme events is essential to understanding impacts and informing disaster risk reduction as well as climate adaptation planning in a world where
sea level is rising in response to a changing climate.
In December 2008, the Solomon Islands, Republic of the Marshall Islands (RMI), Federated States of Micronesia (FSM), and other low-lying islands in the Western North
Pacific sub-region (Figure 3-12) experienced damage from ocean flooding due to a convergence of climate and weather factors:
• High waves. Low-pressure weather systems far to the north (near Wake Island)
generated swells that were large, but not particularly extreme, ranging between
3 and 10 feet. These waves caused damage because they coincided with higherthan-normal sea levels.
•

Seasonal high tides. In early to mid-December 2008, the tides were building to
their spring stage, an increased tide range during full and new moons. Though
the first large storm hit a week prior to the spring peak (Figure 3-13a), tide
levels were still relatively high due to the twice-annual strengthening of local
spring tides during November–February (and again May–August).

•

The influence of La Niña. In the central and western Pacific, the northeast
trade winds generally increase during the second half of the year, bringing
higher sea levels. This pattern is exacerbated during a La Niña period. In
December 2008, weak La Niña–like conditions existed, producing higher-thannormal sea levels (Figure 3-13b).
• Long-term sea-level rise. Since the 1990s, sea levels have risen about 7.87 inches
(20 cm) in the Western North Pacific sub-region (Fig. 3-13b; regional view in
Figure 3-4). This sea-level rise, the largest of any region in the world, is the
result of a long-term increase in Pacific trade winds (Merrifield & Maltrud,
2011), similar to the effect of La Niña conditions but over a longer time frame.
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Figure 3-12 Locations of coastal inundation as measured by NOAA tide gauges: the Marshall Islands
(orange) in December 2008, and Midway Atoll (white) in winter 2011. (Courtesy of US Fish and Wildlife
Service, except for Kosrae image, which is courtesy of Kosrae Island Resource Management Agency
staff.)

Figure 3-13 In mid-December 2008, the Marshall Islands experienced high seasonal spring (king)
tides causing water levels to rise above the Mean Higher High Water (MHHW, green) level. Around
this time (a) multi-day periods with enhanced wave activity and related swash motions at the shoreline
occurred ~ Dec 8 and 15 seen as high variability within each hourly water-level measurement (1-std
WL, Sweet et al., 2011). In (b), the ENSO Niño Region 3.4 anomaly (red/blue) shows elevated sea levels
during cool phase/La Niña (blue) or warm phase/El Niño (red), which have steadily increased since
about 1990. 0.1 m = 0.33 ft. (Data from NOAA Tide Station at Kwajalein, Marshall Islands.)
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The result was widespread damage on numerous low-lying islands. Immediate impacts included eroded beaches, damaged roads, and flooding of houses. A state of emergency was declared on Majuro, capital of the Republic of the Marshall Islands, with
damage topping $1.5 million (Wannier, 2011). In the Federated States of Micronesia,
seawater contaminated aquifers, wells, wetlands, and farms, damaging or destroying
nearly half of the nation’s cropland (Fletcher & Richmond, 2010). Here, as well, a state
of emergency was declared, sparked primarily by concerns about immediate and longterm food shortages. The coastlines on several islands were littered with debris, raising
fears of a health crisis, particularly when local cemeteries were flooded.
In the winter months of 2011, a combination of high sea levels and large waves struck
Midway Atoll on two different occasions. Midway and the other Northwestern Hawaiian Islands (NWHI; Figure 3-14) provide nesting sites for 95% to 99% (Arata et al., 2009)
of the 1.3 million Laysan albatross (Phoebastria immutabilis) in the world and 95% of the
world population of 132,000 black-footed albatross (Phoebastria nigripes). In January 2011,
a powerful storm hit Midway Island, killing thousands of unhatched eggs and newly
hatched chicks. The storm caused a drop in pressure that raised the sea level by more
than 0.98 feet (0.3 m). At the same time, strong winds and waves battered the island. An
even more severe storm hit Laysan Island in February, with large waves and winds of

Figure 3-14 Photo (top panel) shows the impact of waves on
the Midway Islands during a winter storm. Multiple extreme sea
levels exceeded the level of Mean High High Water (MHHW,
green line) by about 0.75 m in January 2011 and 0.3 m in
February (red). Some storms overlapped with high spring tides
(blue). As the storms passed overhead, sea-level pressure (SLP,
purple) dropped and wave activity increased (black, 1-stdev of
hourly WL as a proxy) causing a significant wave setup in water
levels (red). BFAL = Black Footed Albatross. 1 m = 0.33 ft.
(Courtesy of US Fish and Wildlife Service. Data from NOAA Tide
Station at Midway Island.)
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more than 74 miles per hour. This storm destroyed more than 40,000 Laysan albatross
nests and 9,000 black-footed albatross nests (Flint et al., 2011). These birds tend to return
to the same nest sites every breeding season, even after their nests are destroyed. However, as sea level rises, flooding events will become more frequent in albatross nesting
zones, and breeding populations within the NWHI will drastically decline.
So-called mesoscale eddies are another phenomenon that has been observed to contribute to increased flooding and erosion (Firing & Merrifield, 2004). Unique to the Hawaiian Islands for the most part, these features are capable of producing a prolonged
impact when they occur along with high tides and moderate-sized waves. In September
2003, a westward propagating circulating eddy was associated with the highest daily
(average of hourly measurements) water level and highest monthly value ever recorded
in Honolulu (Figure 3-15a, shown since 1932). Due to its large size, slow passage, and
circulation characteristics (clockwise from a high sea surface in its center), the eddy
raised sea levels by about 6 inches (15 cm) for nearly two months starting in late July
2003 (Figure 3-15b) (Firing & Merrifield, 2004).
During this period, there were numerous daily extremes (Figure 3-16, left), defined
as daily maximum heights (based on hourly values) exceeding the 99th percentile relative to the long-term trend over 1980–2010 (black line in Figure 3-15a). Sea level peaked
the last week of September (highest daily mean on September 28), when the seasonal
cycle of sea level is also highest (typically more than 8 cm [3.15 inches] higher than its
low in April/May) due to normal seasonal surface heating and related thermal expansion of the upper ocean. Also contributing to this absolute maxima, but in a more subtle
manner, was the slow rise in relative sea level over the past century (about 0.059 inches/
year or 1.5 mm/yr).

Figure 3-15 (a) Daily and monthly mean sea
levels at NOAA Tide Gauge Honolulu (white star
in (b)) are shown relative to the 1983–2001 mean
sea level (MSL). The black line indicates the longterm relative sea-level rise (about 1.5 mm [0.059
in]/year); the arrow indicates the September
2003 event. (b) The gridded altimeter sea-surface
height (SSH, contours in centimeters (cm), and
mean circulation (vectors) for August 7, 2003,
reveals the eddy directly north of the Hawaiian
Islands. 0.1 m = 10 cm = 3.94 in. (Data in Figure
3-15a from NOAA; Figure 3-15b © 2004 American
Geophysical Union. Reproduced/modified from
Firing & Merrifield [2004] by permission of American Geophysical Union.)

This eddy was not necessarily a rare or unique event; in fact, there have been numerous eddies, which can be tracked by satellite altimeter (Figure 3-16, right). Eddies have
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been observed to originate far to the east of the Hawaiian Islands as well as in the lee
(west) of the islands themselves. They are thought to form in response to changes in regional wind forcing related to El Niño-Southern Oscillation (ENSO) and from instabilities within the prevailing westward-flowing North Equatorial Current (Mitchum, 1995;
Firing & Merrifield, 2004; Chen & Qiu, 2010). Although eddies occur on an inter-annual
basis, they generally produce extreme events only when they combine with seasonal
high tides and waves. Although storms have always caused flooding on low-lying islands of the Pacific, the concern today is that sea-level rise related to longer-term climate
conditions will combine with storms to cause even more frequent and more damaging
floods in the years ahead.

Figure 3-16 A time-longitude plot of SSH
anomalies (right) along the altimeter track
at 21.3°N shows that when high monthly
mean sea levels at Honolulu (left, right line)
are recorded, they often appear to originate
further east along the same latitude range
(right, eddies as red contours moving
westward over the x-axis as time progresses
on the left y-axis). 0.1 m = 0.33 ft. (©2004
American Geophysical Union. Reproduced/
modified from Firing & Merrifield [2004] by
permission of American Geophysical Union.)

Focus on adaptation

Case Study 3-2

Mapping sea-level rise in Honolulu
Rising sea levels along Hawai‘i’s coastlines will exacerbate many other episodic coastal hazards such as storm surge, tsunami, and hurricane inundation. The threat of rising ocean levels calls for strong leadership and proactive measures from federal, state,
and local governments. Mapping the potential impact of sea-level rise (SLR) provides
a basis for developing adaptation guidelines and choosing among a range of coastal
land-use policy tools (Culver et al., 2010; Codiga & Wager, 2011). Maps allow communities to assess what needs protection and what form protection should take. Based on
stakeholder workshops, agency surveys, and analysis by researchers at the University
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of Hawai‘i, Codiga and Wager conclude that Hawai‘i is likely to experience a sea-level
rise of around 1 foot by 2050 and around 3 feet by the end of this century (Figure 3-17).
Local and regional decision makers, land-use planners, and managers should consider
this forecast as a guideline for development planning (e.g., SLR Policy Toolkit, http://
seagrant.soest.hawaii.edu/publications).
Using these estimates combined with digital elevation models, the University of
Hawai‘i Coastal Geology Group has developed maps to help visualize the impact of
elevated sea level on the island of O‘ahu (see figures below). This work suggests that
segments of shoreline and numerous low-lying inland areas will fall below the high-tide
line later in the century as sea levels rise.
Low-lying areas that are not submerged will be increasingly vulnerable to inundation by high waves, storms, tsunami, coastal flooding, and extreme tides. Along the
shoreline, the impacts are already being observed, including beach erosion and waves
reaching over seawalls and other structures with increased frequency and magnitude.
In areas of Honolulu and Waikīkī within five to eight blocks of the ocean, there is the
potential for basements to flood, ground floors to be splashed by storm wave runup, sea
water to come out of the storm drains, and flooding following heavy rains.

Figure 3-17 Waikiki District:
Areas shaded in blue on the
left lie at or below 0.3 m
above the current high-tide
line; areas shaded in blue on
the right lie at or below 0.9 m
above the current high-tide
line. The thin white line is the
current shoreline. (Courtesy of
University of Hawai‘i Coastal
Geology Group.)

