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About This Series

This report is published as one of a series of technical inputs to the National Climate 
Assessment (NCA) 2013 report. The NCA is being conducted under the auspices of the 
Global Change Research Act of 1990, which requires a report to the President and Con-
gress every four years on the status of climate change science and impacts. The NCA in-
forms the nation about already observed changes, the current status of the climate, and 
anticipated trends for the future. The NCA report process integrates scientific informa-
tion from multiple sources and sectors to highlight key findings and significant gaps in 
our knowledge. Findings from the NCA provide input to federal science priorities and 
are used by U.S. citizens, communities, and businesses as they create more sustainable 
and environmentally sound plans for the nation’s future.

In fall 2011, the NCA requested technical input from a broad range of experts in aca-
demia, private industry, state and local governments, non-government organizations, 
professional societies, and impacted communities, with the intent of producing a better 
informed and more useful report in 2013. In particular, the eight NCA regions, as well as 
the Coastal and the Ocean biogeographical regions, were asked to contribute technical 
input reports highlighting past climate trends, projected climate change, and impacts to 
specific sectors in their regions. Each region established its own process for developing 
this technical input. The lead authors for related chapters in the 2013 NCA report, which 
will include a much shorter synthesis of climate change for each region, are using these 
technical input reports as important source material. By publishing this series of region-
al technical input reports, Island Press hopes to make this rich collection of information 
more widely available. 

This series includes the following reports:

Climate Change and Pacific Islands: Indicators and Impacts
Coastal Impacts, Adaptation, and Vulnerabilities
Great Plains Regional Technical Input Report
Climate Change in the Midwest: A Synthesis Report for the National Climate Assessment
Climate Change in the Northeast: A Sourcebook 
Climate Change in the Northwest: Implications for Our Landscapes, Waters, and Communities
Oceans and Marine Resources in a Changing Climate
Climate of the Southeast United States: Variability, Change, Impacts, and Vulnerability
Assessment of Climate Change in the Southwest United States

Electronic copies of all reports can be accessed on the Climate Adaptation Knowledge 
Exchange (CAKE) website at www.cakex.org/NCAreports. Printed copies and e-book ver-
sions are available for sale on the Island Press website at www.islandpress.org/NCAreports. 
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About This Report

Climate Change and Pacific Islands: Indicators and Impacts is a report developed by the Pacific 
Islands Regional Climate Assessment (PIRCA) aimed at assessing the state of knowledge 
about climate change indicators, impacts, and adaptive capacity of the Hawaiian archi-
pelago and the US-Affiliated Pacific Islands (USAPI). The PIRCA is a collaborative effort 
engaging federal, state, and local government agencies, non-government organizations, 
academia, businesses, and community groups to inform and prioritize their activities in 
the face of a changing climate. 

The immediate focus has been on bringing together almost 100 scientific experts 
and practitioners to generate an integrated report to provide a regional contribution to 
the National Climate Assessment (NCA), which is conducted under the United States 
Global Change Research Act of 1990. The PIRCA report examines the adaptive capac-
ity of Pacific Island communities regarding climate change effects on freshwater avail-
ability and quality; regional and community economies; urbanization, transportation, 
and infrastructure vulnerabilities; ecosystem services; ocean resource sustainability and 
coastal zone management; and cultural resources.

The initial PIRCA activities were conducted August 2011 through February 2012 and 
included multiple dialogues and three workshops to facilitate sharing, analyzing, and 
reporting on scientific consensus, knowledge gaps, sectoral needs, and adaptive capac-
ity for addressing the changing climate. The material presented in this report is based 
largely on published research. The report was reviewed and approved by the PIRCA 
Steering Committee, and workshop participants were invited to comment on the draft 
report. Several reviewers independent of the PIRCA process also provided comments.

Partners
Primary oversight of the PIRCA is being carried out jointly by representatives from the 
Pacific Regional Integrated Sciences and Assessments (Pacific RISA) program (funded 
by the US National Oceanic and Atmospheric Administration, NOAA, and supported 
through the East-West Center); NOAA’s National Environmental Satellite, Data, and 
Information Service (NESDIS) and National Climatic Data Center (NCDC); the Pacific 
Climate Information System (PaCIS); and the Pacific Islands Climate Change Coopera-
tive (PICCC). Other key contributors include the NOAA National Ocean Service; NOAA 
Pacific Services Center; NOAA Pacific Islands Fisheries Science Center; NOAA Center 
for Operational Oceanographic Products and Services; NOAA Coastal Storms Program; 
NOAA Coastal Services Center; NOAA National Marine Fisheries Service; Pacific Risk 
Management ‘Ohana (PRiMO); United States Geological Survey Pacific Islands Water 
Science Center; United States Fish and Wildlife Service; University of Hawai‘i (UH) 
School of Ocean and Earth Science and Technology Department of Oceanography; UH 
International Pacific Research Center; UH Sea Level Center; UH Sea Grant and the Cen-
ter for Island Climate Adaptation and Policy; University of Guam Water and Environ-
mental Research Institute; and the Western Regional Climate Center.

This report represents the beginning of a sustained process of assessment and 
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information exchange among scientists, businesses, governments, and communities in 
the Pacific Islands region. We anticipate that in conjunction with other collaborative re-
gional assessment efforts, this report will provide guidance for decision makers want-
ing to better understand how climate variability and change impact the Pacific Islands 
region and its peoples.

Organization of this Report
Specific chapters of the report provide:

•	An overview of the Pacific Islands region, including regional geology, island 
communities and environments, climate variability, and climate change indica-
tors, projections, and impacts (Chapter 1)

•	A description of historical trends, projections, and impacts related to freshwater 
and drought (Chapter 2), sea-level rise and coastal inundation (Chapter 3), and 
marine, freshwater, and terrestrial ecosystems (Chapter 4)

•	A discussion of conclusions (Chapter 5)

Additional details on aspects of the PIRCA process are contained in appendices that 
describe the Core Scientific Team, Steering Committee, workshops, and participants’ 
evaluations of the workshops.

This report necessarily explores only a small subset of the range of potential climate 
impacts, due to resource and time constraints. Future assessments by the federal gov-
ernment, individual jurisdictions, and regional and local organizations will deepen our 
understanding of climate change indicators, impacts, and needed solutions.

Acknowledgments
Funding for the project was provided by the NOAA Climate Program Office for 
the Pacific Regional Integrated Sciences and Assessments (RISA) program (Grant 
#NA100AR4310216). Additional funding was provided through NOAA’s NESDIS and 
NCDC and the NOS Coastal Storms Program. The Pacific Islands Climate Change Coop-
erative and the Pacific Islands Fish and Wildlife Office sponsored the Ecosystems work-
shop and additionally sponsored some underlying research and analysis on marine 
ecosystems. The editors and authors extend special acknowledgment to the following 
technical experts for their time and effort in providing thorough reviews of this report: 
Dan Cayan (University of California San Diego; US Geological Survey), Keith Ingram 
(University of Florida), David Kaplan (University of Florida), Kathleen McInnes (Com-
monwealth Scientific and Industrial Research Organisation, Australia), Stuart J. Muller 
(University of Florida), and Jonathan Price (University of Hawaii at Hilo). We also thank 
Lynette Kawakami (PICCC) and Michelle Ngo (NOAA) for their logistical and admin-
istrative agility; Lauren Kaiser (PICCC) for her annotated bibliography on impacts; 
Sidney Westley (East-West Center) for her editorial assistance; the East-West Center 
Publications Office for help with all phases of the report; Susan Yamamoto (Geovision) 
and Miguel Castrence (East-West Center) for help with figures and graphic design; and 
other external reviewers for their thoughtful comments. We are particularly indebted to 
the many experts who presented research, discussed findings, and iteratively authored 
and edited sections of this report.
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Executive Summary

The Pacific Islands region is experiencing climate change. Key indicators of the changing 
climate include rising carbon dioxide in the atmosphere, rising air and sea temperatures, 
rising sea levels and upper-ocean heat content, changing ocean chemistry and increas-
ing ocean acidity, changing rainfall patterns, decreasing base flow in streams, changing 
wind and wave patterns, changing extremes, and changing habitats and species distri-
butions. Currently, the most vulnerable areas include low islands (atoll islands and oth-
er islands that rise only a few feet above present sea level), nearshore and coastal areas, 
and coral reefs. High-elevation (particularly alpine and subalpine) ecosystems are also 
vulnerable. The climatic changes are affecting every aspect of life. Freshwater supplies 
for natural systems, as well as communities and businesses, are at risk. Food security is 
threatened through impacts on both agriculture and fisheries. The built environment is 
also at risk from coastal flooding and erosion as sea levels incrementally increase. Loss 
of habitat for endangered species such as monk seals, sea turtles, and Laysan ducks is 
expected along with increased coral bleaching episodes, expansion of avian malaria to 
higher elevations, and changes in the distribution and survival of the areas’ marine bio-
diversity. Over the coming decades, impacts are expected to become more widespread 
and more severe.

The Pacific Islands region is vast and diverse. Including the Hawaiian archipelago 
and the US-Affiliated Pacific Islands, the region comprises almost 2,000 islands spread 
across an expanse of ocean more than four times the size of the contiguous United States. 
These islands support about 1.9 million people, representing numerous languages and 
cultures. The islands attract millions of tourists every year and support a large US mili-
tary presence.

The region comprises multiple terrestrial and marine ecosystems, ranging from 
mountainous alpine systems to abyssal environments deep under the ocean. The weath-
er and climate across the region is characterized by its high natural variability. One ex-
ample is El Niño-Southern Oscillation (ENSO), an interannual pattern that has a large 
influence on year-to-year variability in rainfall, sea level, and other climate variables.

Created under the auspices of the Pacific Islands Regional Climate Assessment 
(PIRCA), this report assesses the state of knowledge about climate change indicators, 
impacts, and adaptive capacity in three sub-regions: (1) the Western North Pacific (Com-
monwealth of the Northern Mariana Islands, Guam, Republic of Palau, Federated States 
of Micronesia, Republic of Marshall Islands); (2) the Central North Pacific (Hawai‘i and 
the Northwest Hawaiian Islands); and (3) the Central South Pacific (American Sāmoa). 

Key findings of this assessment suggest multiple concerns for human and natural 
communities in the Pacific Islands region:

•	Low islands, coral reefs, nearshore and coastal areas on high islands, and high-
elevation ecosystems are most vulnerable to climatic changes. 

•	Freshwater supplies will be more limited on many Pacific Islands, especially 
low islands, as the quantity and quality of water in aquifers and surface 
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Sea Surface Temperature Rising

Sea Level Rising

Carbon Dioxide Concentrations Rising

Ocean Heat Content Rising

Surface Air Temperature Rising

Rainfall Changing

Winds and Waves Changing

Extreme Events Changing

Ocean Chemistry Changing

Habitats and Species
Distributions Changing

Baseflow in Streams Decreasing

Figure A  Indicators of climate change in the Pacific Islands region. (Courtesy of Susan Yamamoto, 
Geovision. Adapted from “Ten Indicators of a Warming World,” in NOAA National Climatic Data Center, 
State of the Climate 2009 [report].)

catchments change in response to warmer, drier conditions coupled with 
increased occurrences of saltwater intrusion.

•	Rising sea levels will increase the likelihood of coastal flooding and erosion, 
damaging coastal infrastructure and agriculture, negatively impacting tourism, 
reducing habitat for endangered species, and threatening shallow reef systems. 

•	Extreme water levels will occur when sea-level rise related to longer-
term climate change combines with seasonal high tides, interannual and 
interdecadal sea-level variations (e.g., ENSO, Pacific Decadal Oscillation, 
mesoscale eddy events), and surge and/or high runup associated with storms. 

•	Higher sea-surface temperatures will increase coral bleaching, leading to a 
change in coral species composition, coral disease, coral death, and habitat loss.



•	Rising ocean acidification and changing carbonate chemistry will have 
negative consequences for the insular and pelagic marine ecosystems; although 
potentially dramatic, the exact nature of the consequences is not yet clear.

•	Distribution patterns of coastal and ocean fisheries will be altered, with 
potential for increased catches in some areas and decreased catches in other 
areas, but open-ocean fisheries being affected negatively overall in the long 
term.

•	Increasing temperatures, and in some areas reduced rainfall, will stress 
native Pacific Island plant and animal populations and species, especially in 
high-elevation ecosystems, with increased exposure to non-native biological 
invasions and fire, and with extinctions a likely result.

•	Threats to traditional lifestyles of indigenous communities in the region 
(including destruction of coastal artifacts and structures, reduced availability 
of traditional food sources and subsistence fisheries, and the loss of the land 
base that supports Pacific Island cultures) will make it increasingly difficult for 
Pacific Island cultures to sustain their connection with a defined place and their 
unique set of customs, beliefs, and languages. 

•	Mounting threats to food and water security, infrastructure, and public health 
and safety will lead increasingly to human migration from low islands to high 
islands and continental sites.

This assessment also highlights the following:

•	The high interannual and interdecadal variability of the climate in the Pacific 
Islands region (e.g., ENSO, Pacific Decadal Oscillation) makes it difficult to 
discern long-term trends from short-term data.

•	Many Pacific Islands lack long-term, high-quality data on rainfall, streamflows, 
waves, and ecosystems, and continued monitoring is needed.

•	Global circulation models need to be downscaled to provide higher resolution 
projections for Pacific Islands to account for the influence of local topography 
on weather patterns and the potential impact of climate change on ecosystems. 

•	Sea level in the Western North Pacific has risen dramatically starting in the 
1990s. This regional change appears to be largely wind-driven, is associated 
with climate variability, and is not expected to persist over time.

•	Some islands in the region have no human inhabitants and few human 
impacts, offering a relatively pristine setting in which to assess the impacts of 
climate change on natural settings.

•	Integrated biological, geochemical, and physical models are needed to improve 
understanding of the pressures on ecosystems and ecological responses to 
climate change in the Pacific Islands region.

•	A better understanding of how climate change affects invasive species and 
their interactions with native species is needed.

Executive Summary              xi
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•	A comprehensive evaluation of the effectiveness of alternative adaptation 
strategies is needed to refine planning and management decisions.

•	The isolation of the Pacific Islands region from the contiguous United States 
(and the isolation of islands from one another) presents challenges to the 
regional exchange of information and limits the influence of regional leaders in 
national and global decision-making processes.

Many of the projected impacts highlighted in this report are now unavoidable, mak-
ing some degree of adaptation essential. Some jurisdictions (e.g., Hawai‘i, American 
Sāmoa) are more advanced than others in developing adaptation plans and policies. 
Several regional coordination efforts are facilitating data collection and analysis and ac-
cess to actionable information.

This report concludes that climate change confronts Pacific Islands and their com-
munities with enormous challenges. An informed and timely response is necessary to 
enhance resilience to the myriad changes already occurring and those yet to come. 
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Region profile

The Pacific Islands region includes the Hawaiian archipelago and the US-Affiliated Pa-
cific Islands (USAPI). More than 2,000 islands are distributed across millions of square 
miles of the Pacific Ocean. The islands are isolated, with hundreds of miles of ocean be-
tween individual islands and thousands of miles between island chains. The largest ag-
gregate of land is the State of Hawai‘i, with 6,423 square miles (the fourth smallest state 
in the US). The islands are diverse in terms of geography, climate, ecology, and culture.  
The ocean and its resources play a vital role in the lives and livelihoods of the peoples of 
the Pacific Islands region. The combined exclusive economic zones (EEZ) of the region’s 
islands encompass more than one-half of the entire EEZ of the US, making this region 
of great importance not just to Pacific Islanders, but to the US as a whole. The region is 
home to some of the most pristine habitat in the world and possesses tremendous biodi-
versity; thus, it is of immeasurable value to all people on the planet.

In this report, the islands in the region are grouped into three sub-regions (Figure 
1-1), with affinities in terms of geography, climate, ecology, and sociology. 

•	Central North Pacific (CNP) – This area includes the State of Hawai‘i and 
the Northwestern Hawaiian Islands (Papahānaumokuākea). It represents the 
northern bounds of Polynesia. 

•	Western North Pacific (WNP) – This area includes the Mariana, Caroline, 
and Marshall island chains: Guam; Commonwealth of the Northern Mariana 
Islands (CNMI); Republic of Palau (RP); Federated States of Micronesia (FSM, 
including the states of Chuuk, Kosrae, Pohnpei, and Yap); and Republic of the 
Marshall Islands (RMI). This area is also referred to as Micronesia.

•	Central South Pacific (CSP) – This area includes American Sāmoa, but 
consideration is given to the South Pacific in general. 

Pacific Island geology and landscape

The islands of the region vary widely in terms of geologic origin. They include volcanic 
islands, atolls, limestone islands, and islands of mixed geologic type. The highest vol-
canic islands reach more than 13,000 feet, while some of the atoll islands peak at only a 
few feet above present sea level. The distinction between “high” islands and “low” atoll 
islands is essential to explain the different climates on islands and the many specialized 
terrestrial and marine ecosystems that have evolved, as well as the forms of human com-
munities they currently support (Figure 1-2). 

The terrain of high islands is characterized by abrupt elevation changes (mountains, 
sheer cliffs, steep ridges and valleys), with the altitude and size of these features vary-
ing according to the age of the island. On high islands, orographic rainfall (i.e., rain as-
sociated with or induced by the presence of mountains) can cause the island to receive 
much higher rainfall than the surrounding ocean and is responsible for large differences 
between leeward and windward rainfall. The landscape on high islands is conducive to 
the formation and persistence of freshwater streams and the development of soils that 
can support large and diverse plant and animal populations. In contrast, the low atoll 



islands are small and flat. They are not tall enough to generate orographic rain, and 
thus the amount of rainfall on low islands is close to that for the surrounding ocean. 
The atolls generally lack the freshwater and fertile soils that are characteristic of volca-
nic islands and have limited terrestrial resources. Low islands are especially prone to 
drought, but their varied coral reef, mangrove, and lagoon environments support rich 
marine ecosystems. 

Because high islands have more land and freshwater resources than low islands 
do, they have more long-term options for responding to changes in sea level, rainfall, 
and other climate variables. The amount of land on volcanic islands that is flat enough 
for large-scale settlement, development, and agriculture is limited, however, resulting 
in high concentrations of population, infrastructure, and commercial development in 
low-lying coastal areas. Thus, while communities on high islands and low islands have 
somewhat similar short-term challenges associated with climate change, they have dif-
ferent degrees of flexibility in how they can adapt.

Figure 1-1  Map of the Pacific Islands region and sub-regions. The region includes the Hawaiian 
archipelago and the US-Affiliated Pacific Islands and comprises the Central North Pacific (blue), 
Western North Pacific (light orange), Central South Pacific (light green), and the islands of the Pacific 
Remote Island Marine National Monument (dark orange). Shaded areas indicate each island’s exclusive 
economic zone (EEZ). (Courtesy of Miguel Castrence, East-West Center.)
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Pacific Island peoples, governments, and economies 

The Pacific Islands region includes demographically, culturally, and economically di-
verse communities. The first settlers of Micronesia traveled from the Philippines and In-
donesia around 4,000 years ago to settle the islands of the Republic of Palau, the Mariana 
archipelago, and possibly Yap. A second wave of later settlers traveled approximately 
2,000 years ago from southeast Melanesia, possibly the Solomon Islands, north past Kiri-
bati, settling the Marshall Islands and then moving west through the Caroline archi-
pelago until they met the earlier settlers in the area of western Chuuk and Yap (Rainbird, 
2004). The settlement of the Polynesian region began with the early Austronesian an-
cestors from Taiwan approximately 5,000 years ago (Gray et al., 2009). Over thousands 
of years, these early settlers traveled west through Sāmoa, Fiji, and Tonga in western 
Polynesia before reaching the Cook, Society, Tuamoto, and Marquesas archipelagos in 
eastern Polynesia. The first permanent settlers of Hawai‘i sailed north from this area, 
reaching the Hawaiian Islands approximately 1,200 years ago (Graves & Addison, 1995; 
Vitousek et al., 2004).

Contact with Europeans began with Magellan’s fleet, which landed at Guam in 1521, 
and continued for the following four centuries under multiple colonial powers. Today, 
islands with ties to the US are home to nearly 1.9 million people, with most (nearly 1.4 
million) living in Hawai‘i. The majority of the island populations are composed of di-
verse indigenous Pacific Islander communities, intermingled with immigrants mostly 
from Asia, Europe, North America, Australia, and New Zealand. At least 20 languages 
are spoken in the region. On many islands, a large proportion of the population is rural. 
As rural communities often depend on agriculture and other environmentally sensitive 
practices, they are extremely vulnerable to weather and climate conditions. 

The islands have varied histories of governance. A series of foreign countries have, 
at different times, governed most island chains or individual islands. Contemporary so-
cial systems throughout the region vary widely, with traditional Micronesian or Poly-
nesian rules and institutions mixed with those adopted from colonizing countries. In 
Hawai‘i and Guam, cash economies are highly developed, relatively few people rely 

Figure 1-2  Examples of high and low islands. The Pacific Islands region includes high islands that may 
rise to more than 13,000 feet above sea level, as well as low islands that are only a few feet above 
present sea level. (Left: Ko‘olau Mountains, © 2008 kstrebor, “Koolau Mountains windward side-HDR,” 
used under a Creative Commons Attribution-NonCommercial-NoDerivs license. Right: Laysan Island, 
courtesy of Andy Collins, NOAA.)
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on subsistence agriculture or fishing, and western legal systems dominate. In American 
Sāmoa and throughout Micronesia, traditional cultural systems govern behavior and 
traditional political structures are in place. Tribal systems led by chiefs have a large in-
fluence on decision making in the RMI, the FSM, and American Sāmoa (Petersen, 2009). 

Pacific Island populations share a cultural value that links society and the environ-
ment.  Resource management and conservation are essential for healthy, stable com-
munities on islands with limited resources because overexploitation could damage or 
permanently destroy resources. A key value for survival in Hawai‘i, for instance, is 
mālama ’āina, which means caring for the land (Kawaharada, 2011). In general, Pacific 
Island cultures recognize the value and relevance of their cultural heritage and systems 
of traditional knowledge and customary law developed within their social, cultural, and 
natural contexts (e.g., Gegeo & Watson-Gegeo, 2001). At the same time, contemporary 
island communities reflect diverse ancestries that, over time, have blended to create new 
cultural values. There is an emphasis on long-term connection with lands and resources, 
with multigenerational attachment to places (Gegeo, 2001; Teddy, Nikora, & Guerin, 
2008). Climate change threatens the physical, biological, and human elements necessary 
for Pacific Island cultures to sustain their co-existence and evolving relationship with a 
defined place and to maintain their unique set of customs, beliefs, language, traditional 
knowledge, objects, and built environment. This threat is due in part to the familial and 
divine relationships certain Pacific Island cultures have with the natural world and the 
implications of severed kinship ties when places, species, and practices are lost (e.g., 
Lili’uokalani, 1997).

Economic indicators show a wide range within the region (Table 1-1). Tourism fig-
ures prominently in the GDP of most island jurisdictions. Hawai‘i, for instance, wel-
comed almost 7 million visitors to the state in 2011, generating $12.6 billion in revenue 
(Hawai‘i Tourism Authority, 2011). A large US military presence means that the defense 
sector is also an important source of income. Climate change threatens the ecosystems 
(such as forests, streams, coral reefs, and open ocean) that communities rely on for sus-
tenance and revenue. Geographic remoteness means that the cost of transport has a pro-
found influence on island economies.

The isolation of the communities of the region, from one another and from the rest 
of the world, has led to the development of technological and cultural strategies for 
responding to events such as typhoons and large inter-annual variability in rainfall. His-
torically, settlement patterns, crop diversity, food storage and preservation techniques, 
and strategies for intercommunity cooperation have evolved in different ways to cope 
with local conditions on each island (Barnett & Campbell, 2010). More recently, the re-
currence of drought in the FSM has prompted systems of rationing and strategies for 
importing water (UN Office for the Coordination of Humanitarian Affairs, 1998). 

Although isolation has proved helpful in the development of adaptations that are 
highly specific to local needs, it has limited the gathering and exchange of regional infor-
mation that could support and enhance local adaptation strategies. Scientific study is in-
hibited by the labor and costs required to maintain climate monitoring systems in such 
remote locations. At the national and global levels, decisions on adaptation strategies are 
made without good information from the region. Conversely, distribution of national 
and global scientific and policy information around the region must be translated into 
multiple languages.
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Table 1-1: Economic and demographic indicators for Hawai‘i and the  
US-Affiliated Pacific Islands

Population Adjusted 
GDP 

GDP per 
capita Major income sources Governance

Hawai‘i 1,374,810 
(2011 est.)

$66.7 billion 
(2011 est.)

$48,500 
(2011 est.)

Tourism, US military, 
construction US state

CNMI 46,050 
(2011 est.)

$900 million 
(2000 est.)

$12,500 
(2000 est.)

US payments, tourism, 
subsistence agriculture  
and fishing

Commonwealth in 
political union with  
the US

FSM 106,836 
(2011 est.)

$238.1 million 
(2008 est.)

$2,200 
(2008 est.) 

US payments as part of their 
Compact of Free Association 
agreement, subsistence 
agriculture and fishing

Constitutional 
government in free 
association with the US

Guam 183,286 
(2011 est.)

$2.5 billion 
(2005 est.)

$15,000 
(2005 est.)

US military, tourism 
(primarily from Japan), 
construction

Organized, 
unincorporated territory 
of the US

RMI 67,182 
(2011 est.)

$133.5 million 
(2008 est.)

$2,500 
(2008 est.)

US military, US payments 
as part of their Compact of 
Free Association agreement, 
subsistence agriculture and 
fishing

Constitutional 
government in free 
association with the US

RP 20,956 
(2011 est.)

$164 million 
(2008 est.)

$8,100 
(2008 est.)

Tourism, subsistence 
agriculture, and fishing

Constitutional 
government in free 
association with the US

American 
Samoa

67,242 
(2011 est.)

$575.3 million 
(2007 est.)

$8,000 
(2007 est.)

US payments, tuna fishing 
and processing

Unorganized, 
unincorporated territory 
of the US

Note: Adjusted GDP (purchasing power parity) and GDP per capita show a wide range within the region. All data 
in this table are from the World Factbook (2011), except for the Hawai‘i data, which comes from the Hawai‘i State 
Department of Business, Economic Development & Tourism (2011).
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Several region-wide initiatives aim to foster communication and information shar-
ing on climate-related topics. These include the Pacific Climate Information System 
(http://www.pacificcis.org/), Pacific Regional Integrated Sciences and Assessments pro-
gram (http://www.pacificrisa.org/), Pacific Islands Climate Change Cooperative (http://
www.piccc.net/), Pacific Risk Management O`hana (http://collaborate.csc.noaa.gov/PRiMO/), 
and the Secretariat of the Pacific Regional Environment Programme’s Pacific Climate 
Change Roundtable and Pacific Adaptation to Climate Change project (http://www.sprep.
org/pacc-home). The Micronesia Challenge represents a similar effort, with a focus on the 
Western North Pacific sub-region (http://www.micronesiachallenge.org/).

Pacific Island ecosystems

The region is home to unique natural communities of global significance. It is character-
ized by a variety of linked and interacting ecosystems that range from alpine shrublands 
to wet forests, mountain streams to mangroves, and coral reefs to deep-sea trenches that 
extend across the world’s largest ocean. The same ocean currents and winds that guid-
ed human expansion and colonization of the islands also served to transport animals, 
plants, and microorganisms across great distances. The isolated nature of the islands 
has led to ecosystems that are unique, diverse, and relatively pristine, with extremely 
large numbers of endemic species (Pratt & Gon, 1998; Sadler, 1999; Ziegler, 2002). Yet 
the region’s rich biodiversity is fragile. In addition to climate change, human-related im-
pacts from agricultural and infrastructure development mean that more than 400 island 
species are listed under the Endangered Species Act. Many of these species are found in 
a network of protected areas, including 22 National Wildlife Refuges, 11 National Park 
units, 4 Marine National Monuments, 2 National Marine Sanctuaries, and state, territo-
rial, local, and private conservation areas. Sustaining the health of ocean and coastal 
ecosystems and their accompanying resources is vital to island life. 

In January 2009, President George W. Bush 
declared three Marine National Monuments 
(MNMs) in the Western Pacific: the Pacific Remote 
Islands, Marianas Trench, and Rose Atoll. This fol-
lowed the creation of the Papahānaumokuākea 
Marine National Monument in 2006. These ma-
rine areas are home to a large diversity of species, 
including many threatened and endemic species. 
They include unique and diverse features such 
as the Ring of Fire (one of the most volcanically 

active areas on earth), which is a vast array of sea-
mounts and underwater hydrothermal vents and 
volcanoes, extensive coral reef habitats, and the 
deepest marine trench on the planet. Monument 
designation called for a stop to commercial fish-
ing and for the development of Management, Re-
search and Exploration Plans for the Monuments. 

Overall management of the Monuments is 
shared between the Department of the Inte-
rior and the National Oceanic and Atmospheric 

Box 1-1

Marine national monuments in the Pacific Islands region
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Administration (NOAA). The Department of the 
Interior has delegated its responsibility to the US 
Fish and Wildlife Service (USFWS). Collabora-
tive planning and partnerships are crucial to the 
long-term protection of these diverse and abun-
dant marine resources, so NOAA and the USFWS 
are seeking input from stakeholders regarding 
the development of the Management, Research 
and Exploration Plans. NOAA and USFWS will 
work with partners to understand and protect the 
unique natural and cultural resources within the 
Monuments through the advancement of scien-
tific research, exploration, and public education.

The Papahānaumokuākea MNM comprises 
140,000 square miles of the Pacific, approximately 
250 nautical miles northwest of Hawai‘i, and in-
cludes the Northwestern Hawaiian Islands and 
Midway Islands. In 2010, Papahānaumokuākea 
was recognized as a UNESCO World Heritage 
Site for its remarkable collection of natural and 
cultural resources. Over 7,000 marine species are 
supported by the extensive coral reefs in the area, 
with 25% of these species not found elsewhere. 
Papahānaumokuākea is also the world’s larg-
est tropical seabird nesting area: over 5.5 million 
seabirds build their nests there each year, with 14 
million residing there seasonally. Important cul-
tural and archeological artifacts are also located 
on the islands.

The Mariana Trench MNM encompasses 
96,714 square miles, including waters and sub-
merged lands around the three northernmost 
Mariana Islands; submerged lands of designated 

volcanic sites; and submerged lands of certain 
portions of the trench. The Mariana Trench con-
tains some of the deepest ocean environments 
on earth and is a refuge for seabirds, sea turtles, 
unique coral reefs, and an immense diversity of 
seamount and hydrothermal vent life. Photosyn-
thetic and chemosynthetic communities coexist 
within the monument in Maug Crater, one of only 
a few places on Earth where this is known to oc-
cur. USFWS and NOAA are to consult with the 
Secretary of Defense, the US Coast Guard, and the 
government of the Commonwealth of the North-
ern Mariana Islands in managing the monument.

The Pacific Remote Islands MNM includes 
82,129 square miles of waters around Wake, Bak-
er, Howland, and Jarvis Islands, Johnson Atoll, 
Kingman Reef, and Palmyra Atoll. These areas 
support a large number of nesting seabirds and 
coral reefs, and they contain hundreds of thriv-
ing fish species, large apex predators, and endan-
gered turtles. 

The Rose Atoll MNM encompasses 13,436 
square miles of the ocean, located 130 nautical 
miles east-southeast of American Sāmoa. The 
atoll contains an abundance of species that have 
faced depletion elsewhere. It is an important nest-
ing area for the threatened green sea turtle and 
endangered hawksbill sea turtle. The Rose Atoll 
Monument is undergoing public review for con-
sideration of being added to the Fagatele Bay 
National Marine Sanctuary. The government of 
American Sāmoa will be a cooperating agency in 
development of a monument management plan.

Box 1-1 (Continued)

Box 1-1 Photo 1  Bluefin Trevally in Papah-
anaumokuakea Marine National Monument. 
(Courtesy of James Watt, USFWS.)
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Alpine and Subalpine

Distribution: Central North Pacific 
Restricted to three volcanic mountains in the Ha-
waiian archipelago—Mauna Kea (13,796 ft.) and 
Mauna Loa (13,680 ft.) on the island of Hawai‘i, 
and Haleakalā (10,023 ft.) on the island of Maui. 
Characterized by seasonal snow but otherwise 
arid conditions, low temperatures, sparse veg-
etation, and specialist endemic fauna. The sub-
alpine zone often is demarcated by the upper 
treeline of montane forests. 

Montane Forest (wet, mesic, and dry)

Distribution: Regional 
Montane forests are found on high islands in the 
Hawaiian, Samoan, and Mariana archipelagos 
and are distinguished by rainfall and soil type. 
Rainfall ranges from 400+ inches annually in 
wet forests and high-elevation bogs (Maui and 
Kaua‘i Islands, Hawaiian archipelago) to less 
than 50 inches annually in dry forests, often lo-
cated on the leeward side of islands. Montane 
forests support tens of thousands of native spe-
cies, many unique to a particular island or area 
within an island.

Lowland Forests, Shrublands, and 
Grasslands (wet, mesic, and dry)

Distribution: Regional 

Lowland forests, shrublands, and grasslands are 
found on high and low islands throughout the 
region and experience a large range in rainfall, 
most often associated with location on wind-
ward (wet) and leeward (dry) sides of islands.

Box 1-2

Ecosystems of the Pacific Islands region

Box 1-2 Photo 2  The endemic ‘i‘wi or Hawaiian 
Honeycreeper (Vestiaria coccinea) perched on an 
endemic lobelia (Lobelia grayana) at the Waikamoi 
Preserve, Island of Maui. (Courtesy of Daniel W. 
Clark.)

Box 1-2 Photo 1  The threatened, endemic ‘ahina-
hina or Haleakala silversword (Argyroxiphium sand-
wicense subsp. macrocephalum) in full bloom on 
Maui, Hawaiian Islands. (Courtesy of NPS.)

Box 1-2 Photo 3  The fruit bat, or flying fox, in-
habits lowland, coastal, and mangrove forests in 
the Central South and Central Western Pacific. Pic-
tured is the Samoan species (Pteropus samoensis). 
(Courtesy of NPS.)
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Lava Pioneer (all elevations) 

Distribution: Hawaiian Islands 
Lava pioneer, unique to the island of Hawai‘i, is 
characterized by lava flows where soil has yet to 
form. It is quickly colonized by “pioneer” plants 
and animals.

Streams (all elevations) 

Distribution: Regional, high islands 
Streams provide freshwater habitats on all high 
islands in the region and support a number of 
native and endemic fish, shrimp, invertebrates, 
and aquatic plants.

Coastal Plain

Distribution: Regional 
Coastal plains are found on most low islands, 
some elevated coral atolls, and most high islands. 
They often harbor both wet and dry forests and/
or wetlands, and the transition from coastal 
plain to strand (beach) or mangrove is at times 
indistinguishable. Coastal plains are important 
areas for traditional agriculture.

Coastal Wetlands

Distribution: Regional 
Coastal wetlands on high and low islands 

support a variety of freshwater, brackish, and 
saltwater plant and animal communities, pro-
vide crucial habitat for resident and migratory 
waterbirds, and support traditional agriculture.

Coastal Strand

Distribution: Regional 
The coastal strand, or dunes, marks the bound-
ary between terrestrial and marine realms and is 
found on all islands and atolls in the region. Few 
intact coastal strand areas remain on inhabited 
islands due to human development pressure.

Coastal Mangroves

Distribution: West and South Pacific 
Mangroves are native to the Western Pacific and 
play an important role in maintaining coastal 
ecosystems in Micronesia. American Sāmoa 
marks the easternmost range of mangroves in-
digenous to the Pacific.

Seagrass

Distribution: Regional 

Seagrass meadows are important components of 
estuaries, bays and lagoons, fringing reef, barrier 

Box 1-2 (Continued)

Box 1-2 Photo 5  A Hawaiian monk seal (Mona-
chus schauinslandi) and red-footed boobies (Sula 
sula) resting in the Northwestern Hawaiian Islands. 
(Courtesy of USFWS.)

Box 1-2 Photo 4  The endemic ‘ohi‘a lehua (Me-
trosideros polymorpha) is found in montane, 
lowland, and lava pioneer ecosystems throughout 
the Hawaiian Islands. (Courtesy of D. Spooner.)
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reef, and deepwater areas. Seagrasses are the 
only flowering plants that can live underwater, 
and they provide foraging and sheltering habitat 
for a variety of species.

Coral Reefs

Distribution: Regional

Coral reefs are one of the most biologically di-
verse ecosystems on the planet, supporting com-
plex communities from shallow to deep waters. 
Deepwater corals are some of the oldest organ-
isms on earth, with 4,000-year-old corals identi-
fied in the Hawaiian archipelago.

Pelagic

Distribution: Regional 

The pelagic (open-ocean) realm dominates the 
Pacific Islands region, supporting a diverse web 
of organisms, including microscopic plankton, 
fishes, marine reptiles, marine mammals, and 
seabirds.

Undersea Volcanoes and Thermal Vents

Distribution: Regional 

Undersea volcanoes and thermal vents support 
unusual life forms that thrive in complete dark-
ness in highly acidic and boiling water.

Abyssal

Distribution: Regional 

At the bottom of the ocean is the abyssal zone, 
supporting deep benthic communities of bac-
teria, shellfish, fish, and other organisms. The 
Mariana Trench is the deepest point on Earth 
(10,994 meters), which is deeper than the height 
of Mount Everest above sea level.

Box 1-2 (Continued)

Box 1-2 Photo 6  A giant trevally (Caranx ignobilis) 
foraging in a seagrass meadow. (Courtesy of NOAA.)

Box 1-2 Photo 7  The coral reefs in American 
Samoa support a diversity of species, including the 
beaded sea anemone (Heteractic aurora). (Courtesy 
of Paul Brown, NPS.)

Box 1-2 Photo 8  Whales are the largest inhabitants 
of the pelagic (open) ocean areas of the Pacific Is-
lands. Pictured here are humpback whales (Megap-
tera novaeangliae). (Courtesy of NOAA.) 
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Weather and climate 

Because of its proximity to the Equator, the Pacific Islands region experiences relatively 
small seasonal variations in air temperature. In contrast, rainfall varies widely by season 
and location. The islands of the region all have distinct wet and dry seasons that loosely 
correspond to winter and summer months. However, the timing, duration, and intensity 
of these seasons, like the weather and climate in general, vary due to the combinations of 
atmospheric and ocean circulation patterns that are unique to each sub-region. 

The dominant “centers of action” with respect to atmospheric circulation in the Cen-
tral North Pacific are the North Pacific High (NPH), the Aleutian Low (AL), and the 
Intertropical Convergence Zone (ITCZ) (see Appendix A). In the Western North Pacific, 
important elements include the East Asian and Western Pacific monsoon system. In the 
Central South Pacific, in particular the area around American Sāmoa, the South Pacific 
Convergence Zone (SPCZ) is highly influential. The oceanic circulation of the region is 
dominated by the westward-flowing tropical branches of the North and South Pacific 
Gyre systems, namely the North and South Equatorial Currents (NEC, SEC) and, to a 
lesser degree, the eastward-flowing North Equatorial Counter Current (NECC) and the 
cold Equatorial Undercurrent (EUC) that flows eastward beneath the SEC at the equa-
tor and feeds the equatorial upwelling within the eastern tropical Pacific. The role of the 
ocean in controlling weather and climate cannot be underestimated. Sea-surface tem-
perature, for example, affects tropical cyclone formation. The ocean (and the coupled at-
mospheric as well as chemical and biological) system redistributes heat from the tropics 
to the poles (as well as moisture, dissolved oxygen, nutrients, and so forth). It also serves 
as a global sink for heat and carbon dioxide. 

Central North Pacific

Weather and climate in the Central North Pacific sub-region (CNP) are strongly influ-
enced by the NPH and associated northeast trade winds, which blow about 75% of the 
year. During the winter in the northern hemisphere, the NPH is located closer to the 
equator and on average is smaller, weaker, or even absent (Figure 1-3). The winter is 
also when the AL is large, most intense, and located farther south, with the associated 
prevailing winds from the west reaching as far south as 28°N. It is during this time 
that extra-tropical cyclones regularly spin-up off the AL and drop into the prevailing 
west winds. These storms lead to the high waves that reach the northern shores of the 
Hawaiian Islands. During the northern hemisphere summer, the AL is located farther 
north and is impermanent or nonexistent, whereas the NPH reaches its peak size and 
northernmost position. Trade winds, blowing from the east, extend correspondingly, on 
average to 35°N. The frequency of rainfall associated with the trade winds also increases 
(NOAA Pacific Storms Climatology Products, n.d.).

Western North Pacific

Weather and climate in the Western North Pacific sub-region (WNP) are shaped by its 
proximity to the NPH, associated trade winds, and the monsoon trough, a local manifes-
tation of the ITCZ, a zone of converging winds and relatively high rainfall. The position 
of the monsoon trough varies seasonally. From May to October, it moves through the 
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sub-region, bringing each island its rainy season. The trade winds are stronger and last 
longer in the northern and eastern parts of the sub-region (closest to their origin in the 
NPH). They can also generate high surf (NOAA Pacific Storms Climatology Products, 
n.d.). The trade winds are more persistent during the winter months and less persistent 
during the summer months when the monsoon trough expands, creating strong winds 
from the southwest (Kodama & Businger, 1998). The trade winds are most persistent 
in RP and the southwestern parts of the sub-region, episodic on Guam, and rarely felt 
in RMI to the northeast (Bridgman & Oliver, 2006; NOAA Pacific Storms Climatology 
Products, n.d.). The monsoon trough activity makes the WNP the most active tropical 
cyclone basin, with an annual average of approximately 26 cyclones reaching tropical 
storm strength or greater (Knapp et al., 2010).

Central South Pacific

The weather and climate of the Central South Pacific sub-region (CSP) are affected by 
the South Pacific Convergence Zone (SPCZ). Like the ITCZ, the SPCZ is a zone of con-
verging winds and relatively high rainfall. Trade winds dominate from May to Octo-
ber, although the winds originate from subtropical high-pressure areas in the southern 
hemisphere instead of the NPH. Rainfall varies widely by season: approximately 75% of 
annual rainfall occurs from November to April, when the SPCZ is located about halfway 
between Western Sāmoa and Fiji. During the dry season, the SPCZ moves out of the area 
and often becomes weak or inactive (Australian Bureau of Meteorology & CSIRO, 2011). 
Heavy rainfall in this sub-region is primarily associated with tropical cyclones.

Figure 1-3  Northern hemisphere summer (June–August) versus winter (December–February) plots of 
the annual average atmospheric pressure at sea level (SLP). In June–August (left), the area of strong 
average high pressure (orange) that extends across the CNP corresponds to the NPH. In December–
February (right), the area of strong average low pressure (purple) centered on the Gulf of Alaska 
corresponds to the AL. (Courtesy of NOAA ESRL Physical Sciences Division.)
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Inter-annual and interdecadal variability 

High inter-annual and interdecadal variability is a characteristic feature of the climate 
in the Pacific Islands region. Seasonal patterns of variability are influenced by El Niño-
Southern Oscillation (ENSO). ENSO is associated with changes in a number of coupled 
oceanic and atmospheric conditions across the Pacific, including differences in atmo-
spheric pressures in an east-west direction along the equator through the tropics, its 
effect on the trade winds, sea-surface height (SSH), sea-surface temperature (SST), the 
position of the jet streams and storm tracks, and the location and intensity of rainfall 
(Wyrtki, 1975; Trenberth, 1991; IPCC, 2007; Australian Bureau of Meteorology & CSIRO, 
2011). The two extremes are the warm phase (El Niño event) and the cold phase (La 
Niña event) (Figure 1-4). El Niño is characterized by decreased trade wind activity, 
which allows the warm waters gathered by the winds into the western Pacific to flow 
eastward. This warming is coupled with an eastward shift in convective cloudiness and 
rainfall. During La Niña, this pattern is reversed: stronger trade winds allow the area of 
cold SSTs in the eastern Pacific to become larger. Occurring roughly every 3 to 7 years 
with events generally persisting for 6 to 18 months, ENSO maintains a pattern that gives 
it a level of predictability yet retains some variability in its occurrence, magnitude, and 
climate consequences around the world (Cane, 2005).

The effects of ENSO on the region are significant (Giambelluca et al., 2011), and they 
vary among the sub-regions (Figure 1-5). In the CNP, weakened trade winds during El 
Niño events reduce rainfall and cause dry conditions throughout the Hawaiian Islands; 
rainfall is higher during La Niña. Elsewhere in the Pacific, the situation is more complex. 

Figure 1-4  El Niño and La Niña events. During El Niño (left), the trade winds decrease, ocean water 
piles up off South America, the SST increases in the eastern Pacific, and there is a shift in the prevail-
ing rain pattern from the western Pacific to the western Central Pacific. During La Niña (right), the 
trade winds increase, ocean water piles up in the western Pacific, the SST decreases in the eastern 
Pacific, and the prevailing rain pattern also shifts farther west than normal. (Courtesy of NOAA National 
Weather Service.)
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Dry conditions prevail across much of the WNP during El Niño. In the CSP, the location 
of the SPCZ shifts during El Niño, causing heavy rainfall or dry conditions depending 
on the strength of the particular event and the island location (Australian Bureau of 
Meteorology & CSIRO, 2011). The frequency and intensity of subtropical cyclones (hur-
ricanes, typhoons) are also affected by ENSO (Lander, 2004; Maue, 2011). In the Western 
North Pacific, typhoons tend to be more intense in El Niño years (Gualdi et al., 2008).

The weather and climate patterns of the region are also influenced by longer, multi-
decadal periods of coupled atmospheric-oceanic conditions, such as the Pacific Decadal 
Oscillation (PDO) (Mantua et al., 1997; D’Aleo & Easterbrook, 2010). The PDO is char-
acterized by alternating periods of dominance of El Niño (warm phase) versus La Niña 
(cold phase) and corresponding changes in atmospheric circulation, ocean circulation, 
SST, SSH, and so forth throughout the whole Pacific Basin. These PDO phases tend to 
persist for 20 to 30 years (D’Aleo & Easterbrook, 2010). It is generally agreed that a warm 
phase of more frequent, longer, and stronger El Niños occurred from about 1976 to 1998. 
A shift back to the cold phase of La Niña appears to have commenced in 1999, and it 
is anticipated these conditions may persist for the next two or three decades. Decadal 
to interdecadal variability linked to the PDO is most conspicuous in the North Pacific, 
where fluctuations in the strength of the winter Aleutian Low pressure system co-vary 
with North Pacific SST (IPCC, 2007). Although nearly identical, the Interdecadal Pacific 
Oscillation (IPO, compared to the PDO) applies to the broader (south as well as north) 
Pacific (IPCC, 2007). Recently, considerable attention has focused on observed variations 
in ENSO at decadal time scales (Maue, 2011). Specifically, during the past two decades, 
in contrast to classical El Niño with eastern tropical Pacific warming, the occurrence of 
central Pacific warming episodes referred to as El Niño Modoki events has noticeably 
increased relative to classical El Niño events, which are characterized by warming of the 
eastern Pacific (Lee & McPhaden, 2010; Maue, 2011).

Figure 1-5   Precipitation 
during El Niño in the 
northern hemisphere 
winter. (Courtesy of 
NOAA Pacific Marine 
Environmental Laboratory.)
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The Pacific Ocean covers approximately one-third 
of the Earth’s surface and plays a significant role 
in determining the complex global dynamics 
among the ocean, atmosphere, and land systems 
that shape the Earth’s climate. Within the Pacific 
Islands region, climatological prediction in the 
tropics, and to a lesser degree outside the tropics, 
is tightly linked to our ability to accurately predict 
tropical sea-surface temperature (SST) (Kumar & 
Hoerling, 1998; Goddard et al., 2001; Annamalai 
et al., 2011). 

Tropical SST variations in the Pacific are domi-
nated by natural short-term cycles such as El Niño-
Southern Oscillation (ENSO) events (Ropelewski 
& Halpert, 1987; Kiladis & Diaz, 1989) and the In-
terdecadal Pacific Oscillation (IPO), which is the 
manifestation of the Pacific Decadal Oscillation 
(PDO) in both the southern and northern hemi-
spheres (Meehl et al., 2009). 

As a result of these short-term cycles, vari-
ability in annual rainfall for the Pacific Islands 
is much higher than in regions not affected by 

ENSO. Specifically, ENSO magnifies the magni-
tude of inter-annual rainfall fluctuations in the 
Pacific by one-third to one-half as compared to 
unaffected  areas (Nicholls, 1988). This short-term 
variability obscures long-term trends and patterns 
in historical data resulting from climate change 
(Madden, 1976): signals in temperature and pre-
cipitation that are more easily detected in other 
areas of the globe are hidden by ENSO noise in 
the Pacific region. This relatively high internal 
climate variability results in a low signal-to-noise 
ratio in the region, patterns in long-term climate 
variables (such as temperature and precipitation)
(Kumar & Hoerling 1998; Meehl et al., 2009; Deser 
et al., 2010b). 

Although ENSO and IPO cycles make it dif-
ficult to predict future regional climate at time 
scales of decades to centuries, the value of global 
and regional climate models is that they can pre-
dict with substantial confidence how the long-
term average climate will change as a result of 
natural and human-induced factors (Figure 1-6). 

Observations and monitoring

Long-term, continuous, and high-quality observations of the environment, including 
chemical and biological variables as well as physical variables such as air temperature, 
rainfall, and sea-surface temperature, are critical for understanding the current and 
future state of the weather and climate in the region. “Climate-quality” data are criti-
cal not only for understanding the dynamics of natural processes but also for ensuring 
the accuracy of models that simulate possible and probable future impacts of climate 
change and variability. Because the majority of the Pacific Islands region is ocean, a 
robust ocean observational network is key to understanding local climatic phenomena. 
Land-based networks of long-term stream and rainfall gauges, as well as temperature, 
evapotranspiration, and wind stations, for example, are also essential. 

Globally, significant progress has been made in the past 20 years in coverage and 
technological capability. The Global Climate Observing System (GCOS), a component 
of the Global Earth Observation System of Systems (GEOSS), has documented the 

Box 1-3

Distinguishing climate variability from climate change in the Pacific
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appropriate variables as “essential climate variables” (ECV). Much of the required data 
covering 50 ECVs is routinely collected by observing systems. However, many key re-
gions and climatic zones remain poorly observed, and many of these observing systems, 
particularly those of non-satellite based atmospheric and terrestrial networks, have 
been in severe decline in quality and overall scientific veracity over the past few decades 
(IPCC, 2007; Trenberth, 2008; Manton et al., 2010; Karl et al., 2010). This decline in moni-
toring networks is particularly evident in the Pacific Islands region.

For example, if a short-term extreme event such as 
a drought occurs in the future when the average 
climate is drier than it is currently, the net result 

could be a drought that exceeds similar dry condi-
tions in the past.

Box 1-3 (Continued)

Figure 1-6  Simulated natural versus human-induced global temperature, 1890–2000. Using an ensemble of 
four climate models, scientists can differentiate between human-induced trends and natural trends in long-term 
global climate variables. Here, the observed change in global annual air temperature (black line) is compared 
to the predicted range of air temperature with only natural climate variability (blue line with blue shading) and 
the predicted range with both natural plus human-induced factors (red line with pink shading). Natural factors 
include volcanic and solar activity, while human-induced activity adds the effects of greenhouse gases, sulfates, 
and ozone (Meehl et al., 2009). In the Pacific region, high ENSO-related variability makes it more difficult to sepa-
rate the long-term and short-term trends. (From Meehl et al. [2009] by permission of American Meteorological 
Society.)
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Over the past few decades, satellites and other types of observing systems such as 
drifters and gliders (e.g., Argo profiling floats and Autonomous Underwater Vehicles, 
or AUVs) have revolutionized our understanding of the climate system. With respect 
to sea-level rise (SLR), for example, satellite altimeters along with the Gravity Recovery 
and Climate Experiment (GRACE) project and Argo have been providing detailed mea-
surements of sea-surface height across the ocean surface and tracking the factors that are 
critical to understanding the global sea-level budget (Leuliette & Miller, 2009; Leuliette 
& Willis, 2011). These systems are not working alone. In the Pacific, a robust network of 
sea-level stations, including those in NOAA’s National Water Level Observation Net-
work (NWLON) and the larger Global Sea Level Observing System (GLOSS) Global 
Core Network (GCN), monitor local water levels and help to calibrate and validate the 
space-based observations. 

Unfortunately, similar progress cannot be reported with respect to systems making 
in situ measurements of other important parameters such as surface temperature, pre-
cipitation, and water resources. Rather, many of these systems in the region have been 
in decline over the past few decades. In Hawai‘i, for example, both the number of active 
rain gauges and the number of streamflow gauges have decreased dramatically since 
the 1960s (Giambelluca et al., 2011; Oki, 2004). Elsewhere in the region, the situation is 
worse and is exacerbated further by the lack of resources needed to support data man-
agement as well as maintain observing systems and associated infrastructure. For other 
observing systems and monitoring methods, decline is not the primary issue: adequate 
networks and protocols have never been established. For example, few long records 
of wave height are available for the region on the whole. Similarly, more GPS stations 
and longer time series are needed to better assess local land motion. The collection of 
ecosystem-related data, while improving, is insufficient. In addition, there is an urgent 
need to link physical, chemical, and biological observations with socioeconomic data as 
a means to better understand and predict impacts. Providing a robust observing system 
goes beyond addressing the needs of the region. Considering the role the Pacific plays in 
the global climate system along with the existence of unique and pristine ecosystems in 
the region, enhanced monitoring affords an opportunity to advance the overall state of 
knowledge and assess the impacts of climate change.

Models and projections

Global climate models (GCMs), which simulate the workings of the climate systems, 
provide a basis for projecting future climate change. Greenhouse gas emissions “sce-
narios” are used to drive model runs. Typical results reflect output from multiple runs 
of multiple models. For example, in the Fourth Assessment Report (AR4) of the Inter-
governmental Panel on Climate Change (IPCC), 18 global modeling centers contributed 
outputs from hundreds of simulations coordinated through the Coupled Model Inter-
comparison Project Phase 3 (CMIP3). Generally recognized sources of uncertainty in 
GCM outputs include incomplete understanding of (a) the factors that govern climate 
change, chiefly the sources and sinks of human-induced factors; (b) the response of the 
climate system to those factors; and (c) the role of natural variability (Mote et al., 2011).

Previous assessments by the IPCC used four categorizations for their scenarios of 
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The longest high-quality record of atmospheric 
carbon dioxide (CO2) is on Hawai‘i Island at the 
Mauna Loa Observatory, an atmospheric research 
station at an elevation of 11,141 feet above sea 
level. The Mauna Loa Observatory has been re-
cording atmospheric CO2 since the mid-1950s and 
is a valuable record because of the undisturbed 
air, minimal human influence, and remote loca-
tion. The record of CO2, also known as the Keeling 
Curve (after Charles Keeling), is a crucial resource 
for building models of global climate (Figure 1-7).

HaleNet I was established in 1988–90 and 
consists of two transects of climate stations along 
the leeward and windward slopes of Haleakalā 
National Park on the island of Maui, Hawaiian 
Islands. Spanning elevations from 3,117 to 9,843 
feet, HaleNet I provides baseline data for moni-
toring climate variability and change as well as 
ecological responses. HaleNet II was established 
in 1992 on the windward slope of Haleakalā to 

document baseline conditions and response to El 
Niño–induced droughts from the heart of mon-
tane forest up through the treeline and trade 
wind inversion layer. HaleNet provides the only 
long-term terrestrial bioclimate monitoring data 
set in the Pacific Islands and is an important re-
source for understanding ecological responses to 
changing climatic conditions (see http://climate.so-
cialsciences.hawaii.edu/HaleNet/HaleNet.htm).

Station ALOHA is an oceanographic research 
area located about 60 nautical miles north of the 
island of O‘ahu (University of Hawai‘i at Mānoa, 
2012). For more than 20 years, monthly research 
cruises to Station ALOHA have yielded the most 
detailed record to date on ocean acidification in 
the Pacific. The cruises were conducted under the 
Hawai‘i Ocean Time-series program (HOT) estab-
lished in 1988 by Dave Karl and Roger Lukas of 
the School of Ocean, Earth Science and Technolo-
gy (SOEST) at the University of Hawai’i at Mānoa. 

Box 1-4 Photo 1  The Mauna Loa Observatory sits at an elevation of 11,141 feet above sea level on Hawai‘i 
Island and is the site of the longest high-quality record of atmospheric carbon dioxide, known as the Keeling 
Curve. Funding to maintain the station has been in jeopardy since the station started taking measurements in 
the mid-1950s. (© Forest M. Mims III. Used with permission.)

Box 1- 4

The value of high-quality observations and monitoring: Mauna Loa 
Observatory, HaleNet, and Station ALOHA
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Station ALOHA currently includes a seafloor ob-
servatory, which measures salinity, temperature, 
and currents, as well as hydrophones and a cam-
era for monitoring deep-sea activity.

Data from the Mauna Loa Observatory, Ha-
leNet, and Station ALOHA have proven invalu-
able to science. However, maintaining these 
observing capabilities is a challenge. Funding for 
the Mauna Loa Observatory has been in jeopardy 
as long as it has existed. The station has mostly 

remained open due to the tireless efforts of small 
groups of passionate atmospheric scientists who 
put together small amounts of funding to support 
“routine monitoring,” a category that funding 
agencies prefer to overlook in favor of research 
(Weart, 1997). Without data to support it, there 
can be no research. Additional ways to secure 
more support are needed to maintain this net-
work of monitoring stations.

Figure 1-7  The Keeling 
Curve: observed 
atmospheric CO2, 1958–
2011. (Courtesy of Dr. 
Pieter Tans, NOAA ESRL, 
and Dr. Ralph Keeling, 
Scripps Institution of 
Oceanography.)

Box 1- 4 (Continued)

future emissions and climate, each with different assumptions about future population, so-
cioeconomic conditions, and technological advances: A1, A2, B1, and B2 (Meehl et al., 2007). 
The A1 scenario assumes a future with very rapid economic growth, a global population that 
peaks mid-century, and rapid development and use of efficient technology. The B1 scenario 
uses the same population assumptions as A1, with more rapid socioeconomic changes, toward 
a service and information economy. B2 has intermediate population and economic growth 
while focusing on local solutions and environmental stability. The final A2 scenario has high 
population growth and slow economic development and technological change. Many groups 
of climate modelers use these scenarios to simulate a range of potential future conditions. The 
A2 and B1 scenarios are used in the PIRCA report.

Figure 1-8 shows CMIP3 multi-model mean annual temperature for Hawai‘i in three future 
time periods (2035, 2055, 2085) and two emissions scenarios (A2, B1). Predicted temperatures 
increase steadily compared to 1971–2000, representing a continuation of the upward trend 
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in mean temperature in the region over the past century. Temperatures are consistently 
higher for the A2 scenario, and there is little or no spatial variation, especially for the A2 
scenario. For 2035, B1 values range from 0.56° to 1.11°C (1° to 2°F), and A2 values range 
from 0.83° to 1.11°C (1.5° to 2°F) higher than values for 1971–2000. For 2055, B1 values 
range from 0.83° to 1.39°C (1.5° to 2.5°F), and A2 values range from 1.67° to 1.94°C (3° to 
3.5°F) higher. Increases by 2085 are larger still, ranging from 1.39° to 1.67°C (2.5° to 3°F) 
for B1 and from 2.5° to 2.78°C (4.5° to 5°F) for A2 higher than 1971–2000 values. The sign 
and magnitude of the trends indicated in projections are in general agreement with the 
trends found in historic observations (discussed in detail in Chapter 2).

Although predictions are less certain than those for mean annual temperature, the 
CMIP3 multi-model shown in Figure 1-8 also predicts annual rainfall for Hawai‘i for the 
three future years (2035, 2055, 2085) and two emissions scenarios (A2, B1), showing a gen-
eral south-north gradient in changes. Despite a downward trend over the past century, 
by 2085 the southern parts of the state show relatively large increases while the northern 
areas show slight decreases. This gradient increases in magnitude as time progresses for 
both scenarios. The largest south-north differences are for the A2 scenario in 2085, vary-
ing from an increase of 7.5% over 1971–2000 values south of the Big Island to a decrease of 
3.5% in Kaua‘i. The weakest difference occurs for the B1 scenario in 2035, with decreases 
of 0.5% to 2.5% below values for 1971–2000. The weakest difference occurs for the B1 
scenario in 2035, with decreases of 0.5% to 2.5% below values for 1971–2000. Individual 

Figure 1-8  Multi-model mean annual differences in (left) temperature (°F) and (right) precipitation (%) 
in Hawai‘i between the three future periods and 1971–2000, from the 15 CMIP3 model simulations. 
(Courtesy of Ken Kunkel, NOAA NCDC and North Carolina State University.)
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model realizations from the multi-model predictions of regional precipitation gener-
ally have more variability and therefore more uncertainty than those associated with 
temperature. However, this uncertainty can be reduced by improving regional model 
downscaling.

For the Central South Pacific sub-region, CMIP3 models project that annual surface 
air temperatures (SATs) for both B1 and A2 emissions scenarios will range from 0.61° to 
0.72°C (1.1° to 1.3°F) higher than 1971–2000 values by 2030, 1.06° to 1.39°C (1.9° to 2.5°F) 
higher by 2055, and 1.39° to 2.67°C (2.5° to 4.8°F) higher by 2090 (Australian Bureau of 
Meteorology & CSIRO, 2011). Warming trends are also projected for the WNP, with an-
nual SATs for both scenarios ranging from 0.61°C to 0.72°C (1.1° to 1.3°F) higher by 2030, 
1.06° to 1.44°C (1.9° to 2.6°F) higher by 2055, and 1.5° to 2.83°C (2.7° to 5.1°F) higher by 
2090 (Australian Bureau of Meteorology & CSIRO, 2011). The intensity and frequency of 
days of extreme heat are also projected to increase over the course of the 21st century for 
all regions (with very high confidence).

Although predictions of higher temperature are consistent with the historic trend, 
predictions of higher rainfall are not. And, as noted in Appendix B, there are also sub-
stantial differences among projections by specific models. These two findings highlight a 
critical area for future research. Another important consideration with respect to model 
projections is inadequate spatial resolution. “Regional downscaling” is needed, in par-
ticular, to address issues related to the geography and associated atmospheric dynamics 
of the high islands. While downscaling at higher resolutions will be beneficial for all US 
regions, it is crucial for Hawai‘i and the USAPI, as islands were too small to appear as 
landforms at the scale used for GCMs in the IPCC AR4 in 2007. Adequate spatial and 
temporal resolution is critical if model outputs are to be used to assess impacts and sup-
port climate adaptation planning. Appendix B discusses issues related to downscaling 
as well as the results of current efforts to improve spatial resolution.

Finally, natural year-to-year variability represents an additional complicating fac-
tor in determining the mean response of tropical Pacific circulation patterns to climate 
change (as described earlier in this chapter). The goal of developing scenarios is perhaps 
best viewed as helping to distinguish the slowly varying central tendency of climate 
change from shorter-term variations. In the region, short-term variations are important 
(and even dominant) when the objective is to identify and interpret climate change on 
small scales of time and space (Mote et al., 2011; Hawkins & Sutton, 2010; Giorgi, 2005). 

Indicators of a changing climate in the Pacific Islands region

Despite the challenges of distinguishing natural variability from long-term changes, and 
in analyzing historic and projected trends, several key indicators reflect observed change 
and can serve as a basis for monitoring and evaluating future change (Figure 1-9).

•	Carbon dioxide (CO2) concentrations are rising. Since the start of the industrial 
revolution, the concentration of CO2 in the atmosphere has increased by roughly 
35 percent (NOAA NCDC, 2011). As of May 2012, CO2 measurement from 
the Mauna Loa observatory was 396.78 parts per million (ppm). Over the last 
800,000 years, atmospheric carbon dioxide (CO2) concentrations have varied 
within a range of about 170 to 300 ppm. 
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•	Surface air temperature is rising. Air temperature has increased throughout 
the region. In Hawai‘i, average temperatures for all stations increased by 0.08°F 
per decade over the period 1919 to 2006. In recent years, the rate of increase 
has been accelerating, particularly at high elevations (Giambelluca et al., 
2008). In the WNP, observed maximum and minimum temperatures increased 
over the past 60 years (Kruk et al., 2012; Lander & Guard, 2003; Lander & 
Khosrowpanah, 2004; Lander, 2004). In the CSP, there has been a general 
warming trend in average, minimum, and maximum temperatures since the 
1950s (Australian Bureau of Meteorology & CSIRO, 2011). Annual surface 
air temperatures are projected to increase for the entire Pacific Islands region 
under A2 and B1 emissions scenarios (Australian Bureau of Meteorology & 
CSIRO, 2011). 

Sea Surface Temperature Rising

Sea Level Rising

Carbon Dioxide Concentrations Rising

Ocean Heat Content Rising

Surface Air Temperature Rising

Rainfall Changing

Winds and Waves Changing

Extreme Events Changing

Ocean Chemistry Changing

Habitats and Species
Distributions Changing

Baseflow in Streams Decreasing

Figure 1-9  Indicators of climate change in the Pacific Islands region. (Courtesy of Susan Yamamoto, 
Geovision. Adapted from “Ten Indicators of a Warming World,” in NOAA National Climatic Data Center, 
State of the Climate 2009 [report].)
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•	Sea level is rising. Global mean sea level has been rising at an average rate of 
approximately 0.13 inches +/-0.02 inches (3.4 mm +/- 0.4 mm) per year since 
the early 1990s (Nerem et al., 2010). This rate, based on satellite altimeter 
measurements, is twice the estimated rate for the 20th century based on tide-
gauge measurements (Church & White, 2006; Bindoff et al., 2007). Rates of sea-
level rise in the region during the altimetry period exceed the global rate, with 
the highest increases occurring in the WNP (Cazenave & Llovel, 2010; Nerem 
et al., 2010; Timmermann et al., 2010). Regional changes exceeding the global 
average are attributed to changes in wind, as well as natural climate variability 
(Di Lorenzo et al., 2010; Bromirski et al., 2011; Merrifield, 2011). Globally, 
much of the SLR to date is a result of thermal expansion associated with ocean 
warming. The global rate is expected to increase as melting land ice (e.g., from 
Greenland and mountain glaciers) adds water to the ocean. 

•	Sea-surface temperature is rising. Since the 1970s, sea-surface temperature 
(SST) has increased at a rate of 0.13° to 0.41°F (0.07° to 0.23°C) per decade, 
depending on the location. Projected increases in SST for the Pacific Islands 
region range from 1.1° to 1.3°F by 2030, 1.6° to 2.5°F by 2055, and 2.3° to 
4.9°F by 2090 under B1 and A2 emission scenarios (Australian Bureau of 
Meteorology & CSIRO, 2011).

•	Upper-ocean heat content is rising (stratification is changing). While ocean 
heat content varies significantly across time and place due to changing ocean 
currents and natural variability, there has been a strong warming trend in 
recent decades (NOAA NCDC, 2011). Model projections show a 30% expansion 
of subtropical areas by 2100, whereas temperate and equatorial areas decrease 
by 34% and 28%, respectively (Polovina et al., 2011). This is due primarily to 
enhanced stratification and a northward shift in the prevailing mid-latitude 
winds blowing from the west. 

•	Ocean chemistry is changing. When human-induced carbon dioxide is 
absorbed by seawater, chemical reactions occur that reduce saturation states of 
the minerals calcite and aragonite (a process referred to as ocean acidification). 
Surface pH has dropped by 0.1 pH units and is projected to decline an 
additional 0.2 to 0.3 pH units by 2011 (Doney et al., 2012; Feely et al., 2009). 
Aragonite is critical to reef-building coral, and annual maximum saturation 
state is projected to drop below 3.5 by 2035 to 2060 around the Pacific with 
continuing decline thereafter (Australian Bureau of Meteorology & CSIRO, 
2011). 

•	Rainfall amount and distribution are changing. Over the past century, rainfall 
has decreased throughout Hawai‘i (Oki, 2004; Chu & Chen, 2005; Diaz et al., 
2005, 2011; Giambelluca et al., 2011; Elison Timm et al., 2011). From 1954 to 
2011, rainfall also decreased in eastern Micronesian islands such as Majuro and 
Kwajalein. In contrast, rainfall has increased slightly in western Micronesian 
islands (Bailey & Jenson, 2011; Jacklick et al., 2011). In the CSP, long-term 
precipitation records show no visible or significant trend (Young, 2007). 
Statistical downscaling by Elison Timm and Diaz (2009) projected the most 
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likely precipitation scenario for Hawai‘i for the 21st century to be a 5% to 10% 
reduction for the wet season and a 5% increase in the dry season.

•	Stream base flow is decreasing. Eight of the nine long-term stream gauges in 
Hawai‘i show statistically significant decreases in base flow, the groundwater 
component of streamflow, from 1913 to 2008 (Oki, 2004; Bassiouni & Oki, 2012).

•	Winds and waves are changing. In the WNP, the strength of the trade winds 
has increased since the early 1990s; correspondingly, sea level has risen 
(Merrifield, 2011; Merrifield & Maltrud, 2011). Observations from wave buoys 
suggest that wave heights have increased in the North Pacific over the past 
century (Ruggiero et al., 2010; Seneviratne et al., 2012). 

•	Extremes are changing (e.g., drought, rainfall, coastal inundation). 
Throughout Hawai‘i, there is a trend toward fewer extreme rainfall events 
(exceeding 10 inches in 24 hours) and a propensity toward longer dry periods 
(Chu et al., 2010). The annual number of maximum consecutive dry days 
occurring during the 1980–2011 time period increased compared to years 1950–
1970 (Chu et al., 2010). Since the 1950s, there have been fewer extreme rainfall 
events (exceeding 10 inches in 24 hours) in Guam and the CNMI (Lander & 
Guard, 2003; Lander & Khosrowpanah, 2004). The WNP basin (the world’s 
most prolific typhoon basin) has been very calm in recent years (Knapp et al., 
2010; Maue, 2011). The CNP also appears to be experiencing fewer tropical 
cyclones (Chu, 2002). In contrast, tide-gauge observations at Midway Atoll, 
in the Hawaiian archipelago, suggest that the number of storm wave events 
originating from outside the tropics has increased significantly over the past 50 
years (Aucan et al., 2012).

•	Habitats (and species distributions) are changing. Significant, widespread 
ecosystem changes have occurred in the Pacific Islands region, and continued 
change is highly likely. Many coral reefs are endangered and perhaps dying due 
to the cumulative effects of fishing practices, land-based sources of pollution, 
sedimentation, physical damage from anchors and vessels, coastal development, 
invasive species, and changes in ocean temperature and chemistry. Changes 
in distribution of open-ocean fish species are associated with changes in ocean 
temperatures (Polovina et al., 2011). Coastal wetlands and mangrove areas are 
becoming more saline over time, with increased inundation from high waves, 
and Pacific Island mangroves may be substantially reduced by 2100 (Gilman et 
al., 2008). Projections of temperature and rainfall suggest that by 2100, climate 
change will have created new, coastal low-elevation growth conditions in areas 
that are already dominated by invasive species. At higher elevations, some wet 
native ecosystems will no longer exist by 2100.

Impacts of a changing climate in the Pacific Islands region

Decision makers in all sectors are faced with addressing the impacts of the chang-
ing climate in the Pacific Islands region. Key climate-related vulnerabilities facing the 
region’s natural resources and the communities that rely upon those resources are 
summarized below. 
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Low islands, coral reefs, nearshore and coastal areas on high islands, and high- 
elevation ecosystems (particularly alpine and subalpine) are most vulnerable to climatic 
changes. In marine ecosystems, large-scale changes in wind regimes, thermal stratifi-
cation, and ocean chemistry affect phytoplankton distribution (Polovina et al., 2008), 
which, in turn, will likely change the distribution of species all along the food chain. 
Species dependent on fixed islands for breeding, however, such as seabirds, may not be 
able to adapt to these changing conditions (Frederiksen et al., 2004). Rates of coral reef 
formation are declining, presumably due to ocean acidification (Cooper et al., 2008), and 
coral bleaching due to extreme sea-surface temperatures is becoming more frequent and 
widespread (Veron et al., 2009). Seagrass and mangrove ecosystems, which serve as for-
aging areas and nursery habitat for many coastal species, are expected to diminish due 
to the combined effects of increased air and sea temperature, sea-level rise, drought, and 
increased runoff and sedimentation (Waycott et al., 2011). 

Coastal and atoll island ecosystems will be affected by high waves during storms, 
which will reshape and move islets and beaches and increase salinity. These changes 
will reduce or eliminate endemic terrestrial species, seabird colonies, sea turtle nests, and 
human presence on many small islands. Freshwater ecosystems face a gradual decline 
of native aquatic species as rainfall and streamflow decline. Invasive species of plants 
and animals are established and expanding in many island forests, and their response to 
climate change will interact with those of native species to determine the composition of 
future ecosystems. Existing climate zones are projected to shift, generally upslope, with 
some eventually disappearing (Benning et al., 2002). Because many island species are 
endemic, the loss of a species from an island ecosystem often means global extinction.

Warmer and drier conditions mean that freshwater supplies will become more limited 
on many Pacific Islands. Low islands are especially vulnerable to freshwater shortages 
due to their small size and limited resources. Food security will be affected if prolonged 
drought threatens crop productivity or if storms damage infrastructure such as crop and 

Photo 1-1  The coastal 
ecosystems of the Pacific Islands 
region serve as a nesting ground 
for populations of endangered 
green sea turtles. (Courtesy of 
Andy Bruckner, NOAA.)
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water storage facilities, irrigation systems, roadways, or equipment. In addition, sea-
level rise will decrease the land area available for farming (Easterling et al., 2007) and 
may increase the salinity of groundwater resources (Carter et al., 2001). 

In general, the proximity of human settlements and major infrastructure to the ocean 
increases the vulnerability of all Pacific Islands. Almost without exception, international 
airports are sited on or within one to two miles of the coast, and the main (and often 
only) road network runs along the coastline (Walker & Barrie, 2006). Because Pacific Is-
lands are almost entirely dependent on imported food, fuel, and material (Austin et al., 
2011), the vulnerability of ports and airports to incremental increases in sea level and to 
extreme events, especially tropical cyclones, is of great concern. 

The economic impact of climate change is expected to be substantial because island 
economies generally depend on limited sources of revenue and are thus particularly 
exposed to external shocks. In the 1990s alone, tropical cyclones cost the region more 
than $1 billion, a figure that will increase if more intensified storms occur in the future 
(Mendelsohn et al., 2012). Damages to transportation infrastructure from storms or SLR, 
along with probable increases in fuel costs, will increase stress on island economies. In 
the fisheries sector, one ecosystem model coupled with a climate model indicates that 
by 2100 under the A2 scenario, the catch for both skipjack and bigeye tuna will decline 
overall by 8% and 27%, respectively, but with important spatial differences. The western 
Pacific is projected to show the greatest declines in both fisheries, whereas the eastern 
Pacific is projected to show an increase for skipjack and a decline for bigeye (Lehodey et 
al., 2011). Pacific Island tourism risks losing billions of dollars annually if SLR or storms 
threaten infrastructure, ocean bleaching threatens the recreational appeal of coral reefs, 
or freshwater supplies decrease. 

Climate change may also have serious effects on human health, for instance by in-
creasing the incidence of infectious diseases such as dengue (Lewis, 2012). Sea-level 
rise and flooding may also overcome sewer systems and threaten public sanitation. 
Psychosocial effects of stress from extreme weather events are likely to be gradual and 

Photo 1-2   Nukuoro Atoll is part of the 
Federated States of Micronesia. Its lagoon 
is about 3.7 miles in diameter, and it has an 
approximate land area of 0.7 square miles. 
(Courtesy of NASA.)
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cumulative. Increased incidences of resource conflicts may also affect mental and physi-
cal health, with a disproportionate impact on those of lower socioeconomic status (Swim 
et al., 2010).

Ultimately, the changing climate poses serious consequences to the traditional life-
styles and cultures of indigenous communities in all Pacific Island sub-regions. Inunda-
tion from SLR may destroy coastal artifacts and structures (Vitousek et al., 2004) or even 
the entire land base associated with cultural traditions (Henry & Jeffery, 2008). Drought 
threatens traditional food sources such as taro and breadfruit, and coral mortality from 
bleaching will likely threaten subsistence fisheries in island communities (Maclellan, 
2009). Climate-related environmental deterioration for communities at or near the coast, 
coupled with other socioeconomic or political motivations, may lead individuals, fami-
lies, or communities to consider migrating to a new location. Depending on the scale 
and distance of the migration, a variety of challenges faces the migrants and the commu-
nities receiving them. Migrants need to establish themselves in their new community, 
find employment, and access services, while the receiving community’s infrastructure, 
labor market, commerce, natural resources, and governance structures need to absorb a 
sudden burst of population growth. In addition, loss of local and traditional knowledge 
associated with stresses to ecosystems may limit the effectiveness of adaptation (Adger 
et al., 2007; Burkett, 2011).

Adaptive capacities

Within the region, adaptive capacity differs with the availability of socioeconomic and 
institutional resources. The difference tends to reflect the high island/low island dis-
tinction because high islands can better support larger populations and infrastructure, 
which in turn attracts industry and allows the growth of different types of institutions. 
The level of executive leadership (from both governmental and non-government institu-
tions) currently focusing on climate issues varies by jurisdiction and sector. In the public 
sector, the current administrations of Hawai‘i and American Sāmoa are taking action at 
several levels to address the impact of climate change. For example, as part of his “New 
Day” plan for the state, Hawai‘i governor Neil Abercrombie recently stated that “the 
time for a long-term plan for the effects of climate change is now” (New Day Hawai‘i, 
2010). In 2012, the Hawai‘i State Legislature passed a law (SB 2745) that amends the State 
Planning Act by adding climate change as one of ten statewide priority guidelines and 
provides specific guidance on how to do this, including “encourage planning and man-
agement of the natural and built environments to effectively integrate climate change 
policy.” Impacts of sea-level rise are incorporated in plans developed by the City and 
County of Honolulu Board of Water Supply for managing the Ko‘olau Loa and Wai‘anae 
watersheds (Group 70 International, 2009; Townscape, Inc., 2009). Climate scenarios 
have also played a role in ongoing planning for project design in Micronesia, where a 
coastal highway was designed with consideration of sea-level risk impacts (Adger et 
al., 2007). In American Sāmoa, Governor Togiola Tulafono has long supported action to 
prepare for the effects of climate change on coral reefs. Following his administration’s 
addition of climate vulnerability as a territorial priority in 2011, Tulafono mandated the 
establishment of the Climate Change Adaptation Advisory Group (Sagapolutele, 2011). 
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When violent conflicts force residents of a coun-
try to abandon their homes, families, or property, 
there are international instruments, such as the 
Geneva Convention of 1951, that provide refugees 
with rights and define the legal obligations of host 
states. Although the Intergovernmental Panel on 
Climate Change (IPCC) first identified climate-
induced human migration as a grave issue in their 
First Assessment in 1990 (Tegart et al., 1990), there 
is still no single legal entity that governs climate-
induced migration, nor has there been signifi-
cant legal or political progress in addressing this 
phenomenon. 

Even the appropriate terminology remains 
undefined. Since the term “refugee” confers a cer-
tain set of legal rights reserved for circumstances 
involving immediate conflict or persecution, legal 
scholars and academics frequently use the term 
“climate migrants” (Burkett, 2011). Projections 
of the number of climate migrants by 2050 range 
from 25 million to 1 billion (International Orga-
nization for Migration, 2009). This large range 
demonstrates both the potential magnitude of 
the problem and the lack of appropriate data on 
which to base estimates. The Pacific Islands region 
is currently facing an immense and unprecedent-
ed loss of homeland in its thousands of low-lying 
islands and atolls. Unlike other populations fac-
ing climate-induced migration, Pacific Islanders 
from countries such as the Republic of the Mar-
shall Islands will not be able to migrate domes-
tically because their entire country is only a few 
feet above sea level.

These climate migrants may permanently lose 
the entirety of their homeland, leaving it unclear 
under current international law if they will re-
tain an array of legal benefits and other econom-
ic rights to the area of ocean their country once 
inhabited. Although Pacific Island nations are 
the first to suffer the large-scale consequences of 

climate change, their contribution to greenhouse 
gas emissions has been minimal. While the issue 
of climate-induced migration is recognized glob-
ally, the complexity in the associated international 
governance policies has so far prevented any one 
organization or government from taking a leader-
ship role. There must be a concerted global effort 
to resolve the current and future migration issues 
of Pacific Islanders as soon as possible, before the 
problem becomes insurmountable.

Box 1-5

Climate change will force human migration from the Pacific Islands

Box 1-5 Photo 1  Namdrik Atoll, in the Republic of the 
Marshall Islands, has a land area of 1.1 square miles 
and a maximum elevation of 10 feet. Namdrik and 
other Pacific Islands like it are among the first places 
that will face the possibility of climate-induced human 
migration. (Courtesy of Darren Nakata.)
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Table 1-2: Existing hazard mitigation plans in Hawai‘i and the US-Affiliated Pacific Islands

Location Plan Type Year Created/ 
Updated

American Sāmoa American Sāmoa Revision and Update of the Territory Hazard 
Mitigation Plan 2008

Commonwealth of 
the Northern Mariana 
Islands

Commonwealth of the Northern Mariana Islands Standard State 
Mitigation Plan 2010

Guam 2008 Guam Hazard Mitigation Plan 2008

State of Hawai‘i State of Hawai‘i Multi-Hazard Mitigation Plan, 2010 Update 2010 (Update)

County of Hawai‘i County of Hawai’i Multi‐Hazard Mitigation Plan 2010

County of Kaua‘i Kaua‘i County Multi-Hazard Mitigation Plan, 2009 Update 2009

County of Maui Maui County Multi-Hazard Mitigation Plan, 2010, Volumes I and II 2010

County of Honolulu Multi-Hazard Pre-Disaster Mitigation Plan for the City & County of 
Honolulu, Volumes I and II 2010

Another opportunity to improve adaptive capacity is through hazard mitigation 
planning. Jurisdictions with current mitigation plans (see Table 1-2) are eligible for fund-
ing and resources from the US Federal Emergency Management Agency (FEMA). FEMA 
does not explicitly list climate change as one of the hazards that should be considered, 
but proposed mitigation actions are often the same for climate adaptation and climate-
related hazards. Both Hawai‘i and American Sāmoa specifically consider climate vari-
ability and change in their plans, and CNMI lists climate variability as a possible hazard 
related to extreme climate events (Anderson, 2012a). Currently, the US Pacific Island 
Freely Associated States (RMI, FSM, RP) are not eligible for funding from FEMA but 
have worked with regional organizations to develop plans and access international 
resources. They participate in the international disaster risk reduction framework, the 
Hyogo Framework of Action, which focuses on the risk of impacts from climate-related 
disasters. There are currently opportunities to integrate national action plans for disaster 
risk reduction and climate change adaption through the initiation of the Joint National 
Action Plans for Disaster Risk Management. RMI, FSM, and the RP have each developed 
a status report on integrating climate-related hazard information in disaster risk reduc-
tion planning and have developed plans for adaptation to climate-related disaster risks 
(Anderson, 2012b).
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One major gap in existing hazard mitigation plans is the inclusion of climate change 
impacts in modeling hazard risk and vulnerability. Models and assessment tools provide 
some information (e.g., erosion rates) about impacts resulting from natural hazards, but 
many data sets are too short-term to understand trends and probabilities of occurrence 
with climate change (Anderson, 2012a). Impacts resulting from severe weather coupled 
with climate change impacts, such as SLR and coastal inundation, are likely to exacer-
bate the effects of natural hazards. Another gap relates to estimating losses from climate-
related hazards. Economic and social losses from climate-related hazards are generally 
under-reported. Since projected losses primarily rely on historical records, projections 
for climate change damages need to be improved to more accurately predict impacts on 
assets such as infrastructures (Anderson, 2012c). 

Advancing knowledge

To better understand climate change and its impacts in the Pacific Islands region, 
knowledge needs to advance in several key areas. First, research is needed to under-
stand historical, current, and future climate trends. Robust data on temperature, rainfall, 
streamflow, winds, waves, and other variables are needed to understand historic chang-
es in physical and natural systems and to verify models of projected change. The current 
lack of funding for monitoring or for developing more complete climate observation 
networks across this vast region is of critical concern. Downscaling of global climate 
models is also needed to account for regional and local phenomena. Higher-resolution 
models can begin to simulate local conditions and generate new capacity for planning 
adaptation measures. An important component of this research will be analyses of the 
uncertainties inherent in the next generation of models. Better quantifications of and 
reductions in uncertainty may come from a better understanding of natural variation at 
inter-annual and interdecadal scales.

In addition, integrated biogeochemical and physical models need to be developed 
and tested to provide a better understanding of the biological and ecological responses 
to climate change. For instance, understanding how invasive species will react to cli-
mate change is important for developing effective plans to manage natural resources. 
Understanding the impact of changing carbonate chemistry in the ocean is needed to 
understand and prepare for changes in coral reefs and key marine organisms. Similarly, 
socio-ecological models need to reflect the dynamic interactions between human com-
munities and the ecosystems they rely on and how these relationships are altered under 
different climate scenarios. 

Finally, research examining the role of climate science in Pacific Island communities’ 
responses to climate change will help to identify barriers to the use of climate infor-
mation by public and private decision makers. Such research will also facilitate devel-
opment of visualization tools and decision support systems that address real-world 
problems. The effectiveness of alternative adaptation strategies needs to be evaluated 
comprehensively to refine planning and management strategies.

Partnerships are fundamental for sustaining a regional climate assessment process 
and addressing the impacts of climate change across isolated and diverse islands. Key 
partners include stakeholders who make real-world decisions (e.g., water managers, 
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farmers, conservationists, hazards managers, urban planners, tourism developers, cul-
tural leaders) because they can help to identify the most urgent problems and needed 
information. Regional networks are also key in facilitating communication, coordinat-
ing and leveraging resources, and efficiently linking stakeholders, scientists, and in-
stitutions to develop actionable information and decision support tools. Although the 
jurisdictions in the region can make considerable progress with their own policies and 
resources, the scale of vulnerabilities and impacts suggests a strong role also for the 
federal government. 

Conclusion

Climate change poses enormous challenges to the Pacific Islands and their communi-
ties. An informed and timely response is necessary to enhance resilience to the myriad 
changes already occurring and those yet to come. Local action to reduce existing stress 
on island people and ecosystems is a critical part of enhancing resilience. Additional re-
search, continued monitoring, a sustained assessment process, and public engagement 
in the development of useful information will enhance Pacific Islanders’ ability to ad-
dress the climate challenges they confront. The current regional professional culture of 
communication and collaboration, with roots in indigenous island cultures, provides a 
strong foundation for this effort and will be important for building resilience in the face 
of the changing climate.

To make sure that we will have water for our 
homes, our farms, and our businesses in the fu-
ture, planners and policymakers need good infor-
mation that helps them predict both our water use 
and the likely state of our water resources. This is 
true on the Hawaiian island of O‘ahu and many 
other Pacific Islands. Yet, many agencies respon-
sible for formulating and evaluating plans for 
freshwater use do not feel that they have the infor-
mation and guidance they need (PaCIS Research 
and Assessment Working Group, 2008), particu-
larly on the complex issue of climate variability 
and change.

What are the forecasts for Hawai‘i’s resident 
and visitor populations in the coming years? How 
will our economy change and develop? How has 
the decline of the sugar industry affected water 

availability? Will our climate be hotter or cooler, 
wetter or drier? And how will climate conditions 
affect the amount and quality of the water avail-
able in our Pearl Harbor aquifer, which serves 
most of the 953,207 people who live on O‘ahu, the 
7.2 million tourists who visit every year, and the 
military bases critical for national defense?

Most local experts agree that the water use 
allowed on O‘ahu by existing permits is close to 
the aquifer’s maximum sustainable yield (Wilson 
Okamoto Corporation, 2008). Yet, demand for wa-
ter is expected to increase with population growth 
and economic development. Where will the addi-
tional water come from? Greater water use will, 
in the long term, result in a decline in water lev-
els, increasing the risk of saltwater intrusion and 
reducing the natural groundwater discharge to 

Box 1-6

Assessing information needs for managing O‘ahu’s freshwater resources
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streams and the ocean. How much the water level 
declines depends on several factors, including the 
distribution and rate of water use, the hydraulic 
characteristics of the aquifer system, and the fu-
ture state of the climate.

The need for climate information

In 2011, the Pacific RISA research team surveyed 
planners and policymakers responsible for man-
aging our freshwater resources, through both 
face-to-face meetings and an online questionnaire. 
The goal was to gain a better understanding of 
their information needs. The decision makers in-
terviewed came from a diverse range of federal, 
state, and local government agencies, non-govern-
ment organizations, private enterprises, and local 
community groups. They represented a range of 
occupations, including project or resource man-
agers, engineers, planners, and agency directors. 
Overall, they were well-informed about climate, 
but they reported problems with accessing cli-
mate information and using that information for 
planning and policymaking.

Three types of information and analysis will 
provide the basis for good planning decisions 
about freshwater use on O‘ahu—(1) predictions 
of economic development and population growth, 
(2) assessments of community preferences and 
needs, and (3) forecasts of climate change and 
variability. During the recent interviews, local 
planners and policymakers listed several ques-
tions they face as they work to ensure good water 
management in light of climate change:

•	 What freshwater resources will be available 
in the long term (amount, when, for how 
long, where)?

•	 What well distributions and pumping rates 
are best for drier conditions in the future?

•	 How can water managers prevent saltwater 
intrusion into the supply of fresh drinking 
water?

•	 What in-stream flow standards will main-

tain or improve the critical habitat for en-
dangered species?

•	 What alternative water sources will be need-
ed in 50 years (e.g., desalination)?

•	 What alternative energy sources will be best 
under future climate conditions?

•	 How can we prevent disruption to the water 
supply used to irrigate crops?

•	 How will sustainable yield estimates be 
affected by projected demand for water 
across all sectors (e.g., agriculture, industry, 
energy, tourism, military) under alternative 
climate scenarios?

•	 How should county development and 
watershed management plans be revised 
to take into account projected changes in 
rainfall, temperature, and other climate vari-
ables in the context of the needs of a growing 
population?

Decision makers need climate projections that 
are “downscaled” from the global or regional 
to the local (valley) level. They also need an as-
sessment of the inevitable uncertainties that ac-
company any climate projections. In general, 
policymakers and planners say they want infor-
mation about both most-probable and worst-case 
scenarios. Analysis should distinguish between 
the effects of natural/cyclical variability, such as 
the El Niño-Southern Oscillation, or ENSO, and 
long-term climate change. Seasonal observations 
of precipitation, temperature, streamflow, soil 
moisture, and evapotranspiration are helpful for 
understanding current conditions. Also helpful 
would be location-specific vulnerability assess-
ments and information about the implications of 
climate change for runoff, pollutant loads, salin-
ity, and water supply. Decision makers empha-
sized that maintaining rain and stream gauges for 
monitoring and surveillance systems is integral 
and essential to providing the information needed 
to support decisions.

Box 1-6 (Continued)
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The need for better integration of climate 

information in the planning process 

Planners and decision makers on O‘ahu men-
tioned several constraints that prevent them from 
using the climate information that is available. 
These include:

•	 No clear legal mandate requiring the use of 
climate information

•	 Insufficient staff time to locate relevant 
information

•	 A lack of expertise in knowing how to use 
the information

•	 A lack of technical assistance from the gov-
ernment to help access the information

The most trusted sources of information 
mentioned are the United States Geological Sur-
vey (USGS), the National Oceanic and Atmo-
spheric Administration (NOAA), the University 
of Hawai‘i, the state climatologist, and scientific 
journals. One priority will be to facilitate better 
collaboration between decision makers and these 
information sources.

In addition to information about climate and 
other factors, decisions about future water use 
require a balancing act between multiple users 
who may have divergent values. What is the right 
balance between protecting cultural practices 
and reducing energy costs, for example? What 
are the predicted needs of specific communities, 
such as kalo farmers, and economic sectors, such 
as tourism? Such questions can only be answered 
through open policy debates and decision pro-
cesses within the local community.

Climate scientists and risk assessors can pro-
vide cutting-edge information about vulnerabili-
ties and opportunities related to climate. The goal, 
however, is to integrate this cutting-edge infor-
mation into decision making at the local level. 
Such an integrated approach will provide the best 
possible setting for making good decisions about 
O‘ahu’s water resources and water use.
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Box 1-6 Photo 1  Participants gathered at the East-West Center for the workshop “Climate Change Impacts 
on Freshwater Resources in Hawai‘i.” Participants included Barry Usagawa (left), program administrator, Water 
Resources, Honolulu Board of Water Supply; and Gary Gill (right), deputy director of the Department of Health’s 
Environmental Planning Office. (Courtesy of East-West Center.)
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Freshwater resources are essential not only for human consumption but also for the ag-
ricultural, industrial, and economic health of the Pacific Islands region. Freshwater on 
the Pacific Islands includes groundwater, surface water, and rainwater catchment, but 
because islands are small and surrounded by oceans, these resources are limited. Al-
ternatives such as desalination plants are non-existent or currently infeasible on a large 
scale. Generally, the smaller the island, the smaller and more vulnerable are its water re-
sources. Maintaining an adequate freshwater supply in the Pacific Island environments 
is of critical concern as climate change places stresses of uncertain magnitude on already 
fragile resources. To ensure that Pacific Island communities maintain plentiful freshwa-
ter supplies during uncertain future climate conditions, it is necessary to understand 
and integrate historical trends, current conditions, and projections of future hydrologi-
cal variables in the three sub-regions. The theme of this chapter focuses on historical 
trends in regional freshwater resources. 

On larger islands, such as those in Hawai‘i, American Sāmoa, and Guam, ground-
water is the primary source of drinking water. It is susceptible to changes in precip-
itation and sea level and is affected by changes in evapotranspiration (water moving 
into the atmosphere through evaporation and plant transpiration). Groundwater is also 
vulnerable to over-pumping, contamination, and saltwater intrusion. The availability of 
surface water, which is used for agriculture and to supplement drinking water, is also 
sensitive to changes in precipitation, evapotranspiration, and changes in land cover. On 
smaller islands, such as the tiny low-lying islands of atolls, groundwater and surface-
water resources are extremely limited and the populations must rely on a combination 
of rainwater catchment and groundwater for most of their drinking water. Freshwater 
wetlands are also the primary environment in which taro is grown, a food staple on 
many low islands. At only a few feet above sea level, low islands are also more vulner-
able to sea-level rise, wave over-wash, and saltwater intrusion.

Freshwater hydrology overview

Most islands in the Pacific Islands region can be categorized as either “high islands,” 
which can have peak altitudes as high as 14,000 feet above sea level, or “low islands,” 
most of which are no more than a few tens of feet above sea level. Height above sea 
level affects an island’s interaction with the surrounding ocean and atmosphere and 
ultimately determines the nature and reliability of the island’s water resources. Precipi-
tation is the source of all freshwater on the Pacific Islands. Precipitation that falls on the 
land can run off the surface into the ocean via streams, return to the atmosphere through 
evapotranspiration, or recharge groundwater (Figure 2-1). Among oceanic islands, fresh 
groundwater forms a lens-shaped body that overlies denser saltwater from the ocean; 
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between the freshwater lens and the underlying saltwater is a brackish transition zone. 
Fresh groundwater can also occur on high volcanic islands as high-level groundwater 
impounded by low-permeability geologic structures, such as volcanic dikes, ash layers, 
and massive lava flows (Hunt, 1996). 

Groundwater naturally flows toward the coast, where it discharges from lowland 
springs, streams, and submarine seeps (Figure 2-1). On average, the amount of ground-
water recharge is balanced by groundwater discharge, but droughts or unusually wet 
periods can result in short-term imbalances that cause the freshwater lens to shrink or 
grow. Climate variation and change thus affect not only surface-water resources, such as 
streams and lakes, but also groundwater resources.

High islands	

On high islands, rainfall is enhanced by the orographic effect. Winds carrying warm, 
moisture-laden air from the ocean are driven upward as they encounter the island’s 
mountains. The rising air is cooled and the condensing moisture causes rain and cloud 
formation (Figure 2-2). As a result of the orographic effect, rainfall on some high is-
lands can be much higher than that of the surrounding ocean. The amount of rain can 
vary dramatically across the landscapes of high islands, with much higher rainfall on 
windward-facing mountain slopes than on leeward lowlands. On the highest moun-
tains in Hawai‘i, air reaches the trade wind inversion (TWI) layer, within which air is 
warmer above than below, an arrangement that effectively halts rising air and cloud 

Figure 2-1  Cross section of regional hydrological processes. Precipitation is the source of both surface 
water, such as streams, and groundwater on Pacific Islands. Variations in precipitation and evapotrans-
piration rates therefore affect both resources. Surface water is important for human use and provides 
habitats for fragile ecosystems. Groundwater in islands exists as a freshwater lens underlain by salt-
water, and on high volcanic islands it may also exist as high-level groundwater. Groundwater is a prin-
cipal source of drinking water on high islands. (Modified from Izuka, 2011.)
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development (Nullet & Giambelluca, 1990; Cao et al., 2007) (Figure 2-2). Rainfall is scant 
above the TWI level. Other forms of precipitation on high islands include fog drip in 
middle-elevation slopes, and snow, hail, and freezing rain on the highest peaks.

Surface runoff on high islands is channeled into streams in valleys and gulches 
carved into the mountains by erosion. Groundwater exists in freshwater lenses typical 
of islands but may also exist as high-level groundwater (Figure 2-1). Groundwater is 
often the main source of drinking water on high islands; surface water from streams is 
used for agriculture and to supplement drinking water, but it is also important for eco-
systems, culture, recreation, and aesthetics.

Low islands

Low islands include atoll islands and other islands that rise only a few feet above sea 
level. Unlike the high islands, the low islands do not have sufficient altitude to generate 
orographic rainfall; therefore, precipitation on these islands is similar to that of the sur-
rounding ocean. Low islands are much more vulnerable to variations or trends in pre-
cipitation patterns (especially drought) as they lack the amount of land mass needed for 
significant hydrological storage and are spatially isolated from other sources of water. 
Many low islands in the Pacific have a dual-layer aquifer that limits the thickness of the 
freshwater lens (Bailey & Jenson, 2011). Most low islands do not have streams, and resi-
dents are dependent on small, fragile freshwater-lens systems and rainfall catchments 
for their drinking water. During periods of low rainfall, however, rainfall catchment 
supplies become depleted and residents commonly rely solely on groundwater from the 
freshwater lens.

Most low islands in the Pacific have a dry season with a duration that increases with 
distance from the equator (Lander & Guard, 2003; Lander & Khosrowpanah, 2004; 
Lander, 1994, 2004). Droughts increase demand on low islands’ limited freshwater re-
sources, while sea-level rise, intense storms, and extreme tides threaten water quality 
and local agriculture, making these communities some of the most sensitive to climate-
induced changes in water supply.

Figure 2-2  Depiction of the orographic effect. 
The amount and location of rainfall in Hawai‘i 
and other high islands is strongly controlled by 
orographic processes. As warm air approaches 
a mountain range, it rises, cools, and condens-
es in orographic clouds, causing rainfall. On 
very high mountains in Hawai‘i, as the cooled 
air continues to rise, it reaches the trade wind 
inversion layer, at which point the air again 
warms, and above which there is little to no 
precipitation. (From Giambelluca et al., 2011.)
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Historic and current trends

To fully assess the impact of climate variability and change and accurately predict future 
conditions in each sub-region, it is necessary to understand current and historic trends 
in climate and hydrologic records. For each sub-region, trends in observed data are dis-
cussed for four general types of records: (1) air temperature, (2) precipitation, (3) ex-
treme precipitation, and (4) streamflow and groundwater. Records such as temperature 
and rainfall are direct indicators of trends in climate. From these basic records, informa-
tion on extreme precipitation events such as droughts or large storms can be extracted 
to provide important insight on how climate change can affect water resources. A com-
mon measure for drought is consecutive dry days (CDDs). Measures for extremely high 
precipitation include the frequency of high- and moderate-intensity rainfall events, the 
frequency of typhoons and other storms, and the total rainfall over a specified number 
of consecutive rainy days. 

Trends in streamflow records offer a means to assess the impact of climate change on 
water resources. Streamflow includes water from precipitation that runs directly off the 
land surface as well as water that discharges from groundwater. The groundwater com-
ponent of streamflow is known as base flow. Trends in total streamflow primarily reflect 
trends in surface-runoff rates, whereas base-flow trends reflect changes in groundwater 
recharge and storage. Trends in the number of extreme high-flow days that occur each 
year reflect trends in storm frequency, whereas trends in the number of extreme low-
flow days reflect trends in drought frequency. Examination of trends in streamflow thus 
offers a means to assess the impact of climate variability and change on both surface-
water and groundwater resources.

Central North Pacific: Hawai‘i

Air temperature. Generally, air temperature has increased significantly throughout 
the State of Hawai‘i at both high and low elevations over the last century (Giambelluca 
et al., 2008). From 1919 to 2006, average temperature for all stations in Hawai‘i increased 
by 0.04°C (0.08°F) per decade (Figure 2-3). The rate of warming accelerated to 0.16°C 
(0.30°F) per decade from 1975 to 2006 (Giambelluca et al., 2008). The rate of increasing 
temperature from 1975 to 2006 is greater at high-elevation stations (0.27°C or 0.48°F per 
decade at greater than 0.5 miles or 800 meters above sea level) (Figure 2-3) and has been 
documented on the ecologically sensitive peaks of Haleakalā and Mauna Loa on Maui 
and Hawai‘i Island, respectively, where the annual number of below-freezing days has 
decreased between 1958 and 2009 (Giambelluca et al., 2008; Diaz et al., 2011). 

Much of the temperature variation prior to 1975 in Hawai‘i appears to have been 
tightly linked with the Pacific Decadal Oscillation (PDO) (Giambelluca et al., 2008). 
Since 1975, however, air temperature in Hawai‘i has risen at a faster rate that cannot be 
explained by the PDO (Figure 2-4) and may indicate the increased influence of global 
warming (Giambelluca et al., 2008). An increase in the frequency of occurrence of the 
TWI over Hawai‘i since the late 1970s (Cao et al., 2007) is consistent with continued 
warming and drying trends throughout Hawai‘i, especially for high elevations. The fre-
quency of occurrence of the TWI over Hawai‘i Island and Kaua‘i increased during the 
1990s from less than 80% to around 90% of the time (Cao et al., 2007).
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Figure 2-3  Annual average surface temperature anomalies are increasing at both high- and low-
elevation stations in Hawai‘i (a total of 21). Temperature anomalies are calculated first as the departure 
from the monthly mean and then averaged into a calendar year. Anomalies greater than zero indicate 
temperatures that are above average, while anomalies less than zero indicate below-average 
temperatures. A seven-year running-mean filter (curved line) has been applied to the data to create a 
smoothed trend curve (black line). Linear trends have been computed for two periods, 1919–2006 and 
1975–2006, where the latter period shows the observed enhanced warming. The steeper warming 
trend in high-elevation stations (>800 meters or >0.5 mile) is visible in the bottom panel, especially 
when compared to that of the low-elevation stations in the middle panel (<800 meters or <0.5 mile). 
Error bars show a standard deviation of +0.5. Asterisks indicate slopes significant at p = 0.05. (© 2008 
American Geophysical Union. Reproduced/modified from Giambelluca et al. [2008]) by permission of 
American Geophysical Union.)

Precipitation. In Hawai‘i, precipitation can manifest as rainfall, fog, hail, and snow. 
Mean annual precipitation over the state is highly variable, from 200 mm (about 8 inches) 
near the summit of Mauna Kea to over 10,000 mm (about 400 inches) on the windward 
slope of Haleakalā, Maui, and can differ substantially between windward and leeward 
sides of each island (Giambelluca et al., 2011). The dry summer season lasts from May 
to October, while the winter rainy season extends from November to April. Although 
precipitation varies from one area of an island to another, a general downward trend 
in amount statewide over the last century has been documented, and an even steeper 
decline is evident since 1980 (Figure 2-5) (Oki, 2004; Chu & Chen, 2005; Diaz et al., 2005, 
2011; Giambelluca et al., 2011; Elison Timm et al., 2011). This decline in rainfall and 
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Figure 2-4  Top Panel—Air Temperature in Hawai‘i (red line) prior to 1975 is tightly coupled to 
the Pacific Decadal Oscillation (PDO) (blue line). Since 1975, air temperature (red line) has diverged 
increasingly from the observed PDO, which may indicate the increasing influence of climate change 
in the Central North Pacific sub-region. Bottom Panel—Local sea-surface temperature anomalies 
(blue line) for 22°N, 156°W based on the Extended Reconstructed Sea-Surface Temperatures (ERSST) 
data set (Smith & Reynolds, 2004) are also coupled to air temperatures (red line) in Hawai‘i and show 
a similar decoupling around 1975. (©2008 American Geophysical Union. Reproduced/modified from 
Giambelluca et al. [2008] by permission of American Geophysical Union.)

corresponding increased rate of warming at high elevations since 1975 is consistent with 
an increase in the frequency of occurrence of the TWI (Cao et al., 2007; Diaz et al., 2011). 

Precipitation variability in Hawai‘i is also strongly affected by ENSO and the PDO. 
ENSO-scale patterns affect interannual variability, such as El Niño events’ strong as-
sociation with dry winter conditions, whereas the PDO affects interdecadal variability 
(Chu & Chen, 2005). After air temperature and PDO diverged in 1975, initial evidence 
suggests that precipitation trends are following the same pattern of decoupling (Frazier 
et al., 2011). Climate change can affect ENSO and PDO patterns; this introduces greater 
uncertainty into predictions of future precipitation in Hawai‘i.

Extremes in precipitation . To reduce uncertainty in predicting future shifts in 
regional extreme precipitation, research has improved understanding of historic trends 
in extreme precipitation and drought on the Hawaiian Islands. Precipitation can be 
measured both in relative intensity and in probability of occurrence, amount, and total 
amount over consecutive rainy days. Throughout the state, trends indicate fewer ex-
tremely high rainfall events: comparing data from the period of 1950–1979 with data 
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Figure 2-6  Time series of 
tropical cyclones (tropical storms 
and hurricanes) in the Central 
North Pacific basin from 1966 
to 2010. Although a period of 
greater tropical cyclone activ-
ity occurred from the 1980s to 
the mid-1990s, the basin has 
again entered a quieter period, 
with fewer average annual oc-
currences of storms. Broken 
lines denote the means for the 
periods 1966–1981, 1982–1994, 
and 1995–2010. (Modified and 
updated from Chu, 2002.)

Figure 2-5  Annual normalized and dimensionless (July to June) time series of the Hawai‘i Rainfall 
Index (HRI) from 1905 to 2010. As shown in the plot, the trend for the first epoch (1905–1979) is 
basically flat, while for the second epoch (1980–2009) the decreasing trend is apparent. Nine stations 
each from Kaua‘i, O‘ahu, and Hawai‘i are used. These 27 stations represent the spatial variability of 
rainfall with regard to trade wind exposure and elevation. (Updated from Chu & Chen, 2005.) 

from the period of 1980–2011 shows a significant decrease in the frequency of moderate- 
and high-intensity precipitation events and a corresponding increase in low-intensity 
events (Chu et al., 2010). Not surprisingly, individual islands show different trends. In 
terms of extreme storms, the Central North Pacific region may have entered a period 
of fewer annual tropical cyclones since the mid-1990s (Chu, 2002) (Figure 2-6). All the 
major Hawaiian Islands have shown a propensity toward longer dry periods, with an 
increasing annual maximum number of consecutive dry days from the period of 1950–
1970 to 1980–2011 (Chu et al., 2010) (Figure 2-7).



Freshwater and Drought on Pacific Islands               43

Streamflow and groundwater. Streamflow gauges have been operated for 
nearly a century in Hawai‘i with nine stream gauges of nearly continuous record since 
1913. These long-term gauges are located on Kaua‘i, O‘ahu, Moloka‘i, and Maui, in both 
windward and leeward basins and in areas that are unaffected by artificial diversions, 
reservoirs, or pumping from wells. Eight of the nine gauges show statistically significant 
downward trends in base flow (the groundwater contribution to streamflow) from 1913 
to 2008 (Oki, 2004; Bassiouni & Oki, 2012) (Figure 2-8). Over the last century, the down-
ward trends indicate declines in the long-term mean base flow of 20% to 70%. Short-
term cyclic patterns corresponding with ENSO and PDO cycles are superimposed on the 
downward base flow trends, but these cycles are not the cause of the overall downward 
base flow trend observed since 1913. The causes of the long-term base flow decline are 
related to long-term changes in rainfall and possibly evapotranspiration and their re-
lationship to groundwater recharge. In addition, the impact of invasive tree species on 
streamflow remains largely unknown in Hawaiian forests.

The downward trend in base flow coincides with the statistically significant down-
ward trend in rainfall measured in Hawai‘i since 1905 (Chu & Chen, 2005; Diaz et 
al., 2011; Kruk & Levinson, 2008). The number of days per year with extremely low 
flow also shows a statistically significant upward trend at most gauges, which is con-
sistent with an upward trend in drought occurrence since the 1950s (Chu et al., 2010). 
Base flow also may be reduced by processes related to groundwater recharge, such as 

Figure 2-7  All four major Hawaiian Islands (O‘ahu, Kaua‘i, Maui, and Hawai‘i Island) have experienced 
increasing winter drought severity since the 1950s, defined by a longer annual maximum number of 
consecutive dry days. Upward triangles denote the increasing drought trends, while downward triangles 
indicate decreasing trends. Black triangles are significant at the 5% level, and gray at the 10% level. 
(From Chu et al. [2010] by permission of American Meteorological Society.)
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In the Hawai‘i State Constitution, all public natu-
ral resources are held in trust by the State for the 
people, but only one gets its own section—fresh-
water. Article XI, Section 7, mandates the cre-
ation of “a water resources agency” with broad 
responsibilities:

The State has an obligation to protect, 
control and regulate the use of Hawai‘i’s 
water resources for the benefit of its 
people. The legislature shall provide for 
a water resources agency which, as pro-
vided by law, shall set overall water con-
servation, quality and use policies; define 
beneficial and reasonable uses; protect 
ground and surface water resources, 
watersheds and natural stream environ-
ments; establish criteria for water use pri-
orities while assuring appurtenant rights 
and existing correlative and riparian uses 
and establish procedures for regulating 
all uses of Hawai‘i’s water resources. 

The Hawai‘i Water Code and Water Commis-
sion were established in 1987 to fulfill these 
constitutional requirements. In addition, the Con-
stitution requires that the Water Code and Com-
mission should settle water-related disputes while 

protecting traditional cultural rights of Native Ha-
waiians and the right of every citizen to a clean, 
healthy environment.

By including language that calls for integrated 
management of water resources, forward-looking 
and proactive policy, continuous monitoring, 
and preservation and enhancement of natural 
systems, the Water Code is written with inher-
ent adaptive characteristics (Wallsgrove & Penn, 
2012). By definition, adapting to climate change 
requires this type of forward-looking and multi-
disciplinary approach. Thus, the law and policy 
framework for water resource management in 
Hawai‘i may be well poised to respond quickly to 
the facts of changing local climates. With appro-
priate funding, staffing, and support, these adap-
tive characteristics could allow the Commission 
and policymakers in Hawai‘i to create a manage-
ment regime that is well-suited to reflect the most 
recent advances in scientific understanding, as 
well as political and economic conditions, while 
protecting a crucial natural resource for current 
and future residents of Hawai‘i.

Box 2-1

The Hawai‘i Water Code:  
Providing a strong basis for management and planning

evapotranspiration (Bassiouni & Oki, 2012). The downward trends in base flows indicate 
a decrease in groundwater discharge to streams, which implies a decline in groundwa-
ter recharge and storage. This has serious implications for Hawai‘i’s domestic drinking-
water supply, 99 percent of which comes from groundwater (Gingerich & Oki, 2000). 

Total streamflow at most gauges showed no significant trend (Oki, 2004). Trends in 
total streamflow may be obscured by high year-to-year rainfall variability, whereas in 
the base flow record, this variability is filtered out by the groundwater system.
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The continuous collection and storage of hydro-
logical, ecological, and climatological data in the 
Pacific Islands region is of utmost importance to 
science and society. As impacts of climate variabil-
ity and change are observed, long-term records 
of land and ocean variables can help us identify 
shifts between average conditions of the past and 
potential future conditions (Milly et al., 2008). 
Long-term, reliable, global and local observations 
of variables such as air temperature, precipita-
tion, sea-surface temperature, streamflow, and 
groundwater supply are critical to understand the 
evolving state of the Earth’s climate. Having long-
term and high-quality scientific data is critical not 
only for understanding the dynamics of natural 
processes but also for ensuring the accuracy of 
models that simulate potential future impacts of 
climate change and variability. Continuous data 
collection and stewardship must be maintained 
to ensure that governments, researchers, and the 
public have access to reliable, high-quality data.

At the international level during the past sev-
eral decades, the efforts of the IPCC have brought 
attention to the deficiency of quality and quantity 
of monitoring systems (IPCC, 2007). These defi-
ciencies include a lack of consistent standards for 
instrumentation; poor maintenance and station 
siting; insufficient instrument calibration; a lack 
of intercomparability; and inadequate funding 
(Karl et al., 2010; Manton et al., 2010; Trenberth, 
2008). In the Pacific Islands region, researchers 
are very concerned about the aging and decreas-
ing number of monitoring systems. The majority 
of the Pacific Islands region is open ocean, mak-
ing a robust ocean observational network crucial 
to understanding local climatic phenomena. In 
addition to monitoring the ocean, land-based net-
works of long-term stream and rainfall gauges; 
temperature, evapotranspiration, and wind sta-
tions; and vegetation maps are equally essential. 
For example, the number of active rain gauges in 
Hawai‘i decreased from 1,030 in 1968 to only 340 

Figure 2-9  In the Pacific Islands, the 
number of continuously operating stream-
flow gauging stations has been steadily de-
clining since the 1960s and 1970s, which 
parallels the decline of other essential 
climate variable monitoring networks in the 
region. Hawai‘i has been fortunate to have 
streamflow records with about a century 
of data, although recent financial cuts are 
threatening even these essential networks. 
(Figure courtesy of Delwyn Oki.)

Box 2-2

High-quality data and monitoring networks are threatened



in 2007 (Giambelluca et al., 2011), while numbers 
of USGS streamflow gauges have been declining 
since the mid-1960s and 1970s throughout the 
Pacific Islands Region (Oki, 2004), threatening to 
introduce discontinuities in rare and high-quality 
century-long records (Figure 2-9).

Within the Pacific Islands, streamflow has 
been monitored in Hawai‘i, American Sāmoa, 
Guam, the CNMI, Republic of Palau, and the 
FSM. Hawai‘i has the most streamflow data in 
terms of record length, number of gauges, and 
area covered (Oki, 2004). Some stream gauges in 
Hawai‘i have been in continuous operation since 
about 1910. The rest of the Pacific Islands region 

has much less data, with gauges only on the most 
populated or largest island in each political en-
tity, and records extending back only to the 1950s 
and most ending in the 1990s. Besides Hawai‘i, 
only Guam has stream gauges in operation as of 
2011. Continuation of streamflow monitoring in 
Hawai‘i and Guam and re-establishment of moni-
toring of ocean and terrestrial climate variables 
in other island groups are critical to assessing the 
impact of climate change on the water resources 
of the Pacific Islands region and the communities 
and economies they support. 

Box 2-2 (Continued)

Western North Pacific

West: Guam, RP, FSM (Yap, Chuuk), CNMI; East: FSM (Pohnpei, Kosrae), RMI

Air temperature. At least one station on each major island group has a relatively 
complete and continuous record since 1950, whereas other stations have very short re-
cords with many gaps. Across all recorded temperatures, however, observed maximum 
and minimum temperatures have exhibited increasing trends over the past 60 years (Fig-
ures 2-10 and 2-11) (Kruk et al., 2012; Lander & Guard, 2003; Lander & Khosrowpanah, 

Figure 2-10  Maximum monthly temperature anomaly time series from 1952 to 2012 (using 1960–
1990 as the mean reference period) for single monitoring stations with the most data in Yap, Guam, and 
Palau. The northern hemisphere temperature time series (purple line, Hadley CRU NH) is superimposed 
for comparison. Trends in maximum temperatures in the western part of the Western North Pacific sub-
region appear to be increasing at the same general rate as average northern hemisphere temperatures, 
although Yap shows a high level of variability. (Updated from Lander & Guard, 2003.)
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2004; Lander, 2004). The large interannual variability shown in Figures 2-10 and 2-11 is 
partly related to a strong correlation of air temperature with ENSO conditions—most of 
Micronesia is cooler than average during the El Niño phase of ENSO and warmer dur-
ing the La Niña phase. The westernmost Micronesian island groups of Yap, Guam, and 
Republic of Palau (RP) show trends that generally track observed temperature trends 
in the northern hemisphere but with more variability (Figure 2-10) (Jones et al., 1999; 
Brohan et al., 2006; Lander & Guard, 2003). The Majuro Weather Office has identified 
accelerated trends in maximum temperatures in the RMI since 1973, with a rise of about 
0.14°C (0.25°F) over the past 30 years (Jacklick et al., 2011). In the same 30-year period, 
trends in minimum temperatures have been increasing more slowly, at about 0.12°C 
(0.22°F) (Jacklick et al., 2011). In both the western and eastern Micronesian island chains, 
the rate of increase in maximum temperatures has become less steep since 2000. These 
declines may have to do with shifts in large-scale climate phenomena after the major El 
Niño event of 1998 (Chavez et al., 1999) or may reflect station relocation. Many of the 
longest and most complete records of air temperature in the Western North Pacific sub-
region (WNP) are at airports and military bases, which may introduce the complicating 
factors of paved surfaces and artificial heat sources into the record. A continuing analy-
sis of the veracity of data collected from different types of station sites on the continental 
United States shows no evidence that poorly situated stations collected artificially in-
flated air temperature data (Menne et al., 2010); however, this analysis was not extended 
to stations in the Pacific Islands region.

Precipitation. Islands throughout the WNP tend to receive abundant rainfall. Is-
lands at lower latitudes, such as Chuuk, Pohnpei, Kosrae, and some low islands in the 
Republic of the Marshall Islands (RMI), receive over 3,000 mm (about 118 inches) of 
rainfall annually, which is stored in catchments as an important source of drinking and 
irrigation water (Lander & Khosrowpanah, 2004; Bailey & Jenson, 2011). All islands have 

Figure 2-11  Maximum monthly temperature anomaly time series from 1952 to 2012 (using 1960–
1990 as the mean reference period) for single monitoring stations with the most data in Kwajalein and 
Majuro in the RMI. The northern hemisphere temperature time series (purple line, Hadley CRU NH) is 
superimposed for comparison. Trends in maximum temperatures in the eastern part of the Western 
North Pacific sub-region have high levels of variability and may reflect issues in the quality of the data or 
station infrastructure. (Modified and updated from Lander & Guard, 2003.)
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a wet season and a dry season, with the relative length and intensity of each season 
depending on latitude. The more northward the island, the longer and drier the dry 
season tends to be. As with the variability in air temperature, ENSO has a strong effect 
on precipitation in Micronesia, with strong El Niño events corresponding closely with 
an increased risk for drought in the following year. Eastern Micronesian islands such as 
Majuro and Kwajalein show a statistically significant drying trend from 1954 to 2011, 
such that over the past 60 years, these islands have lost nearly 15 percent of their an-
nual rainfall, while western Micronesian islands show a slight tendency toward wetter 
conditions (Figure 2-12) (Bailey & Jenson, 2011; Jacklick et al., 2011). On the westernmost 
islands such as Yap and RP, precipitation shows upward trends, but the trends are not 
statistically significant (Kruk et al., 2012).

Extremes in precipitation. Although islands in the WNP have large amounts of 
rainfall annually, drought is a serious issue throughout Micronesia because of limited 
storage capacity and small groundwater supplies. During the winter and spring months 
following an El Niño, drought tends to be the most extreme. Limited research has been 
conducted on trends in extreme precipitation throughout Micronesia, although some re-
sults indicate fewer extreme rainfall events greater than 254 mm (10 inches) in 24 hours 
in Guam and the Commonwealth of the Northern Mariana Islands (CNMI) since the 
1950s (Lander & Guard, 2003; Lander & Khosrowpanah, 2004). Preliminary region-wide 

Figure 2-12  Annual rainfall anomaly (inches per month per decade) in the WNP sub-region from 1950 
to 2010 shows that whereas islands in the west are tending toward getting slightly more precipitation, 
islands in the east are experiencing much less precipitation. Darker blue shading indicates wetter 
conditions, and darker red shading indicates drier. The size of the dot is proportional to the size of the 
trend as per the inset scale. (Modified and updated from Lander & Guard, 2003, and Lander, 2004.)
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analysis indicates that both summer and winter one-day amounts of precipitation over 
the 95th percentile have been declining since the early 1900s (Kruk et al., 2012).

A more controversial issue for the sub-region is the trend in distribution and fre-
quency of tropical cyclones (Knutson et al., 2010). Although attribution of an individual 
cyclone to climate change would be tenuous, shifts in storm frequency in both the West-
ern North Pacific basin and other basins around the world have destructive impacts on 
island nations. The WNP basin is the world’s most prolific typhoon basin, with an an-
nual average of 25.8 (Japan Meteorological Agency data) or 26.3 (Joint Typhoon Warn-
ing Center data) named tropical cyclones between 1951 and 2010, depending on the 
database used (Knapp et al., 2010). Since 2000, the basin has been very calm, with only 
14 numbered storms in 2010 (Knapp et al., 2010) (Figure 2-13). Typhoons tend to be 
more intense in El Niño years, especially in the eastern regions of Micronesia. Research 
into how future climate will affect the frequency and intensity of tropical storm systems 
is of great societal importance for Pacific Islanders’ food and water supplies, livelihoods, 
and health (Gualdi et al., 2008).

Streamflow and groundwater. Streamflow records available for the WNP are 
short relative to those in Hawai‘i, mostly discontinuous, and many have been affected 
by upstream diversions or other human activities. The longest record (57 years) and the 
most complete record (49 years) are from Guam (Miller et al., 2012). Only two gauges 
on Guam have more than 35 years of record and are unaffected by artificial diversions. 
Neither of the records from these gauges shows a significant trend in total streamflow, 
base flow (Figure 2-14), or the number of extreme low-flow or high-flow days. The lack 
of significant streamflow trends on Guam is consistent with a similar lack of trends in 
rainfall observations (Kruk et al., 2012; Lander & Guard, 2003; Lander & Khosrowpa-
nah, 2004; Lander, 2004).

Due to the vulnerability of many low islands in the Western North Pacific to drought, 
it is important to assess the capacity and potential resilience of freshwater-lens systems 
across the region. Studies modeling observed groundwater conditions in selected atolls 

Figure 2-13  The number of tropical cyclones 
in the WNP basin as observed by the World 
Meteorological Organization (WMO; black 
lines/dots) and the Joint Typhoon Warning 
Center (JTWC; red lines/dots) since 1950. 
Lines indicate smoothed storm trend. There 
are regular cycles of greater and lesser an-
nual storm numbers, and there were only 14 
named storms in 2010. (From Knapp et al. 
[2010] by permission of American Meteoro-
logical Society. Data from the International 
Best Track Archive for Climate Stewardship 
[IBTrACS].)



Figure 2-14  Streamflow records available for the Western North Pacific and Central South Pacific 
sub-regions are relatively short and mostly discontinuous, and many have been affected by upstream 
diversions or other human activities. Analysis of data from 1978 to 2008 from two gauges on Guam 
and one on Tutuila, American Samoa, showed no statistically significant trends (red dashed line) in 
the number of extreme high- or low-flow days. The lack of significant streamflow trends on Guam and 
American Samoa is consistent with rainfall observations but may also be an artifact of short record 
available for analysis, highlighting the need for consistent and high-quality monitoring in these sub-
regions. (From Miller et al., 2012.)

in the Federated States of Micronesia (FSM) have demonstrated that during severe 
drought conditions, only a few large leeward islands are able to maintain a substantial 
freshwater lens (about 6 percent of the islands studied) (Figure 2-15) (Bailey & Jenson, 
2011; Bailey et al., 2010). The quantified limited capacity and fragile nature of these lenses 
demonstrate the extreme vulnerability of low islands in the sub-region to sustained 
drought conditions.

Central South Pacific: American Samoa

Air temperature. Average air temperatures in American Sāmoa are tropical, rang-
ing from about 21° to 32°C (70° to 90°F). In the Central South Pacific sub-region (CSP), 
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average, minimum, and maximum temperatures indicate a general warming trend since 
the 1950s. The largest observed increase has been in minimum air temperatures, while 
average temperature increases range from 0.15° to 0.25°C (0.27 to 0.45°F) per decade, 
depending on the island (Australian Bureau of Meteorology & CSIRO, 2011). Regional 
analyses of air temperature in Sāmoa are highly variable but also show an upward trend 
in maximum air temperatures since 1950 (Young, 2007). 

Precipitation. American Sāmoa is warm, humid, and rainy all year. The summer 
season is long and wet, lasting from October to May, and the winter season is only 
slightly cooler and drier, from June to September. Annual mean rainfall at Pago Pago 
Airport is about 3,048 mm (120 inches), although other areas can receive as little as 1,800 
mm or as much as 5,000 mm (about 71 to 200 inches) due to orographic effect (Izuka 
et al., 2005). ENSO effects in American Sāmoa and the CSP vary by the strength of the 
particular anomaly event. During strong El Niño events, the monsoon trough is pulled 
northward and the SPCZ moves east-northeast of the Sāmoan region, making it signifi-
cantly drier. In moderate El Niño events, the CSP is more susceptible to tropical cyclone 
formation and passage, and the rainy season tends to initiate earlier and end later. Dur-
ing weak El Niño events, the monsoon trough and SPCZ are west of the Sāmoa region. 
This causes reduced tropical storm activity and conditions that are drier than average. 
In Āpia, Sāmoa (about 80 km or 50 miles west of American Sāmoa), long-term records 
from 1890 to 2005 show no trend in daily, monthly, or annual precipitation (Young, 
2007; Australian Bureau of Meteorology & CSIRO, 2011). 

Extremes in precipitation. Little detailed work has been undertaken examining 
trends in extreme events in this sub-region. Initial analysis of extreme precipitation re-
cords has only been done using the Pago Pago airport rain gauge, which has the longest 
period of record and the least missing data in American Sāmoa. Nearly all other rain 
gauges throughout American Sāmoa have been discontinued. Data from the Pago Pago 
Airport gauge show no trend in annual or winter one-day amounts of precipitation 

Figure 2-15  Low islands are 
highly vulnerable to stresses on 
their freshwater resources in 
times of drought. Shown here is 
a plot of the estimated modeled 
freshwater lens thickness 
(meters) among atoll islands in 
the Federated States of Micro-
nesia for drought conditions 
similar to the severe 1998 event 
that followed a large El Niño. 
Under simulated drought condi-
tions, only 6 out of 105 islands 
will have freshwater lenses thick 
enough to provide groundwater. 
(From Bailey & Jenson, 2011.)
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above the 95th percentile since 1965, and summer one-day amounts show a slight down-
ward trend that is not statistically significant (Kruk et al., 2012). 

ENSO and tropical cyclones are associated with extreme events in the South Pacific 
Islands. For the Central South Pacific sub-region, tropical cyclones occur between No-
vember and April; the number of cyclones varies widely from year to year but they tend 
to occur more frequently during moderate-intensity El Niño years and less frequently 
during weak El Niño events. Additionally, Madden-Julien Oscillation (MJO) propaga-
tion, the major source of intraseasonal variability in the tropical atmosphere, intensifies 
and increases the frequency of tropical cyclones during moderate El Niño events. Lastly, 
during strong La Niña events, the SPCZ lies far southwest of the Sāmoan region, and the 
risk of tropical cyclone development is moderate to high. The frequency of extremely 
high rainfall events per year has remained consistent since 1965 (Kruk et al., 2012).

Streamflow and groundwater. Streamflow records available for American 
Sāmoa are relatively short and mostly discontinuous, and many have been affected by 
upstream diversions or other human activities. Only one gauge on the main island of 
Tutuila has more than 35 years of record and is unaffected by artificial diversions (Miller 
et al., 2012). Data from this gauge did not show a significant trend in total streamflow, 
base flow, or the number of extreme low-flow or high-flow days (Figure 2-14). Although 
the lack of significant streamflow trends on American Sāmoa is consistent with a similar 
lack of trends in rainfall observations (Young, 2007; Australian Bureau of Meteorology 
& CSIRO, 2011), it may also be an artifact of the lack of sufficiently long streamflow re-
cords for this sub-region.

Projections

Although global and regional projections from the 2007 IPCC report are coarse, it is 
possible to make general projections at a grid scale of 200 by 200 kilometers (about 124 
by 124 miles) on drivers of key water-related processes (Christensen et al., 2007). As 
shown in Chapter 1 (“Models and Projections”; Figure 1-8), mean annual air tempera-
tures in Hawai‘i and the Central North Pacific region in three future time periods (2035, 
2055, and 2085) for the B1 and A2 emissions scenarios all show an increase compared to  
1971–2000. For 2035, temperature increases in the B1 scenario range from +0.6° to 1.1°C 
(+1° to 2°F), and in the A2 scenario from +0.8° to 1.4°C (+1.5° to 2.0°F) (Christensen et al., 
2007; Meehl et al., 2007). In the WNP, projected annual surface air temperature increases 
range from +0.6° to 0.7°C (+1.1° to 1.3°F) by 2030, +1.0° to 1.4°C (+1.9° to 2.6°F) by 2055, 
and +1.5° to 2.8°C (+2.7° to 5.1°F) by 2090 for the B1 and A2 emission scenarios (Austra-
lian Bureau of Meteorology & CSIRO, 2011). Projections in the CSP also show warming, 
with annual air temperatures ranging from +0.6° to 0.7°C (+1.1 to 1.3°F) by 2030, +1.0° 
to 1.4°C (+1.9° to 2.5°F) by 2055, and +1.4° to 2.6°C (+2.5° to 4.8°F) by 2090 for B1 and A2 
emissions scenarios (Australian Bureau of Meteorology & CSIRO, 2011). 

Projections of future rainfall are more uncertain. As shown in Chapter 1 (“Models and 
Projections”; Figure 1-8), the best projections for the Central North Pacific sub-region of 
mean annual rainfall in three future time periods (2035, 2055, and 2085) for the B1 and 
A2 emissions scenarios as compared to 1971–2000 suggest that by 2085, the southern 
parts of the region will show large increases in average rainfall of +0.5 to 7.5%, while 
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northern areas will show slight decreases of –0.5 to 1.5%. The magnitude of this south-
to-north drying trend will increase as time progresses. Statistical downscaling with 
much finer resolution over Hawai‘i shows reductions in wet-season rainfall (Novem-
ber to April) (Takahashi et al., 2011) that are consistent with trends indicating increas-
ing winter drought since the 1950s (Figure 2-16), increases in dry-season rainfall, and 
changes in the frequency of heavy rainfall events in Hawai‘i during the 21st century. 
However, the number of heavy rainfall days in Hawai‘i during the 21st century is not 
predicted to increase dramatically, based on the predicted variations in the frequency 
and magnitude of ENSO and the Pacific–North American pattern (Elison Timm et al., 
2011; Norton et al., 2011; Elison Timm & Diaz, 2009).

In the Western North Pacific, rainfall projections suggest that the wet season will get 
wetter and the dry season drier, with overall increases in mean annual rainfall (Austra-
lian Bureau of Meteorology & CSIRO, 2011). Both the intensity and frequency of days 
of extreme rainfall are projected to increase over the 21st century. Due to variable ob-
served trends in precipitation in the Central South Pacific, projections are less certain. 
However, models show either no change or a slight decrease in dry-season rainfall and 
an increase in wet-season rainfall in the 21st century (Australian Bureau of Meteorology 
& CSIRO, 2011). 

Figure 2-16  All four major Hawaiian Islands (O‘ahu, Kaua‘i, Maui, and Hawai‘i Island) have experienced 
increasing winter drought since the 1950s, defined by a longer annual maximum number of consecutive 
dry days. Background colors highlight changes in the number of low-precipitation months during the 
wet season (November–April) based on statistically downscaled climate change scenarios from six 
models of the IPCC AR4 report for years 2080–2100. (Figure courtesy of Oliver Elison Timm.)
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Impacts and adaptation

Impacts of climate change on freshwater resources in the Pacific Islands region will vary, 
not only because of differing island size and height but also because of the relative adap-
tive capacity and ability to organize of the specific island or community in question. In 
the Pacific Islands, “communities” have traditionally been separated by dominant land-
scape features (i.e., mountain ridges, valleys, etc.), traditional land management units, 
and historical familial land rights. These well-defined geographical boundaries and tra-
ditional land and resource management practices contributed greatly to the ability for 
most communities in the region to organize. In American Sāmoa, for example, local com-
munities are organized into villages, managed by both traditional and western resource 
and land management practices. In contrast, modern local communities in Hawai‘i are 
typically townships, managed by a complex regulatory system with numerous jurisdic-
tional entities. More recently in Hawai‘i, an increased focus has been placed on blending 
current western systems with more traditional land management techniques.

On high islands such as Hawai‘i that are already showing decreases in precipita-
tion and base flow (Oki, 2004), the continuation of these decreasing trends may impact 
freshwater ecosystems and aquatic species, especially as flows decline so much as to be-
come intermittent. Decrease in streamflow may also interrupt movement of native spe-
cies along streams and may prevent species that spend their larval stages in the ocean 
from returning to the streams to complete their life cycle. Invasive plant and animal 
species are established and expanding in many forests, and their responses to climate 
change will interact with those of native species to determine future ecosystem composi-
tion and processes. Existing climate zones are projected to shift, generally upslope, with 
some eventually disappearing (Benning et al., 2002). The ability of native plant species 
to adapt to these changes will be affected by competition with aggressive invasive spe-
cies and dispersal limitations due to the extinction of many native pollinators and seed 
dispersers. Available habitat decreases rapidly with elevation, putting species currently 
found on upper slopes and ridges at special risk.

In Kahalu‘u, Kona, Hawai‘i, a watershed and ecosystem adaptation project illus-
trates the importance of maintaining a healthy freshwater system using local, informed 
perspectives of water resources from the forest to the ocean. Led by the University of 
Hawai‘i at Mānoa and The Kohala Center, the project is working to create useful tools for 
freshwater management through local community involvement. An aim of the project is 
for the community to better understand freshwater movement through the environment 
to the surface-water features of the Kona coast in order to emphasize the importance of 
maintaining a healthy and functioning ecosystem (The Kohala Center, 2008). 

Climate will continue to affect human health on the Pacific Islands. Low islands and 
coastal communities in the WNP sub-region are especially vulnerable due to their low 
elevation, small land mass, geographic isolation, and limited potable water sources and 
agricultural resources (Barnett & Adger, 2003). Sea-level rise and more frequent inunda-
tion by king tides and tropical cyclones may not only contaminate limited groundwa-
ter resources but also overcome basic sanitary systems and agricultural fields (see Case 
Study 2-1 at the end of this chapter). Given that many vector- and water-borne diseases 
are weather-influenced, climate change impacts on low islands and coastal communities 
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allow for malaria, dengue (Kolivras, 2010), diarrhea, and other diseases to increasing-
ly infect some Pacific Island populations. The young, the elderly, and those with pre- 
existing medical conditions are especially vulnerable to these diseases (World Health 
Organization, 2010). 

It is very likely that agriculture and food security will be impacted by climate change 
through increased drought, possible increases in storm intensity, and changes in rain-
fall patterns (Sivakumar & Hansen, 2007). The potential increased intensity of storms 
and cyclones may result in significant damage to agricultural infrastructure such as 
crop- and water-storage facilities, irrigation systems, roadways, heavy equipment, and 
low-lying crop areas. Increased temperatures coupled with decreased rainfall may lead 
to additional need for freshwater resources for crop irrigation (Döll, 2002). This is par-
ticularly important for locations in the tropics and subtropics where observed data and 
model projections show a high probability (>90%) that growing-season temperatures by 
the end of the 21st century will exceed the most extreme seasonal temperatures recorded 
from 1900 to 2006 (Battisti & Naylor, 2009). Although the Pacific Islands may be more 
vulnerable to climate impacts because of their small size and isolation, some island com-
munities have effectively acclimated to changes in climate over time. For example, while 
climate impacts such as drought, saltwater inundation, and increasing water tempera-
ture will have impacts on traditional food sources such as taro and breadfruit (Maclel-
lan, 2009), there are projects to address the observed reduction in upland garden and 
taro yields (Wongbusarakum, 2010). 

In terms of economic impacts, changes in the climate will affect tourism, a main 
source of income for many islands throughout the Pacific. Tourism is an extremely water- 
intensive economic activity that may suffer from changes in island freshwater supplies 
(Christensen et al., 2007). Infrastructure for water delivery and sewage is also vulnerable 
to climate-related flooding and erosion and poses additional risks to island populations 
as a result of extreme events (storms and droughts) and sea-level rise, which contrib-
ute to drinking water contamination and sewage overflow. For example, in December 
2010, heavy storms caused multiple sewer overflows and pipe breakages on the island of 
O‘ahu in the State of Hawai‘i. As storm intensity and frequency are predicted to change 
in some Pacific Island sub-regions and storm paths may shift (Australia Bureau of Me-
teorology & CSIRO, 2011), reliance of the majority of the Pacific Islands on imported 
oil for primary energy production renders them highly vulnerable to climate-related 
disruption of delivery and subsequent energy production. Because the Pacific Islands 
are almost entirely dependent on imported food, fuel, and material (Austin et al., 2011; 
Hawai‘i State Civil Defense, 2010), the vulnerability of ports and airports to extreme 
events, especially typhoons, is of high concern.

There are organizations that increase the knowledge base of water managers through 
the entire region and strive to enhance their adaptive capacity. For example, the Pacific 
ENSO Applications Climate (PEAC) Center has been producing information products 
on climate variability for island water managers for all US-Affiliated Pacific Islands since 
1994 (PEAC Center, 2010). The PEAC Center provides free quarterly electronic and hard 
copy newsletters with seasonal forecasts of rainfall, storms, and the latest ENSO condi-
tions that are sub-regionally applicable.
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Summary

Islands and atolls in the Pacific have unique issues relating to freshwater resources. Data 
indicate that the Pacific Islands are being affected by climate change and variability and 
are vulnerable to future impacts. Due to their small size, exposure to the ocean, lack of 
economic resources, and isolation, the Pacific Islands are at high risk of experiencing 
negative climate impacts to already fragile freshwater resources. Assessment of climate 
change impacts is hampered, however, by decreases in essential monitoring and obser-
vation. The problem is so severe that at present this extensive region is monitored by 
only a handful of reliable stations. Projections of future climate indicate that the negative 
impacts of climate change are very likely to continue and intensify in the Pacific Islands 
sub-region over the next century.

The main regional findings of this chapter include the following:

•	Because of their small size and isolation, islands in the Pacific have limited and 
fragile freshwater resources, making them more vulnerable to climate hazards 
and stresses than are continents.

•	Freshwater resources on low islands are especially vulnerable to climate-
related threats due to their small size and limited natural and socio-economic 
resources. 

•	The strong influence of the El Niño-Southern Oscillation in the Pacific 
superimposes natural short-term cyclic variations on long-term trends in 
precipitation. This makes it difficult to detect long-term regional climate trends 
and make accurate predictions.

•	There are now fewer long-term monitoring stations in the Pacific than there 
were a few decades ago. To accurately assess trends in water resources as 
climate changes, more data and basic monitoring are severely needed.

In the Central North Pacific sub-region:

•	Average air temperature in Hawai‘i has risen significantly in the past 100 years. 
This rise in air temperature has accelerated in the past 30 years.

•	Increasing air temperature is more rapid in high-elevation environments 
located more than a half mile above sea level.

•	Annual precipitation has decreased significantly in the past 100 years.
•	In the past 30 years, all Hawaiian Islands have experienced greater numbers of 

consecutive dry days and fewer days of intense rainfall.
•	Base flow, the groundwater component of streamflow, has shown significant 

downward trends of 20% to 70% in the past 100 years. This trend indicates a 
decrease in groundwater resources.

•	The sub-region has experienced a decrease in climate monitoring stations. The 
ability to assess future climate changes in meaningful detail is at risk.
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In the Western North Pacific sub-region:

•	Although variability is high, maximum and minimum air temperatures have 
exhibited upward trends over the past 60 years.

•	Eastern Micronesian islands such as Majuro and Kwajalein have shown a 
significant downward trend in rainfall over the past 60 years, while western 
Micronesian islands show non-significant trends toward more precipitation. 
In the past 60 years, there have been fewer extreme one-day rainfall events in 
Guam and the CNMI. 

•	The smallest islands are extremely vulnerable to droughts of any severity. 
•	The sub-region suffers from a declining number of climate monitoring stations 

and is currently not adequately instrumented to assess future climate changes in 
meaningful detail.

In the Central South Pacific sub-region:

•	In the past 60 years, average, minimum, and maximum air temperatures have 
been increasing. The largest observed increases have been in minimum air 
temperatures.

•	In Sāmoa, precipitation records in the past 100 years have shown no trend.
•	The frequency of extreme precipitation and drought events has not changed 

significantly in the past 60 years.
•	No significant trends were detected in streamflow, which may be due to the 

short length of record.
•	The region suffers from a declining number of climate monitoring stations and 

is currently not adequately instrumented to assess future climate changes in 
meaningful detail.

Case Study 2-1

Managing vulnerable water resources in 
atoll nations

Water supplies on small, low-lying atoll islands are extremely vulnerable to droughts 
and to saltwater inundation caused by high tides. Water for drinking and other uses 
comes from two sources: rainwater catchments and shallow wells that draw from a layer 
or “lens” of freshwater that is underlain by brackish water or saltwater. Groundwater in 
the part of the lens that is near the ground surface in the central depression of the island 
is also important for taro cultivation. On some atoll islands, the freshwater lens is thin 

Focus on Adaptation
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and highly vulnerable to contamination from the saltwater below, especially if too much 
freshwater is drawn from the lens. 

The El Niño event of 1997–1998 caused severe droughts and water shortages on 
many of the Pacific Islands. Between January and April 1998, Majuro Atoll in the Mar-
shall Islands received only 85% of the normal rainfall for the period (Presley, 2005). By 
April 1998, the Majuro Water and Sewer Company (MWSC), which relies primarily on 
rainwater catchment and to a less extent on groundwater, was only able to provide wa-
ter to the island’s 27,000 residents and businesses for about 10 hours every two weeks. 
Health officials reported more than 1,000 cases of dehydration, drought-related skin dis-
ease, and respiratory infections (“Marshall Islands drought assistance continues,” 1998).

Because of human health concerns, large reverse-osmosis water-purification systems, 
capable of producing 473,174 liters (125,000 gallons) of freshwater per day from treated 
seawater, were brought to Majuro to help alleviate the water shortage. Concurrently, 
groundwater withdrawals from the freshwater lens in the Laura area of the atoll were 
increased from 378,541 liters (100,000 gallons) to a maximum of 1,082,627 liters (286,000 
gallons) per day (Presley, 2005). During the drought, public concern arose about these 
increased groundwater withdrawals because of the potential impact of saltwater intru-
sion on taro, breadfruit, and banana crops. The US Geological Survey, in cooperation 
with the Republic of the Marshall Islands government and the Federal Emergency Man-
agement Agency, installed monitoring wells to determine the condition of the freshwa-
ter lens during the drought. Results indicated that saltwater intrusion had not affected 
crops despite the increase in groundwater withdrawals. The study demonstrated the 
importance of maintaining a groundwater monitoring program to (1) evaluate the sta-
tus of the freshwater lens, (2) indicate a sustainable pumping rate that will protect the 
resource from saltwater intrusion, and (3) help local organizations such as the MWSC 
address public concerns (Presley, 2005).

This case study demonstrates the vulnerability of freshwater resources on atoll is-
lands. Data from monitoring are needed to manage rainwater and groundwater resourc-
es conjunctively and increase the adaptive capacity of low islands to meet the challenges 
posed by climate variability and change. With no monitoring plan in place or funding to 
upgrade the groundwater pumps in Laura, the existing on-island adaptive capacity to 
respond to the drought was low, despite warnings received in advance.

Integrated management of rainwater and groundwater resources is critical for water 

Case Study 2-1 Photo 1  Taro crops de-
stroyed by saltwater inundation at Lukunoch 
Atoll, Chuuk State, Federated States of Micro-
nesia. Giant swamp taro (Cyrtosperma) is a 
staple crop in Micronesia that requires a two- to 
three-year growing period from initial planting 
to harvest. It may take two years of normal rain-
fall to flush brackish water out of a taro patch, 
so there will be a five-year gap before the next 
harvest, assuming no more saltwater inunda-
tion takes place (Hezel, 2009). (Courtesy of 
John Quidachay, USDA Forest Service.)
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security, especially on the less-developed atoll islands in the Republic of the Marshall 
Islands and Federated States of Micronesia (Hamlin & Takasaki, 1996). One way to help 
alleviate chronic water-supply shortages during droughts would be to develop ground-
water resources for non-potable uses where feasible so that rainwater can be saved for 
drinking and cooking.

Although groundwater from shallow wells can be used to mitigate water shortages 
during droughts, rainwater catchment systems are the only source of freshwater when 
storm waves and uncommonly extreme high tides known as “king tides” inundate low-
lying atoll islands, turning all the groundwater brackish. In December 2007 and again in 
2008, several atoll islands in the Federated States of Micronesia were flooded by a series 
of high-sea/surf events. These saltwater floods had a significant impact on taro crops 
that are commonly cultivated in a depression near the center of the island. In December 
2007, on the outer islands of Chuuk State, where 13,000 people or one-fourth of the state 
population resides, an estimated 90% of all taro crops were destroyed by saltwater inun-
dation (Hezel, 2009). 

Case Study 2-2

 Using climate forecasts to save money and 
protect human health

When we leave the house in the morning, we often check the local weather forecast and 
make some quick decisions: Should I bring an umbrella? How about a sweater? By assessing 
the risks and taking action, we are effectively mitigating our vulnerability to weather- 
related impacts. While most people do not think twice about weighing uncertain weath-
er information and taking action based on their best estimate of risk, it has proven much 
more difficult for community members, policymakers, and natural resource managers 
to integrate climate forecasts into their decision-making processes. By definition, climate 
risks have longer-term consequences, which make them easier to ignore in the short 
term. Yet a landfill on the island of O‘ahu in Hawai‘i demonstrated that climate informa-
tion can be used to make management decisions that save time, money, jobs, and the 
health of our communities and natural environment.

Each year, the Weather Forecast Office (WFO) in Honolulu uses national El Niño and 
La Niña outlooks from NOAA to create island-level forecasts for Hawai‘i. In conjunction 
with the Pacific ENSO Applications Climate (PEAC) Center, the WFO uses television, 
radio, and print and electronic newsletters to inform policymakers, managers, and com-
munities about the potential seasonal impacts of an El Niño or La Niña event. In October 
2010, the Honolulu WFO gave its winter wet-season (October to April) briefing, indicat-
ing that due to a moderate-to-strong La Niña (Figure 2-17) developing in the Pacific, 
O‘ahu could expect above-average winter rainfall.

Focus on Adaptation
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The vice-president of an O‘ahu commercial landfill, PVT Land Company in Nanaku-
li, used this information, and his company immediately took steps to mitigate the cli-
mate risks. The company’s managers decided to move quickly to upgrade infrastructure 
that would divert and hold large amounts of stormwater. By the end of November 2010, 
PVT had finished upgrading its storm drainage system and retention ponds.

The dry Nanakuli area usually receives a total of 254 to 356 mm (10 to 14 inches) of 
rain annually, but on January 13, 2011, the area received about 356 mm (10 inches) in a 
single storm. Other local landfills were not prepared to handle the intense rainfall and 
ended up closing down. They also released hazardous untreated water and waste onto 
local beaches. But due to their good use of climate forecasts, PVT Land Company was 
open for business the next day.

By remaining open, PVT estimates that they saved about $1 million in gross sales, 
potential damage to infrastructure, and lost salaries. This estimate does not include the 
additional financial impacts from the construction and trucking jobs across the island 
that would have had to slow down or stop had they not been able to properly dispose of 
their on-site debris, or the savings from avoiding potential litigation had the stormwater 
system failed. 

This case demonstrates the actual and potential savings associated with taking an ac-
tive role in making planning and management decisions based on the best available cli-
mate information, as well as the type of successful adaptations that can be accomplished 
when adaptive capacity in a region and institution is very high. It is often difficult to 
quantify long-term negative consequences that are associated with failing to act on or 
make a decision earlier in time; however, the PVT case provides an excellent shorter-
term example with quantifiable benefits for policymakers, scientists, communities, and 
businesses who are willing to work together to make and act upon climate forecast–
based decisions. The PVT landfill continues to use seasonal climate forecasts to guide 
their mid-range planning process and is interested to learn about what longer-term 

Figure 2-17  The NOAA Climate Prediction Center (CPC) released a seasonal ENSO outlook indicating 
La Niña conditions, or colder-than-average sea-surface temperatures in the equatorial Pacific Ocean. 
Here, in December 2010, the plume of cold (blue) water is visibly extending westward along the 
equator. (Courtesy of NOAA CPC, “December 2011 Sea-surface Temperatures.”)
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local climate projections can assist them in their goals of continuing a safe and efficient 
business.

For more information on the PEAC Center or to receive their free regional ENSO 
forecast newsletter, please visit: http://www.prh.noaa.gov/peac/ 

Case Study 2-3

 Climate change likely to intensify 
freshwater disputes in Hawai‘i

While the high islands of Hawai‘i are wetter than much of the western United States, 
Hawai‘i has a similar regional history of intense legal fights over water. Ongoing con-
flicts not only illustrate how sectors and players compete but also show how changes in 
the abundance and distribution of water caused by climate change may intensify these 
prolonged battles.

Contemporary conflicts over water allocation in Hawai‘i have their origins in the 
mid-1800s, when King Kamehameha III created private property in land but continued 
to hold water as a public trust, setting the stage for conflict between emerging water-
intensive agribusiness and traditional users. Today’s battles take place under a legal 

Case Study 2-2 Photo 1  The PVT Land Company (left) is O‘ahu’s only landfill for construction-site 
waste and receives over 200 truckloads of construction debris per day. If it was unable to receive 
waste, construction and trucking jobs on O‘ahu would have to slow or cease. In making a fast decision 
using a seasonal climate forecast, PVT upgraded their stormwater drainage system and retention pond 
(right) to be able to accommodate increased volumes of stormwater. (Courtesy of Dr. Victoria Keener 
[left]; courtesy of Bill Lyon, TerraPac, LLC [right].)

Focus on Adaptation
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framework that includes judicial precedent (including decisions made during the Ha-
waiian Kingdom) (Hawai‘i Revised Statutes [HRS] 1-1); state constitutional provisions 
that reiterate the public trust in water and Native Hawaiian rights (Haw. Const. art. XI, 
§ 1 & 7, art. XII §1-4 & 7); and the state’s Water Code (HRS 174C). The State Commission 
on Water Resource Management attempts to balance public trust uses of water (includ-
ing traditional and customary Hawaiian practices, the procreation of fish and wildlife, 
and the maintenance of ecological balance and scenic beauty) against a goal of maximiz-
ing beneficial uses (including agricultural, commercial, and industrial consumption). 

The largest ongoing fight has been on the island of O‘ahu, where the Waiāhole Ditch 
system was developed in 1913–1916 to deliver water from the wet, windward Ko‘olau 
Mountains to the dry, southern leeward plain for sugar cultivation. While originally 
designed to capture stream water, the construction of the delivery tunnels pierced large 
volcanic dike compartments (Figure 2-1), releasing stored groundwater and over time 
changing the underlying hydrology of windward streams (Takasaki & Mink, 1985). Be-
yond the immediate impact on ecosystems, this significantly disrupted nutrient flow 
into Kāne‘ohe Bay, the largest estuarine system of the Pacific Islands (in re Water Use 
Permit Applications, 94 Haw. 97 P.3d 409 (2000)).

The current battle ignited in 1995 with the closure of the plantation using this wa-
ter. Before the State Commission on Water Resource Management and later the Hawai‘i 
Supreme Court, leeward interests (including groups in the agricultural, development, 
military, and tourism sectors) sought to maintain ditch flows, while conservationists, 
Native Hawaiians, and small riparian farmers sought to restore windward streams. The 
current allocation restores approximately one-half of the water to the streams of origin. 
The years of litigation have cost millions of dollars, and today, the case is on its third ap-
peal to the Hawai‘i Supreme Court.

The Hawai‘i Supreme Court’s decisions have affirmed a public trust in water and 
demand adherence to the precautionary principle in managing the trust. Decisions up to 
now, however, have not taken into account the decline in rainfall and base flow observed 
over the past 60 years (Oki, 2004) or effects from other threats to forested recharge areas. 

An ongoing battle on Maui is even more intense than the Waiāhole fight because of 
concerns about groundwater available for the island’s human population. Small ripar-
ian farmers and conservationists have sought regulation of groundwater withdrawals 
and restoration of streamflows from historic plantation diversions that were designed 
to capture 100% of base flows (Figure 2-18). This battle has pitted developers, agribusi-
ness interests, and the county against small farmers, Native Hawaiians, and conserva-
tionists. It has been before the State Commission on Water Resource Management and 
is currently on appeal to the Hawai‘i Supreme Court (Commission on Water Resource 
Management, 2010).

As on O‘ahu, rainfall and base flow on Maui show a statistically significant long-term 
decline (Figures 2-5, 2-8). Recent data (Giambelluca et al., 2011) suggest that this trend 
could continue, with profound consequences for the island’s water resources. 

On the leeward side of Hawai‘i Island, an emerging dispute over the allocation of 
water focuses on the effects of water use on groundwater-dependent ecosystems. Water 
demand is being driven by significant resort, commercial, and residential development. 
According to the 2010 US Census, population in the North Kona and South Kohala areas 
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increased more than 30% in the past decade. With few streams on this part of the island, 
water needs must be met by groundwater. The underlying hydrology is poorly under-
stood, however, and the state’s calculation of sustainable yields depends on a simple 
mathematical model (Oki & Meyer, 2001). Water-planning documents that estimate con-
sumption show demand likely to exceed the sustainable yield in most growth scenarios 
(Hawai‘i County, 2010).

Important coastal resources with dual ecological and cultural significance depend on 
groundwater. These include anchialine pools (Figure 2-19), coral reefs, and Native Ha-
waiian fishponds. They may be significantly affected by increased groundwater with-
drawals (Oki, 1999). Current work to model these systems and integrate new recharge 
and rainfall data may lower estimates of what withdrawal levels will be sustainable.

In these and other emerging situations, changing climate may well intensify water 
disputes that already tend to be the most difficult, unresolved public policy issues in the 
islands. While some policy tools (such as the Public Trust and the Precautionary Princi-
ple) may help resolve these conflicts, it is likely that disputes will multiply and intensify 
as demand for water increases, possibly in the face of diminishing supply. 

Figure 2-18  In Maui’s ‘lao Valley, conservationists and 
small farmers would like to restore historic streamflows 
away from plantation-era diversions that capture all 
base flow. Proponents of restoring historic flow levels 
would like to use the water for traditional cultural and 
agricultural practices and for restoring the habitat of 
native species. (Courtesy of Jonathan L. Scheuer.)

Figure 2-19  Anchialine pools, such as the Kuki‘o 
Pools on Hawai‘i Island, are unique environments 
found only in the coastal tropics and sub-tropics. The 
pools have no surface connection to the ocean yet 
can range from fresh to brackish. Anchialine pools are 
critical habitat for several rare and endemic species, 
such as opae‘ula red shrimp, snails, and insects. 
(©2010 Rosa Sey, "One of the Kuki‘o anchialine 
ponds," used under a Creative Commons Attribution-
NonCommercial-NoDerivs license.)
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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 de-
pending 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 im-
portant 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 contrib-
ute 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, atmo-
spheric, 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 varia-
tions (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 attribut-
able 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 af-
fected 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 pri-
mary cause for vertical land motion is the glacial isostatic adjustment (GIA) of the con-
tinents in response to melting ice. These signals appear at high latitudes as an apparent 
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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 activ-
ity, 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 centi-
meters (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 multi-
decadal time scales. The most energetic regional sea-level variations in the Pacific Is-
lands 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.

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.)
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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, par-
ticularly with the presence of coral reefs, which significantly reduce wave energy. Flood-
ing 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 shore-
line. 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 pres-
ence 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 

Figure 3-2   Causes 
of sea-level change. 
(From IPCC, 2001.)
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significant acceleration in the global trend has been reported, largely reflecting an in-
crease 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, 

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.)
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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). 

Sea level, for most applications, can be consid-
ered 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 in-
fluence 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 altim-
eters 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 net-
work 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 ob-
servations of the world’s ocean surface from a 
fixed-space reference frame. Another space-based 
platform, the Gravity Recovery and Climate Ex-
periment (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 mea-
sured 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 in-
terface. Relative SLR is measured by tide gauges, 
which record vertical land motion as well as lo-
cally realized changes in global SLR (e.g., dynam-
ic changes). Tide gauges are of critical importance 
as they capture the coastal response—from tides 
to SLR—as well as extreme events. NOAA op-
erates 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 ar-
chives tide-gauge observations from nearly 500 
gauges and 70 international agencies. The Joint 
Archive for Sea Level (JASL) research-quality da-
taset, managed and hosted at UHSLC, is the pre-
mier global sea-level data set.

Box 3-1

How do you measure sea level? 
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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; Merri-
field, 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 Pa-
cific 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 as-
sociated 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 ongo-
ing 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., Cac-
camise 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 

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.)
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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 Pohn-
pei (–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 extra-
tropical 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 ob-
servations (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; Au-
can 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 

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.)
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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) sea-
level 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 inch-
es)—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 asso-
ciated 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 oc-
cur, 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 propaga-
tion 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 

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 permis-
sion of American Geophysical 
Union.)
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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 genera-
tion 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 shore-
lines (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 con-
siderations 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 sig-
nificant 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 condi-
tions 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, as-
sociated 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 

Figure 3-7  Map of cumulative tropical 
cyclone tracks and intensity. (Image by 
Robert A. Rohde, Global Warming Art. 
Courtesy of NASA Earth Observatory.)
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et al., 2010; Seneviratne et al., 2012), yet the significance of interannual and decadal vari-
ations 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 individu-
al tide-gauge records have been constructed and separated into tidal, seasonal, and non-
tidal 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 high-
est 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 in-
creasing 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 Green-
land 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. Long-
term 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 ex-
trapolation 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 Ep-
och (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 man-
ner. In addition, the skill of projections based upon semi-empirical methods is a topic of 
active debate, given the underlying assumptions inherent in extrapolating regression-
based results to future scenarios.

Climate-related shifts in sea level are also predicted to occur in the future on a re-
gional scale. Contributions to regional sea-level deviations from the global mean in-
clude 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 

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

(a)

(b)
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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.

There are conflicting assessments as to how the tropical Pacific atmospheric circula-
tion will respond in the future to climate change, so there is low confidence in the pre-
diction 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 as-
sociated 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 uncertain-
ties regarding future storm conditions; however, progress has been made in the devel-
opment 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], Se-
medo 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 

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.)
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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 south-
ern Pacific, leading to increases in mean wave period and a shift toward a more south-
erly 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, esti-
mated that an increase of 10 cm (about 4 inches) in mean water level generally corre-
sponds 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 environ-
ments. 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 cor-
responding 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 (Stor-
lazzi 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 pri-
vate 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 in-
creasingly untenable. 

Long before islands are submerged as a result of SLR, coastal and nearshore environ-
ments (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 beach-
es, and salinization and rising of groundwater. For example, freshwater and brackish 
water wetlands will become more saline with increasing sea-water inundation and intru-
sion 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 ris-
ing 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 under-
pinnings 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 econo-
my, 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 par-
ticular 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 sub-
stantially 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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A number of government and university-based efforts are under way to help provide 
decision makers with actionable information needed to address the challenges associ-
ated 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 re-
sponses 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 “out-
looks” 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 adapta-
tion planning and disaster risk reduction. 

Summary

The key findings regarding regional sea level and coastal inundation in response to cli-
mate 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. 

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.)
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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 sea-
level rise and coastal inundation.
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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. Higher-
than-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 agricultur-
al 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 in-
forming 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), Fed-
erated 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 con-
vergence 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 higher-
than-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-than-
normal 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.

Focus on impacts
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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.)

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.)
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The result was widespread damage on numerous low-lying islands. Immediate im-
pacts included eroded beaches, damaged roads, and flooding of houses. A state of emer-
gency 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 long-
term 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 Hawai-
ian 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. How-
ever, 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 con-
tribute to increased flooding and erosion (Firing & Merrifield, 2004). Unique to the Ha-
waiian 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 rela-
tive 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 expan-
sion 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).

This eddy was not necessarily a rare or unique event; in fact, there have been numer-
ous eddies, which can be tracked by satellite altimeter (Figure 3-16, right). Eddies have 

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 long-
term 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 Ameri-
can Geophysical Union.)
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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 re-
gional wind forcing related to El Niño-Southern Oscillation (ENSO) and from instabili-
ties 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 is-
lands 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.

Case Study 3-2

 Mapping sea-level rise in Honolulu

Rising sea levels along Hawai‘i’s coastlines will exacerbate many other episodic coast-
al hazards such as storm surge, tsunami, and hurricane inundation. The threat of ris-
ing 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 commu-
nities to assess what needs protection and what form protection should take. Based on 
stakeholder workshops, agency surveys, and analysis by researchers at the University 

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
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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 inunda-
tion 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.)
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The islands and waters of the Pacific Islands provide the materials and means that allow 
the region’s humans, plants, and animals to thrive. These fragile ecosystems not only 
support the fisheries and agriculture that the people of the region depend on for food 
and income, they also provide shoreline protection, places for recreation, shared cultural 
heritage, and many other benefits, all of which are at risk from climate change and local 
stress caused by human activities.

Climate variability and change threaten marine, freshwater, and terrestrial eco-
systems through rising air and sea-surface temperature, sea-level rise (SLR), seasonal 
changes in precipitation, changes in the frequency and intensity of extreme weather 
events (hurricanes and typhoons, heavy rain events, and droughts), changes in solar 
radiation, and increasing ocean acidification (Figure 4-1). These physical and chemi-
cal changes affect many of the physical and biological processes on both land and in 
water and have cascading effects on water quality, species composition and diversity, 
wind, currents, waves, soil conditions, and habitat availability. All of these impacts will 
combine, often synergistically, to alter or in some cases eliminate important ecosystem 
function and reduce global biodiversity.  Given the complex interconnectedness of these 
ecosystems and many of the species in them, we can only begin to understand the cas-
cading impacts of these changes and the resultant impacts to the subsistence, culture, 
and way of life of the people of the Pacific Islands.

This vast region contains some of the most diverse ecosystems in the US, and in the 
case of the Pacific Remote Islands Marine National Monument and Papahānaumokuākea 
Marine National Monument, often the most pristine. Consequently, these areas offer a 
unique opportunity to better understand the impacts of climate change on coral reefs 
and on freshwater and terrestrial ecosystems of both low islands and high islands. In 
particular, the remote marine communities of the region allow a rare glimpse into eco-
systems and ecological processes largely unaffected by human activities (Wilkinson, 
2008; Pandolfi et al., 2005). In contrast, the freshwater and terrestrial environments with-
in the region are more likely to have been significantly impacted by invasive species, 
and assessment of climate impacts on these ecosystems will need to consider not only 
changes in native ecosystems and species but also the interaction with invasive species 
that will also be responding to climate change. 

Regional ecosystems overview

Marine ecosystems

Several key marine ecosystems in this region will be impacted by climate change, in-
cluding those of the open ocean (pelagic, abyssal, deep coral) and those of insular or 
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nearshore environments, such as shallow coral reefs, mesophotic reefs (those at water 
depths where light penetration is low), seagrass beds, intertidal flats, and mangroves. 
The communities within these ecosystems include many important species and groups 
of species: pelagic fish (such as tuna), reef fish, endangered sea turtles and monk seals, 
large marine mammals, corals, crustaceans, and phytoplankton, which form the base of 
the food web. 

Terrestrial ecosystems

As discussed in the “Region profile” section of Chapter 1, terrestrial ecosystems in the 
Pacific Islands are divided between low islands and high islands. While atoll (low is-
land) ecosystems are similar to strand and coastal plain ecosystems of high islands, they 
lack the elevation gradient and land area needed by species to adjust their distribu-
tions in response to climate change effects, such as SLR and changes in temperature and 
precipitation. Additionally, low island species have very little capacity to shelter from 
extreme weather events. High island species have, to varying degrees, the potential to 
track important habitat features as they change location with a changing climate. 

Rainfall and temperature gradients on high islands (with high physical relief) offer 
a wide range of microclimatic conditions that support a diverse assemblage of plants 
and animals in coastal wetlands, high-elevation bogs, grasslands, wet, mesic and dry 
forests, subalpine and alpine landscapes, and intermittent and perennial streams. This 
is especially true in the main Hawaiian Islands, which support 86 distinct native plant 

Figure 4-1  Generalized 
effects of increased green-
house gases on oceanic and 
coastal ecosystems in the 
tropical Pacific. (From Bell et 
al., 2011.)
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communities and 20 alien-dominated plant communities from sea level up to 13,400 feet 
(Wagner et al., 1990). The responses of these diverse ecosystems to climate change are 
largely unexplored, with only a few studies from Hawai‘i. The rate of climate-driven 
changes to native habitats in the Pacific Islands is unknown.  Changes may happen 
slowly, driven by press-type disturbances such as ambient temperature rise or decreas-
ing precipitation, or rapidly, driven by pulse-type disturbances such as extreme storms. 
This remains one of the major topics of interest for understanding how terrestrial eco-
systems will respond to climate change, and it will be made more challenging by the 
added effects of invasive species.

Freshwater ecosystems

Freshwater ecosystems in the Pacific Islands are a critical human resource and add sig-
nificantly to native island biodiversity. Coastal wetlands, while highly disturbed by 
invasive species and human usage, still provide important habitat for Pacific Island 
waterbirds, and high-elevation wetlands support unique natural plant communities. 
Stream systems are found only on high islands and are home to freshwater snails and 
arthropods, as well as a suite of fish, snails, and shrimp that are amphidromous (whose 
larval stages occur in the ocean). These latter species provide a direct link between fresh-
water and marine environments. Consequently, the future success of these species will 
depend on how ocean acidification and other marine effects of climate change may im-
pact larval development and growth, as well as recruitment of these larval stages back 
into freshwater streams.

Historic and projected trends

The general climate state in the Pacific Islands has been described and summarized 
in Chapter 1 of this report, and the “Indicators of a changing climate in the Pacific Is-
lands region” section of that chapter summarizes the general trends in the key climate 
variables across the region. This section focuses on features of climate that may be par-
ticularly important to marine, freshwater, and terrestrial ecosystems in the geographic 
sub-regions: the Central North Pacific (CNP; Hawai‘i and the Northwestern Hawaiian 
Islands [NWHI]), the Western North Pacific (WNP; Commonwealth of the Northern 
Mariana Islands [CNMI], Republic of Palau [RP], Federated States of Micronesia [FSM], 
and the Republic of the Marshall Islands [RMI]), and the Central South Pacific (CSP; 
American Sāmoa). The following section broadly describes ecosystem impacts caused 
by the interplay of these climate features.

Surface air temperature

Historical and current observations of surface air temperature (SAT) across the tropical 
and subtropical Pacific Islands provide a high level of confidence for significant warm-
ing trends in the CNP, WNP, and CSP. In the CNP, terrestrial areas of Hawai‘i have 
warmed rapidly, especially since the 1970s, with more warming at higher elevations and 
at night. See the “Historic and current trends” section in Chapter 2 for a more in depth 
discussion on SAT.   
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Sea-surface temperature

Historical and current observations of sea-surface temperature (SST) across the region 
provide high confidence that SST is rising.  Water temperatures remained relatively con-
stant or saw weak warming from the 1950s to the 1970s in the WNP and a cooling over 
the same period in the CSP. Since the 1970s, more rapid warming has occurred at a rate 
of 0.07° to 0.23°C (+0.13° to 0.41°F) per decade depending on the location. Projected in-
creases in SST for the region range from 0.6° to 0.7°C (1.1° to 1.3°F) by 2030, 0.9° to 1.4°C 
(1.6° to 2.5°F) by 2055, and 1.3° to 2.7°C (2.3° to 4.9°F) by 2090 under B1 and A2 emission 
scenarios (Australian Bureau of Meteorology & CSIRO, 2011).

Precipitation and extreme rainfall events

Historical trends in the WNP sub-region showing changes in annual and seasonal rain-
fall trends for FSM and RP from the 1950s to 1990s are not statistically significant, while 
negative annual and dry-season trends for RMI are statistically significant. Rainfall pro-
jections for the WNP sub-region indicate that wet-season, dry-season, and annual aver-
ages of rainfall will increase (Australian Bureau of Meteorology & CSIRO, 2011). There 
are no clear historical trends for the CSP sub-region. Precipitation in the sub-region is 
projected to either change very little during the dry season or possibly decrease. An 
increase in rainfall is projected for the wet season (Australian Bureau of Meteorology 
& CSIRO, 2011). Precipitation trends in the CNP (Hawai‘i) show moderate cyclical de-
pendence on both the El Niño-Southern Oscillation (ENSO) and the Pacific Decadal Os-
cillation (PDO) (Chu & Chen 2005); however, Chu et al. (2010) show that droughts are 
increasing as the precipitation regime over the islands has become more dominated by 
light rainfall and fewer heavier rain events.  See the “Historic and current trends” sec-
tion in Chapter 2 for a more in-depth discussion on precipitation and extreme rainfall 
events.

Sea-level rise

Rates of sea-level rise (SLR) derived from satellite altimetry since 1993 range from 2 to 
5 mm/year (~0.08 to 0.20 inches/year) within the CNP and CSP, and ≤10 mm/year (0.39 
inches/year ) throughout much of the WNP (see Figure 3-4 in Chapter 3). As compared 
to the global mean rate of 3.2 ±0.4 mm/year (0.13±0.02 inches/year) (Nerem et al., 2010), 
these trends are relatively high and of significant concern if they persist in the future 
due to the low-lying island topography. The ramped-up rates in the WNP are attrib-
uted to strengthened trade wind forcing (Merrifield, 2011; Merrifield & Maltrud, 2011).  
However, it is not clear whether or not the current rates in SLR and related sea-surface 
height pattern will remain (associated with a shift in the underlying state of the ocean-
atmosphere system) or if they will eventually settle down (a function of climatic-scale 
variability). See the “Historic and current trends” section in Chapter 3 for a more in-
depth discussion on SLR.  

Ocean acidification

When CO2 is absorbed by seawater, chemical reactions occur that reduce seawater pH, 
carbonate ion (CO3

2–) concentration, and saturation states of the biologically important 
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CaCO3 minerals calcite (Ωca) and aragonite (Ωar) in a process commonly referred to as 
ocean acidification (Feely et al., 2009). Historical and current observations of aragonite 
saturation state (Ωar) show a decrease from approximately 3.8 to 3.6 in the last 20 years 
in the CNP.  In the WNP, it has declined from approximately 4.5 in the late 18th century, 
to 3.9 in 2000, and to 4.1 in the CSP (Australian Bureau of Meteorology & CSIRO, 2011).  

Projections from CMIP3 models indicate the annual maximum aragonite saturation 
state will reach values below 3.5 by 2035 in the waters of the RMI, by 2030 in the FSM, by 
2040 in RP, and by 2060 around the Samoan archipelago. These values are projected to 
continue declining thereafter (Australian Bureau of Meteorology & CSIRO, 2011). 

Tropical cyclones

While there is little consensus at this point as to how storms in the Pacific Ocean may be 
affected by global climate change (IPCC, 2007; Collins et al., 2010; Knutson et al., 2010), 
most agree that increases in atmospheric and oceanic temperatures will result in chang-
es to storm frequency, storm tracks, and the intensity of storms. These changes will, in 
turn, modify the timing, magnitude, and patterns of large storm waves in the ocean ba-
sin. Current information indicates that tropical cyclone activity for the CSP is projected 
to lessen, while activity in the WNP will increase significantly (Emanuel, 2005). The pro-
jections of potential intensity of tropical cyclones in these areas all show low, but signifi-
cant, increases over the next 70 years (Yu et al., 2010). Projections for the eastern Pacific, 
which could affect Hawai‘i, give variable results with no clear trend (Emanuel, 2005). 
The projected intensity of tropical cyclones in these areas shows low but significant in-
creases over the next 70 years (Yu et al., 2010). The paths of cyclones may also shift more 
toward the CNP as a result of global warming (Li et al., 2010).

Impacts to marine ecosystems
In marine ecosystems, the changes in SST, SLR, ocean acidification, and precipitation 
lead to other physical, chemical, and biological changes in the open and nearshore 
waters, some of which are better understood than others. Changes in SST in conjunc-
tion with potential changes in wind, wave, and current patterns can lead to a change in 
stratification. This in turn can lead to changes in nutrient availability to the photic zone 
and therefore changes in phytoplankton abundance, size, and diversity. Because these 
organisms form the base of the oceanic food web, this in turn can lead to changes in 
patterns of abundance and distribution of key fisheries species, as can simple changes 
in SST alone (Le Borgne et al., 2011; Polovina et al., 2011). Population connectivity in 
coral reefs and other ecosystems may also shift as winds, waves, current patterns, and 
temperature regimes are altered. This could impact the ability of reefs to recover from 
bleaching events and to be reseeded by larvae from other reef areas.  Larval fish distribu-
tion could also be impacted (Munday et al., 2009). Waves, both acute (storm-generated) 
and chronic (wind-driven waves with addition of SLR), can change the geomorphol-
ogy of islands and the coral reefs that surround them. This in turn can result in the loss 
and/or creation of habitat, which will also affect species distribution. Changes in rainfall 
patterns and increasing frequency and intensity of extreme events can lead to greater 
runoff of sediment and land-based sources of pollution, especially in high islands. This 
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can lead to changes in water quality due to a decrease in water clarity and an increase in 
algal blooms that can impact seagrass beds and coral reefs. Rising sea level can inundate 
low-lying landfills, which can also affect water quality when toxicants are released into 
the marine environment. Impacts to specific marine ecosystems are expanded on below.   

Open ocean

A recently published vulnerability assessment of tropical Pacific fisheries and aquacul-
ture offers a succinct summary of the relationship between important pelagic fisheries, 
physical ocean properties, and variables that will be impacted by climate change:

The production of the four species of tuna, and other large pelagic fish, is underpinned 
by food webs based not only on the photosynthetic productivity of phytoplankton 
(called primary production) in the sunlit surface layer (photic zone) of the ocean, 
but also by bacteria and detritus, derived from phytoplankton. The energy produced 
through primary production moves through a “trophic pyramid" [Figure 4-2] via a 
range of zooplankton (such as copepods and larval fish), macrozooplankton (including 
jellyfish and salps) and micronekton (such as squid, shrimp and small fish), to sustain 
tuna and other large pelagic fish. The availability of the nutrients that underpin the 
food web for tuna, together with suitable water temperatures and dissolved oxygen 
levels, determine the distribution and abundance of tuna and other large oceanic fish 
across the Western and Central Pacific Ocean. Therefore, the responses of phyto-
plankton, zooplankton and micronekton to changes in the ocean processes that deliver 
nutrients to the photic zone, and to changes in the physical and chemical properties of 
the ocean projected to occur as a result of global warming and ocean acidification are 
expected to affect all life history stages of large oceanic fish. (Le Borgne et al., 2011)

Models project that between 2000 and 2100, the area of the subtropical biome (ecolog-
ical community of plants and animals) will expand by 30%, while the area of temperate 
and equatorial upwelling biomes will decrease by 34% and 28%, respectively (Polovina 
et al., 2011). This is due primarily to enhanced stratification and a northward shift in the 
mid-latitude westerly winds under a changing climate. The important implication of 
this shift is that over the century, the total biome primary production and fish catch is 
projected to increase by 26% in the sub-tropical biome and decrease by 38% and 15% in 
the temperate and the equatorial biomes, respectively. 

In addition to changes in productivity and fish catch, the boundaries of areas that 
are suitable for key fisheries species will shift, meaning changing availability and ef-
fort for some islanders to catch the fish. For example, two areas where the subtropi-
cal biome boundary exhibits the greatest movement is in the northeast Pacific, where it 
moves northward by as much as 1,000 km (621 miles) per 100 years, and at the equator 
in the central Pacific, where it moves eastward by 2,000 km (1,243 miles) per 100 years 
(Figure 4-3) (Polovina et al., 2011). Also, as SST rises, new thermal habitat will form, 
meaning different species distribution and composition, which will also affect fisheries. 
These types of impacts are already being observed as a function of ENSO on interannual 
scales, and this provides some insight into future impacts of climate change on food se-
curity for many of the Pacific Islands.
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There will also be impacts to the economically important tuna fishery in the Pacific 
Islands region. These impacts could be high, but the level of certainty about this is low. 
One ecosystem model coupled with a climate model indicates that under both A2 and 
B1 scenarios, by 2035 the total fishery catch for skipjack tuna increases by about 19% 
overall (11% for the western fishery and 37% for the eastern fishery), with no change for 
bigeye tuna. By 2,100 under the A2 scenario, however, the catch for both skipjack and 
bigeye will decline overall by 8% and 27%, respectively, with important spatial differ-
ences within the region. The western Pacific is projected to show the greatest declines in 
both fisheries (21% for skipjack and 34% for bigeye), whereas the eastern Pacific is pro-
jected to show an increase of 27% for skipjack and a decline of 18% for bigeye (Lehodey 
et al., 2011).

Coral reefs

Mass coral bleaching is caused by unusually high water temperatures, 1° to 2°C (1.8° to 
3.6°F), above the normal summer maxima lasting for 3 to 4 weeks or more, and strong 
El Niño events are correlated with many of the major bleaching events in recent years 

Figure 4-2  Generalized trophic pyramid for the tropical Pacific Ocean. The base of the food web 
consists of bacteria, small phytoplankton, and protists (nanozooplankton), 0.2 to 20 μm in size. These 
organisms are ingested by zooplankton, such as crustaceans, molluscs, or tuna larvae, up to a size of 
2,000 μm. In turn, zooplankton are consumed by macrozooplankton, such as jellyfish, and micronekton, 
such as squid, shrimp, and small fish. Micronekton and, to a lesser extent, macrozooplankton are the 
prey for tuna and other large pelagic fish at the top of the pyramid. (From Le Borgne et al., 2011.)
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(Hoegh-Guldberg, 1999; Strong et al., 1997).  These conditions result in the breakdown 
of the symbiotic partnership between the zooxanthellate algae, which live in the tissue 
of coral, and the coral itself.  The algae are expelled, which results in the loss of one of 
the main energy sources for the coral.  While corals can recover from bleaching events of 
short duration, mortality can result from longer or more intense events.  The increased 
frequency and intensity of bleaching events projected with increasing SST will leave 
corals little time for recovery (Sheppard, 2003), and the stress of bleaching events may 
impact their reproductive success, leave corals more susceptible to disease, and reduce 
their resilience to the next bleaching event. Recent predictions are that by 2050, many of 
the reefs in the Pacific will bleach annually (Figure 4-4) based on the A1B emissions sce-
nario (Burke et al., 2011). Annual bleaching has already been reported from some warm 
pools in American Sāmoa (Fenner & Heron, 2008).

The process of ocean acidification reduces the availability of biologically important 
calcium carbonate minerals, which are the building blocks for the skeletons and shells of 
many marine organisms. Aragonite is particularly important to reef-building coral; an 
aragonite saturation state that is optimal for corals to form their skeleton is greater than 
4.0, a state of 3.5 to 4.0 is adequate, 3.0 to 3.5 is marginal, and less than 3.0 is extremely 
marginal (Langdon & Atkinson, 2005). A recent report estimated aragonite saturation 
state for CO2 stabilization levels of 380ppm, 450ppm, and 500ppm, which correspond 

Figure 4-3  Mean depth-integrated primary production, (a) 1998–2017, (b) 2080–2099, (c) time series 
of the area with primary production, <0.3 g C m-2 d-1 in the subtropical biome (red line) and the time 
series of the area with production ≥1.2 g C m-2 d-1 in the Equatorial Upwelling biome. Dashed white 
lines in (a) and (b) indicate the biome boundaries. (From Polovina et al. [2011] by permission of Oxford 
University Press.)



98	 Climate Change and Pacific Islands: Indicators and Impacts

approximately to the years 2005, 2030, and 2050 under the IPCC A1B (business-as-usual) 
emissions scenario (Figure 4-5) (Burke et al., 2011). By 2030, conditions around most cor-
al reefs are only adequate or marginal for calcification to take place. Observed and ex-
perimental impacts of ocean acidification on coral reefs include lower calcification rates; 
more fragile reef structures; reductions in coral diversity, recruitment, and abundance 
of structurally complex reef framework builders; and shifts in competitive interactions 
among taxa, which can change the complexity of the reef structure (De’ath et al., 2009; 
Fabricius et al., 2011). Ocean acidification could have more far-reaching implications; 
recent work by Montenegro et al. (2011) suggests that the largest mass extinction event 
on record (Permian-Triassic Boundary extinction) corresponded to a period of an acidic 
ocean, and it puts forth this acidity as one of the potential kill mechanisms.

Figure 4.4  Frequency of future bleaching events in the 2030s and 2050s, as represented by the per-
centage of years in each decade where a NOAA Bleaching Alert Level 2 (i.e., severe thermal stress) is 
predicted to occur. Predictions are based on an IPCC A1B (business-as-usual) emissions scenario and 
adjusted to account for historical temperature variability but not adjusted by any other resistance or 
resilience factors. (From Burke et al., 2011. Data adapted from Donner [2009], “Coping with Commit-
ment: Projected thermal stress on coral reefs under different future scenarios.”)
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While increasing SST and ocean acidification will have significant impacts to coral 
reefs, other climate change impacts could potentially contribute to reef degradation, in-
cluding SLR, changes in storm frequency and intensity, and changes in ocean circula-
tion and upwelling. Though coral growth and reef accretion rates in the Indo-Pacific 
are highly variable (Montagionni, 2005), current rates of SLR are thought to not directly 
threaten healthy coral reefs, and in the case of some reef flats, an increase in SLR has 
resulted in increased coral cover (Brown et al., 2011).  However, SLR can lead to greater 
coastal erosion, especially during storm events, exposing reefs located adjacent to less 
stable shorelines to greater rates of sedimentation and re-suspension of seabed sedi-
ments, resulting in more turbidity (Field et al., 2011; Storlazzi et al., 2011). Furthermore, 
given other factors on growth (bleaching and ocean acidification), rapid SLR would rep-
resent an extreme challenge for coral reefs. Changes in storm frequency and intensity 

Figure 4-5  Estimated aragonite saturation state (an indicator of ocean acidification) for CO2 stabilization 
levels of 380 ppm, 450 ppm, and 500 ppm, corresponding approximately to the years 2005, 2030, and 
2050 under the IPCC A1B (business-as-usual) emissions scenario. (From Burke et al., 2011.)
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and storm tracks will also modify the timing, magnitude, and patterns of large storm 
waves in the ocean basin. There have been a number of efforts illustrating that coral 
reef morphology and coral species distribution in the Pacific Ocean are strongly con-
trolled by wave energy (Storlazzi et al., 2003, 2005; Engels et al., 2004). Therefore, these 
changes may result in not only direct physical damage, increased runoff, and reduced 
water quality but also potential long-term impacts to species distribution and patterns 
of reef growth. Finally, ocean circulation patterns are important drivers of the produc-
tivity, functions, and connectivity of coral reefs and many of the organisms that inhabit 
them.  Projected changes in the magnitude, location, and patterns of currents and associ-
ated upwelling zones could lead to changes in the genetic structure and connectivity of 
coral reefs and alter nutrient availability, which may alter the local ecosystems (Hoegh-
Guldberg et al., 2011).

The threats that climate change presents to coral reefs are further compounded by 
the fact that coral reefs are also threatened by local stressors, such as fishing practices, 
land-based sources of pollution, sedimentation, disease, physical damage from anchors 
and vessels, coastal development, and invasive species. The impacts from these threats 
lower the resilience of reefs to climate change. In Reefs at Risk Revisited (Burke et al., 
2011), maps showing reefs classified by present integrated threats from local stressors 
with projected thermal stress and ocean acidification for 2030 and 2050 indicate that 
many of the western Pacific reefs are highly or very highly threatened presently, and 
that increased threat will spread across the Pacific in coming decades (Figure 4-6). Based 
on the rate of coral loss reported over the past 20 years as well as the projected effects of 
more frequent coral bleaching and ocean acidification, average coral cover throughout 
the Pacific is expected to decline to 15% to 35% by 2035 compared with 20% to 40% in 
2007 (Bruno & Selig, 2007; Hoegh-Guldberg et al., 2011). Coral death will cause changes 
in the complexity and structure of reef habitat. This in combination with other stressors 
will also affect coastal fisheries, including those coral dependent and reef associated, by 
contributing to a further loss of habitat (Figure 4-7).

Seagrass beds, mangroves, and intertidal flat complexes 

The mosaic of seagrass beds, intertidal flats, and mangroves in the Pacific provides 
nursery areas and feeding grounds for fish species, habitat for crustaceans and inver-
tebrates, shoreline protection and wave dampening, and improved water quality due 
to trapping of nutrients, sediments, and pollutants that run off from land (Waycott et 
al., 2011). These areas already face the threat of coastal development, and further losses 
are expected to occur as a result of climate change impacts, including heat stress due to 
rising air and water temperature, loss of suitable habitat due to sea-level rise, increased 
sedimentation due to greater runoff, and damage from potentially more severe cyclones 
and storms (Waycott et al., 2011).  

Mangrove forests usually occur along low-energy shorelines between low-tide and 
high-tide levels, and species have evolved to exist along a continuum of salinities and in-
undation with sea water (Waycott et al., 2011).  Mangroves will potentially be impacted 
by increasing air temperatures, SLR, changes in frequency and intensity of storms, and 
changes in rainfall patterns (Grantham et al., 2011). Mangroves have a high tolerance for 
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Figure 4-6  Map A (top) shows reefs classified by present integrated threats from local activities (i.e., 
coastal development, overfishing/destructive fishing, marine-based pollution, and/or watershed-based 
pollution). Maps B and C show reefs classified by integrated local threats combined with projections of 
thermal stress and ocean acidification for 2030 and 2050, respectively. Reefs are assigned their threat 
category from the integrated local threat index as a starting point. Threat is raised one level if reefs are 
at high threat from either thermal stress or ocean acidification, or if they are at medium threat for both. 
If reefs are at high threat for both thermal stress and acidification, the threat classification is increased 
by two levels. The analysis assumed no increase in future local pressure on reefs, and no reduction in 
local threats due to improvements in management. (From Burke et al., 2011.)
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heat stress compared to many plants, though changes in SAT and SST may affect spe-
cies distribution and composition and growth rate, and potentially change the timing of 
flowering and fruiting (Field, 1995; Ellison, 2000). SLR-induced erosion and inundation 
is a major threat to mangroves, especially if it is sudden or there is no path for landward 
migration (Ellison, 2000). Mangroves may also be able to move landward in response 
to SLR (Gilman et al., 2008). However, an extrapolation of current data indicates SLR in 
American Sāmoa will result in a 0.2% annual loss of mangrove area over the next cen-
tury (Gilman et al., 2008). Changes in rainfall patterns can alter the magnitude and tim-
ing of freshwater flows to the nearshore environment, leading to changes in salinity and 
mangrove community composition (Field, 1995), and much like coral reefs and seagrass 
beds, mangroves can be destroyed by intense storms and cyclones.  

Increasing SSTs are likely to result in changes in seagrass species distribution, sexual 
reproduction, growth rates, and changes in their carbon balance (Grantham et al., 2011). 
SLR will likely result in loss of ideal habitat along the deeper edge of meadows but re-
sult in more habitat at the landward bed edge. Changes in rainfall patterns, wave and 
current dynamics, and sea level can lead to changes in sedimentation and re-suspension 
of sediment, which reduce light availability to seagrass; these changes in water quality 
may be compounded by runoff of sediments, nutrients, and land-based sources of pol-
lution (Short & Neckles, 1999; Björk et al., 2008). Additionally, while increasing levels 
of dissolved CO2 could potentially have a positive effect by increasing photosynthesis, 
they also might stimulate epiphytic algal growth, which blocks light to the seagrass, 
especially in areas that are enriched in nutrients; thus, the potential benefits are likely to 
be outweighed by the negative impacts of climate change (Short & Neckles, 1999; Björk 
et al., 2008). 

The role of intertidal flats—the transition zone between shoreline/sandy beach/man-
grove forested areas and zones where seagrass and coral reefs can occur in the tropical 

Figure 4-7  Projected changes in productivity of the demersal fish component of coastal fisheries 
under low (B1) and high (A2) emissions scenarios in 2035 and 2100. The estimated responses of broad 
types of demersal fish are also shown. The likelihood of these responses (especially for A2 in 2100) is 
low to medium. (From Pratchett et al., 2011.)
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Pacific—is poorly understood. These habitats can play an important role in primary 
production and nutrient cycling through the benthic microalgae communities that live 
there; provide habitat for many organisms, including burrowing invertebrates that pro-
vide subsistence for human communities; and help mediate pollution though bacterial 
denitrification (Waycott et al., 2011). SLR is the largest concern for intertidal flats, espe-
cially in areas where the habitat cannot expand landward or where rates of sedimenta-
tion do not keep up with SLR. Increasing SAT and SST, changes in nutrient availability/
terrestrial runoff, and changing ocean pH are all climate-related impacts that could alter 
species composition and distribution and levels of productivity, but more research is 
needed to fully understand the impacts of climate change to these habitats (Webster & 
Hill, 2007).

A recently published vulnerability assessment of tropical Pacific fisheries and aqua-
culture (Waycott et al., 2011) summarized the impacts to mangrove and seagrass eco-
systems based on the B1 and A2 emissions scenarios at 2035 and 2100 with respect to 
different climate variables (Figure 4-8). Human activities that threaten these habitats, 
including unsustainable mangrove harvesting, habitat destruction, dredging, destruc-
tion of seagrass beds, and so forth, will exacerbate the impacts of climate change. 

Figure 4-8  Summary of the projected effects of climate change variables on mangrove and seagrass 
habitats in the tropical Pacific for the B1 and A2 emissions scenarios in 2035, together with an 
assessment of the overall vulnerability of mangrove and seagrass habitats by integrating these effects. 
The likelihood and confidence associated with the integrated vulnerability assessments are also 
indicated. Note that the projected effects of each climate change variable can be negative (–) or positive 
(+); nil = no projected effect. (From Waycott et al., 2011.)
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Impacts to freshwater and terrestrial ecosystems
In order to understand the potential future impacts of climate change on insular Pacific 
freshwater and terrestrial ecosystems, it is important to keep in mind differences be-
tween high islands with significant elevation gradients versus low islands with little or 
no elevation gradients, and leeward areas that receive less rainfall with more seasonal 
extremes versus wetter windward areas. It is also important to consider the presence 
and severity of other ecosystem stressors, such as invasive species, as well as resource 
availability and adaptive capacity. In the near term, maximizing native ecosystem re-
silience through intensive management of current anthropogenic stressors, especially 
invasive species, is critical for longer-term adaptation to climate change.

Low island ecosystems

Of critical concern is that SLR will eventually contribute to the overwash and submersion 
of low island ecosystems, particularly atolls. Initial effects of SLR will include changes in 
the location, size, and shape of the atoll islands (Webb & Kench, 2010), which will affect 
the type and distribution of nearshore terrestrial habitats. Continued SLR will result in 
the submerging of relict and wave-resistant paleoreef flats, which will subject the uncon-
solidated sediment cover to wave impacts and accelerate the eventual overtopping of 
atolls (Dickenson, 2009). Projected dates for these types of impacts are dependent upon 
particular atoll morphology and the rates of SLR that occur or are chosen for planning. 
However, it is likely that these impacts are inevitable, and will occur widely between 
~2050 and 2150 (Dickinson, 2009). Terrestrial atoll ecosystems will require adaptive 
planning efforts well in advance for resident and migratory species dependent on these 
increasingly rare habitats.

Low islands are currently subjected to periodic high-wave events such as the two 
events recorded at Midway, Laysan, and Kure Atolls, in the NWHI, in January and 
February 2011. These storm-generated high-wave events were followed by the Tohoku 
Tsunami in March. Over the course of these events, Laysan albatross and blackfooted 
albatross populations lost 38% (254,000) and 45% (30,000), respectively, of their annual 
nests throughout the entire nesting range of these bird species (Flint et al., 2011; over 
95% of nesting for each of these albatross occurs in the NWHI). With rising sea level, 
atoll inundation and overwash will become more frequent and will have substantial 
negative impacts on populations of atoll plants and animals, including the six endemic 
atoll terrestrial birds and plants identified in the region. Impacts include direct mortality 
as well as loss and/or alteration of habitat. Freshwater and brackish water wetlands will 
also become more saline with increasing seawater inundation and intrusion into shallow 
water tables. This increased salinity will impact the plants and animals that currently 
rely on these freshwater resources. 

High island freshwater wetland and stream ecosystems

High island coastal wetlands will become more saline over time with increased inunda-
tion from high-wave events for those nearest to the shore. Unlike low island wetlands, 
high island wetlands have the potential to shift locations, given a sufficiently large land-
scape with an elevation gradient. As sea level rises, the freshwater subterranean lens 
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of the high island will also rise, creating new freshwater wetlands at the new locations 
on the landscape. The extent to which coastal wetlands are lost or gained in the Pacific 
Islands will depend, in part, on local geomorphology, sediment supply, and existing 
human habitation.

As discussed in detail in Chapter 2, decreasing rainfall is associated with decreasing 
stream base flow (Oki, 2004), which in turn has significant impacts on habitat availabil-
ity for stream-dwelling organisms (Gingerich & Wolff, 2005; Oki et al., 2010).  Generally 
speaking, the range of streamflow conditions will shift toward less consistent flow. For 
example, stream systems that currently flow year-round from headwaters to the sea may 
become hyporheic (flow underground) in some sections during the dry season: water 
will percolate through the streambed but will not flow over the land surface. Also, the 
flow of some currently perennial streams may become seasonally dependent or other-
wise intermittent, and some already intermittent streams may eventually cease to show 
any surface flow. This overall decline in flow will reduce turbulent stream habitats and 
may increase pool habitats; the species that occupy the former may give way to those 
who favor the latter. Decrease in streamflow also reduces overall invertebrate biomass, 
interrupts movement of native species along streams, and may prevent amphidromous 
species from re-occupying the streams where they complete their life cycle (Gingerich 
& Wolff, 2005; Kinzie et al., 2006). While the effect of decreasing rainfall on stream eco-
systems is clearly understood, the impact of a change in the frequency of heavy rainfall 
events is still uncertain. In fact, an increase in these events may actually benefit native 
stream fauna by flushing invasive fish species to lower reaches of the streams or out 
to sea. Unlike the invasive stream fishes in the Pacific Islands, native freshwater fishes 
(gobies) are adapted to resist these flushing events or to use them as part of their natural 
spawning cycle (Keith, 2003).

High island alpine and subalpine ecosystems (Hawai'i only)

In the Pacific Island region, alpine and subalpine ecosystems are found only in Hawai‘i 
and represent some of the most fragile and unique ecosystems on Earth.  The harsh envi-
ronment of high elevation and the natural barrier provided by lava fields has largely but 
not entirely spared these ecosystems from alien species invasions (Denslow, 2003). Like 
low islands, these alpine and subalpine areas may serve as early indicators of climate 
change in the Pacific Islands. Snowfall and temperature on Mauna Kea and Mauna Loa 
may also show changes due to global warming, which could affect the distribution and 
abundance of native and invasive species at these high elevations. For instance, wēkiu 
bugs (Nysius wekiuicola) live up to the highest elevations on both mountains and rely 
on insects blown up from lower elevations and immobilized or killed by the frigid tem-
peratures they encounter (Eiben & Rubinoff, 2010). Changes in snowfall could impact 
the distribution and abundance of wēkiu (Eiben & Rubinoff, 2010). Currently, cold, high-
elevation temperatures protect Mauna Kea and Mauna Loa from many invasive species. 
Warming at high elevations could facilitate upslope movement of invasive species on 
these mountains (Eiben & Rubinoff, 2010).

Hawaiian alpine ecosystems are already beginning to show strong signs of increased 
drought and warmer temperatures, apparently related to increasing persistence of the 
trade wind inversion (Cao et al., 2007) since the 1990s. The most studied biological 
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indicator in this ecosystem is the Haleakalā silversword, Argyroxyphium sandwicense ssp. 
macrocephalum (Asteraceae). It is found only at high elevation (2,100 to 3,055 m [6,900 to 
10,000 feet]) on the Haleakalā volcano on the Hawaiian island of Maui, where it grows 
for 20 to 90 years before the single reproductive event at the end of its life. After a pre-
cipitous decline to about 4,000 individuals in the early 1900s due to ungulate browsing 
and human vandalism, protection within Haleakalā National Park allowed it to recover 
to more than 50,000 individuals. Monitoring since 1982 (Loope & Crivellone, 1986) has 
documented a severe decline in plant numbers over the past two decades (Krushelnycky 
et al., 2011), apparently unrelated to effects of invasive species but happening in the 
same time frame as a documented increase in temperature and decrease in precipita-
tion (as discussed in detail in the earlier chapters of this report). Recruitment of seed-
lings has almost ceased, and small to medium-sized plants are frequently dying without 
flowering, especially at the lower elevations of its range. The monitoring network was 
expanded substantially in 2010 to enable a more comprehensive assessment. Accurately 
documenting the silversword story may have potential for enhancing scientific and pub-
lic understanding of what climate change has in store for Hawai‘i.

High island wet, mesic, and dry forest ecosystems

Terrestrial forest ecosystems support the great majority of terrestrial Pacific Island bio-
diversity, yet most of these forest ecosystems remain largely unstudied, especially in 
American Sāmoa, the Mariana Islands, and the freely associated States. Initial bioclimate 
modeling of potential future plant distributions in Hawai‘i, based on climate change 
projections of temperature and precipitation, has shown that by 2100 climate change 
may result in new, coastal low-elevation growth conditions that have never before oc-
curred in the main (high) Hawaiian Islands (Price et al., 2009). Most of these new, non-
analog, ecosystems will occur in areas that are already dominated by invasive species 
that are not native to Hawai‘i. At higher elevations near the summit of the mountains on 
each of the main islands (and below the alpine/subalpine zones on Maui and Hawai‘i), 
the same bioclimate modeling (Price et al., 2009) shows that wet native ecosystems that 
currently and naturally occupy limited areas will no longer exist by 2100. The implica-
tions for native plant species found only in these ecosystems include contraction of their 
ranges in part or in whole, which may contribute to the extinction of the most vulnerable 
species. An initial analysis of the potential bioclimatic range in 2100 of Hawaiian plants 
indicates that some species will experience a contraction of their bioclimatic envelope, 
up to and including its elimination, while others will experience no significant change or 
an expansion of the envelope (Figure 4-9) (Price et al., 2009).

Of great concern is the climate change response of invasive plants, animals, and dis-
eases and their interaction with the native species of the Pacific Islands. As ecosystems 
are created, are lost, or shift in location and area, the potential for expansion of inva-
sive species exists, especially if increased fire risk associated with the expansion of alien 
grasses (Litton et al., 2006; Varga & Asner, 2008) accompanies climate change. The po-
tential impact of disease on native species has been characterized for avian malaria and 
Hawaiian forest birds. Climate change threatens to greatly expand the range of mosqui-
toes that transmit avian malaria and also increase the viability of the malaria parasite at 
high elevations (Benning et al., 2002; Atkinson & LaPointe, 2009a). 
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Implications of climate change for management

The importance of effective management of marine, freshwater, and terrestrial ecosys-
tems cannot be overemphasized, but neither can reduction in greenhouse gas (GHG) 
emissions. Ultimately, without substantial reductions in GHG emissions, management 
actions will only succeed to a limited degree, and marine, freshwater, and terrestrial 
ecosystems in the Pacific Islands will be highly altered by climate change and ongoing 
human-induced effects. Dramatic examples of these impacts already exist in both the 
marine and terrestrial ecosystems of the Pacific. Figure 4-10 illustrates that, for coral 
reefs, strong management could result in a much better outcome for reefs under a sce-
nario where we strongly reduce GHG emissions, but without reduced emissions, no 
amount of effective management will result in reefs, as they currently exist, in the future.  
Modeling efforts to better understand the interactions between ecological and hydrody-
namic processes and human impacts for the Great Barrier Reef in Australia (Wolanski 
et al., 2004; Wolanski & De’ath, 2005) combined with varying management and GHG 
emission reduction scenarios (Richmond & Wolanski, 2011) support this conclusion. The 
bottom line is that while management activities to reduce local stressors can increase 

Figure 4-9  Climate-induced changes in the bioclimate envelope of plant species in Hawai‘i. The bio-
climate envelope of the Hawaiian endemic `akoko (Chamaesyce rockii) is projected to become greatly 
reduced in area and fragmented into two isolated locations. In contrast, the bioclimate envelope of 
the alien and invasive strawberry guava (Psidium cattleianum) is expected to expand into the montane 
forest and also occupy the new lowland climate zone produced by climate change (From Price et al., 
2009.)
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resilience, slow the effects of climate change, and buy time for vulnerable ecosystems, 
the only scenario that results in the recovery of key marine, freshwater, and terrestrial 
ecosystems in the Pacific Islands is one that combines effective local management and a 
global reduction in GHGs.

Summary

Sound scientific information to inform management decisions in the face of climate 
change is needed, but there are some key challenges to providing this needed informa-
tion for the Pacific Islands region. These are summarized below for marine, freshwater, 
and terrestrial ecosystems. 

•	High quality, long-term ecological and climate monitoring with adequate spa-
tial coverage: Understanding the changes that Pacific Islanders are experienc-
ing, and will experience in the future, requires consistent ecological monitoring 
and observations. Given the expense of long-term monitoring and considering 
ever-tightening budgets, the number of stations is declining. In addition, the 
continued reduction of long-term environmental (climate) monitoring efforts 
degrades the validation and refinement of modeling and downscaling ap-
proaches. Such degradation critically endangers not only our ability to accurate-
ly understand the magnitude of change that is happening, but also our ability 
to identify, forecast, and respond to extreme environmental conditions that may 
cause irreparable damage to ecosystems and the communities/economies that 
depend upon them.

Figure 4-10  Indicative potential changes in CO2 and coral cover over the next three centuries in a 
world that strongly reduces greenhouse emissions under the B1 scenario (left panel) or does not and 
follows the A2 scenario (right panel). The orange lines indicate likely changes to the percentage of coral 
cover for reefs if they are managed poorly. Green lines depict how coral cover is expected to change 
where strong policies and actions to manage and reduce local threats are implemented. (From Hoegh-
Guldberg et al. [2011] by permission of CSIRO Publishing.)
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•	Terrestrial and aquatic research sites across the region: A major observation of 
this assessment is the lack of adequate ecosystem-monitoring long-term study 
sites throughout the Pacific Islands. If climate change impacts on freshwater 
and terrestrial ecosystems are to be effectively assessed in the Pacific Islands, 
a well-designed ecological program is needed. Currently, studies on the long-
term stability and biodiversity of terrestrial and aquatic ecosystems are con-
ducted only in limited locations in Hawai‘i. Additional study sites are needed 
throughout the Pacific Islands.

•	Downscaled models for the Pacific Islands: One of the challenges of the Pa-
cific Islands is that many of the global climate models (GCMs) are not adequate 
for the region. Downscaling of global models, taking into consideration the 
regional and local phenomena that influence the regional climate system, needs 
to be done (for further summary of modeling efforts, see Appendix B of this 
report).  Alternatively, nesting regional climate models into future GCM runs is 
a viable alternative to post-GCM downscaling. This would provide much more 
comprehensive capture of air-sea fluxes and boundary-layer conditions than 
traditional downscaling approaches.

•	Integrated biogeochemical and physical models: Biological responses to a 
changing climate can have cascading and interactive effects that we cannot 
predict. Consequently, direct impacts to one organism will affect many other 
organisms in the system. Integrating biogeochemical and physical models will 
provide a better understanding of overall impacts.

•	Ocean acidification research: Ocean acidification is a well-understood chemi-
cal process, but the impacts of the changing carbonate chemistry on key organ-
isms such as larval fish, coral reefs, phytoplankton, other zooplankton, larvae 
of amphidromous (freshwater adults with marine larval stages) species, and 
other calcifying organisms are not. Research to better understand the biologi-
cal response is necessary to understand and prepare for these potentially far-
reaching impacts.

•	Resilience of key ecosystems and dependent communities: The combined ef-
fects of climate change and anthropogenic stressors (e.g., the introduction of 
invasive species, land-use practices, land-based sources of pollution, fishing 
practices, and so forth) are often synergistic, with dire consequences for native 
ecosystems. Reducing human-caused stresses on marine, freshwater, and ter-
restrial ecosystems is a critical part of maintaining and restoring their resilience. 
Improved control and management of invasive species, along with steps toward 
better prevention of their introduction to native ecosystems, are necessary to 
achieve this goal.

Key Findings for Marine, Aquatic, and Terrestrial Ecosystems

•	Surface air temperature has risen over the Pacific Islands region over the last 
century. This warming is spatially and temporally variable, with more warm-
ing at higher elevations and at night. Minimum and maximum temperatures 
and the frequency and intensity of days of extreme heat are projected to 
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increase across the region.
•	Warming at high elevations could exacerbate invasive species problems and 

alter the distribution of native species in high island ecosystems.
•	Average sea-surface temperature across the region has risen over the last cen-

tury, with more rapid warming since the 1970s. Surface temperatures across 
the region are projected to increase at levels that will impact key marine 
ecosystems. 

•	Increased sea-surface temperatures are correlated with increased frequency 
and intensity of mass coral bleaching events and associated mortality in the 
region. The distribution of phytoplankton and key fisheries species is also pro-
jected to change with changes in sea-surface temperature, currents, and wind 
patterns.

•	Changes in precipitation patterns may lead to increased coastal erosion, de-
creases in coastal water quality, and changes in terrestrial and aquatic species 
distribution.  

•	Sea level in the region has risen at a rate greater than the global average. Sea 
level is projected to continue to rise, and regional fluctuations at inter-annual to 
multidecadal time scales will superimpose on global sea-level rise.  

•	Sea-level rise is of critical concern to low-lying atolls where overwash and in-
undation will contribute to loss of terrestrial ecosystems. Key habitats such as 
mangroves and coastal wetlands could also be negatively impacted by erosion 
and inundation. 

•	CO2 is absorbed by sea-water, resulting in a series of chemical reactions that 
reduce the sea-water pH, carbonate ion concentration, and the availability of 
the biologically important calcium carbonate minerals calcite and aragonite 
through a process known as ocean acidification.

•	The biological impacts of ocean acidification to key organisms, including larval 
fish, coral reefs, phytoplankton, zooplankton, and other calcifying organisms, 
are thought to have potentially devastating effects and must be better under-
stood to prepare for these potentially far-reaching impacts.

•	For sensitive ecosystems like coral reefs, with high vulnerability and potential-
ly low adaptive capacity, greenhouse gas reduction is the only meaningful re-
sponse. High levels of local protection will only buy time for these ecosystems 
and do not provide immunity to significant climate change impacts.

•	Projected increase in tropical cyclone intensity could impact the geomorpholo-
gy of islands and result in habitat destruction of terrestrial ecosystems (forests) 
and marine ecosystems (coral reefs, seagrasses, and mangroves), influencing 
the spread of invasive species and reducing shoreline protection for coastal 
communities.
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Case Study 4-1 

Climate change threatens Hawaiian  
forest birds

In Hawai‘i, geographic isolation has prevented the natural establishment of mammals, 
terrestrial reptiles, amphibians, and many insect species, such as biting mosquitoes. 
Isolation has also facilitated the spectacular evolutionary radiation of Hawaiian honey-
creepers from a single small flock of North American finches into more than 50 species 
and subspecies of endemic forest birds (Pratt, 2009).

With the arrival of humans came the clearing of forests and the introduction of non-
native species and their diseases. More than 40 mosquito species have been captured 
in Hawai‘i, and six have become established, most recently in 2004 (LaPonte & Burgett, 
2005). The southern house mosquito was the first to arrive in Hawai‘i in 1826 (Atkinson 
& LaPointe, 2009b). It is the vector for avian malaria and avian pox. The malaria parasite 
arrived later with the introduction of non-native birds, probably around 1871. These 
introduced birds are the perfect avian malaria host: they show no signs of infection and 
remain infectious for long periods of time.

Habitat loss, predation, and competition have taken their toll on Hawaiian honey-
creepers, but this trio of invasive species—alien birds, malaria, and mosquitoes—were, 
and still are, a major threat to the honeycreepers’ long-term survival. Almost all of these 
birds are vulnerable to avian malaria, with mortality rates as high as 65% to 90% after 
being bitten by a single infective mosquito (Atkinson & LaPointe, 2009a, 2009b). Of the 
50 species and sub-species of endemic Hawaiian honeycreepers, only 22 have survived 

Case Study 4-1 Photo 1  The 
‘Apapane honeycreeper, seen here 
at Hawai‘i Volcanoes National Park, is 
one of the only remaining, relatively 
abundant species of Hawaiian honey-
creepers. (Courtesy of Simon Bisson.)

Focus on impacts
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the combined effects of habitat loss, disease, predation, and competition from alien spe-
cies. The most recent victim, the Po‘ouli, became extinct in 2004 (Pratt, 2009).

Mosquitoes and avian malaria do not do well in Hawai‘i’s cooler high elevations. Be-
low 13o C (about 55o F), the malaria parasite cannot complete its maturation cycle, so the 
disease cannot be transmitted. In addition, the southern house mosquito, which trans-
mits avian malaria, is active at night when temperatures are cooler. Consequently, the 
prevalence of avian malaria in native forest birds is low above 1,500 m (about 5,000 feet) 
(Atkinson & LaPointe, 2009a). At lower elevations, mosquitoes and malaria are abun-
dant, and most honeycreepers can no longer survive in the warm mesic and wet forests 
that were once ideal habitats. Hawai’i’s cool, high mesic and wet forests have become 
their last refuge. But today, climate change threatens to open up these refuges to avian 
malaria.

As climate change warms the air, the range of mosquitoes will expand upslope, and 
infective malaria parasites will develop at high elevations. Currently, at higher eleva-
tions, avian malaria transmission is seasonal, occurring during the warm summer and 
fall when mosquito populations are at a maximum. Thus, the cooler winter months and 
night temperatures are critical to the survival of honeycreepers. 

As global warming raises air temperatures, their seasonal high elevation refuge will 
shrink and eventually disappear (Figure 4-11) (Benning et al., 2002; Atkinson & LaPointe, 
2009a). It is likely that the spread of mosquitoes and avian malaria (as well as avian pox) 
into the high elevations of Hawai‘i will eventually lead to the extinction of many, per-
haps all, of the honeycreepers that currently survive in these areas.

Current temperatures at high elevations in Hawai`i have risen about 0.26o C per 
decade averaged over the day and night. But of greater concern is the rise in night-
time temperatures, when the southern house mosquito is most active. These have risen 
about 0.44o C (0.79 oF) per decade since 1975 (Giambelluca et al., 2008). As a result, the 

Figure 4-11  Projected changes in 
the location of the forest cover in 
relation to 17°C (yellow) and 13°C 
(white) isotherms under current 
conditions and with a 2°C warming 
of the climate. Changes are shown 
for Hakalau Forest National Wildlife 
Refuge (blue boundary) on Hawai‘i, 
and the Alakai swamp region on the 
island of Kaua’i. (From Benning et 
al., 2002.)
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prevalence of avian malaria in Hawaiian forest birds at Hakalau Forest National Wild-
life Refuge (1,500 to 2,000 m; 5,000 to 6,500 feet elevation) on the island of Hawai‘i has 
risen from 2.1% to 5.4% over the past decade (Freed et al., 2005). The prevalence of avian 
malaria at high elevations on Kaua‘i has risen as much as 30% over the past decade (At-
kinson & Utzurrum, 2010). 

High-elevation forest restoration is needed to expand the upward range available 
to these forest birds. This will require addressing long-standing problems with inva-
sive plants and animals. And there is hope for some Hawai‘i honeycreepers. Natural 
resistance to avian malaria has developed in one species, the Hawai’i amakihi, which is 
now more abundant in low-elevation forests with high levels of mosquitoes and avian 
malaria than at disease-free high-elevation sites (Woodworth et al., 2005; Kilpatrick et 
al., 2006). The hope is that good habitat management can help other honeycreepers de-
velop resistance to avian malaria (Kilpatrick, 2006). Unfortunately, the rate of warming 
in Hawai‘i may not give these birds enough time to develop resistance. Without human 
assistance, global warming combined with avian malaria may overwhelm Hawaiian 
honeycreepers and other forest bird species. 

Case Study 4-2

 Fish populations respond to  
climate conditions

Fishing is a way of life in the Pacific Islands. Subsistence fishers ply the waters of every 
inhabited shore as well as many uninhabited ones; seafood consumption is high, provid-
ing a primary protein source; and fishing is prominent in cultural traditions. There are 
many stories, chants, and songs about fish and fishing throughout the Pacific region. In 
Polynesia, the most famous perhaps are those of Maui and his legendary fishing hook.

Oh the great fish hook of Maui! 
Manai-i-ka-lani ‘ made fast to the  
heavens’ its name; 
An earth-twisted cord ties the hook. 
Engulfed from the lofty Ka‘uiki. 
Its bait the red billed ‘Alae, 
The bird made sacred to Hina. 
It sinks far down to Hawai‘i, 
Struggling and painfully dying. 
Caught is the land under the water, 
Floated up, up to the surface, 

But Hina hid a wing of the bird 
And broke the land under the water. 
Below, was the bait snatched away 
And eaten at once by the fishes, 
The Ulua of the deep muddy places.

“Chant of Kuali‘i,” ca. 1700 AD 
(Westervelt, 1910)

Focus on impacts
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In addition to their importance to traditional practices and food security for island 
communities, open-ocean fish populations in the Pacific play an increasingly domi-
nant role in global fish production. The Western Pacific Regional Fishery Management 
Council estimates the annual catch of skipjack tuna (Katsuwonus pelamis), yellowfin tuna 
(Thunnus albacares), bigeye tuna (T. obesus), and South Pacific albacore tuna (T. alalunga) 
at about 2.7 million metric tonnes. These tuna species are highly migratory and range 
throughout the Pacific, and adults tolerate a relatively wide range of conditions (Brill, 
1994). Yet, climatic conditions greatly influence the productivity and geographic range 
of Pacific tuna populations (Miller, 2007).

Tuna have been shown to respond to El Niño-Southern Oscillation (ENSO) events. 
Sea-surface temperature influences tuna productivity and optimal development through 
different life stages (Lehodey et al., 1997; Lehodey, 2001; Lu et al., 2001). ENSO-related 
shifts create a disadvantage for local fishers who, unlike large-scale commercial fleets, 
cannot follow the tuna to more productive waters thousands of miles away.

Due to projected ocean warming and other climate-associated changes in marine eco-
system productivity, it is projected that over the 21st century, tuna distributions “are 
likely to shift progressively towards the central and eastern Pacific” (Bell et al., 2011) 
(Figure 4-12). Currently, in the Western North Pacific sub-region, the domestic tuna fish-
eries of the Federated States of Micronesia and the Republic of the Marshall Islands are 
valued at $2.67 million and $2.44 million annually, respectively (Bell et al., 2011). The 
contribution of tuna fisheries to these economies may well lessen as the projected shift 
in populations takes place.

The complexity of marine ecosystems makes it difficult to predict how climate change 
will alter discrete “strands” of the food web upon which tuna and other large pelagic 
fish depend. There are indications that, in addition to changes in sea-surface tempera-
ture, changes in ocean circulation and ocean chemistry will heavily influence productiv-
ity throughout the region (Le Borgne et al., 2011; Polovina et al., 2011). By the end of this 
century, the total primary production and fish catch is projected to increase by 26% in 
the subtropics and decrease by 38% and 15% in the temperate and the equatorial zones, 

Case Study 4-2 Photo 1  Fish hook collection, 
Bishop Museum, Honolulu, Hawai‘i. (© 2008 Debbi 
Long, “hooked,” used under a Creative Commons 
Attribution-NonCommercial-ShareAlike license.)
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respectively (Polovina et al., 2011). This projected decrease, in combination with shifting 
fish populations, may have a significant and unequal economic impact on Pacific Is-
land sub-regions. One cannot place a monetary value, however, on how these projected 
changes in pelagic fisheries will impact the Pacific Island way of life.

Figure 4-12  Projected distributions (density) for skipjack tuna larvae recruits from the SEAPODYM 
model (a) in 2000; (b) under the B1/A2 emissions scenario in 2035; (c) under B1 in 2100; and (d) under 
A2 in 2100. Also shown are estimates of total biomass (tonnes per square kilometer) of skipjack tuna 
populations based on average (1980–2000) fishing effort in (e) 2000; (f) under B1/A2 in 2035; (g) under 
B1 in 2100; and (h) under A2 in 2100. (From Lehodey et al., 2011.)
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Case Study 4-3

Pacific coral reef management in a  
changing climate

Tropical coral reefs are among the most productive and diverse ecosystems in the world: 
thousands of species coexist in a complex structure built by living corals. Coral eco-
systems are of particular ecological, economic, and cultural importance in the Pacific 
Islands region, and this region supports the majority of coral reefs within the United 
States’ jurisdiction.	

These ecosystems are declining due to a plethora of human impacts, including over-
utilization, land-based pollutants, introduced invasive aquatic species, and climate 
change. Two climate-related phenomena in conjunction pose a potentially catastrophic 
threat to the long-term survival of coral reef ecosystems in the Pacific Islands region: ris-
ing sea-surface temperatures (SSTs) and changes in ocean chemistry.	

Over the past 30 years, periods of elevated SST have become more commonplace, 
often correlating with coral bleaching (Donner, 2011). Coral bleaching occurs when wa-
ter temperatures rise 1° to 2°C (1.8° to 3.6°F) above the warmest normal summer tem-
peratures and persist over three to four weeks or more. This stress can cause the corals 
to expel their crucial, colorful symbiotic algae and thus turn white (hence the name 

Case Study 4-3 Photo 1    
A healthy tropical Pacific 
coral reef, Palmyra Atoll 
National Wildlife Refuge. 
(Courtesy of J. Maragos, 
USFWS.)

Focus on adaptation
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“bleaching”). Intense coral bleaching is often followed by coral death, though corals can 
recover from mild bleaching events.  

Coral bleaching is becoming more frequent as the oceans warm (Hoegh-Guldberg, 
1999). Coral bleaching in 1998 and 2010 caused large-scale coral deaths in reef systems 
around the globe, with the 1998 event heavily impacting Palau in the Western North Pa-
cific sub-region, and Palmyra Atoll in the Central North Pacific sub-region (Turgeon et 
al., 2002). In the Republic of Palau, nearly one-half (48%) of 946 surveyed colonies were 
totally bleached, and a further 15% were partially bleached (Bruno et al., 2001). Coral 
bleaching has also been observed elsewhere in the Micronesian, Marianas, Samoan, and 
Hawaiian archipelagos. The Reefs at Risk Revisited report (Burke et al., 2011) predicts that 
by 2050 many of the reefs in the Pacific will bleach annually. This frequency of bleaching 
is worrying because it allows little time for corals to recover. Annual summer bleaching 
has already been reported from American Sāmoa (Fenner & Heron, 2008).

Adding to the stress of high temperatures is the increasing acidification of the ocean, 
caused by rising levels of carbon dioxide in the air that is absorbed by sea water. One of 
the impacts of ocean acidification is that less carbonate is available in the form necessary 
for coral reefs to build their calcium carbonate skeletons. The skeletons that these small 
coral polyps build are a fundamental building block of coral reef ecosystems. Based on 
the rate of coral loss reported over the past 20 years, and the projected effects of more 
frequent coral bleaching and ocean acidification, average coral cover throughout the 
Pacific is expected to decline to 15% to 35% by 2035 compared with 20% to 40% in 2007 
(Bruno & Selig, 2007; Hoegh-Guldberg et al., 2011).

Coral reef managers have few options for preventing or reducing coral bleaching 
because it is not possible to cool large masses of sea water. They can focus on increasing 
the potential resilience of reefs by reducing human impacts such as overfishing, sedi-
ment and pollutant runoff, and invasive species. In addition, early-warning systems that 
predict coral bleaching and monitor the effects on reef ecosystems have made it possible 
to identify which reefs are perhaps more resistant to bleaching and have a better chance 
of recovery.  

Figure 4-13  Bleached Acropora corals before (left) and after (right) treatment with cooled seawater for 
24 hours, Tutuila, American Samoa. (Courtesy of B. Von Herzen, Climate Foundation.)
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In an effort to expand the range of management options, researchers in American 
Sāmoa are testing technologies that could cool selected, important reefs and shade them 
from strong sunlight.  Seasonally high temperatures at a particular reef on the island 
of Tutuila cause predictable coral bleaching (Fenner & Heron, 2008), creating an ideal 
test site. Initial tests have shown that reducing peak water temperatures by about 1.0°C 
(1.8°F) enables two sensitive species of coral to regain and retain their healthy color dur-
ing periods of thermal stress (Figure 4-13). In a second set of experiments, shading was 
found to restore healthy color in bleached coral.  In conjunction with strategies for re-
ducing land-based stress, these and other management tools may provide Pacific Island 
communities with new, localized conservation measures to help combat the effects of 
global climate change on their valuable coral reef resources.
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Chapter 5

Conclusions

The Pacific Islands region is experiencing climate change. Key indicators of the changing 
climate include rising carbon dioxide in the atmosphere, rising air and sea-surface tem-
peratures, rising sea levels and upper-ocean heat content, changing ocean chemistry and 
increasing ocean acidity, changing rainfall patterns, decreasing base flow in streams, 
changing wind and wave patterns, changing extremes, and changing habitats and spe-
cies distributions.

 These climatic changes pose enormous challenges for the region. Key findings of this 
assessment suggest multiple concerns for human and natural communities:

•	Low islands, coral reefs, nearshore and coastal areas on high islands, and high-
elevation ecosystems are most vulnerable to climatic changes. 

•	Freshwater supplies will be more limited on many Pacific Islands, especially 
low islands, as the quantity and quality of water in aquifers and surface 
catchments change in response to warmer, drier conditions coupled with 
increased occurrences of saltwater intrusion.

•	Rising sea levels will increase the likelihood of coastal flooding and erosion, 
damaging coastal infrastructure and agriculture, negatively impacting tourism, 
reducing habitat for endangered species, and threatening shallow reef systems. 

•	Extreme water levels will occur when sea-level rise related to longer-
term climate change combines with seasonal high tides, inter-annual and 
interdecadal sea-level variations (e.g., ENSO, Pacific Decadal Oscillation, 
mesoscale eddy events), and surge and/or high runup associated with storms. 

•	Higher sea-surface temperatures will increase coral bleaching, leading to a 
change in coral species composition, coral disease, coral death, and habitat loss.

•	Rising ocean acidification and changing carbonate chemistry will have 
negative consequences for the insular and pelagic marine ecosystems; although 
potentially dramatic, the exact nature of the consequences is not yet clear.

•	Distribution patterns of coastal and ocean fisheries will be altered, with 
potential for increased catches in some areas and decreased catches in other 
areas, but with open-ocean fisheries being affected negatively overall in the 
long term.

•	Increasing temperatures and, in some areas, reduced rainfall will stress 
native Pacific Island plant and animal populations and species, especially in 
high-elevation ecosystems, with increased exposure to non-native biological 
invasions and fire, and with extinctions a likely result.

•	Threats to traditional lifestyles of indigenous communities in the region 
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(including destruction of coastal artifacts and structures, reduced availability 
of traditional food sources and subsistence fisheries, and loss of the land base 
that supports Pacific Island cultures) will make it increasingly difficult for 
Pacific Island cultures to sustain their connection with a defined place and their 
unique set of customs, beliefs, and languages. 

•	Mounting threats to food and water security, infrastructure, and public health 
and safety will lead increasingly to human migration from low islands to high 
islands and continental sites.

This assessment also highlights the following:

•	The high interannual and interdecadal variability of the climate in the Pacific 
Islands region (e.g., ENSO, Pacific Decadal Oscillation) makes it difficult to 
discern long-term trends from short-term data.

•	Many Pacific Islands lack long-term, high-quality data on rainfall, streamflows, 
waves, and ecosystems, and continued monitoring is needed.

•	Global circulation models need to be downscaled to provide higher-resolution 
projections for Pacific Islands to account for the influence of local topography 
on weather patterns and the potential impact of climate change on ecosystems. 

•	Sea level in the Western North Pacific has risen dramatically starting in the 
1990s. This regional change appears to be largely wind-driven, is associated 
with climate variability, and is not expected to persist over time.

•	Some islands in the region have no human inhabitants and few human 
impacts, offering a relatively pristine setting in which to assess the impacts of 
climate change on natural settings.

•	Integrated biological, geochemical, and physical models are needed to improve 
understanding of the pressures on ecosystems and ecological responses to 
climate change in the Pacific Islands region.

•	A better understanding of how climate change affects invasive species and 
their interactions with native species is needed.

•	A comprehensive evaluation of the effectiveness of alternative adaptation 
strategies is needed to refine planning and management decisions.

•	The isolation of the Pacific Islands region from the contiguous United States 
(and the isolation of islands from one another) presents challenges to the 
regional exchange of information and limits the influence of regional leaders in 
national and global decision-making processes.

•	The recovery of key marine, freshwater, and terrestrial ecosystems in the 
Pacific Islands combines effective local management and a global reduction in 
greenhouse gases.

Many of the impacts highlighted in this report are now unavoidable, making some 
degree of adaptation essential. Some jurisdictions (e.g., Hawai‘i, American Sāmoa) are 
more advanced than others in developing adaptation plans and policies. Several region-
al coordination efforts are facilitating data collection and analysis as well as access to 
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actionable information. The diversity of natural and human communities in the region 
means that while regional cooperation is essential to progress efficiently with adaptation 
activities, a place-based approach is also important.

An informed and timely response is necessary to enhance resilience to the myriad 
changes already occurring and those yet to come. Additional research, a sustained as-
sessment process, and public engagement in the development of useful information will 
enhance Pacific Islanders’ ability to address the challenges they confront.

Advancing knowledge

Further research is needed to strengthen scientific understanding of climate change and 
its impacts and to inform adaptation strategies for the Pacific Islands. Ongoing research 
in the following areas will help to advance knowledge in the region.

Improving Data Collection

Declines in the total number of observation (measurement) stations in recent decades 
are a major obstacle to collecting robust data on temperature, rainfall, streamflow, sea 
level, winds, waves, and other variables needed to understand historic changes in physi-
cal and natural systems and to verify models of projected change. Data documenting 
changes in ocean chemistry and biological productivity are also sparse, and more com-
prehensive monitoring of shoreline changes is needed. The current lack of funding for 
maintaining existing monitoring networks and for developing more comprehensive and 
integrated observation networks across this vast region needs to be addressed urgently. 

Improving Model Projections

Compared with other regions, the Pacific Islands region needs global climate models 
to be downscaled at a higher resolution to account for regional and local phenomena. 
Higher-resolution models can begin to simulate local conditions and generate new ca-
pacity for planning adaptation measures. Another important research need is analysis of 
the uncertainties inherent in the next generation of models. One of the greatest sources 
of uncertainty in climate projections is the lack of consistency in projected ENSO chang-
es. Better quantifications of and reductions in uncertainty may come from a better un-
derstanding of natural variation associated with inter-annual and interdecadal cycles. 
Analyses are needed to determine also the extent to which observed changes are at-
tributable to short-term natural variability, long-term human-induced climate change, 
or both.

Developing Biogeochemical and Physical Models 

Research is needed to develop and test integrated biogeochemical and physical mod-
els to provide a better understanding of the pressures on ecosystems. We also need to 
examine how organisms and ecosystems respond to climate change. For instance, un-
derstanding how invasive species will react to climate change is important for develop-
ing effective plans to manage natural resources. Understanding the impact of changing 
carbonate chemistry in the ocean is needed to explain and prepare for changes in coral 
reefs and key marine organisms. Similarly, socio-ecological models need to reflect the 
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dynamic interactions between human communities and the ecosystems they rely on and 
how these relationships are altered under different climate scenarios. 

Human Responses

Research is needed on how humans will respond to climate change. For instance, analy-
ses of changes in cultural practices and traditional resource use in response to histori-
cal climate variability may help to inform adaptation plans addressing future climate 
scenarios. Also needed is a comprehensive evaluation of the effectiveness of various ad-
aptation strategies (e.g., shoreline hardening or retreat, changing agricultural practices, 
developing renewable energy sources, developing more comprehensive disaster man-
agement plans, migration, and so forth) to help refine planning and management deci-
sions. Research examining the role of climate science in Pacific Islanders’ responses to 
climate change will help to identify barriers to the use of climate information by public 
and private decision makers. Such research will also facilitate development of visualiza-
tion tools and decision-support systems that address real-world problems. 

Partnerships

Partnerships are fundamental for sustaining a regional climate assessment process and 
addressing the impacts of climate change across isolated and diverse islands. Key part-
ners include stakeholders who make real-world decisions (e.g., water managers, natu-
ral resource managers, farmers, conservationists, hazards managers, urban planners, 
tourism developers, cultural leaders) because they can help to identify the most urgent 
problems and needed information. Regional networks are also key in facilitating com-
munication, coordinating and leveraging resources, and efficiently linking stakeholders, 
scientists, and institutions to develop actionable information and decision-support tools. 
Coordinating adaptation efforts and the monitoring and reporting of the results of those 
efforts via regional networks will help to streamline adaptation planning. Although the 
jurisdictions in the region can make considerable progress with their own policies and 
resources, the scale of vulnerabilities and impacts suggests a strong role also for the fed-
eral government. Federal policies and resources aimed at continued climate monitoring 
will provide essential information for communities to use in developing and implement-
ing adaptation plans. Federal programs that facilitate data sharing and collaborations 
across government agencies and between government and non-government partners 
will help generate integrated models and analyses that can be quickly transferred to 
real-world applications. 

Overall, a long-term, coordinated effort is required to understand and respond ade-
quately to the climate challenges confronting Pacific Islands and their communities. The 
current regional professional culture of communication and collaboration, with roots 
in indigenous island cultures, provides a strong foundation for this effort and will be 
important for building resilience in the face of the changing climate.



Appendix A

Glossaries Related to Weather and Climate in 
the Pacific Islands 

For more in-depth definition and explanation of technical terms in this report, please see 
the following glossaries:

American Meteorological Society 
http://amsglossary.allenpress.com/glossary/browse

Pacific Climate Change Science Program (1.5MB PDF document; glossary begins on p. 22)
http://www.cawcr.gov.au/projects/PCCSP/Nov/Vol1_RefGlossIndex.pdf 

Pacific Storms Climatology Products 
http://www.pacificstormsclimatology.org/index.php?page=glossary
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Appendix B

Future Regional Climate: Modeling and 
Projections

By Kevin Hamilton 

The global and basin-scale contexts for climate change 
projections in the Pacific 

Projections of how climate elements for the insular Pacific may change under prescribed 
climate forcing scenarios involve a cascade of uncertainties associated with the global, 
regional, and local aspects. Experience with different forcing scenarios suggests that the 
local forced climate perturbations will typically scale roughly linearly with the global 
mean surface temperature warming (Christensen et al., 2007; Meehl et al., 2007) (Figures 
B-1 and B-2), so the uncertainties in the projections of global mean temperature are di-
rectly reflected in the local effects. Current state-of-the-art coupled global climate model 
(GCM) projections for the global mean temperature response of the climate to projected 
increases in greenhouse gas (GHG) concentration typically vary by a factor of about 
two. This factor of two uncertainty can be seen, for example, in a figure from the AR4 
report (Figure B-3), which shows the results for 23 CMIP3 global coupled GCMs run for 
the 21st century under the SRESA1B scenario. The global mean warming seen in these 
projections is consistent with other empirical estimates of the temperature sensitivity of 
the global climate system, but such empirical estimates also suffer from a factor of two 
or more uncertainty (Knutti & Hegerl, 2008).

The tropical Pacific is notable for the large inter-annual variability of sea-surface tem-
perature (SST), surface winds, and rainfall connected with the El Niño-Southern Os-
cillation (ENSO) phenomenon. Notably, the zonal gradient of SST has large variations 
between El Niño states (reduced equatorial SST zonal gradient and weaker Walker cir-
culation and surface trade winds) and La Niña states (enhanced equatorial SST zon-
al gradient and stronger Walker circulation and surface trade winds). The large-scale 
ENSO variations have substantial effects on the inter-annual variations of rainfall seen 
in individual islands. Among the USAPI, Yap, Palau, Chuuk, Guam, and the Northern 
Marianas Islands all share in the anomalously dry (wet) weather on average in the west-
ern equatorial Pacific during the El Niño (La Niña) extremes of the Southern Oscillation. 
Hawai‘i and Guam are located more centrally in the Pacific but also have observed cor-
relations between seasonal rainfall and the state of ENSO—with El Niño generally being 
connected with anomalous dry weather in Hawai‘i and with wet weather in Sāmoa. 
The significant control of seasonal rainfall over these islands by ENSO suggests that 
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Figure B-1  The general magnitude of changes in air temperature and precipitation in the Pacific region 
is projected to be comparable to global estimates of average change over both land and ocean. Zonal 
means over land and ocean separately, for annual mean surface warming (a, b) and precipitation (c, d), 
shown as ratios scaled with the global mean warming (a, c) and not scaled (b, d). Multi-model mean re-
sults are shown for two scenarios, A2 and Commitment, for the period 2080–2099 relative to the zonal 
means for 1980–1999. (From IPCC AR4, Section 10.7, Figure 10.6; Meehl et al., 2007.)

Figure B-2  Global-scale temperature patterns for three IPCC warming scenarios and time periods are 
shown here. In each case, greater warming over most land areas is evident. Over the ocean, warming 
is relatively large in the Arctic and along the equator in the eastern Pacific. Multi-model mean of annual 
mean surface warming (surface air temperature change, °C) for the scenarios B1 (top), A1B (middle), 
and A2 (bottom), and three time periods, 2011–2030 (left), 2046–2065 (middle), and 2080–2099 (right). 
Anomalies are relative to the average of the period 1980–1999. (From IPCC AR4, Section 10.3.2.1, 
Figure 10.8; Meehl et al., 2007.)
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long-term changes in the Pacific basin–scale SST gradients and the Walker circulation 
will play a critical role in determining the mean rainfall changes on each of the islands.

The strong inter-annual variability in this region is thought to be a consequence of 
positive air-sea coupling feedbacks, and these feedbacks will also be a complicating 
factor in determining the mean response of the tropical Pacific circulation to climate 
forcing. There has been considerable work published on both analyzing the observed 
tropical Pacific trends in SST and atmospheric circulation over the last several decades 
and examining the future trends projected in global warming simulations. In the 2007 
IPCC report, an ensemble of sixteen GCMs was run (Meehl et al., 2007) (Figure B-4), 
specifically comparing for each individual model the spatial pattern correlation of the 
simulated 21st-century trend in the equatorial Pacific (10S to 10N, 120E to 80W) SST with 
the first empirical orthogonal function (EOF) of the SST in the control run of the same 
model. The results for a positive (negative) correlation were interpreted as a long-term 

Figure B-3  Time series of globally averaged (left) surface warming (surface air temperature change, 
°C) and (right) precipitation change (%) from the various global coupled models for the scenarios A2 
(top), A1B (middle), and B1 (bottom). Numbers in parentheses following the scenario name represent 
the number of simulations shown. Values are annual means, relative to the 1980–1999 average from 
the corresponding 20th-century simulations, with any linear trends in the corresponding control-run 
simulations removed. A three-point smoothing was applied. Multi-model (ensemble) mean series are 
marked with black dots. (From IPCC AR4, Section 10.3.1, Figure 10.5; Meehl et al., 2007.)
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trend toward more “El Niño-like” (“La Niña-like”) conditions (although note that DiNe-
zio et al., 2009, demonstrate the limitations of trying to characterize the mean changes in 
the tropical Pacific as simply “El Niño-like” or “La Niña-like”). The results revealed sub-
stantial scatter among model projections, with the correlations varying between about 
–0.6 to +0.85, although 13 of the 16 models had positive correlations. Figure B-5 (Power 
& Kociuba, 2011) shows an analysis of the projected surface pressure change between 
the eastern and western equatorial Pacific in 21 CMIP3 models. The multi-model mean 
shows a weakening of the zonal gradients that would be consistent with weaker surface 
winds along the equator, but 6 of the 21 models have projected changes of the opposite 
sign to the multi-model mean.

The situation has been complicated by somewhat confusing results concerning the ob-
served long-term trends in equatorial Pacific SST and overlying atmospheric circulation. 

Figure B-4  Base state change in average tropical Pacific SSTs and change in El Niño variability 
simulated by AOGCMs. The base state change (horizontal axis) is denoted by the spatial anomaly 
pattern correlation coefficient between the linear trend of SST in the 1% yr–1 CO2 increase climate 
change experiment and the first Empirical Orthogonal Function (EOF) of SST in the control experiment 
over the area 10°S to 10°N, 120°E to 80°W (reproduced from Yamaguchi and Noda, 2006). Positive 
correlation values indicate that the mean climate change has an El Niño–like pattern, and negative 
values are La Niña–like. The change in El Niño variability (vertical axis) is denoted by the ratio of the 
standard deviation of the first EOF of sea-level pressure (SLP) between the current climate and the last 
50 years of the SRES A2 experiments (2051–2100), except for FGOALS-g1.0 and MIROC3.2(hires), for 
which the SRES A1B was used, and UKMO-HadGEM1, for which the 1% yr–1 CO2 increase climate 
change experiment was used, in the region 30°S to 30°N, 30°E to 60°W with a five-month running 
mean (reproduced from van Oldenborgh et al., 2005). Error bars indicate the 95% confidence interval. 
Note that tropical Pacific base state climate changes with either El Niño–like or La Niña–like patterns are 
not permanent El Niño or La Niña events, and all still have ENSO interannual variability superimposed 
on that new average climate state in a future warmer climate. (From IPCC AR4 Secton 10.3.5.3, Figure 
10.16; Meehl et al., 2007.)
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Two prominent gridded SST products from the UK Hadley Center (HadISST) (Rayner et 
al., 2003) and NOAA (ERSST) (Smith et al., 2008) actually indicate rather different trends 
over the 20th century in the tropical Pacific (Vecchi et al., 2008). Different atmospheric 
data sources also appear to provide somewhat contradictory results for 20th-century 
trends in the equatorial Pacific. Atmospheric re-analyses and some studies with atmo-
spheric GCMs forced with observed SSTs suggest an intensification of the Walker circu-
lation (Chen et al., 2008; Meng et al., 2011; Sohn & Park, 2010; Yu & Zwiers, 2010), while 
surface pressure and cloudiness reconstructions are consistent with a modest weaken-
ing of the Walker circulation (Deser et al., 2010a; Power & Kociuba, 2011). Recently, the 
situation has improved with the understanding that the atmospheric re-analysis projects 
are affected by a bias in observed surface winds over the ocean. Anemometer obser-
vations of winds from ships of opportunity make up an important input into the re- 
analyses. These anemometer “surface” wind measurements have been subject to a spu-
rious trend to stronger values as the average size of ships in the world’s fleet have in-
creased. Recently, Tokinaga et al. (2011) have made a careful correction for this effect 
and, using their corrected data set for surface winds, have shown that the various obser-
vational data sets are indeed consistent with a slow weakening of the Walker circulation 
over the 20th century.

Of course, even trends over a century may reflect both the response to changed cli-
mate forcing and low-frequency natural unforced variations. Power and Kociuba (2011) 
make an attempt to separate these two effects in the observed basin-scale 20th-century 
changes in the tropical Pacific and conclude that 30% to 70% of the observed trend is 

Figure B-5  The projected late 21st-century change in the difference in sea-level pressure between 
two boxes along the equator in the eastern and western Pacific in 21 CMIP3 models. The model identi-
fiers are along the axis along with the number of realizations analyzed (in parentheses). (From Power 
& Kociuba, 2011.)
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the result of changing climate forcing through the century (which itself is mainly from 
increased GHG concentrations). This recently improved understanding of the 20th- 
century trends may contribute to more robust projections for 21st-century climate trends 
in the Pacific. As noted above, the CMIP3 models displayed considerable variation in 
their projected late 21st-century response to a given climate forcing scenario, even in 
terms of the changes in basin-scale features. If such models can be evaluated against our 
more robust picture of 20th-century climate evolution, then we may be able to produce a 
more consistent set of results for the Pacific. Certainly, this is one aspect where progress 
has been made since the AR4 report, and this new understanding will provide impor-
tant context for the analysis of the CMIP5 model results. Irving et al. (2011) discuss some 
criteria for evaluating global climate models that may be used for climate projections in 
the Pacific region.

Regional projections from global coupled model results

Practical constraints in currently available computer resources have limited the resolu-
tion of global coupled ocean-atmosphere models that have been run for the extensive 
model intercomparison projects. For the CMIP3 models, the horizontal grid spacing of 
the models was typically ~200 km. For CMIP5, results from more models with grid spac-
ing of ~100 km may be available, but this is still much too coarse to resolve explicitly the 
mountains on any of the Pacific Islands with significant orography, nor can the structure 
of mesoscale convective precipitation systems be adequately resolved. Despite these 
limitations, the coupled model projections might be expected to provide some informa-
tion on the expected changes of temperature, wind, and rainfall in individual regions. 
The CMIP3 models have been analyzed extensively for the changes seen over the 21st 
century in runs forced with various emissions scenarios. Figure B-6 shows the change 
in DJF and JJA mean surface air temperature and precipitation between the late 21st 
century and the late 20th century in simulations forced by the SRESA1B emissions sce-
nario (Meehl et al., 2007). The change here is determined by the multi-model ensemble 
of all the CMIP models. Stippling denotes regions where the mean change exceeds the 
intermodel standard deviation. Over the Pacific, the multi-model mean shows a robust 
pattern of warming that is larger near the equator and smaller in the sub-tropics. The 
multi-model mean change in precipitation shows increases along the equator and de-
creases over much of the sub-tropics. This basic pattern where “wet regions get wetter” 
under global warming has been explained as a result of increased moisture convergence 
due to higher absolute atmospheric humidity in the warmer climate (Held & Soden, 
2006), although Xie et al. (2010) show the importance also of changing spatial gradients 
in the SST in modifying the rainfall over the oceans at tropical and subtropical latitudes. 
While the global warming–induced rainfall change seen in the multi-model mean is con-
sistent with these general expectations, it is striking that over almost none of the tropical 
and subtropical Pacific in Figure B-6 does the magnitude of the mean change exceed the 
intermodel standard deviation.

The CMIP5 models results are now becoming available, and it will be interesting 
to see if the rainfall change projections for the tropical Pacific will be more robust in 
the newer models. Figure B-7 is a very preliminary first step in analyzing the CMIP5 
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models, in this case focusing on simulations with a single model (the Hadley Centre 
HADGEM2-ES). The results for 1985–2004 from four ensemble members for the “His-
torical” 20th-century run and from 2080–2099 from one “RCP4.5” 21st-century forced 
simulation are displayed. Shown are the results for the 20-year mean rainfall for each 
calendar month in each realization averaged over five individual boxes, corresponding 
roughly to the locations of the major groups of USAPI. The results from this one model 
suggest increased annual mean rainfall at all the USAPI locations, but the projected ef-
fects are modest except around Hawai‘i , where the fall–early winter rainfall is projected 
to be very strongly enhanced (as much as a factor of two in some months) in the warmer 
climate.

High-resolution global atmospheric models

One approach that has been adopted to refine the coarse-resolution coupled model re-
sults has been integration of relatively fine-resolution global atmospheric models forced 
with the SST warming determined from coupled model projections. This potentially al-
lows a more realistic simulation of the atmospheric responses, in particular in the meso-
scales, which will have an impact on projected extreme events. Examples of such studies 

Figure B-6  The change over the 21st century in surface air temperature (left) and precipitation (right) 
in the multi-model ensemble of CMIP3 SRESA1B integrations. Results for December–February (top) 
and June–August (bottom). Stippling indicates where the magnitude of the multi-model mean change 
exceeds the inter-model standard deviation. From AR4. (From IPCC AR4 Secton 10.3.2.1, Figure 10.9; 
Meehl et al., 2007.)
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include Kamiguchi et al. (2006), who used a ~20 km grid global atmospheric model to 
investigate global warming effects on precipitation extremes, and Li et al. (2010), who 
used a ~40 km global atmospheric model to project global warming effects on tropi-
cal cyclone climatology. For the Pacific Islands with significant mountains, such global 
models can begin to resolve some of the larger-scale topographic features and may sim-
ulate considerable amounts of orographic rainfall, but the global models still lack the 
resolution to adequately represent the local climates driven by topographic interactions 
with the atmospheric circulation. Such models may have some use in taking a first look 
at projected climate changes for individual islands and may be a useful self-consistent 
“test-bed” for evaluation of the statistical downscaling approaches that may be applied 
to producing high-resolution climate change projections.

Figure B-7  CMIP5 climate change results from the Hadley Centre HADGEM2-ES model. Shown 
are the mean annual cycle of precipitation averaged over five individual boxes corresponding to the 
locations of the major groups of USAPI. Results for the late 20th century from the CMIP5 “Historical” 
simulation (black curves) and for the late 21st century from a RCP4.5 climate change projection 
simulation (red curves). Each curve represent results from 20 years of simulation. Results from four 
20th-century ensemble members and from a single RCP4.5 realization. The red numbers indicate the 
percentage change of annual mean precipitation in the RCP4.5 results relative to the late 20th-century 
simulations. (Figure courtesy of Kevin Hamilton.)
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Statistical downscaling of coarse-resolution model projections

Statistical downscaling aims to produce high-resolution projections of climate changes 
based on empirical relations between aspects of the large-scale circulation and local con-
ditions. The empirical relations can be based on linear or nonlinear fits of large-scale pre-
dictors and local predicted fields, and the predictors can be based on raw data or data 
filtered to select dominant patterns. So far, this approach has not been widely applied 
in the insular Pacific, but there have been some recent studies focused on projecting as-
pects of Hawaiian rainfall (Elison Timm et al., 2011; Norton et al., 2011; Elison Timm & 
Diaz, 2009).

Regional model projections

An alternative approach to generating fine-resolution climate change projections uses 
our ability to explicitly simulate regional atmospheric circulation at small scales. Such 
projections may either embed a fine-resolution limited-area model within a much coars-
er resolution global model (Giorgi & Francisco, 2000) or use global atmospheric models 
with stretched grids that enable much finer resolution over some particular region (Fox-
Rabinovitz et al., 2008; Lal et al., 2008). This approach has the advantage of being physi-
cally based and not needing assumptions about the relevance of present-day empirical 
relationships to future climate. The disadvantages include a typically heavy computa-
tional burden for such calculations and the inevitable inconsistency between the simu-
lated flows on the coarse- and fine-resolution components of the grid.

This approach is being aggressively pursued now for climate projections for Hawai‘i 
and will be applied to the other USAPI as well. The valleys and ridges, the broad and 
steep slopes, give the Hawaiian Islands a diversity of climates that are quite different 
from that over the surrounding oceans. The microclimates in the Hawaiian Islands range 
from humid and tropical windward flanks to dry leeward areas. Hawai‘i represents a 
particular challenge for numerical modeling, and very fine resolution is necessary to re-
solve the fine-scale geographical variations. Some previous simulations of atmospheric 
flow over the Hawaiian Islands have used 1.5 to 3 km horizontal grid spacings as small 
as 1.5 km, but these have been for short-term (a few days or less) simulations (Zhang et 
al., 2005a, 2005b) or, at most, for seasonal forecasts (Van Nguyen et al., 2010). Zhang et 
al. (2005b) showed great improvement in simulations for Hawai‘i in a regional model 
when horizontal resolution was enhanced from 10 km to 1.5 km.

A current project at IPRC is applying the Advanced Research Weather Research and 
Forecasting (WRF-ARW) model to climate simulation in Hawai‘i and will soon provide 
high-resolution regional model climate projections using boundary conditions taken 
from CMIP3 and CMIP5 global simulations. The simulation of the trade wind boundary 
layer regime has been a particular challenge for numerical models (Wyant et al., 2010; 
Zhang et al., 2011), but the recent success reported by Zhang et al. (2011) in this regard 
using a modified version of the WRF-ARW model underpins the current effort at very 
fine resolution Hawai‘i climate simulation (Zhang et al., 2012). Preliminary results for 
the rainfall over the islands in a simulation of the year 2006 driven by observed SSTs and 
lateral boundary conditions are shown in Figure B-8. This simulation used a nested grid 
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with a 3 km horizontal resolution in the inner grid covering the main Hawaiian Islands 
and adjacent ocean areas.

Figure B-8  Monthly rainfall over the main Hawaiian Islands from a one-year simulation with the regional 
WRF-ARW model modified as described in Zhang et al. (2012). Results from two versions of the model are 
shown in the middle and lower rows. Observations in the top row are objective analyses based on rain-
gauge observations at a large number of stations. Results for November 2005, March 2006, and August 
2006 are shown.
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PIRCA Water and Drought Technical 
Workshop, November 17, 2011

On November 17, 2011, the Pacific Regional Integrated Sciences and Assessments (RISA) 
program convened a one-day workshop on past and future trends in climate, freshwater 
resources, and drought in support of regional efforts for the National Climate Assess-
ment (NCA), at the East-West Center in Honolulu, Hawai‘i. The Pacific Islands Regional 
Climate Assessment (PIRCA) brought together scientific experts in climatology and hy-
drology from around the Pacific Islands region to build consensus around relevant ob-
served and future trends in the Central North Pacific, Western North Pacific, and Central 
South Pacific sub-regions.

Co-Chairs 

Steve Anthony, Director of the USGS Pacific Islands Water Science Center 

Dr. Victoria Keener, Research Fellow at the East-West Center, Program Manager of the 
Pacific RISA

Facilitator

Dr. Jonathan Likeke Scheuer, Consultant (scheuerj001@hawaii.rr.com)

Key Outcomes 

•	Throughout the course of the day, participants came to a discussion-
based consensus on “Iconic Figures” to be highlighted in the "Water and 
Drought" chapter of the report, as well on historic trends in air temperature, 
precipitation, extreme precipitation, and streamflow on a sub-regional level. 

•	Through a presentation on current knowledge of regional climate projections, 
participants identified regionally relevant research that they had confidence in 
presenting in the chapter.

•	Experts came to consensus on key regional findings and themes to emphasize 
in the climate and hydrology nexus.

•	Participants identified expected impacts of climate variability and change on 
freshwater resources sub-regionally.
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PIRCA Sea-Level Rise and Coastal Inundation 
Extremes: Methodologies, Indicators, 
Impacts, and Visualization Workshop, 
January 10–12, 2012

On January 10 and 11, 2012, at the East-West Center in Honolulu, Hawai‘i, NOAA 
brought together government, academic, and other experts to share knowledge and ex-
plore our current understanding of sea-level rise and coastal inundation in the Pacific Is-
lands. Funded through the NOS Coastal Storms Program, with support from SeaGrant, 
University of Hawaii at Manoa; NOAA Center for Operational Oceanographic Prod-
ucts & Services (COOPS); NOAA Coastal Services Center (CSC), Pacific Services Center 
(PSC) and PRiMO; and NOAA National Climate Data Center (NCDC) and PaCIS. 

Key Objectives

•	To solicit input from experts leading to consensus on regional best practices 
and a consistent methodology for the formulation of probabilistic sea-level rise 
(SLR)/coastal inundation extremes scenarios in the Pacific Islands, and explore 
how such practices might be advanced

•	To evaluate the state of knowledge on SLR/costal inundation knowledge and 
impacts within sub-regions of the Pacific, including the identification of data 
needs and gaps

•	To solicit technical input on visualization tools that can be used to support 
scenario planning

Organizing Committee

Dolan Eversole, SeaGrant, University of Hawai'i at Mānoa 

Doug Marcy, NOAA CSC

John J. Marra, NOAA NCDC

William Sweet, NOAA COOPS

Adam Stein, NOAA PSC



Facilitators: 

Arlene O’Donnell, Eastern Research Group, Inc.

Martina McPherson, Eastern Research Group, Inc

Key Outcomes: 

•	Consensus on elements that need to be incorporated into regional best 
practices and methodologies for the formulation of probabilistic SLR/coastal 
inundation extremes scenarios in the Pacific Islands, and recommendations on 
how such practices might be advanced

•	Assessment of SLR/coastal inundation knowledge and impacts by sub-region/
island 

•	Recommendations concerning key scientific and technical issues as they 
pertain to the application of the results of SLR/coastal inundation analysis in 
visualization tools

Participants

Amanda Amjadali
Ocean Climate Manager, Australian 
Bureau of Meteorology 
a.amjadali@bom.gov.au	

Don Chambers
Associate Professor, University of  
South Florida
dchambers@marine.usf.edu

Jérome Aucan
Researcher (IRD), Institute for Research 
and Development (IRD, France)
jerome.aucan@ird.fr

Rashed Chowdhury
Principal Research Scientist, University 
of Hawai‘i /Pacific ENSO Applications 
Climate Center, Joint Institute for 
Marine and Atmospheric Research
rashed@hawaii.edu

Matthew Barbee (Observer)
CCG Cartographer/Supervisor, 
University of Hawai‘i, School of Ocean 
and Earth Science and Technology
mbarbee@hawaii.edu

Frank Colberg
Research Scientist, Commonwealth 
Scientific and Industrial Research 
Organisation, Marine and  
Atmospheric Research
Frank.Colberg@csiro.au

Patrick Caldwell
Liaison, National Oceanic and 
Atmospheric Administration, National 
Oceanographic Data Center
patrick.caldwell@noaa.gov

Hannah Cooper (Observer)
Researcher, University of Hawai‘i at 
Mānoa Coastal Geology Group
hannahco@hawaii.edu

Edward Carlson
Pacific Region Geodetic Advisor, 
National Oceanic and Atmospheric 
Administration, National Ocean Service/
National Geodetic Survey
ed.carlson@noaa.gov

		A  ppendix F                  141



Stanton Enomoto (Observer)
Cultural Adaptation Coordinator, Pacific 
Islands Climate Change Cooperative
Stanton.Enomoto@piccc.net

Dolan Eversole
NOAA Coastal Storms Program 
Regional Coordinator, University of 
Hawai‘i Sea Grant
eversole@hawaii.edu

Doug Harper (Note Taker)
Coastal Planner
National Oceanic and Atmospheric 
Administration, National Ocean Service/
Pacific Services Center
Douglas.Harper@noaa.gov

Charles (Chip) Fletcher
Associate Dean for Academic Affairs/
Professor, University of Hawai‘i, School 
of Ocean and Earth Science  
and Technology 
fletcher@soest.hawaii.edu

John Hunter
Sea-level Oceanographer, Antarctic 
Climate & Ecosystems Cooperative 
Research Centre
john.hunter@utas.edu.au

Roland Fuchs (Observer)
East-West Center, Senior Fellow
fuchsr@eastwestcenter.org

David Jay
Professor, Portland State University
Department of Civil and  
Environmental Engineering
djay@cecs.pdx.edu

Ayesha Genz
Research Associate, University of 
Hawai‘i Sea Level Center
agenz@hawaii.edu

Haunani Kane (Observer)
University of Hawaii at Mānoa Coastal 
Geology Group
hkane@hawaii.edu

John Hall
Program Manager for Resource 
Conservation and Climate Change, 
Department of Defense, Strategic 
Environmental Research and 
Development Program/Environmental 
Security Technology Certification 
Program
john.hall@osd.mil

Victoria Keener (Observer)
Research Fellow/Program Manager, 
East-West Center, Pacific Regional 
Integrated Science and Assessment
KeenerV@eastwestcenter.org

Laura Hamilton (Note Taker)
NOAA Pacific Region Coordinator, 
National Oceanic and Atmospheric 
Administration; National Environmental 
Satellite, Data, and Information Service
laura.hamilton@noaa.gov

Jens Kruger
Team Leader (Oceanography), 
Secretariat of the Pacific Regional 
Environment Programme
jkruger@sopac.org

Mark Lander
Meterologist, Water and Environmental 
Institute of the Western Pacific,  
UOG Station
mlander@uguam.uog.edu

Mark Merrifield
Director, University of Hawai‘i Sea  
Level Center
markm@soest.hawaii.edu

142	 Climate Change and Pacific Islands: Indicators and Impacts



		A  ppendix F                  143

Penny Larin
Program Analyst, National Oceanic and 
Atmospheric Administration, Coastal 
Services Center, NOAA Pacific  
Services Center
penny.larin@noaa.gov

Marnie Meyer (Observer)
Planning and Policy Analyst, State of 
Hawai‘i , Office of Planning, Hawai‘i 
Coastal Zone Management Program
mmeyer@dbedt.hawaii.gov

Douglas Marcy
Coastal Hazards Specialist, 
National Oceanic and Atmospheric 
Administration, National Ocean Service 
Coastal Services Center
doug.marcy@noaa.gov

Gary Mitchum
Associate Dean/Professor, University of 
South Florida – College of  
Marine Science
mitchum@marine.usf.edu

John J. Marra
Pacific Regional Climate Services 
Director, National Oceanic and 
Atmospheric Administration, Regional 
Climate Services
john.marra@noaa.gov

Steve Nerem
Professor, University of Colorado
nerem@colorado.edu

Martina McPherson
Environmental Scientist, Eastern 
Research Group, Inc.
Martina.McPherson@erg.com

Arleen O’Donnell
Vice President, Eastern Research  
Group, Inc.
arleen.odonnell@erg.com

Melisa Menendez
Research Scientist, UC-IHCantabria
menendezm@unican.es

Doug Ramsay
Manager, Pacific Rim, National Institute 
of Water & Atmospheric Research, Ltd
Doug.Ramsay@niwa.co.nz

Peter Ruggiero
Associate Professor, Oregon  
State University
ruggierp@science.oregonstate.edu

Claudia Tebaldi
Research Scientist, Climate Central
ctebaldi@climatecentral.org

Giovanni Sella
CORS Program Manager, National 
Oceanic and Atmospheric 
Administration, National  
Geodetic Survey
Giovanni.Sella@noaa.gov

Keith Thompson
Professor, Dalhousie University, 
Department of Oceanography
keith.thompson@dal.ca

Margaret Smith (Observer)
East-West Center, Pacific Islands 
Regional Climate Assessment
margaretsmith@gmail.com

Phil Thompson (Observer)
Assistant Researcher, University of 
Hawai‘i, Joint Institute for Marine and 
Atmospheric Research (JIMAR)

Thomas Smith
Hydraulic Engineer, United States Army 
Corps of Engineers
Thomas.D.Smith@usace.army.mil



144	 Climate Change and Pacific Islands: Indicators and Impacts

Stacey Tighe (Observer)
Coastal and Marine Science & Policy 
Specialist, Independent Consultant
Stacey.tighe@gmail.com

Curt Storlazzi
Research Oceanographer, United States 
Geological Survey – Pacific Coastal and 
Marine Science Center
cstorlazzi@usgs.gov

Bill Ward (Observer)
Environmental Scientific and Services 
Division Chief, National Oceanic and 
Atmospheric Administration, National 
Weather Service/Pacific Region
bill.ward@noaa.gov

William Sweet
Oceanographer, National Oceanic and 
Atmospheric Administration, Center for 
Operational Oceanographic Products 
and Services
William.Sweet@noaa.gov	



		  145

Appendix G 

PIRCA Ecosystems Technical Workshop, 
January 18–19, 2012

On January 18-19, 2012, the Pacific Islands Climate Change Cooperative (PICCC) and 
the Pacific Regional Integrated Sciences and Assessments (RISA) program convened a 
two-day workshop on past and future trends in climate, and impacts to marine, fresh-
water, and terrestrial ecosystems in support of regional efforts for the National Climate 
Assessment (NCA), at the East-West Center in Honolulu, Hawai‘i. The Pacific Islands 
Regional Climate Assessment (PIRCA) brought together scientific experts in climatol-
ogy and ecological impacts from around the Pacific Islands region to build consensus 
around relevant observed and future trends in the Central North Pacific, Western North 
Pacific, and Central South Pacific sub-regions.

Co-Chairs

Britt Parker, Climate Coordinator, NOAA Coral Reef Conservation Program 

Dr. Stephen E. Miller, Science Advisor and Assistant Field Supervisor for Climate 
Change and Strategic Habitat Conservation, US Fish and Wildlife Service Pacific 
Islands Office

Facilitator

Dr. Jonathan Likeke Scheuer, Consultant (scheuerj001@hawaii.rr.com)

Key Outcomes

•	Through presentations on current knowledge of regional historical climatologies 
and climate projections, participants identified regionally relevant research that 
they had confidence in presenting in the chapter.

•	Participants identified key climate variables of concern and key marine, 
freshwater, and terrestrial ecosystems of concern.

•	Participants identified expected impacts of climate variability and change on 
marine, freshwater, and terrestrial ecosystems regionally and sub-regionally.

•	Participants discussed priorities over the next decade for managers of marine, 
freshwater, and terrestrial ecosystems based on the impacts of climate 
variability and change and other stressors.

•	Participants identified cross-ecosystem impacts and synergetic impacts of 
climate and non-climate stressors to key ecosystems.
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Summary of Workshop Evaluations

Water and Drought Workshop

A total of 34 people participated in the water and drought workshop, held November 
17, 2011. Participants included 11 people from the East-West Center and Pacific RISA 
and its affiliates and 23 from other organizations. Of the 23 participants from outside or-
ganizations, 20 (87%) were male. Fifty-two percent of participants were associated with 
the University of Hawai‘i, University of Guam, or Colorado State University. Thirteen 
percent represented NOAA, 13% represented USGS, 9% represented other Federal agen-
cies, and 13% represented other non-profit, public, or international agencies. Twenty- 
six percent of the participants were hydrologists or hydrologist-geologists, 22% were 
university professors, 34% were other scientists and researchers, and 17% were other 
professions. We received 17 completed evaluation questionnaires.

Sea-level Rise and Coastal Inundation Workshop

A total of 30 people participated in the sea-level and coastal inundation workshop, held 
January 10–11, 2012. Twenty three participants (77%) were male. Forty-three percent 
of participants were associated with either a US or international university. Of the re-
maining participants, 17% represented NOAA, 10% represented other Federal agencies, 
10% represented private US-based organizations, 10% represented international gov-
ernmental institutions, and 10% represented other international organizations. Twenty-
three percent of the participants were university professors, 23% were managers or 
directors, 40% were scientists and researchers, and 13% represented other professions. 
We received 18 completed evaluation questionnaires.

Ecosystems Workshop

A total of 27 people participated in the ecosystems workshop, held January 18–19, 2012. 
Twenty participants (74%) were male. Fifteen percent of participants represented NOAA, 
15% represented USFS, 19% represented USFWS, 15% represented other federal agen-
cies, 19% represented colleges or universities, 7% represented international government 
agencies, and 11% represented other organizations or their organizational affiliation was 
unknown. Twenty-two percent of the participants were university professors or other 
university affiliates, 19% were ecologists, 15% were biologists, 15% were other scientists 
or researchers, 19% were managers or administrators, and 11% represented other pro-
fessions or were unknown. We received 15 completed evaluation questionnaires.
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Workshop Evaluations

Across all three workshops, respondents were very positive in their evaluations (Table 
H-1). A large majority of respondents rated the workshops as useful, reported that their 
comments and ideas were captured well, and thought that this was a good start to devel-
oping a sustained process for assessing the impacts of climate change. Participants were 
satisfied with decisions about which climate variables were discussed and the process of 
coming to scientific consensus via the workshop. A large majority of participants indi-
cated they would be willing to participate in a consensus workshop again in the future.

Table H-1: Summary of responses to evaluation questionnaire at each workshop

Water and Drought 
Workshop (percent 
of respondents)

Sea-level Rise and 
Coastal Inundation 
Workshop (percent 
of respondents)

Ecosystems 
Workshop (percent 
of respondents)

Overall evaluation of “moderately” or 
“extremely” useful 100.0 94.4 100.0

Comments and ideas were captured 
“extremely well” or “well” 94.1 83.3 86.7

A “good” or “very good” start to developing a 
sustained process for assessing the impacts of 
climate change

94.1 94.5 100.0

“Moderately” or “extremely” satisfied with 
the final decision about which essential 
climate variables were discussed

88.2 N/A 93.3

“Moderately” or “extremely” satisfied with 
the process of coming to scientific consensus 
via the workshop

94.1 94.4 86.6

Willing to participate in an activity like this 
consensus workshop again 100.0 88.9 93.3
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