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Key Message 2: Ocean Acidification Alters Marine Ecosystems

The ocean currently absorbs about a quarter of human-caused carbon dioxide  
emissions to the atmosphere, leading to ocean acidification that will alter  

marine ecosystems in dramatic yet uncertain ways. 

Atmospheric carbon dioxide (CO2) has risen by about 40% 
above pre-industrial levels.21,28 The ocean absorbs about a 
quarter of human-caused emissions of carbon dioxide annu-
ally, thereby changing seawater chemistry and decreasing pH 
(making seawater more acidic) (Ch. 2: Our Changing Climate, 
Key Message 12).3,29 Surface ocean pH has declined by 0.1 
units, equivalent to a 30% increase in ocean acidity, since pre-
industrial times.30 Ocean acidification will continue in the fu-
ture due to the interaction of atmospheric carbon dioxide and 
ocean water. Regional differences in ocean pH occur as a result 
of variability in regional or local conditions, such as upwell-
ing that brings subsurface waters up to the surface.31 Locally, 
coastal waters and estuaries can also exhibit acidification as 
the result of pollution and excess nutrient inputs.

More acidic waters create repercussions along the ma-
rine food chain. For example, calcium carbonate is a 
skeletal component of a wide variety of organisms in the 
oceans, including corals. The chemical changes caused 
by the uptake of CO2 make it more difficult for these liv-
ing things to form and maintain calcium carbonate shells 
and skeletal components and increases erosion of coral 
reefs,32 resulting in alterations in marine ecosystems 
that will become more severe as present-day trends in 
acidification continue or accelerate (Ch. 22: Alaska; Ch. 
23: Hawai‘i and Pacific Islands).33,34,35 Tropical corals are 
particularly susceptible to the combination of ocean 
acidification and ocean warming, which would threaten 
the rich and biologically diverse coral reef habitats.

Over 90% of seafood consumed in the U.S. is imported, and 
more than half of the imported seafood comes from aquacul-
ture (fish and shellfish farming).1 While only 1% of U.S. seafood 
comes from domestic shellfish farming, the industry is locally 
important. In addition, shellfish have historically been an im-
portant cultural and food resource for indigenous peoples 
along our coasts (Ch. 12: Indigenous Peoples, Key Message 1). 
Increased ocean acidification, low-oxygen events, and rising 
temperatures are already affecting shellfish aquaculture op-
erations. Higher temperatures are predicted to increase aqua-
culture potential in poleward regions, but decrease it in the 
tropics.37 Acidification, however, will likely reduce growth and 
survival of shellfish stocks in all regions.34

Figure 24.3. The 36-day-old clams in the photos are a single species, Mercenaria mercenaria, grown in the 
laboratory under varying levels of carbon dioxide (CO2) in the air. CO2 is absorbed from the air by ocean water, 
acidifying the water and thus reducing the ability of juvenile clams to grow their shells. As seen in the photos, where 
CO2 levels rise progressively from left to right, 36-day-old clams (measured in microns) grown under elevated 
CO2 levels are smaller than those grown under lower CO2 levels. The highest CO2 level, about 1500 parts per 
million (ppm; far right), is higher than most projections for the end of this century but could occur locally in some 
estuaries. (Figure source: Talmage and Gobler 201036).

Ocean Acidification Reduces Size of Clams

Pteropods, or “sea butterflies,” are eaten by a variety of marine species 
ranging from tiny krill to salmon to whales. The photos show what happens 
to a pteropod’s shell in seawater that is too acidic. On the left is a shell 
from a live pteropod from a region in the Southern Ocean where acidity 
is not too high. The shell on the right is from a pteropod in a region where 
the water is more acidic. (Photo credits: (left) Bednaršek et al. 2012;105 
(right) Nina Bednaršek).
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Key Message 3: Habitat Loss Affects Marine Life

Significant habitat loss will continue to occur due to climate change for many species and 
areas, including Arctic and coral reef ecosystems, while habitat in other areas and  

for other species will expand. These changes will consequently alter the  
distribution, abundance, and productivity of many marine species. 

Species have responded to climate change in part by shift-
ing where they live.45 Such range shifts result in ecosystem 
changes, including the relationships between species and their 
connection to habitat, because different species respond to 
changing conditions in different ways. This means that ocean 
ecosystems are changing in complex ways, with accompanying 
changes in ecosystem functions (such as nutrient cycling, pro-
ductivity of species, and predator-prey relationships). Overall 
habitat extent is expected to change as well, though the de-
gree of range migration will depend upon the life history of 
particular species. For example, reductions in seasonal sea-ice 
cover and higher surface temperatures may open up new habi-
tats in polar regions for some important fish species, such as 
cod, herring, and pollock.46 However, the continuing presence 
of cold bottom-water temperatures on the Alaskan Continen-

tal shelf could limit northward migration into the northern 
Bering Sea and Chukchi Sea.47 In addition, warming may cause 
reductions in the abundance of some species, such as pollock, 
in their current ranges in the Bering Sea.48 For other ice-de-
pendent species, including several marine mammals such as 
polar bears, walruses, and many seal species, the loss of their 
critically important habitat will result in population declines.49 
Additionally, climate extremes can facilitate biological inva-
sions by a variety of mechanisms such as increased movement 
or transport of invasive species, and decreased resilience of 
native species, so that climate change could increase existing 
impacts from human transport.50 These changes will result in 
changing interactions among species with consequences that 
are difficult to predict. Tropical species and ecosystems may 
encounter similar difficulties in migrating poleward as success 

the iMpaCts of oCean aCidifiCation on west Coast aquaCulture 

Ocean acidification has already changed the way shellfish farmers on the West Coast conduct business. For oyster 
growers, the practical effect of the lowering pH of ocean water has not only been to make the water more acidic, but 
also more corrosive to young shellfish raised in aquaculture facilities. Growers at Whiskey Creek Hatchery, in Oregon’s 
Netarts Bay, found that low pH seawater during spawning reduced growth in mid-stage larval (juvenile) Pacific oysters.38 
Hatcheries in Washington State have also experienced losses of spat (oyster larvae that have attached to a surface and 
begun to develop a shell) due to water quality issues that include other human-caused effects like dredging and pollu-
tion.39 Facilities like the Taylor Shellfish Farms hatchery on Hood Canal have changed their production techniques to 
respond to increasing acidification in Puget Sound.

These impacts bring to light a potential challenge: existing natural variation may interact with human-caused changes 
to produce unanticipated results for shell-forming marine life, especially in coastal regions.40 As a result, there is an 
increasing need for information about water chemistry conditions, such as data obtained through the use of sensor net-
works. In the case of Whiskey Creek, instruments installed in collaboration with ocean scientists created an “early warn-
ing” system that allows oyster growers to choose the time they take water into the hatchery from the coastal ocean. This 
allows them to avoid the lower-pH water related to upwelling and the commensurate loss of productivity in the hatchery. 

From a biological perspective, these kinds of preventative measures can help produce higher-quality oysters. Studies 
on native Olympia oysters (Ostrea lurida) show that there is a “carry-over” effect of acidified water – oysters exposed 
to acidic conditions while in the juvenile stage continue to grow slower in later life stages.41 Research on some oyster 
species such as Pacific oyster (Crassostrea gigas), the commercially important species in U.S. west coast aquaculture, 
shows that specially selected strains can be more resistant to acidification.42

Overall, economically important species such as oysters, mussels, and sea urchins are highly vulnerable to changes 
in ocean conditions brought on by climate change and rising atmospheric CO2 levels. Sea temperature and acidifica-
tion are expected to increase; the acidity of surface seawater is projected to nearly double by the end of this century. 
Some important cultured species may be influenced in larval and juvenile developing stages, during fertilization, and 
as adults,43 resulting in lower productivity. Action groups, such as the California Current Acidification Network (C-CAN), 
are working to address the needs of the shellfish industry – both wild and aquaculture-based fisheries – in the face of 
ocean change. These efforts bring scientists from across disciplines together with aquaculturists, fishermen, the ocean-
ographic community, and state and federal decision-makers to ensure a concerted, standardized, and cost-effective 
approach to gaining new understanding of the impact of acidification on ecosystems and the economy.44
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of some key species such as corals may be limited by adequate 
bottom substrate, water clarity, and light availability.51

Climate change impacts such as increasing ocean tempera-
tures can profoundly affect production of natural stocks of fish 
by changing growth, reproduction, survival, and other critical 
characteristics of fish stocks and ecosystems. For species that 
migrate to freshwater from the sea, like salmon, some pub-
lished studies indicate earlier start of spawning migration, 
warming stream temperatures, and extirpation in southern ex-
tent of range, all of which can affect productivity.4,52 To remain 
within their normal temperature range, some fish stocks are 
moving poleward and to deeper water.53,54 Fishery productivity 
is predicted to decline in the lower 48 states, but increase in 

parts of Alaska.55 However, projections based only on temper-
ature may neglect important food web effects. Fishing costs 
are predicted to increase as fisheries transition to new species 
and as processing plants and fishing jobs shift poleward.18 The 
cumulative impact of such changes will be highly variable on 
regional scales because of the combination of factors – some 
acting in opposite directions. Some areas will benefit from 
range expansions of valuable species or increases in productiv-
ity, while others will suffer as species move away from previ-
ously productive areas. 

corAl reef ecosysteM collApse

Recent research indicates that 75% of the world’s coral reefs are threatened due to the interactive effects of climate 
change and local sources of stress, such as overfishing, nutrient pollution, and disease.56,57 In Florida, all reefs are 
rated as threatened, with significant impacts on valuable ecosystem services they provide.58 Caribbean coral cover has 
decreased 80% in less than three decades.59 These declines have in turn led to a flattening of the three dimensional 
structure of coral reefs and hence a decrease in the capacity of coral reefs to provide shelter and other resources for 
other reef-dependent ocean life.60

The relationship between coral and zooxanthellae (algae vital for reef-building corals) is disrupted by higher than usual 
temperatures and results in a condition where the coral is still alive, but devoid of all its color (bleaching). Bleached 
corals can later die or become infected with disease.61,62 Thus, high temperature events alone can kill large stretches 

of coral reef, although 
cold water and poor 
water quality can 
also cause localized 
bleaching and death. 
Evidence suggests that 
relatively pristine reefs, 
with fewer human im-
pacts and with intact 
fish and associated 
invertebrate communi-
ties, are more resilient 
to coral bleaching and 
disease.63

Figure 24.4. A colony of star coral (Montastraea faveolata) off the southwestern coast of Puerto Rico 
(estimated to be about 500 years old) exemplifies the effect of rising water temperatures. Increasing 
disease due to warming waters killed the central portion of the colony (yellow portion in A), followed 
by such high temperatures that bleaching - or loss of symbiotic algae from coral - occurred from the 
surrounding tissue (white area in B). The coral then experienced more disease in the bleached area 
on the periphery (C) that ultimately killed the colony (D). (Photo credit: Ernesto Weil). 

Warming Seas Are a Double-blow to Corals
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Key Message 4: Rising Temperatures Linked to Diseases

Rising sea surface temperatures have been linked with increasing levels and  
ranges of diseases in humans and in marine life, including corals, abalones,  

oysters, fishes, and marine mammals. 

There has been a significant increase in reported incidences of 
disease in corals, urchins, mollusks, marine mammals, turtles, 
and echinoderms (a group of some 70,000 marine species in-
cluding sea stars, sea urchins, and sand dollars) over the last 
several decades.64,65,66,67 Increasing disease outbreaks in the 
ocean affecting ecologically important species, which provide 
critically important habitat for other species such as corals,65,68 
algae,69 and eelgrass,70 have been linked with rising tempera-
tures. Disease increases mortality and can reduce abundance 
for affected populations as well as fundamentally change eco-
systems by changing habitat or species relationships. For ex-
ample, loss of eelgrass beds due to disease can reduce critical 
nursery habitat for several species of commercially important 
fish.70,71

The complexity of the host/environment/pathogen interaction 
makes it challenging to separate climate warming from the 
myriad of other causes facilitating increased disease outbreaks 
in the ocean. However, three categories of disease-causing 
pathogens are unequivocally related to warming oceans. 
Firstly, warmer winters due to climate change can increase 
the overwinter survival and growth rates of pathogens.67 A 
disease-causing parasite in oysters that proliferates at high 
water temperatures and high salinities spread northward up 
the eastern seaboard as water temperatures warmed during 
the 1990s.72 Growth rates of coral disease lesions increased 
with winter and summer warming from 1996 to 2006.62 Winter 
warming in the Arctic is resulting in increased incidence of a 
salmon disease in the Bering Sea and is now thought to be a 
cause of a 57% decline of Yukon Chinook salmon.73

Secondly, increasing disease outbreaks in ecologically im-
portant species like coral, eelgrass, and abalone have been 
linked with temperatures that are higher than the long-term 
averages. The spectacular biodiversity of tropical coral reefs 
is particularly vulnerable to warming because the corals that 
form the foundational reef structure live very near the upper 
temperature limit at which they thrive. The increasing frequen-
cy of record hot temperatures has caused widespread coral 
bleaching66 and disease outbreaks65 and is a principal factor 
contributing to the International Union for the Conservation 
of Nature listing a third of the reef-building corals as vulner-
able, endangered, or critically endangered 74 and the National 
Oceanic and Atmospheric Administration proposing to list 66 
species of corals under the Endangered Species Act.75,76 In the 
Chesapeake Bay, eelgrass died out almost completely during 
the record-hot summers of 2005 and 2010,77 and the California 
black abalone has been driven to the edge of extinction by a 
combination of warming water and bacterial disease.78

Thirdly, there is evidence that increased water temperature is 
responsible for the enhanced survival and growth of certain 
marine bacteria that make humans sick.78 Increases in growth 
of Vibrio parahaemolyticus (a pathogenic bacterial species) 
during the warm season are responsible for human illnesses 
associated with oysters harvested from the Gulf of Mexico79 
and northern Europe.80 Vibrio vulnificus, which is responsible 
for the overwhelming majority of reported seafood-related 
deaths in the United States,81 is also a significant and growing 
source of potentially fatal wound infections associated with 
recreational swimming, fishing-related cuts, and seafood han-
dling, and is most frequently found in water with a tempera-
ture above 68°F.79,81,82 

Key Message 5: Economic Impacts of Marine-related Climate Change 

Climate changes that result in conditions substantially different from recent  
history may significantly increase costs to businesses as well  

as disrupt public access and enjoyment of ocean areas.

Altered environmental conditions due to climate change will 
affect, in both positive and negative ways, human uses of the 
ocean, including transportation, resource use and extraction, 
leisure and tourism activities and industries, in the nearshore 
and offshore areas. Climate change will also affect maritime 
security and governance. Arctic-related national security con-
cerns and threats to national sovereignty have also been a 
recent focus of attention for some researchers.83,84 With sea 
ice receding in the Arctic as a result of rising temperatures, 
global shipping patterns are already changing and will con-

tinue to change considerably in the decades to come.84,85 The 
increase in maritime traffic could make disputes over the legal 
status of sea lines-of-communication and international straits 
more pointed, but mechanisms exist to resolve these disputes 
peacefully through the Law of the Sea Convention and other 
customary international laws. 

Resource use for fisheries, aquaculture, energy production, 
and other activities in ocean areas will also need to adjust to 
changing ocean climate conditions. In addition to the shift in 
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habitat of living resources discussed above, changing ocean 
and weather conditions due to human-induced climate change 
make any activities at sea more difficult to plan, design, and 
operate.

In the United States, the healthy natural services (such as fish-
ing and recreation) and cultural resources provided by the 
ocean also play a large economic role in our tourism industry. 
Nationally in 2010, 2.8% of gross domestic product, 7.52 mil-
lion jobs, and $1.11 trillion in travel and recreational total sales 
are supported by tourism.86 In 2009-2010, nine of the top ten 
states and U.S. territories and seven of the top ten cities visited 
by overseas travelers were coastal, including the Great Lakes. 
Changes in the location and distribution of marine resources 
(such as fish, healthy reefs, and marine mammals) due to cli-
mate change will affect the recreational industries and all the 
people that depend on reliable access to these resources in 
predictable locales. For example, as fish species shift poleward 
or to deeper waters,54,87 these fish may be less accessible to 
recreational fishermen. Similar issues will also affect commer-
cial fishing.

Similarly, new weather conditions differing from the historical 
pattern will pose a challenge for tourism, boating, recreational 
fishing, diving, and snorkeling, all of which rely on highly pre-
dictable, comfortable water and air temperatures and calm wa-
ters. For example, the strength of hurricanes and the number of 
strong (Category 4 and 5) hurricanes are projected to increase 
over the North Atlantic (Ch. 2: Our Changing Climate). Changes 
in wind patterns88 and wave heights have been observed89 and 
are projected to continue to change in the future.90 This means 
that the public will not be able to rely on recent experience in 
planning leisure and tourism activities.91,92 As weather patterns 
change and air and sea surface temperatures rise, preferred 
locations for recreation and tourism also may change. In ad-
dition, infrastructure such as marinas, marine supply stores, 
boardwalks, hotels, and restaurants that support leisure activi-
ties and tourism will be negatively affected by sea level rise. 
They may also be affected by increased storm intensity and 
changing wave heights,92 as well as elevated storm surge due 
to sea level rise and other expected effects of a changing cli-
mate; these impacts will vary significantly by region.93 

Key Message 6: Initiatives Serve as a Model

In response to observed and projected climate impacts, some existing ocean policies, 
practices, and management efforts are incorporating climate change impacts. These 

initiatives can serve as models for other efforts and ultimately enable people  
and communities to adapt to changing ocean conditions.

Climate considerations can be integrated into planning, res-
toration, design of marine protected areas, fisheries manage-
ment, and aquaculture practices to enhance ocean resilience 
and adaptive capacity. Many existing sustainable-use strate-
gies, such as ending overfishing, establishing protected areas, 
and conserving habitat, are known to increase resilience. Anal-
yses of fishery management and climate scenarios suggest that 
adjustments to harvest regimes (especially reducing harvest 
rates of over-exploited species) can improve catch stability 
under changing climate conditions. These actions could have a 
greater effect on biological and economic performance in fish-
eries than impacts due to warming over the next 25 years.94 
The stability of international ocean and fisheries treaties, par-
ticularly those covering commercially exploited and critical 
species, might be threatened as the ocean changes.95

The fact that the climate is changing is beginning to be incor-
porated into existing management strategies. New five-year 
strategies for addressing flooding, shoreline erosion, and 
coastal storms have been developed by most coastal states 
under their Coastal Zone Management Act programs.3 Many 
of these plans are explicitly taking into account future climate 
scenarios as part of their adaptation initiatives. The North Pa-
cific Fishery Management Council and NOAA have declared a 
moratorium on most commercial fisheries in the U.S. Arctic 
pending sufficient understanding of the changing productiv-

ity of these fishing grounds as they become increasingly ice-
free. Private shellfish aquaculture operations are changing 
their business plans to adapt to ocean acidification.38,39 These 
changes include monitoring and altering the timing of spat 
settlement dependent on climate change induced conditions, 
as well as seeking alternative, acid-resistant strains for cultur-
ing. Marine protected areas in the National Marine Sanctuary 
(NMS) System are gradually preparing climate impact reports 
and climate adaptation action plans under their Climate Smart 
Sanctuary Initiative.96

Additionally, there is promise in restoring key habitats to pro-
vide a broad suite of benefits that can reduce climate impacts 
with relatively little ongoing maintenance costs (see Ch. 25: 
Coasts; Ch. 28: Adaptation). For example, if in addition to sea 
level rise, an oyster reef or mangrove restoration strategy also 
included fish habitat benefits for commercial and recreational 
uses and coastal protection services, the benefits to surround-
ing communities could multiply quickly. Coral-reef-based tour-
ism can be more resilient to climate change impacts through 
protection and restoration, as well as reductions of pollution 
and other habitat-destroying activities. Developing alternative 
livelihood options as part of adaptation strategies for marine 
food-producing sectors can help reduce economic and social 
impacts of a changing climate.
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cliMAte iMpActs on neW englAnd fisheries

Fishing in New England has been associated with bottom-dwelling fish for more than 
400 years, and is a central part of the region’s cultural identity and social fabric. Atlantic 
halibut, cod, haddock, flounders, hakes, pollock, plaice, and soles are included under 
the term “groundfish.” The fishery is pursued by both small boats (less than 50 feet long) 
that are typically at sea for less than a day, and by large boats (longer than 50 feet) that 
fish for a day to a week at a time. These vessels use home ports in more than 100 coast-
al communities from Maine to New Jersey, and the landed value from fisheries in New 
England and the 
Mid-Atlantic in 
2010 was nearly 
$1.2 billion.76 Cap-
tains and crew are 
often second- or 
th i rd-generat ion 
fishermen who have 
learned the trade 
from their families.

From 1982 to 
2006, sea surface temperature in the coastal wa-
ters of the Northeast warmed by close to twice the 
global rate of warming over this period.97 Long-term 
monitoring of bottom-dwelling fish communities in 
New England revealed that the abundance of warm-
water species increased, while cool-water species de-
creased.54,98 A recent study suggests that many spe-
cies in this community have shifted their geographic 
distributions northward by up to 200 miles since 
1968, though substantial variability among species 
also exists.54 The northward shifts of these species 
are reflected in the fishery as well: landings and land-
ed value of these species have shifted towards north-
ern states such as Massachusetts and Maine, while 
southern states have seen declines (see Figure 24.5). 

The economic and social impacts of these changes 
depend in large part on the response of the fishing 
communities in the region.99 Communities have a 
range of strategies for coping with the inherent un-
certainty and variability of fishing, including diversi-
fication among species and livelihoods, but climate 
change imposes both increased variability and sus-
tained change that may push these fishermen beyond 
their ability to cope.100 Larger fishing boats can follow 
the fish to a certain extent as they shift northward, 
while smaller inshore boats will be more likely to 
leave fishing or switch to new species.100 Long-term 
viability of fisheries in the region may ultimately de-
pend on a transition to new species that have shifted 
from regions farther south.18

Figure 24.5. Ocean species are shifting northward along U.S. 
coastlines as ocean temperatures rise. As a result, over the 
past 40 years, more northern ports have gradually increased 
their landings of four marine species compared to the earlier 
pattern of landed value. While some species move northward 
out of an area, other species move in from the south. This kind of 
information can inform decisions about how to adapt to climate 
change. Such adaptations take time and have costs, as local 
knowledge and equipment are geared to the species that have 
long been present in an area. (Figure source: adapted from Pinsky 
and Fogerty 2012101). 
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tRaceable accounts

Process for Developing Key Messages: 
A central component of the assessment process was the Oceans 
and Marine Resources Climate assessment workshop that was 
held January 23-24, 2012, at the National Oceanographic and 
Atmospheric Administration (NOAA) in Silver Spring, MD, and si-
multaneously, via web teleconference, at NOAA in Seattle, WA. In 
the workshop, nearly 30 participants took part in a series of scop-
ing presentations and breakout sessions that began the process 
leading to a foundational Technical Input Report (TIR) entitled 
“Oceans and Marine Resources in a Changing Climate: Technical 
Input to the 2013 National Climate Assessment.”102 The report, 
consisting of nearly 220 pages of text organized into 7 sections 
with numerous subsections and more than 1200 references, was 
assembled by 122 authors representing governmental agencies, 
non-governmental organizations, tribes, and other entities. 

The chapter author team engaged in multiple technical discus-
sions via teleconferences that permitted a careful review of the 
foundational TIR102 and of approximately 25 additional technical 
inputs provided by the public, as well as the other published litera-
ture, and professional judgment. The chapter author team met at 
Conservation International in Arlington, VA on 3-4 May 2012 for 
expert deliberation of draft key messages by the authors, wherein 
each message was defended before the entire author team before 
the key message was selected for inclusion in the report. These 
discussions were supported by targeted consultation with addi-
tional experts by the lead author of each message to help define 
“key vulnerabilities.”

Key message #1 Traceable accounT

The rise in ocean temperature over the last cen-
tury will persist into the future, with continued large 
impacts on climate, ocean circulation, chemistry, 
and ecosystems.

Description of evidence base
The key message is supported by extensive evidence documented 
in Sections 2 and 3 of the Oceans Technical Input Report102 and 
in the additional technical inputs received as part of the Federal 
Register Notice solicitation for public input, as well as stakeholder 
engagement leading up to drafting the chapter. 

Relevant and recent peer-reviewed publications,5,7,8 including 
many others that are cited therein, describe evidence that ocean 
temperature has risen over the past century. This evidence base 
includes direct and indirect temperature measurements, paleocli-
mate records, and modeling results.

There are also many relevant and recent peer-reviewed publica-
tions describing changes in physical and chemical ocean proper-
ties that are underway due to climate change.11,14 

New information and remaining uncertainties
Important new information since the last National Climate Assess-
ment103 includes the latest update to a data set of ocean tempera-
tures.7

There is accumulating new information on all of these points with 
regard to physical and chemical changes in the ocean and re-
sultant impacts on marine ecosystems. Both measurements and 
model results are continuing to sharpen the picture. 

A significant area of uncertainty remains with regard to the re-
gion-by-region impacts of warming, acidification, and associated 
changes in the oceans. Regional and local conditions mean that 
impacts will not be uniform around the U.S. coasts or internation-
ally. Forecasting of regional changes is still an area of very active 
research, though the overall patterns for some features are now 
clear. 

Large-scale and recurring climate phenomena (such as the El Niño 
Southern Oscillation, the Pacific Decadal Oscillation, and the At-
lantic Multidecadal Oscillation) cause dramatic changes in biologi-
cal productivity and ecosystem structure and make it difficult to 
discern climate-driven trends.

Current time series of biological productivity are restricted to 
a handful of sites around the globe and to a few decades, and 
global, comprehensive satellite time series of ocean color are even 
shorter, beginning in 1997. Based on an analysis of different in 
situ datasets, one research group suggested a decline of 1% per 
year over the past century, but these findings may be an artifact 

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
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of limited data and have been widely debated.14,104 However, the 
few in situ time series mostly indicate increases in biological pro-
ductivity over the past 20 years, but with clear links to regional 
changes in climate.14 

Assessment of confidence based on evidence
Confidence that the ocean is warming and acidifying, and that sea lev-
el is rising is very high. Changes in other physical and chemical prop-
erties such as ocean circulation, wave heights, oxygen minimums, and 
salinity are of medium confidence. For ecosystem changes, there is 
high confidence that these are occurring and will persist and likely 
grow in the future, though the details of these changes are highly 
geographically variable. 

Key message #2 Traceable accounT

The ocean currently absorbs about a quarter of 
human-caused carbon dioxide emissions to the at-
mosphere, leading to ocean acidification that will 
alter marine ecosystems in dramatic yet uncertain 
ways.

Description of evidence base
The key message is supported by extensive evidence documented 
in the Oceans Technical Input Report102 and additional technical 
inputs received as part of the Federal Register Notice solicitation 
for public input, as well as stakeholder engagement leading up to 
drafting the chapter. 

Numerous references provide evidence for the increasing acidity 
(lower pH) of oceans around the world (Ch. 2: Our Changing Cli-
mate, Key Message 12).3,31 

There is a rapid growth in peer-reviewed publications describing 
how ocean acidification will impact ecosystems,33,34 but to date 
evidence is largely based on studies of calcification rather than 
growth, reproduction, and survival of organisms. For these latter 
effects, available evidence is from laboratory studies in low pH 
conditions, rather than in situ observations.35

New information and remaining uncertainties
The interplay of environmental stressors may result in “surprises” 
where the synergistic impacts may be more deleterious or more 
beneficial than expected. Such synergistic effects create com-
plexities in predicting the outcome of the interplay of stressors 
on marine ecosystems. Many, but not all, calcifying species are 
affected by increased acidity in laboratory studies. How those re-
sponses will cascade through ecosystems and food webs is still 
uncertain. Although studies are underway to expand understand-
ing of ocean acidification on all aspects of organismal physiology, 
much remains to be learned. 

Assessment of confidence based on evidence
Confidence is very high that carbon dioxide emissions to the atmo-
sphere are causing ocean acidification, and high that this will alter 
marine ecosystems. The nature of those alterations is unclear, 
however, and predictions of most specific ecosystem changes 
have low confidence at present, but with medium confidence for 
coral reefs.

Key message #3 Traceable accounT

Significant habitat loss will continue to occur due 
to climate change for many species and areas, in-
cluding Arctic and coral reef ecosystems, while 
habitat in other areas and for other species will 
expand. These changes will consequently alter the 
distribution, abundance, and productivity of many 
marine species.

Description of evidence base
The key message is supported by extensive evidence documented 
in the Oceans Technical Input Report102 and additional technical 
inputs received as part of the Federal Register Notice solicitation 
for public input, as well as stakeholder engagement leading up to 
drafting the chapter. 

Many peer-reviewed publications56,70 describe threats to coral 
reefs induced by global change.

There are also many relevant and recent peer-reviewed publica-
tions53,54,87 that discuss impacts on marine species and resources 
of habitat change that is induced by climate change. 

Confidence Level
Very High

Strong evidence (established 
theory, multiple sources, consistent 

results, well documented and 
accepted methods, etc.), high 

consensus

High

Moderate evidence (several sourc-
es, some consistency, methods 

vary and/or documentation limited, 
etc.), medium consensus

Medium

Suggestive evidence (a few 
sources, limited consistency, mod-
els incomplete, methods emerging, 
etc.), competing schools of thought

Low

Inconclusive evidence (limited 
sources, extrapolations, inconsis-
tent findings, poor documentation 
and/or methods not tested, etc.), 
disagreement or lack of opinions 

among experts

24: OCEANS AND MARINE RESOURCES
Traceable accounTs



577 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

New information and remaining uncertainties
Regional and local variation is, again, a major component of the 
remaining uncertainties. Different areas, habitats, and species are 
responding differently and have very different adaptive capacities. 
Those species that are motile will certainly respond differently, or 
at least at a different rate, by changing distribution and migration 
patterns, compared to species that do not move, such as corals. 

Although it is clear that some fish stocks are moving poleward and 
to deeper water, how far they will move and whether most spe-
cies will move remains unclear. A key uncertainty is the extent to 
which various areas will benefit from range expansions of valuable 
species or increases in productivity, while other areas will suffer 
as species move away from previously productive areas. The loss 
of critically important habitat due to climate change will result in 
changes in species interactions that are difficult to predict. 

Assessment of confidence based on evidence
There is very high confidence that habitat and ecosystems are 
changing due to climate change, but that change is not unidirec-
tional by any means. Distribution, abundance, and productivity 
changes are species and location dependent and may be increas-
ing or decreasing in a complex pattern. 

Key message #4 Traceable accounT

Rising sea surface temperatures have been linked 
with increasing levels and ranges of diseases in hu-
mans and in marine life, including corals, abalones, 
oysters, fishes, and marine mammals.

Description of evidence base
The key message is supported by extensive evidence in the Oceans 
Technical Input Report102 and additional technical inputs received 
as part of the Federal Register Notice solicitation for public in-
put, as well as stakeholder engagement leading up to drafting the 
chapter. 

As noted in the chapter, the references document increased levels 
and ranges of disease coincident with rising temperatures.64,65,66,67 

New information and remaining uncertainties
The interactions among host, environment, and pathogen are com-
plex, which makes it challenging to separate warming due to cli-
mate change from other causes of disease outbreaks in the ocean.

Assessment of confidence based on evidence
There is high confidence that disease outbreaks and levels are 
increasing, and that this increase is linked to increasing tempera-
tures. Again, there is substantial local to regional variation but the 
overall pattern seems consistent. 

Key message #5 Traceable accounT

Climate changes that result in conditions substan-
tially different from recent history may significant-
ly increase costs to businesses as well as disrupt 
public access and enjoyment of ocean areas.

Description of evidence base
The key message is supported by extensive evidence documented 
in the Oceans Technical Input Report102 and additional technical 
inputs received as part of the Federal Register Notice solicitation 
for public input, as well as stakeholder engagement leading up to 
drafting the chapter. 

Many peer-reviewed publications describe the predicted impacts 
of climate change on tourism and recreation industries and their 
associated infrastructure.91,92

New information and remaining uncertainties
Given the complexity of transportation, resource use and extrac-
tion, and leisure and tourism activities, there are large uncertain-
ties in impacts in specific locales or for individual activities. Some 
businesses and communities may be able to adapt rapidly, others 
less so. Infrastructure impacts of climate change will also be an 
important part of the ability of businesses, communities, and the 
public to adapt. 

Assessment of confidence based on evidence
As with many other impacts of climate change, the evidence that 
change is occurring is very strong but the resultant impacts are 
still uncertain. For all of these human uses, and the associated 
costs and disruption, the evidence is suggestive and confidence 
medium on the effects of the ongoing changes in ocean conditions. 

Key message #6 Traceable accounT

In response to observed and projected climate 
impacts, some existing ocean policies, practices, 
and management efforts are incorporating climate 
change impacts. These initiatives can serve as 
models for other efforts and ultimately enable peo-
ple and communities to adapt to changing ocean 
conditions.

Description of evidence base
The key message is supported by extensive evidence documented 
in the Oceans Technical Input Report102 and additional technical 
inputs reports received as part of the Federal Register Notice 
solicitation for public input, as well as stakeholder engagement 
leading up to drafting the chapter. 

Scenarios suggest that adjustments to fish harvest regimes can 
improve catch stability under increased climate variability. These 
actions could have a greater effect on biological and economic 
performance in fisheries than impacts due to warming over the 
next 25 years.94

24: OCEANS AND MARINE RESOURCES
Traceable accounTs
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New information and remaining uncertainties
Efforts are underway to enhance the development and deployment 
of science in support of adaptation, to improve understanding and 
awareness of climate-related risks, and to enhance analytic ca-
pacity to translate understanding into planning and management 
activities. While critical knowledge gaps exist, there is a wealth of 
climate- and ocean-related science pertinent to adaptation.102

Assessment of confidence based on evidence 
There is high confidence that adaptation planning will help miti-
gate the impacts of changing ocean conditions. But there is much 
work to be done to craft local solutions to the set of emerging 
issues in ocean and coastal areas. 

24: OCEANS AND MARINE RESOURCES
Traceable accounTs
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COASTAL ZONE 
DEVELOPMENT AND ECOSYSTEMS25

Key Messages
1. Coastal lifelines, such as water supply and energy infrastructure and evacuation routes, are 

increasingly vulnerable to higher sea levels and storm surges, inland flooding, erosion, and other 
climate-related changes.

2. Nationally important assets, such as ports, tourism and fishing sites, in already-vulnerable coastal 
locations, are increasingly exposed to sea level rise and related hazards. This threatens to disrupt 
economic activity within coastal areas and the regions they serve and results in significant costs 
from protecting or moving these assets.

3. Socioeconomic disparities create uneven exposures and sensitivities to growing coastal risks and 
limit adaptation options for some coastal communities, resulting in the displacement of the most 
vulnerable people from coastal areas.

4. Coastal ecosystems are particularly vulnerable to climate change because many have already 
been dramatically altered by human stresses; climate change will result in further reduction or 
loss of the services that these ecosystems provide, including potentially irreversible impacts.

5. Leaders and residents of coastal regions are increasingly aware of the high vulnerability of 
coasts to climate change and are developing plans to prepare for potential impacts on citizens, 
businesses, and environmental assets. Significant institutional, political, social, and economic 
obstacles to implementing adaptation actions remain.

Figure 25.1. U.S. population 
growth in coastal watershed coun-
ties has been most significant 
over the past 40 years in urban 
centers such as Puget Sound, 
San Francisco Bay, southern Cali-
fornia, Houston, South Florida and 
the northeast metropolitan corri-
dor. A coastal watershed county 
is defined as one where either 1) 
at a minimum, 15% of the county’s 
total land area is located within a 
coastal watershed, or 2) a portion 
of or an entire county accounts for 
at least 15% of a coastal USGS 
8-digit cataloging unit.1 Residents 
in these coastal areas can be con-
sidered “the U.S. population that 
most directly affects the coast.”1 
We use this definition of “coastal” 
throughout the chapter unless 
otherwise specified. (Data from 
U.S. Census Bureau). 

Population Change in U.S. Coastal Watershed Counties
(1970-2010)
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Each year, more than 1.2 million people move to the coast, col-
lectively adding the equivalent of nearly one San Diego, or more 
than three Miami’s, to the Great Lakes or open-ocean coastal 
watershed counties and parishes of the United States. As a re-
sult, 164 million Americans – more than 50% of the population 
– now live in these mostly densely populated areas1,2 (Figure 
25.1) and help generate 58% of the national gross domestic  
product (GDP).3 People come – and stay – for the diverse and 
growing employment opportunities in recreation and tour-
ism, commerce, energy and mineral production, vibrant urban  
centers, and the irresistible beauty of our coasts.4 Residents, 
combined with the more than 180 million tourists that flock to 
the coasts each year,5,6 place heavy demands on the unique 
natural systems and resources that make coastal areas so  
attractive and productive.7

Meanwhile, public agencies and officials are charged with bal-
ancing the needs of economic vitality and public safety, while 
sustaining the built and natural environments in the face of 
risks from well-known natural hazards such as storms, flooding, 
and erosion.8 Although these risks play out in different ways 
along the United States’ more than 94,000 miles of coastline,9 
all coasts share one simple fact: no other region concentrates 
so many people and so much economic activity on so little 
land, while also being so relentlessly affected by the sometimes 
violent interactions of land, sea, and air.

Humans have heavily altered the coastal environment through 
development, changes in land use, and overexploitation of 
resources. Now, the changing climate is imposing additional 

stresses,10 making life on the coast more challenging (Figure 
25.2). The consequences will ripple through the entire nation, 
which depends on the productivity and vitality of coastal re-
gions.

Events like Superstorm Sandy in 2012 have illustrated that 
public safety and human well-being become jeopardized by 
the disruption of crucial lifelines, such as water, energy, and 
evacuation routes. As climate continues to change, repeated 
disruption of lives, infrastructure functions, and nationally and 
internationally important economic activities will pose intol-
erable burdens on people who are already most vulnerable 
and aggravate existing impacts on valuable and irreplaceable 
natural systems. Planning long-term for these changes, while 
balancing different and often competing demands, are vexing 
challenges for decision-makers (Ch. 26: Decision Support).

coAstAl resilience defined

Resilience means different things to different disciplines 
and fields of practice. In this chapter, resilience gener-
ally refers to an ecological, human, or physical system’s 
ability to persist in the face of disturbance or change and 
continue to perform certain functions.11 Natural or physi-
cal systems do so through absorbing shocks, reorganizing 
after disturbance, and adapting;12 social systems can also 
consciously learn.13

Figure 25.2. Sea level rise is not just a problem of the future, but is already affecting coastal communities such 
as Charleston, South Carolina, and Olympia in South Puget Sound through flooding during high tides. (Photo credits: 
(left) NOAA Coastal Services Center; (right) Ray Garrido, January 6, 2010, reprinted with permission by the Washington 
Department of Ecology).

Flooding During High Tides
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Climate-related Drivers of Coastal Change
The primary climatic forces affecting the coasts are changes in 
temperature, sea and water levels, precipitation, storminess, 
ocean acidity, and ocean circulation.7

•	 Sea surface temperatures are rising14 and are expected to 
rise faster over the next few decades,15 with significant re-
gional variation, and with the possibility for more intense 
hurricanes as oceans warm (Ch. 2: Our Changing Climate). 

•	 Global average sea level is rising and has been doing so 
for more than 100 years (Ch.2: Our Changing Climate), 
and greater rates of sea level rise are expected in the 
future.16 Higher sea levels cause more coastal erosion, 
changes in sediment transport and tidal flows, more fre-
quent flooding from higher storm surges, landward migra-
tion of barrier shorelines, fragmentation of islands, and 
saltwater intrusion into aquifers and estuaries.7,17,18,19 

•	 Rates of sea level rise are not uniform along U.S. coasts20,21 
and can be exacerbated locally by land subsidence or re-
duced by uplift.22,23 Along the shorelines of the Great 
Lakes, lake level changes are uncertain (Ch. 18: Midwest), 
but erosion and sediment migration will be exacerbated 
by increased lakeside storm events, tributary flood-
ing, and increased wave action due to loss of ice cover.24 

•	 Patterns of precipitation change are affecting coastal ar-
eas in complex ways (Ch. 2: Our Changing Climate). In re-
gions where precipitation increases, coastal areas will see heavi-
er runoff from inland areas, with the already observed trend 
toward more intense rainfall events continuing to increase 
the risk of extreme runoff and flooding. Where precipita-
tion is expected to decline and droughts to increase, fresh-
water inflows to the coast will be reduced (Ch. 3: Water). 

•	 There has been an overall increase in storm activity near 
the Northeast and Northwest coastlines since about 
1980.25 Winter storms have increased slightly in frequency 
and intensity and their storm tracks have shifted north-
ward.26 The most intense tropical storms have increased 
in intensity in the last few decades.27 Future projections 
suggest increases in hurricane rainfall and intensity (with 
a greater number of the strongest  – Category 4 and 5 – 
hurricanes), a slight decrease in the frequency of tropical 
cyclones, and possible shifts in storm tracks, though the 
details remain uncertain (Ch. 2: Our Changing Climate). 

•	 Marine ecosystems are being threatened by climate change 
and ocean acidification. The oceans are absorbing more 
carbon dioxide as the concentration in the atmosphere 
increases, resulting in ocean acidification, which threat-
ens coral reefs and shellfish.28,29,30 Coastal fisheries are 
also affected by rising water temperatures31 and climate-
related changes in oceanic circulation (Ch. 24: Oceans).32,33 
Wetlands and other coastal habitats are threatened by sea 
level rise, especially in areas of limited sediment supply 
or where barriers prevent onshore migration.34 The com-
bined effects of saltwater intrusion, reduced precipitation, 
and increased evapotranspiration will elevate soil salinities 
and lead to an increase in salt-tolerant vegetation35,36 and 
the dieback of coastal swamp forests.37 

None of these changes operate in isolation. The combined ef-
fects of climate changes with other human-induced stresses 
makes predicting the effects of climate change on coastal 
systems challenging. However, it is certain that these factors 
will create increasing hazards to the coasts’ densely populated 
areas.38,39,40

Ja
cq

ue
s 

D
es

cl
oi

tre
s,

 M
O

D
IS

 R
ap

id
 R

es
po

ns
e 

Te
am

, N
A

S
A

/G
S

FC



583 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

25: COASTAL ZONE DEVELOPMENT AND ECOSYSTEMS

Figure 25.3. The amount of sea level rise (SLR) by  2050  will vary along different stretches of the U.S. coastline and under 
different SLR scenarios, mostly due to land subsidence or uplift (Ch.2: Our Changing Climate).16 The panels show feet of sea level 
above 1992 levels at different tide gauge stations based on a) an 8 inch SLR and b) a 1.24 foot SLR by  2050 . The flood level 
that has a 1% chance of occurring in any given year (“return level”) is similarly projected to differ by region as a result of varying 
storm surge risk. Panel c) shows return levels for a 1.05 foot SLR above mean high tide by 2050.  Finally, panel d) shows how a 
1.05 foot SLR by 2050 could cause the level of flooding that occurs during today’s 100-year storm to occur more frequently by 
mid-century, in some regions as often as once a decade or even annually. ( F i g u r e  source: replicated Tebaldi et al. 201223 
analysis with NCA sea level rise scenarios16 for panels a) and b); data/ensemble SLR projections used for panels c) and d) 
from Tebaldi et al. 201223; all estimates include the effect of land subsidence).

Projected Sea Level Rise and Flooding by 2050
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Figure 25.4. (a) Social Vulnerability, (b) Probability of Shoreline Erosion
(a) Social Vulnerabilty Index (SoVI) at the Census tract level for counties along the coast. The Social Vulnerability 
Index provides a quantitative, integrative measure for comparing the degree of vulnerability of human populations 
across the nation. A high SoVI (dark pink) typically indicates some combination of high exposure and high sensitivity to 
the effects of climate change and low capacity to deal with them. Specific index components and weighting are unique 
to each region (North Atlantic, South Atlantic, Gulf, Pacific, Great Lakes, Alaska, and Hawai‘i). All index components 
are constructed from readily available Census data and include measures of poverty, age, family structure, location 
(rural versus urban), foreign-born status, wealth, gender, Native American status, and occupation.41,42 

(b) Probability of Shoreline Erosion greater than 3.3 feet per year for counties along the coast. Probability is based on 
historical conditions only and does not reflect the possibility of acceleration due to increasing rates of sea level rise.43
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Figure 25.4. (c) Climate-Related Threats
(c) Regional Threats from Climate Change are compiled from technical input reports, the regional chapters in this report, 
and from scientific literature. For related information, see http://data.globalchange.gov/report/regional-differences-2012
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Figure 25.4. (d) Adaptation Activities
(d) Examples of Adaptation Activities in Coastal Areas of the U.S. and Affiliated Island States are compiled from 
technical input reports, the regional chapters in this report, and scientific literature. For related information, see  
http://data.globalchange.gov/report/coastal-adaptation-examples-2012
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Key Message 1: Coastal Lifelines at Risk

Coastal lifelines, such as water supply and energy infrastructure and evacuation routes,  
are increasingly vulnerable to higher sea levels and storm surges, inland flooding,  

erosion, and other climate-related changes.

Key coastal vulnerabilities arise from complex inter-
actions among climate change and other physical, 
human, and ecological factors. These vulnerabilities 
have the potential to fundamentally alter life at the 
coast and disrupt coast-dependent economic activi-
ties.

Coastal infrastructure is exposed to climate 
change impacts from both the landward and ocean 
sides.44,45,46,47,48 Some unique characteristics increase 
the vulnerability of coastal infrastructure to climate 
change (Ch. 11: Urban).7,49 For instance, many coastal 
regions were settled long ago, making much of the 
infrastructure older than in other locations.50 Also, 
inflexibility of some coastal, water-dependent infra-
structure, such as onshore gas and oil facilities, port 
facilities, thermal power plants, and some bridges, 
makes landward relocation difficult (Figure 25.5), 
and build-up of urban and industrial areas inland 
from the shoreline can inhibit landward relocation.7

Infrastructure is built to certain site-specific design 
standards (such as the once-in-10-year, 24-hour 
rainstorm or the once-in-100-year flood) that take 
account of historical variability in climate, coastal, 
and hydrologic conditions. Impacts exceeding these 
standards can shorten the expected lifetime, in-
crease maintenance costs, and decrease services. 
In general, higher sea levels, especially when combined with 
inland changes from flooding and erosion, will result in ac-
celerated infrastructure impairment, with associated indirect 
effects on regional economies and a need for infrastructure 
upgrades, redesign, or relocation.7,44,45,46,51

The more than 60,000 miles of coastal roads52 are essential for 
human activities in coastal areas (Ch. 5: Transportation), espe-
cially in case of evacuations during coastal emergencies.53,54 
Population growth to date and expected additional growth 
place increasing demands on these roads, and climate change 
will decrease their functionality unless adaptation measures 
are taken.55,56 Already, many coastal roads are affected during 
storm events57 and extreme high tides.58 Moreover, as coastal 
bridges, tunnels, and roads are built or redesigned, engineers 
must account for inland and coastal changes, including drain-
age flooding, thawing permafrost, higher groundwater levels, 
erosion, and increasing saturation of roadway bases.59 During 
Hurricane Katrina, many bridges failed because they had only 
been designed for river flooding but were also unexpectedly 
exposed to storm surges.55,60

Wastewater management and drainage systems constitute 
critical infrastructure for coastal businesses and residents (Ch. 
3: Water). Wastewater treatment plants are typically located 
at low elevations to take advantage of gravity-fed sewage col-
lection. Increased inland and coastal flooding make such plants 
more vulnerable to disruption, while increased inflows will re-
duce treatment efficiency.47,61,62 Drainage systems – designed 
using mid-1900s rainfall records – will become overwhelmed 
in the future with increased rainfall intensity over more imper-
vious surfaces, such as asphalt and concrete.27,63,64,65 Sea level 
rise will increase pumping requirements for coastal wastewa-
ter treatment plants, reduce outlet capacities for drainage sys-
tems, and increasingly infiltrate sewer lines, while salt water 
intrusion into coastal aquifers will affect coastal water supplies 
and salt fronts will advance farther up into coastal rivers, af-
fecting water supply intakes (Ch. 3: Water).19,66 Together, these 
impacts increase the risks of urban flooding, combined sewer 
overflows, deteriorating coastal water quality, and human health 
impacts (Ch. 11: Urban; Ch. 9: Human Health).67,68,69 

Figure 25.5. This “mock-up” shows the existing Highway LA-1 and 
Leeville Bridge in coastal Louisiana (on the right) with a planned new, 
elevated bridge that would retain functionality under future, higher sea 
level conditions (center left). (Current sea level and sinking bridge are 
shown here.) A 7-mile portion of the planned bridge has been completed 
and opened to traffic in December 2011. (Figure source: Greater 
Lafourche Port Commission, reprinted with permission).

Adapting Coastal Infrastructure
to Sea Level Rise and Land Loss
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Coastal water infrastructure adaptation options include (but 
are not limited to): 

•	 integrating both natural landscape features and human-
engineered, built infrastructure  to reduce stormwater 
runoff and wave attack, including, where feasible, cre-
ative use of dredge material from nearby coastal loca-
tions in the build-up of wetlands and berms (Figure 25.6);

•	 constructing seawalls around wastewater treatment 
plants and pump stations;

•	 pumping effluent to higher elevations to keep up with 
sea level rise;

•	 pumping freshwater into coastal aquifers to reduce infil-
tration of saltwater; and 

•	 reusing water after treatment to replace diminished wa-
ter supplies due to sea level rise.70 

Technical and financial feasibility may limit how well and how 
long coastal infrastructure can be protected in place before 
it needs to be moved or abandoned. One group estimated 
that nationwide adaptation costs to utilities for wastewater 
systems alone could range between $123 billion and $252 bil-
lion by 2050 and, while not specific to coastal systems, gives 
a sense of the magnitude of necessary expenditures to avert 
climate change impacts.71  

The nation’s energy infrastructure, such as power plants, oil 
and gas refineries, storage tanks, transformers, and electric-
ity transmission lines, are often located directly in the coastal 
floodplain.48,72 Roughly two-thirds of imported oil enters the 
U.S. through Gulf of Mexico ports,55 where it is refined and 
then transported inland. Unless adaptive measures are taken, 
storm-related flooding, erosion, and permanent inundation 
from sea level rise will disrupt these refineries (and related un-
derground infrastructure) and, in turn, will constrain the supply 
of refined products to the rest of the nation (Ch. 4: Energy; Ch. 
10: Energy, Water, and Land) (Figure 25.5).73

Coastal communities have a variety of options to protect, re-
place, and redesign existing infrastructure, including flood 
proofing and flood protection through dikes, berms, pumps, 
integration of natural landscape features, elevation, more fre-
quent upgrades, or relocation.74 Relocation of large coastal 

infrastructure away from the coastline can be very expensive 
and, for some facilities such as port installations, impossible 
due to the need for direct access to the shoreline. In most in-
stances, the addition of new flood-proofed infrastructure in 
high-hazard zones has been viewed as a more cost-effective 
near-term option than relocation.75 In these cases, significantly 
higher removal costs may be incurred later when sea level is 
higher or if the facility needs to be abandoned altogether in 
the future. This suggests that adaptation options are best as-
sessed in a site-specific context, comprehensively weighing 
social, economic, and ecological considerations over multiple 
timeframes. A combination of gray and green infrastructure 
is increasingly recognized as a potentially cost-effective ap-
proach67,76 to reducing risks to communities and economies 
while preserving or restoring essential ecosystems and thus 
their benefits to human welfare (Figure 25.6).7,77

Figure 25.6. A coastal ecosystem restoration project in New York 
City integrates revegetation (a form of green infrastructure) with 
bulkheads and riprap (gray or built infrastructure). Investments 
in coastal ecosystem conservation and restoration can protect 
coastal waterfronts and infrastructure, while providing additional 
benefits, such as habitat for commercial and recreational fish, 
birds, and other animal and plant species, that are not offered by 
built infrastructure. (Photo credit: Department of City Planning, 
New York City, reprinted with permission).

Ecosystem Restoration

Assessing flood exposure of criticAl fAcilities And roAds

NOAA’s Critical Facilities Flood Exposure Tool provides an initial assessment of the risk to a community’s critical facili-
ties and roads within the “100-year” flood zone established by the Federal Emergency Management Agency (FEMA) 
(the 100-year flood zone is the areal extent of a flood that has a 1% chance of occurring or being exceeded in any given 
year). The tool helps coastal managers quickly learn which facilities may be at risk – providing information that can be 
used to increase flood risk awareness and to inform a more detailed analysis and ultimately flood risk reduction mea-
sures. The critical facilities tool was initially created to assist Mississippi/Alabama Sea Grant in conducting its “Coastal 
Resiliency Index: A Community Self-Assessment” workshops and is now available for communities nationwide. For 
additional information see: http://www.csc.noaa.gov/digitalcoast/tools/criticalfacilities.
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Key Message 2: Economic Disruption

Nationally important assets, such as ports, tourism, and fishing sites, in already-vulnerable 
coastal locations, are increasingly exposed to sea level rise and related hazards. This 

threatens to disrupt economic activity within coastal areas and the regions they serve and 
results in significant costs from protecting or moving these assets.

In 2010, economic activity in shoreline counties accounted 
for approximately 66 million jobs and $3.4 trillion in wages78 
through diverse industries and commerce. In many instances, 
economic activity is fundamentally dependent on the physi-
cal and ecological characteristics of the coast. These features 
provide the template for coastal economic activities, including 
natural protection from waves, access to beaches, flat land for 
port development and container storage, and wetlands that 
support fisheries and provide flood protection.

More than 5,790 square miles and more than $1 trillion of 
property and structures are at risk of inundation from sea level 
rise of two feet above current sea level – an elevation which 
could be reached by 2050 under a high rate of sea level rise 
of approximately 6.6 feet by 2100,16 20 years later assuming a 
lower rate of rise (4 feet by 2100) (Ch. 2: Our Changing Climate), 
and sooner in areas of rapid land subsidence.79,80 Roughly half 
of the vulnerable property value is located in Florida, and the 
most vulnerable port cities are Miami, Greater New York, New 
Orleans, Tampa-St. Petersburg, and Virginia Beach.38,45,79,81

Although comprehensive national estimates are not yet avail-
able, regional studies are indicative of the potential risk: the 
incremental annual damage of climate change to capital assets 
in the Gulf region alone could be $2.7 to $4.6 billion by 2030, 
and $8.3 to $13.2 billion by 2050; about 20% of these at-risk 
assets are in the oil and gas industry.82 Investing approximately 
$50 billion for adaptation over the next 20 years could lead to 
approximately $135 billion in averted losses over the lifetime of 
adaptive measures.82,83

More than $1.9 trillion in imports came through U.S. ports in 
2010, with commercial ports directly supporting more than 13 
million jobs78 and providing 90% of consumer goods.84 Ports 
damaged during major coastal storms can be temporarily or 
permanently replaced by other modes of freight movement, 
but at greater cost (Ch. 5: Transportation). The stakes are high 
and resources exist for ports to take proactive adaptation 
steps, such as elevating and interconnecting port- and land-based 
infrastructure or developing offsite storage capability (off-dock in-
termodal yards) for goods and related emergency response proce-
dures.85 However, a recent survey showed that most U.S. ports 
have not yet taken actions to adapt their operations to rising 
seas, increased flooding, and the potential for more extreme 
coastal storms.86 

Coastal recreation and tourism comprises the largest and 
fastest-growing sector of the U.S. service industry, accounting 
for 85% of the $700 billion annual tourism-related revenues,5,88 
making this sector particularly vulnerable to increased impacts 
from climate change.89 Historically, development of immediate 
shoreline areas with hotels, vacation rentals, and other tour-
ism-related establishments has frequently occurred without 
adequate regard for coastal hazards, shoreline dynamics (for 
example, inlet migration), or ecosystem health.90 Hard shore-
line protection against the encroaching sea (like building sea 
walls or riprap) generally aggravates erosion and beach loss 
and causes negative effects on coastal ecosystems, undermin-
ing the attractiveness of beach tourism. Thus, “soft protection,” 
such as beach replenishment or conservation and restoration 
of sand dunes and wetlands, is increasingly preferred to “hard 
protection” measures. Increased sea level rise means sand re-
plenishment would need to be undertaken more frequently, 
and thus at growing expense.34,91,92,93

Natural shoreline protection features have some capacity to 
adapt to sea level rise and storms (Figure 25.6) and can also 
provide an array of ecosystem services benefits94 that may 
offset some maintenance costs. A challenge ahead is the need 
to integrate climate considerations (for example, temperature 
change and sea level rise) into coastal ecosystem restoration 
and conservation efforts,95 such as those underway in the Gulf 
of Mexico, Chesapeake Bay, and Sacramento-San Joaquin Del-
ta, to ensure that these projects have long-term effectiveness.

U.S. oceanic and Great Lakes coasts are important centers for 
commercial and recreational fishing due to the high productiv-
ity of coastal ecosystems. In 2009, the U.S. seafood industry 
supported approximately 1 million full- and part-time jobs and 
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Figure 25.7. Ports are deeply interconnected with inland areas through the goods imported and exported each year. Climate 
change impacts on ports can thus have far-reaching implications for the nation’s economy. These maps show the exports and 
imports in 2010 (in tons/year) and freight flows (in trucks per day) from four major U.S. ports to other U.S. areas designated in the 
U.S. Department of Transportation’s Freight Analysis Framework (FAF): Los Angeles, Houston, New York/New Jersey, and Seattle. 
Note: Highway Link Flow less than 5 FAF Trucks/Day are not shown. (Figure source: U.S. Department of Transportation, Federal 
Highway Administration, Office of Freight Management and Operations, Freight Analysis Framework, version 3.4, 2012).87 

Coast-to-Inland Economic Connections

generated $116 billion in sales and $32 billion in income.96 Rec-
reational fishing also contributes to the economic engine of the 
coasts, with some 74 million saltwater fishing trips along U.S. 
coasts in 2009 generating $50 billion in sales and supporting 
over 327,000 jobs.96 Climate change threatens to disrupt fishing 

operations through direct and indirect impacts to fish stocks 
(for example, temperature-related shifts in species ranges, 
changes in prey availability, and loss of coastal nursery habitat) 
as well as storm-related disruptions of harbor installations (Ch. 
24: Oceans).
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Key Message 3: Uneven Social Vulnerability

Socioeconomic disparities create uneven exposures and sensitivities to growing coastal  
risks and limit adaptation options for some coastal communities, resulting in the  

displacement of the most vulnerable people from coastal areas.

In 2010, almost 2.8% of the U.S. population, or more than 8.6 mil-
lion Americans, lived within the area subject to coastal floods 
that have at least a 1% chance of occurring in any one year.97,98 
More than 120 million Americans live in counties that border 
the open ocean or Great Lakes coasts and/or have a 100-year 
coastal floodplain within them.98 Two trends will place even 
more people at risk in the future: 1) the expansion of the flood-
plain as sea level rises, and 2) the continuing immigration of 
people to coastal areas.

By 2100, the fraction of the U.S. population living in coastal 
counties is expected to increase by 50% (46.2 million) to 144% 
(131.2 million) depending on alternative projections of future 
housing.99 While specific population projections for future 100-
year flood zones are only available for some locations,100 many 
of these new arrivals can be expected to locate in high-hazard 
areas. Thus, coastal population densities, along with increasing 
economic development, will continue to be an important factor 
in the overall exposure to climate change.3,7,39,101

Despite persistent beliefs that living on the coast is reserved 
for the wealthy,79,102 there are large social disparities in coastal 
areas that vary regionally.41,103 Full understanding of risk for 
coastal communities requires consideration of social vulner-
ability factors limiting people’s ability to adapt. These fac-
tors include lower income; minority status; low educational 
achievement; advanced age; income 
dependencies; employment in low-
paying service, retail, and other sectors, 
as well as being often place-bound; 
less economically and socially mobile; 
and much less likely to be insured than 
wealthy property owners (see panel (a) 
in Figure 25.4).104

For example, in California, an estimated 
260,000 people are currently exposed 
to a 100-year flood; this number could 
increase to 480,000 by 2100 as a result 
of a 4.6 foot sea level rise alone (roughly 
equivalent to the high end of the 1 to 4 
foot range of sea level rise projections, 
Ch.2: Our Changing Climate).38 Approxi-
mately 18% of those exposed to high 
flood risk by the end of this century also 
are those who currently fall into the 
“high social vulnerability” category.81 
This means that while many coastal 
property owners at the shorefront tend 

to be less socially vulnerable, adjacent populations just inland 
are often highly vulnerable.

The range of adaptation options for highly socially vulnerable 
populations is limited.81 Native communities in Alaska, Loui-
siana, and other coastal locations already face this challenge 
today (see “Unique Challenges for Coastal Tribes” and Ch. 12: 
Indigenous Peoples).105,106 As sea level rises faster and coastal 
storms, erosion, and inundation cause more frequent or wide-
spread threats, relocation (also called (un)managed retreat 
or realignment), while not a new strategy in dynamic coastal 
environments, may become a more pressing option. In some 
instances relocation may become unavoidable, and for poorer 
populations sooner than for the wealthy. Up to 50% of the 
areas with high social vulnerability face the prospect of un-
planned displacement under the 1 to 4 foot range of projected 
sea level rise (Ch.2: Our Changing Climate), for several key 
reasons: they cannot afford expensive protection measures 
themselves, public expense is not financially justified (often 
because social, cultural, and ecological factors are not consid-
ered), or there is little social and political support for a more 
orderly retreat process. By contrast, only 5% to 10% of the low 
social vulnerability areas are expected to face relocation.41 This 
suggests that climate change could displace many socially vul-
nerable individuals and lead to significant social disruptions in 
some coastal areas.107,108,109

uniQue chAllenges for coAstAl tribes

Coastal Native American and Native Alaskan people, with their traditional de-
pendencies upon natural resources and specific land areas, exhibit unique 
vulnerabilities. Tribal adaptation options can be limited because tribal land 
boundaries are typically bordered by non-reservation lands, and climate 
change could force tribes to abandon traditionally important locations, certain 
cultural practices, and natural resources on which they depend (Ch. 12: In-
digenous Peoples).110 Coastal food sources are also threatened, including salmon 
and shellfish. Climate change could affect other food species as well, worsening 
already existing health problems such as obesity, diabetes, and cancer.

Tribes pride themselves, however, for their experience and persistence in 
adapting to challenging situations.  Some tribes are exploring unique adapta-
tion approaches. In Louisiana’s Isle de Jean Charles, for example, the Biloxi-
Chitimacha-Choctaw Indian community partnered with a local academic center 
and a religious congregation to work toward relocating scattered tribal members 
with those seeking a communal safe haven, while working to save their ancestral 
land – aiming for community and cultural restoration and for the redevelopment 
of traditional livelihoods.108,111 
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Key Message 4: Vulnerable Ecosystems

Coastal ecosystems are particularly vulnerable to climate change because many have already 
been dramatically altered by human stresses; climate change will result in further reduction or 
loss of the services that these ecosystems provide, including potentially irreversible impacts.

Coastal ecosystems provide a suite of valuable benefits (eco-
system services) on which humans depend, including reduc-
ing the impacts from floods, buffering from storm surge and 
waves, and providing nursery habitat for important fish and 
other species, water filtration, carbon storage, and opportuni-
ties for recreation and enjoyment (Figure 25.8).95,112,113

However, many of these ecosystems and the services they 
provide are rapidly being degraded by human impacts, includ-
ing pollution, habitat destruction, and the spread of invasive 
species. For example, 75% of U.S. coral reefs in the Atlantic, 
Caribbean, and Gulf of Mexico are already in “poor” or “fair” 
condition;114,115 all Florida reefs are currently rated as “threat-
ened.”116 Coastal barrier ecosystems continue to be degraded 
by human development, even in cases where development has 
slowed (for example, Crawford et al. 2013; Feagin et al. 2010b 
117). Coastal wetlands are being lost at high rates in southeast-
ern Louisiana (Figure 25.9).118 In addition, the incidence of low-
oxygen “dead zones” in coastal waters has increased 30-fold in 
the U.S. since 1960, with over 300 coastal water bodies now 
experiencing stressful or lethal oxygen levels (Ch. 8: Ecosys-
tems).119 

These existing stresses on coastal ecosystems will be exac-
erbated by climate change effects, such as increased ocean 
temperatures that lead to coral bleaching,30 altered river flows 
affecting the health of estuaries,121 and acidified waters threat-
ening shellfish.122 Climate change affects the survival, repro-
duction, and health of coastal plants and animals in different 
ways. For example, changes in the timing of seasonal events 
(such as breeding and migration), shifts in species distributions 
and ranges, changes in species interactions, and declines in 
biodiversity all combine to produce fundamental changes in 
ecosystem character, distribution, and functioning.28 Species 
with narrow physiological tolerance to change, low genetic 
diversity, specialized resource requirements, and poor com-
petitive abilities are particularly vulnerable.123,124 Where the 
rate of climate change exceeds the pace at which plants and 

animals can acclimate or adapt, impacts on coastal ecosystems 
will be profound.35,125,126 For example, high death rates of East 
Coast intertidal mussels at their southern range boundary have 
occurred because of rising temperatures between 1956 and 
2007.127 The presence of physical barriers (for example, hard-
ened shorelines or reduced sediment availability) and other 
non-climatic stressors (such as pollution, habitat destruction, 
and invasive species) will further exacerbate the ecological im-
pacts of climate change and limit the ability of these ecosys-
tems to adapt.128,129,130 Onshore migration of coastal marshes 
as sea level rises is often limited by bulkheads or roads (a phe-
nomenon often called “coastal squeeze”), ultimately resulting 
in a reduction in wetland area.35,126,128,131,132,133

Of particular concern is the potential for coastal ecosystems 
to cross thresholds of rapid change (“tipping points”), beyond 
which they exist in a dramatically altered state or are lost en-
tirely from the area; in some cases, these changes will be ir-
reversible.134 These unique, “no-analog” environments present 
serious challenges to resource managers, who are confronted 
with conditions never seen before.135,136,137 The ecosystems 
most susceptible to crossing such tipping points are those that 
have already lost some of their resilience due to degradation 
or depletion by non-climatic stressors.138 Certain coastal eco-
systems are already rapidly changing as a result of interactions 
between climatic and non-climatic factors, and others have 
already crossed tipping points. Eelgrass in the Chesapeake Bay 
died out almost completely during the record-hot summer of 
2005, when temperatures exceeded the species’ tolerance 
threshold of 86°F,139 and subsequent recovery has been poor.140 
Severe low-oxygen events have emerged as a new phenome-
non in the Pacific Northwest due to changes in the timing and 
duration of coastal upwelling.32,141 These have led to high mor-
tality of Dungeness crabs33 and the temporary disappearance 
of rockfish,32 with consequences for local fisheries. Reducing 
non-climatic stressors at the local scale can potentially prevent 
crossing some of these tipping points.142
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Figure 25.8. Coastal ecosystems provide a suite of valuable benefits (ecosystem services) on which humans depend 
for food, economic activities, inspiration, and enjoyment. This schematic illustrates many of these services situated 
in a Pacific or Caribbean island setting, but many of them can also be found along mainland coastlines.

Coastal Ecosystem Services
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Key Message 5: The State of Coastal Adaptation

Leaders and residents of coastal regions are increasingly aware of the high vulnerability 
of coasts to climate change and are developing plans to prepare for potential impacts on 

citizens, businesses, and environmental assets. Significant institutional, political, social, and 
economic obstacles to implementing adaptation actions remain.

Considerable progress has been made since the last National 
Climate Assessment in both coastal adaptation science and 
practice (Figure 25.4, panel (d)), though significant gaps in un-
derstanding, planning, and implementation remain.20,143,144,145 
U.S. coastal managers pay increasing attention to adaptation, 
but are mostly still at an early stage of building their capacities 
for adaptation rather than implementing structural or policy 
changes (Ch. 28: Adaptation).20,146,147 Although many non-struc-
tural (land-use planning, fiscal, legal, and educational) and 
structural adaptation tools are available through the Coastal 
Zone Management Act, Coastal Barriers Resources Act, and 
other frameworks, and while coastal managers are well familiar 
with these historical approaches to shoreline protection, they 
are less familiar with some of the more innovative approaches 
to coastal adaptation, such as rolling easements, ecosystem-
based adaptation, or managed realignment.109,131,144,148 Federal, 
state, and local management approaches have also been 
found to be at odds at times,149 making successful integration 
of adaptation more difficult.145 There is only limited evidence 
of more substantial (“transformational”) adaptation occurring, 
that is, of adaptations that are “adopted at a much larger scale, 
that are truly new to a particular region or resource system, 
and that transform places and shift locations,”150 such as re-

location of communities in coastal Alaska and Louisiana (Ch. 
22: Alaska).83,109,150,151 Although more research is needed, rea-
sons for the limited transformational adaptation to date may 
include the relatively early stage of recognizing climate change 
and sea level rise risks, the perception that impacts are not yet 
severe enough, and the fact that social objectives can still be 
met.152

Coastal leaders and populations, however, are increasingly con-
cerned about climate-related impacts and support the develop-
ment of adaptation plans,153,154,155 but support for development 
restrictions or managed retreat is limited.156,157,158 Economic 
interests and population trends tend to favor continued (re)de-
velopment and in-fill in near-shore locations. Current disaster 
recovery practices frequently promote rapid rebuilding on-site 
with limited consideration for future conditions159 despite clear 
evidence that more appropriate siting and construction can 
substantially reduce future losses.160,161

Enacting measures that increase resilience in the face of cur-
rent hazards, while reducing long-term risks due to climate 
change, continues to be challenging.162,163,164 This is particu-
larly difficult in coastal flood zones that are subject to a 1% 

Figure 25.9. These maps show expected future land change in coastal Louisiana under two different sea level rise scenarios 
without protection or restoration actions. Red indicates a transition from land (either wetlands or barrier islands) to open water. 
Green indicates new land built over previously open water. Land loss is influenced by factors other than sea level rise, including 
subsidence, river discharge and sediment load, and precipitation patterns. However, all these factors except sea level rise 
were held constant for this analysis. The panel on the left shows land change with a sea level rise of 10.6 inches between 
2010 and 2060, while the one on the right assumes 31.5 inches of sea level rise for the same period. These amounts of 
sea level rise are within the projected ranges for this time period (Ch. 2: Our Changing Climate). (Figure source: State of 
Louisiana, reprinted with permission120).

Projected Land Loss from Sea Level Rise in Coastal Louisiana
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or greater chance of flooding in any given year, including those 
areas that experience additional hazards from wave action. Ac-
cording to FEMA and policy/property data maintained by the 
National Flood Insurance Program’s (NFIP) Bureau and Statisti-
cal Agent, nearly half of the NFIP’s repetitive flood losses occur 
in those areas.165,166 A robust finding is that the cost of inaction 
is 4 to 10 times greater than the cost associated with preventive 
hazard mitigation.79,160 Even so, prioritizing expenditures now 
whose benefits accrue far in the future is difficult.167 Moreover, 
cumulative costs to the economy of responding to sea level 
rise and flooding events alone could be as high as $325 billion 
by 2100 for 4 feet of sea level rise, with $130 billion expected 
to be incurred in Florida and $88 billion in the North Atlantic 
region.80 The projected costs associated with one foot of sea 
level rise by 2100 are roughly $200 billion. These figures only 
cover costs of beach nourishment, hard protective structures, 
and losses of inundated land and property where protection 
is not warranted, but exclude losses of valuable ecosystem 
services, as well as indirect losses from business disruption, 
lost economic activity, impacts on economic growth, or other 
non-market losses.80,168,169 Such indirect losses, even in regions 
generally well prepared for disaster events, can be substantial 
(in the case of Superstorm Sandy, followed by a nor’easter, in 
fall 2012, insured losses and wider economic damages added 
up to at least $65 billion).170 Sequences of extreme events that 
occur over a short period not only reduce the time available 
for natural and social systems to recover and for adaptation 
measures to be implemented, but also increase the cumulative 
effect of back-to-back extremes compared to the same events 
occurring over a longer period.164,171 The cost of managed re-
treat requires further assessment.

Property insurance can serve as an important mode of finan-
cial adaptation to climate risks,172 but the full potential of le-
veraging insurance rates and availability has not yet been real-
ized.7,173,174 The Government Accountability Office (GAO) listed 
the National Flood Insurance Program as a “high-risk area” for 
the first time in 2006, indicating its significance in terms of 
federal fiscal exposure (nearly $1.3 trillion in 2012).175 In the 
context of identifying climate change as a high risk to federal op-
erations, the GAO in 2013 singled out the NFIP again, recognizing 
growing risks and liabilities due to climate change and sea level 
rise and the increase in erosion and flooding they entail.176 While 
insured assets in coastal areas represent only a portion of this 
total liability, taxpayers are responsible, via the NFIP, for more 
than $510 billion of insured assets in the coastal Special Flood 
Hazard Area (SFHA) alone.53,177 A number of reforms in the NFIP 
have been enacted in 2012 to ensure that the program is more 
fiscally sound and hazard mitigation is improved, though vari-
ous challenges remain.178

Climate adaptation efforts that integrate hazard mitigation, 
natural resource conservation, and restoration of coastal 
ecosystems can enhance ecological resilience and reduce the 
exposure of property, infrastructure, and economic activities 
to climate change impacts (Figure 25.6).113,179 Yet, the integra-
tion and translation of scientific understanding of the benefits 
provided by ecosystems into engineering design and hazard 
management remains challenging.180 Moreover, interdepen-
dencies among functioning infrastructure types and coastal 
uses require an integrated approach across scientific disciplines 
and levels of government, but disconnected scientific efforts 
and fragmented governance at the managerial, financial, and 
regulatory levels, and narrow professional training, job descrip-
tions, and agency missions pose significant barriers (Ch. 11: Ur-
ban; Ch. 28: Adaptation).145,181,182 Adaptation efforts to date that 
have begun to connect across jurisdictional and departmental 
boundaries and create innovative solutions are thus extremely 
encouraging.7,145,183,184
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Process for Developing Key Messages 
A central component of the assessment process was a Chapter 
Lead Authors meeting held in St. Louis, Missouri in April 2012. 
The key messages were initially developed at this meeting. Key 
vulnerabilities were operationally defined as those challenges 
that can fundamentally undermine the functioning of human and 
natural coastal systems. They arise when these systems are highly 
exposed and sensitive to climate change and (given present or 
potential future adaptive capacities) insufficiently prepared or able 
to respond. The vulnerabilities that the team decided to focus on 
were informed by ongoing interactions of the author team with 
coastal managers, planners, and stakeholders, as well as a review 
of the existing literature. In addition, the author team conducted 
a thorough review of the technical input reports (TIR) and as-
sociated literature, including the coastal zone foundational TIR 
prepared for the National Climate Assessment (NCA).7 Chapter 
development was supported by numerous chapter author technical 
discussions via teleconference from April to June 2012.

Key message #1 Traceable accounT

Coastal lifelines, such as water supply and en-
ergy infrastructure and evacuation routes, are in-
creasingly vulnerable to higher sea levels and storm 
surges, inland flooding, erosion, and other climate-
related changes.

Description of evidence base
Coastal infrastructure is defined here to include buildings, roads, 
railroads, airports, port facilities, subways, tunnels, bridges, water 
supply systems, wells, sewer lines, pump stations, wastewater 
treatment plants, water storage and drainage systems, port 
facilities, energy production and transmission facilities on land and 
offshore, flood protection systems such as levees and seawalls, 
and telecommunication equipment. Lifelines are understood in 
the common usage of that term in hazards management.

The key message and supporting text summarize extensive 
evidence documented in the coastal zone technical input report

7 

as well as a technical input report on infrastructure.
48

 Technical 
input reports (68) on a wide range of topics were also received 
and reviewed as part of the Federal Register Notice solicitation for 
public input, along with the extant scientific literature. Additional 

evidence is provided in other chapters on hurricanes (Ch. 2: Our 
Changing Climate, Key Message 8), global sea level rise (Ch. 2: Our 
Changing Climate, Key Message 10), water supply vulnerabilities 
(Ch. 3: Water); key coastal transportation vulnerabilities (Ch. 5: 
Transportation), and energy-related infrastructure (Ch. 4: Energy). 
This key message focuses mainly on water supply and energy 
infrastructure and evacuation routes, as these constitute critical 
lifelines.

The evidence base for exposure, sensitivity, and adaptive capacity 
to higher sea levels and storm surges is very strong, both from 
empirical observation and historical experience and from studies 
projecting future impacts on critical coastal infrastructure. There 
are numerous publications concerning the effects of sea level rise 
and storm surges on roadways, coastal bridges, and supply of refined 
products.

7,38,40,64,93,147,162
 The information on roadways came from 

various reports (for example, DOT 2012; Transportation Research 
Board 2011; NPCC 2009, 2010

55,56,184
) and other publications (for 

example, State of Louisiana 2012
83

). The impact on coastal bridges 
is documented in U.S. Department of Transportation reports.

55,59
 A 

number of publications explored the impacts on supply of refined 
oil-based products such as gasoline.

73

The evidence base is moderate for the interaction of inland 
and coastal flooding. There are many and recent publications 
concerning impacts to wastewater treatment plants

47,61
 and 

drainage systems.
18,27,64,65,70

 These impacts lead to increased risk 
of urban flooding and disruption of essential services to urban 
residents.

New information and remaining uncertainties
The projected rate of sea level rise (SLR) is fully accounted for 
through the use of common scenarios. We note, however, that 
there is currently limited impacts literature yet that uses the 
lowest or highest 2100 scenario and none that specifically use 
the broader range of SLR (0.2 to 2 meters, or 0.7 to 6.6 feet, by 
2100) 

16
 and NCA land-use scenarios (60% to 164% increase in 

urban and suburban land area).
185

The severity and frequency of storm damage in any given location 
cannot yet be fully accounted for due to uncertainties in projecting 
future extratropical and tropical storm frequency, intensity, and 

SUPPLEMENTAL MATERIAL
TRACEABLE ACCOUNTS
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changes in storm tracks for different regions (Ch. 2: Our Changing 
Climate).7

The timely implementation and efficacy of adaptation measures, 
including planned retreat, in mitigating damages is accounted for 
in the underlying literature (for example, by varying assumptions 
about the timing of implementation of adaptation measures and the 
type of adaptation measures) such as hard protection, elevation, 
relocation, or protection through wetlands and dunes in front of 
the infrastructure in question) (for example, Aerts and Botzen 
2012; Biging et al. 2012; Bloetscher et al. 2011; Heberger et al. 
2009; Irish et al. 2010; Kirshen et al. 2011

18,38,44,45,47
). However, 

such studies can only test the sensitivity of conclusions to these 
assumptions; they do not allow statements about what is occurring 
on the ground.

Additional uncertainties arise from the confluence of climate 
change impacts from the inland and ocean side, which have yet to 
be studied in an integrated fashion across different coastal regions 
of the United States.

Assessment of confidence based on evidence
Given the evidence base, the large quantity of infrastructure 
(water-related infrastructure, energy infrastructure, and the 
60,000 miles of coastal roads) in the U.S. coastal zone, and the 
directional trend at least of sea level rise and runoff associated 
with heavy precipitation events, we have very high confidence that 
these types of infrastructure in the coastal zone are increasingly 
vulnerable.

Key message #2 Traceable accounT

Nationally important assets, such as ports, tour-
ism and fishing sites, in already-vulnerable coastal 
locations, are increasingly exposed to sea level rise 
and related hazards. This threatens to disrupt eco-
nomic activity within coastal areas and the regions 
they serve and results in significant costs from pro-
tecting or moving these assets.

Description of evidence base
The key message and supporting text summarize extensive evidence 
documented in the coastal zone technical input report.

7
 Technical 

input reports (68) on a wide range of topics were also received 
and reviewed as part of the Federal Register Notice solicitation for 
public input, as well as the extant scientific literature.

The evidence base for increased exposure to assets is strong. 
Many publications have assessed at-risk areas (for example, 
Biging et al. 2012; Cooley et al. 2012; Heberger et al. 2009; 
Neumann et al. 2010a

38,45,79,81
). Highly reliable economic activity 

information is available from recurring surveys conducted by the 
National Oceanographic and Atmospheric Administration (NOAA) 
and others, and asset exposure is conclusively demonstrated by 
historical information (from storm and erosion damage), elevation 
data (in Geographic Information System (GIS)-based, LIDAR, and 
other forms), and numerous vulnerability and adaptation studies 
of the built environment. Further evidence is provided in technical 
input reports and other NCA chapters on infrastructure and urban 
systems (Ch. 11: Urban),

48
 transportation (Ch. 5: Transportation),

55
 

and energy (Ch. 4: Energy). A number of studies in addition to 
the ones cited in the text, using various economic assumptions, 
aim to assess the cost of protecting or relocating coastal assets 
and services. Many publications and reports explore the cost of 
replacing services offered by ports,

55,91
 though one study

186
 notes 

that few ports are implementing adaptation practices to date. 
The economic consequences of climate change on tourism are 
supported by a number of recent studies.

89,90,91,93
 The threats of 

climate change on fishing have been explored in the coastal zone 
technical input report.

7

Additional evidence comes from empirical observation: public 
statements by private sector representatives and public 
officials indicate high awareness of economic asset exposure 
and a determination to see those assets protected against an 
encroaching sea, even at high cost (New York City, Miami Dade 
County, San Francisco airport, etc.). The economic value of 
exposed assets and activities is frequently invoked when they 
get damaged or interrupted during storm events (for example, 
Hallegattee 2012

169
). Threats to economic activity are also 

consistently cited as important to local decision-making in the 
coastal context (for example, Titus et al. 2009

109
).

Confidence Level
Very High

Strong evidence (established 
theory, multiple sources, consistent 

results, well documented and 
accepted methods, etc.), high 

consensus

High

Moderate evidence (several sourc-
es, some consistency, methods 

vary and/or documentation limited, 
etc.), medium consensus

Medium

Suggestive evidence (a few 
sources, limited consistency, mod-
els incomplete, methods emerging, 
etc.), competing schools of thought

Low

Inconclusive evidence (limited 
sources, extrapolations, inconsis-
tent findings, poor documentation 
and/or methods not tested, etc.), 
disagreement or lack of opinions 

among experts
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New information and remaining uncertainties
The projected rate of sea level rise is fully accounted for through 
the use of common scenarios. We note, however, that there 
is currently limited impacts literature that uses the lowest or 
highest scenario for 2100, and no studies that specifically use 
the broader range of  SLR (0.7 to 6.6 feet,) and NCA land-use 
scenarios (60% to 164% increase in urban and suburban land 
area).

185

The projected severity and frequency of storm damage in any given 
location cannot yet be fully accounted for due to uncertainties 
in projecting future extratropical and tropical storm frequency, 
intensity, and changes in storm tracks for different regions.

7

The timely implementation and efficacy of adaptation measures, 
including planned retreat, in mitigating damages are accounted for 
in the underlying literature (for example, by varying assumptions 
about the timing of implementation of adaptation measures, the 
type of adaptation measures, and other economic assumptions 
such as discount rates). However, such studies can only test the 
sensitivity of conclusions to these assumptions; they do not allow 
statements about what is occurring on the ground. Well-established 
post-hoc assessments

160
 suggest that hazard mitigation action is 

highly cost-effective (for every dollar spent, four dollars in damages 
are avoided). A more recent study suggests an even greater cost-
effectiveness.

79

Assessment of confidence based on evidence
Given the evidence base, the well-established accumulation of 
economic assets and activities in coastal areas, and the directional 
trend of sea level rise, we have very high confidence in the main 
conclusion that resources and assets that are nationally important 
to economic productivity are threatened by SLR and climate 
change.

While there is currently no indication that the highest-value assets 
and economic activities are being abandoned in the face of sea 
level rise and storm impacts, we have very high confidence that 
the cost of protecting these assets in place will be high, and that 
the cost will be higher the faster sea level rises relative to land.

We have very high confidence that adequate planning 
and arrangement for future financing mechanisms, timely 
implementation of hazard mitigation measures, and effective 
disaster response will keep the economic impacts and adaptation 
costs lower than if these actions are not taken.

We are not able to assess timing or total cost of protecting or 
relocating economic assets with any confidence at this time, due 
to uncertainties in asset-specific elevation above sea level, in the 
presence and efficacy of protective measures (at present and in the 
future), in the feasibility of relocation in any particular case, and 
uncertainties in future storm surge heights and storm frequencies.

Key message #3 Traceable accounT

Socioeconomic disparities create uneven expo-
sures and sensitivities to growing coastal risks and 
limit adaptation options for some coastal communi-
ties, resulting in the displacement of the most vul-
nerable people from coastal areas.

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the coastal zone technical input report.

7
 

Technical input reports (68) on a wide range of topics were also 
received and reviewed as part of the Federal Register Notice 
solicitation for public input, along with the extant literature.

Evidence base is moderate: assessment of the social vulnerability to 
coastal impacts of climate change is a comparatively new research 
focus in the United States, and clearly an advance since the prior 
NCA.

187
 There are currently multiple published, peer-reviewed 

studies, by different author teams, using different vulnerability 
metrics, which all reach the same conclusion: economically and 
socially vulnerable individuals and communities face significant 
coastal risks and have a lower adaptive capacity than less socially 
vulnerable populations. Studies have shown that the U.S. coastal 
population is growing 

99
 and have assessed the importance of this 

population for climate change exposure.
39,101

 The social factors that 
play key roles in coastal vulnerability are detailed in numerous 
publications.

81,104,188

There is an additional body of evidence emerging in the literature 
that also supports this key message, namely the growing 
literature on “barriers to adaptation,” particularly from studies 
conducted here in the United States.

7,81,105,145,189
 This literature 

reports on the limitations poorer communities face at present in 
beginning adaptation planning, and on the challenges virtually 
all communities face in prioritizing adaptation and moving from 
planning to implementation of adaptation options.

There is empirical evidence for how difficult it is for small, less 
wealthy communities (for example, the Native communities 
in Alaska or southern Louisiana) to obtain federal funds to 
relocate from eroding shorelines.

107,108
 Eligibility criteria (positive 

benefit-cost ratios) make it particularly difficult for low-income 
communities to obtain such funds; current federal budget 
constraints limit the available resources to support managed retreat 
and relocation.

166,173
 The recent economic hardship has placed 

constraints even on the richer coastal communities in the U.S. in 
developing and implementing adaptation strategies, for example 
in California.

145
 While the economic situation, funding priorities, or 

institutional mechanisms to provide support to socially vulnerable 
communities will not remain static over time, there is no reliable 
scientific evidence for how these factors may change in the future.
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New information and remaining uncertainties
The body of research on this topic is largely new since the prior 
NCA in 2009.

187
 Each of the peer-reviewed studies discusses 

data gaps and methodological limitations, as well as the particular 
challenge of projecting demographic variables – a notoriously 
difficult undertaking – forward in time. While methods for 
population projections are well established (typically using housing 
projections), those, in turn, depend on more difficult to make 
assumptions about fertility, migration, household size, and travel 
times to urban areas. The conclusion is limited by uneven coverage 
of in-depth vulnerability studies; although those that do exist are 
consistent with and confirm the conclusions of a national study.

41
 

This latter study was extended by applying the same approach, 
data sources, and methodology to regions previously not covered, 
thus closing important informational gaps (Hawai‘i, Alaska, the 
Great Lakes region). Data gaps remain for most coastal locations 
in the Pacific Islands, Puerto Rico, and other U.S. territories.

The most important limit on understanding is the current inability 
to project social vulnerability forward in time. While some social 
variables are more easily predicted (for example, age and gender 
distribution) than others (for example, income distribution, ethnic 
composition, and linguistic abilities), the predictive capability 
declines the further out projections aim (beyond 2030 or 2050). 
Further, it is particularly difficult to project these variables in 
specific places subject to coastal hazards, as populations are 
mobile over time, and no existing model reliably predicts place-
based demographics at the scale important to these analyses.

Assessment of confidence based on evidence
We have high confidence in this conclusion, as it is based on 
well-accepted techniques, replicated in several place-based case 
studies, and on a nationwide analysis, using reliable Census data. 
Consistency in insights and conclusions in these studies, and in 
others across regions, sectors, and nations, add to the confidence. 
The conclusion does involve significant projection uncertainties, 
however, concerning where socially vulnerable populations will 
be located several decades from now. Sensitivity analysis of this 
factor, and overall a wider research base is needed, before a higher 
confidence assessment can be assigned.

Key message #4 Traceable accounT

Coastal ecosystems are particularly vulnerable to 
climate change because many have already been 
dramatically altered by human stresses; climate 
change will result in further reduction or loss of the 
services that these ecosystems provide, including 
potentially irreversible impacts.

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the coastal zone technical input report.

7
 

Technical input reports (68) on a wide range of topics were also 
received and reviewed as part of the Federal Register Notice 
solicitation for public input, along with the extant literature.

Evidence base is strong for this part of the key message: “Coastal 
ecosystems are particularly vulnerable to climate change because 
many have already been dramatically altered by human stresses.”

The degradation and depletion of coastal systems due to 
human stresses (for example, pollution, habitat destruction, and 
overharvesting) has been widely documented throughout the U.S. 
and the world.

68,115,116,118,119
 The degree of degradation varies 

based on location and level of human impact. However, evidence 
of degradation is available for all types of U.S. coastal ecosystems, 
from coral reefs to seagrasses and rocky shores. Human stresses 
can be direct (for example, habitat destruction due to dredging 
of bays) or indirect (for example, food web disruption due to 
overfishing). There is also consistent evidence that ecosystems 
degraded by human activities are less resilient to changes in 
climatic factors, such as water temperature, precipitation, and 
sea level rise (for example, Gedan et al. 2009; Glick et al. 2011; 
Williams and Grosholz 2008

128,129,130
).

Evidence base is strong: “climate change will result in further 
reduction or loss of the services that these ecosystems provide.”

The impacts of changing coastal conditions (for example, changes 
associated with altered river inflows, higher temperatures, and the 
effects of high rates of relative sea level rise) on coastal ecosystems 
and their associated services have been extensively documented 
through observational and empirical studies, including recent 
publications.

28,121,122,123,129,133
 Many models of coastal ecosystem 

responses to climatic factors have been well-validated with field 
data. Given the existing knowledge of ecosystem responses, future 
climate projections, and the interactions with non-climatic stressors 
that further exacerbate climatic impacts, evidence is strong of the 
potential for further reduction and/or loss of ecosystem services.

Evidence is suggestive: “including potentially irreversible impacts.”

Severe impacts (for example, mass coral bleaching events and 
rapid species invasions) have been extensively documented for 
U.S. coastal ecosystems. Many experts have suggested that some 
of these impacts may be irreversible

134
 and never before seen 

conditions have been documented.
136,137

 Recovery may or may not 
be possible in different instances; this depends on factors that are 
not well-understood, such as the adaptive capacity of ecosystems, 
future projections of change that consider interactions among 
multiple climatic and non-climatic human alterations of systems, 
the dynamics and persistence of alternative states that are 
created after a regime shift has occurred, and whether or not the 
climatic and/or non-climatic stressors that lead to impacts will be 
ameliorated.

32,33,138,139,140,141

New information and remaining uncertainties
Since the 2009 NCA,

187
 new studies have added weight to 

previously established conclusions. The major advance lies in the 
examination of tipping points for species and entire ecosystems 
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(for example, Barnosky et al. 2012; Folke et al. 2004; Foti et 
al. 2013; Hoegh-Guldberg and Bruno 2010

134,135,137,138
). Existing 

uncertainties and future research needs were identified through 
reviewing the NCA technical inputs and other peer-reviewed, 
published literature on these topics, as well as through our own 
identification and assessment of knowledge gaps.

Key uncertainties in our understanding of ecosystem impacts of 
climate change in coastal areas are associated with:

•	 the interactive effects and relative contributions 
of multiple climatic and non-climatic stressors on 
coastal organisms and ecosystems;

•	 how the consequences of multiple stressors for 
individual species combine to affect community- and 
ecosystem-level interactions and functions;

•	 the projected magnitude of coastal ecosystem change 
under different scenarios of temperature change, sea 
level rise, and land-use change, particularly given 
the potential for feedbacks and non-linearities in 
ecosystem responses;

•	 the potential adaptive capacity of coastal organisms 
and ecosystems to climate change;

•	 trajectories, timeframes, and magnitudes of coastal 
ecosystem recovery;

•	 the dynamics and persistence of alternative states 
that are created after ecosystem regime shifts have 
occurred; and

•	 the potential and likelihood for irreversible climate-
related coastal ecosystem change.

In general, relatively little work to date has been conducted 
to project future coastal ecosystem change under integrative 
scenarios of temperature change, sea level rise, and changes in 
human uses of, and impacts to, coastal ecosystems (for example, 
through land-use change). Advancing understanding and 
knowledge associated with this key uncertainty, as well as the 
others included in the above list, would be fostered by additional 
research.

Assessment of confidence based on evidence
We have very high confidence that coastal ecosystems are 
particularly vulnerable to climate change because they have already 
been dramatically altered by human stresses, as documented in 
extensive and conclusive evidence.

We have very high confidence that climate change will result in 
further reduction or loss of the services that these ecosystems 
provide, as there is extensive and conclusive evidence related to 
this vulnerability.

We have high confidence that climatic change will include 
“potentially irreversible impacts.” Site-specific evidence of 

potentially irreversible impacts exists in the literature. This 
vulnerability is frequently identified by studies of coastal 
ecosystems. However, methods, research, and models are still 
being developed for understanding, documenting, and predicting 
potentially irreversible impacts across all types of coastal 
ecosystems.

Key message #5 Traceable accounT

Leaders and residents of coastal regions are in-
creasingly aware of the high vulnerability of coasts 
to climate change, and are developing plans to pre-
pare for potential impacts on citizens, businesses, 
and environmental assets. Significant institutional, 
political, social, and economic obstacles to imple-
menting adaptation actions remain.

Description of evidence base
The key message and supporting text summarize extensive 
evidence documented in the coastal zone technical input report.

7
 

Technical input reports (68) on a wide range of topics were also 
received and reviewed as part of the Federal Register Notice 
solicitation for public input, along with the extant literature.

Evidence base is moderate to strong: the results on which this 
key message relies are based on case studies, direct observation 
and “lessons learned” assessments from a wide range of efforts, 
surveys, and interview studies in ongoing adaptation efforts around 
the country.

154
 There has been some planning for remediating 

climate change impacts, including recent publications
144,153,163,164

 
and there are publications on the lower social acceptance 
of certain adaptation option (for example, Finzi Hart et al. 
2012; Peach 2012

144,158
) and on the many barriers that affect 

adaptation.
145,181,182

In addition, there is confirming evidence of very similar findings 
from other locations outside the U.S. (some, from Canada, were 
also submitted as technical input reports to the NCA), such as the 
United Kingdom, continental Europe, Australia, and others.

157,181

New information and remaining uncertainties
Adaptation is a rapidly spreading policy and planning focus across 
coastal America. This was not previously captured or assessed in 
the 2009 NCA

187
 and is thus a major advance in understanding, 

including what adaptation activities are underway, what impedes 
them, and how coastal stakeholders view and respond to these 
emerging adaptation activities.

Given the local nature of adaptation (even though it frequently 
involves actors from all levels of government), it is difficult to 
systematically track, catalog, or assess progress being made on 
adaptation in coastal America. The difficulty, if not impossibility, 
of comprehensively tracking such progress has been previously 
acknowledged.

20
 This conclusion is reiterated in the Adaptation 

chapter (Ch. 28) of this report.



25: COASTAL ZONE DEVELOPMENT AND ECOSYSTEMS
tRaceable accounts

618 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

While the findings and integrative key message stand on strong 
evidence, some uncertainties remain about U.S. coastal regions’ 
adaptive capacity, the level of adoption of hazard mitigation and 
other adaptation strategies, and the extent and importance of 
barriers to adaptation.

Possibly the least well-understood aspect about coastal adaptation 
is how and when to undertake large-scale, transformational 
adaptation. Aside from the mentioned examples of relocation, no 
other examples exist at the present time, and further research is 
required to better understand how major institutional, structural, 
or social transformation might occur and what would be involved to 
realize such options.

Assessment of confidence based on evidence
We have very high confidence in this key message, as it is primarily 
based on studies using well-accepted social science research 
techniques (for example, surveys, interviews, and participant 
observation), replicated in several place-based case studies, 
and on a nationwide compilation of adaptation case studies. 
Consistency in insights and conclusions in these studies, and in 
others across regions, sectors, and nations, add to the confidence.

As described above, a comprehensive catalogue of all adaptation 
efforts, and of related challenges and lessons learned, is difficult 
if not impossible to ever obtain. Nevertheless, the emerging 
insights and evidence from different regions of the country 
provide considerable confidence that the situation is reasonably 
well captured in the documents relied on here. The coastal 
stakeholders represented among the authors of the foundational 
technical input report

7
 confirmed the conclusions from their long-

term experience in coastal management and direct involvement in 
adaptation efforts locally.

Moreover, evidence from other regions outside the U.S. adds 
weight to the conclusions drawn here.



People make choices every day about risks and benefits in their lives, weighing 
experience, information, and judgment as they consider the impacts of their 
decisions on themselves and the people around them. Similarly, people make 
choices that alter the magnitude of impacts resulting from current and future 
climate change. Using science-based information to anticipate future changes can 
help society make better decisions about how to reduce risks and protect people, 
places, and ecosystems from climate change impacts. Decisions made now and in 
the future will influence society’s resilience to impacts of future climate change. 

In recognition of the significance of these decisions, the National Climate 
Assessment presents information that is useful for a wide variety of decisions 
across regions and sectors, at multiple scales, and over multiple time frames. For 
the first time, the National Climate Assessment includes chapters on Decision 
Support, Mitigation, and Adaptation, in addition to identifying research needs 
associated with these topics. 

As with other sections of this report, the linkages across and among these chapters 
are extremely important. There are direct connections between mitigation decisions 
(about whether and how to manage emissions of heat-trapping gases) and how 
much climate will change in the future. The amount of change that occurs will in 
turn dictate the amount of adaptation that will be required. 

In the Decision Support chapter, a variety of approaches to bridge the gap 
between scientific understanding and decision-making are discussed, leading to 
the conclusion that there are many opportunities to help scientists understand the 
needs of decision-makers, and also to help decision-makers use available tools 
and information to reduce the risks of climate change. The Mitigation chapter 
describes emissions trajectories and assesses the state of mitigation activities. 
Policies already enacted and other factors lowered U.S. emissions in recent years, 
but achievement of a global emissions path consistent with the lower scenario (B1) 
analyzed in this assessment will require strenuous action by all major emitters. The 
Adaptation chapter assesses current adaptation activities across the United States 
in the public and private sectors, and concludes that although a lot of adaptation 
planning is being done, implementation lags significantly behind the scale of 
anticipated changes. 

This report concludes with chapters on Research Needs to improve future climate 
and global change assessments and on the Sustained Assessment Process, which 
describes the rationale for ongoing assessment activity to achieve greater efficiency 
and better scientific and societal outcomes.

RESPONSE STRATEGIES
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DECISION SUPPORT:  
CONNECTING SCIENCE, RISK PERCEPTION, AND DECISIONS26

Key Messages
1. Decisions about how to address climate change can be complex, and responses will require 

a combination of adaptation and mitigation actions. Decision-makers – whether individuals, 
public officials, or others – may need help integrating scientific information into adaptation and 
mitigation decisions.

2. To be effective, decision support processes need to take account of the values and goals of the 
key stakeholders, evolving scientific information, and the perceptions of risk.

3. Many decision support processes and tools are available. They can enable decision-makers to 
identify and assess response options, apply complex and uncertain information, clarify tradeoffs, 
strengthen transparency, and generate information on the costs and benefits of different choices.

4. Ongoing assessment processes should incorporate evaluation of decision support tools, their 
accessibility to decision-makers, and their application in decision processes in different sectors 
and regions.

5. Steps to improve collaborative decision processes include developing new decision support tools 
and building human capacity to bridge science and decision-making.

After a long period of relative stability in the climate system, cli-
mate conditions are changing and are projected to continue to 
change (Ch. 2: Our Changing Climate). As a result, historically suc-
cessful strategies for managing climate-sensitive resources and 
infrastructure will become less effective over time. Although 
decision-makers routinely make complex decisions under un-
certain conditions, decision-making in the context of climate 
change can be especially challenging due to a number of factors. 
These include the rapid pace of changes in some physical and 
human systems, long time lags between human activities and 
response of the climate system, the high economic and political 
stakes, the number and diversity of potentially affected stake-
holders, the need to incorporate uncertain scientific informa-
tion of varying confidence levels, and the values of stakeholders 
and decision-makers.1,2,3 The social, economic, psychological, 
and political dimensions of these decisions underscore the need 
for ways to improve communication of scientific information 
and uncertainties and to help decision-makers assess risks and 
opportunities.

Extensive literature and practical experience offer means to help 
improve decision-making in the context of climate variability and 
change. The decision-support literature includes topics such as 
decision-making frameworks, decision support tools, and deci-
sion support processes. These approaches can help evaluate the 
costs and benefits of alternative actions, communicate relative 
amounts of risk associated with different options, and consider 

the role of alternative institutions and governance structures. 
In particular, iterative decision processes that incorporate im-
proving scientific information and learning though periodic re-
views of decisions over time are helpful in the context of rapid 
changes in environmental conditions.3,4 Some of the approaches 
described in this chapter can also help overcome barriers to the 
use of existing tools and improve communications among scien-
tists, decision-makers, and the public.5,6 

focus of this chApter

This chapter introduces decision-making frameworks 
that are useful for considering choices about climate 
change responses through the complementary strategies 
of adaptation and mitigation. It also includes numerous 
examples in which decision support tools are being 
employed in making adaptation and mitigation decisions. It 
focuses on the processes that promote sustained interaction 
between decision-makers and the scientific/technical 
community. This chapter reviews the state of knowledge 
and practice in the context of managing risk. Extensive 
literature makes clear that in many cases, decisions aided 
by the types of approaches described here prove more 
successful than unaided decisions.3,7 Because of space 
limitations, the chapter describes some general classes of 
tools but does not assess specific decision support tools. 



622 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

26: DECISION SUPPORT: CONNECTING SCIENCE, RISK PERCEPTION, AND DECISIONS

What are the decisions and who are the decision-makers?
Decisions about climate change adaptation and mitigation are 
being made in many settings (Table 26.1). For example:

• The Federal Government is engaged in decisions that 
affect climate policy at the national and international 
level; makes regulatory decisions (for example, setting 
efficiency standards for vehicles); and makes decisions 
about infrastructure and technologies that may reduce 
risks associated with climate change for its own facilities 
and activities.

• State, tribal, and local governments are involved in 
setting policy about both emissions and adaptation ac-
tivities in a variety of applications, including land use, 
renewable portfolio and energy efficiency standards, 
and investments in infrastructure and technologies that 
increase resilience to extreme weather events.

• Private-sector companies have initiated strategies to 
respond both to the risks to their investments and the 

business opportunities associated with preparing for a 
changing climate.

• Non-governmental organizations have been active in 
supporting decisions that integrate both adaptation 
and mitigation considerations, often in the context of 
promoting sustainability within economic sectors, com-
munities, and ecosystems.

Individuals make decisions on a daily basis that affect their con-
tributions to greenhouse gas emissions, their preparedness for 
extreme events, and the health and welfare of their families.8

Many decisions involve decision-makers and stakeholders at 
multiple scales and in various sectors. Effective decision sup-
port must link and facilitate interactions across different deci-
sion networks.9

What is decision support?
Decision support refers to “organized efforts to produce, dis-
seminate, and facilitate the use of data and information” to 
improve decision-making.3 It includes processes, decision sup-
port tools, and services. Some examples include methods for 
assessing tradeoffs among options, scenarios of the future 
used for exploring the impacts of alternative decisions, vulner-
ability and impacts assessments, maps of projected climate 
impacts, and tools that help users locate, organize, and display 
data in new ways. Outcomes of effective decision support pro-

cesses include building relationships and trust that can support 
longer-term problem-solving capacity between knowledge 
producers and users; providing information that users regard 
as credible, useful, and actionable; and enhancing the quality 
of decisions.3 Decision support activities that facilitate well-
structured decision processes can result in consensus about 
defining the problems to be addressed, objectives and options 
for consideration, criteria for evaluation, potential opportuni-
ties and consequences, and tradeoffs (Figure 26.1). 

Table 26.1. Examples of Decisions at Different Scales

Individuals
↓
↓

Organizations
↓
↓

Communities
↓
↓
↓

National Governments
↓
↓
↓

International Institutions

A farmer decides whether to adopt no-till agricultural practices.

A private firm decides whether to invest in solar or wind energy.

A city develops a plan to increase resiliency to coastal floods in light of projections for sea 
level rise.

A government agency plans incentives for renewable energy to meet greenhouse gas reduc-
tion goals.

A national government develops its positions for international climate negotiations, including 
what commitments the government should make with respect to reducing greenhouse gas 

emissions.

A United Nations agency designs a long-term strategy to manage increased flows of refugees 
who are migrating in part due to desertification related to climate change.
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Boundary Processes: Collaboration among Decision-Makers, Scientists, and Stakeholders
Incorporating the implications of climate 
change in decision-making requires con-
sideration of scientific insights as well as 
cultural and social considerations, such as 
the values of those affected and cultural 
and organizational characteristics. Chap-
ter 28 (Adaptation) addresses how some 
of these factors might be addressed in the 
context of adaptation. The importance of 
both scientific information and societal 
considerations suggests the need for the 
public, technical experts, and decision-
makers to engage in mutual shared learn-
ing and shared production of relevant 
knowledge.3,10 A major challenge in these 
engagements is communicating scientific 
information about the risks and uncertain-
ties of potential changes in climate.11

Efforts to facilitate interactions among 
technical experts and members of the 
public and decision-makers are often 
referred to as “boundary processes” 
(Figure 26.2). Boundary processes and as-
sociated tools include, for example, joint 
fact finding, structured decision-making, 

Decision-Making Elements and Outcomes

Figure 26.1. Decisions take place within a complex context. Decision support processes and tools can help structure decision-
making, organize and analyze information, and build consensus around options for action.

Figure 26.2. Boundary processes facilitate the flow of information and sharing of 
knowledge between decision-makers and scientists/technical experts. Processes 
that bring these groups together and help translate between different areas of 
expertise can provide substantial benefits. 

Boundary Processes Linking
Decision-Makers and Scientific/Technical Experts



624 CLIMATE CHANGE IMPACTS IN THE UNITED STATES

26: DECISION SUPPORT: CONNECTING SCIENCE, RISK PERCEPTION, AND DECISIONS

collaborative adaptive management, and computer-aided 
collaborative simulation, each of which engages scientists, 
stakeholders, and decision-makers in ongoing dialog about 
understanding the policy problem and identifying what infor-
mation and analyses are necessary to evaluate decision op-
tions.12,13,14 The use of these kinds of processes is increasing 
in decision settings involving complex scientific information 
and multiple – sometimes competing – societal values and 
goals. Well-designed boundary processes improve the match 
between the availability of scientific information and capacity 
to use it and result in scientific information that is perceived as 
useful and applicable.

Though boundary processes developed to support climate-
related decisions vary in their design, they all involve bring-
ing together scientists, decision-makers, and citizens to col-
laborate in the scoping, conduct, and employment of technical 
and scientific studies to improve decision-making. Boundary 
processes can involve establishing specialized institutions, 
sometimes referred to as boundary organizations, to provide 
a forum for interaction amongst scientists and decision-mak-
ers.15 One such boundary activity is the National Oceanic and 
Atmospheric Administration’s (NOAA) Regional Integrated Sci-
ence and Assessment (RISA) Program. Interdisciplinary RISA 
teams are largely based at universities and engage regional, 
state, and local governments, non-governmental organiza-
tions, and private sector organizations to address issues of 
concern to decision-makers and planners at the regional level. 
RISA teams help to build bridges across the scientist, decision-
maker, and stakeholder divide.16 Effective engagement may 
also occur through less formal approaches by incorporating 
boundary processes that bring scientists, stakeholders, and 
decision-makers together within a specific decision-making 
setting rather than relying on an independent boundary orga-
nization. Sustained conversations among scientists, decision-
makers, and stakeholders are often necessary to frame issues 
and identify, generate, and use relevant information.17 

Some analysts have emphasized the importance of boundary 
processes that are collaborative and iterative.18 In one exam-
ple, federal, state, and local agencies, water users, and other 
stakeholders are using a collaborative process to manage the 
Platte River to meet species protection goals and the needs 
of other water users. The Platte River Recovery Implementa-
tion Program brings together participants on an ongoing basis 
to help set goals, choose management options, and generate 
information about the effectiveness of their actions.19 Scien-
tists engaged in the process do not make policy decisions, but 
they engage directly with participants to help them frame sci-
entific questions relevant to management choices, understand 
available information, design monitoring systems to assess 
outcomes of management actions, and generate new knowl-
edge tailored to addressing key decision-maker questions. The 
process has helped participants move beyond disagreements 
about the water-flow needs of the endangered species and 

move to action. Through monitoring, participants will evaluate 
whether the water flows and other management practices are 
achieving the goals for species recovery set out in the Platte 
River Recovery Implementation Plan.

In a number of other examples, boundary processes involve 
the use of computer simulation models.14 Scientists, stake-
holders, and decision-makers develop a shared understand-
ing of the problem and potential solutions by jointly design-
ing models that reflect their values, interests, and analytical 
needs. The U.S. Army Corps of Engineers has developed this 
type of boundary process in their “shared vision planning.”20 
A comprehensive website provides a history of the process, 
demonstrations and case studies, and tools and techniques for 
implementing the process.21

Recently, the International Joint Commission used the shared 
vision planning process in decisions about how to regulate 
water levels in both the Lake Ontario-St. Lawrence River sys-
tem22 and in the Upper Great Lakes.23,24 Both studies engaged 
hundreds of participants from the United States and Canada 
in discussions about water level management options and the 
impacts of those options on ecosystems; recreational boating 
and tourism; hydropower; commercial navigation; municipal, 
industrial, and domestic water use; and the coastal zone. The 
models used in the studies incorporated information about 
ecosystem responses, shoreline dynamics, economics, and 
lake hydrology, and the potential operating plans were tested 
using multiple climate change scenarios. Although the shared 
vision planning process did not ultimately lead to consensus on 
a single recommended plan in the Lake Ontario-St. Lawrence 
River Study, the process did help improve participants’ under-
standing of the system and develop a shared vision of possible 
futures.22,25 Building on lessons from the Lake Ontario-St. Law-
rence River Study, the Upper Great Lakes Study’s use of shared 
vision planning did result in a single recommended plan.24
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Using a Decision-Making Framework
The term “adaptive management” is used here to refer to a 
specific approach in which decisions are adjusted over time 
to reflect new scientific information and decision-makers 
learn from experience. The National Research Council (NRC) 
contrasts the processes of “adaptive management” and “de-
liberation with analysis.”3 Both can be used as part of an “itera-
tive adaptive risk management framework” that is useful for 
decisions about adaptation and ways to reduce future climate 
change, especially given uncertainties and ongoing advances 
in scientific understanding.8,26 Iterative adaptive risk manage-
ment emphasizes learning by doing and continued adaptation 
to improve outcomes. It is especially useful when the likeli-
hood of potential outcomes is very uncertain.

An idealized iterative adaptive risk management process in-
cludes clearly defining the issue, establishing decision criteria, 
identifying and incorporating relevant information, evaluating 
options, and monitoring and revisiting effectiveness (Figure 
26.3). The process can be used in situations of varying complex-
ity, and while it can be more difficult for complex decisions,27 
the incorporation of an iterative approach makes it possible 
to adjust decisions as information improves. Iterative adaptive 
risk management can be undertaken through collaborative 
processes that facilitate incorporation of stakeholder values in 
goal-setting and review of decision options.28 Examples of the 

process and decision support tools that are helpful at its differ-
ent stages are included in subsequent sections of this chapter.

Defining the Issue and Establishing Decision Criteria
An initial step in a well-structured decision process is to identi-
fy the context of the decision and factors that will affect choic-
es – making sure that the questions are posed properly from 
scientific, decision-maker, and stakeholder (or public) perspec-
tives (corresponding to the first two steps in Figure 26.3). An 
important challenge is identifying the stakeholders and how 
to engage them in decision-making processes. There are often 
many categories of stakeholders, including those directly and 
indirectly affected by, or interested in, the outcomes of deci-
sions, as well as the decision-makers, scientists, and elected 
officials.29 Other important considerations often overlooked 
but critical to defining the issue are:

• understanding the goals and values of the participants 
in the decision process; 

• identifying risk perceptions and the sense of urgency of 
the parties involved in the decision; 

• being clear about the time frame of the decision (short- 
versus long-term options relative to current and future 
risk levels) – and when the decision must be reached;

• acknowledging the scale and degree of controversy as-
sociated with the risks and opportunities as well as the 
alternatives;

• assessing the distribution of benefits or losses associ-
ated with current conditions and the alternatives being 
considered;

• reaching out to communities that will be affected but 
may lack ready access to the process (for example, con-
sidering environmental justice issues);

• recognizing the diverse interests of the participants;
• recognizing when neutral facilitators or trained science 

translators are needed to support the process; and
• understanding legal or institutional constraints on op-

tions.
 
Identifying and agreeing on decision criteria – metrics that help 
participants judge the outcomes of different decision options 
– can be extremely helpful in clarifying the basis for reaching a 
decision. Based on the relevant objectives, decision criteria can 
be established that reflect constraints and values of decision-
makers and affected parties. Criteria can be quantitative (for 
example, obtaining a particular rate of return on investment) 
or qualitative (for example, maintaining a community’s char-
acter or culture). If the issue identified is to reduce the risks 
associated with climate change, decision criteria might include 
minimizing long-term costs and maximizing public safety. Re-
lated sections below provide information on tools for valuing 
and comparing options and outcomes and provide a basis for 
using decision criteria. 

Decision framing and establishment of decision criteria can 
be facilitated using various methods, including brainstorm-
ing, community meetings, focus groups, surveys, and problem 

Figure 26.3. This illustration highlights several stages of a well-
structured decision-making process. (Figure source: adapted 
from NRC 20108 and Willows and Connell 200326).

Decision-Making Framework
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mapping;3,29 selecting among techniques requires consider-
ation of a number of context-specific issues.30 There are a va-
riety of techniques for organizing, weighting information, and 

making tradeoffs for the goals that are important for a deci-
sion,31,32 several of which are discussed in more detail in the 
section “Examples of Decision Support Tools and Methods.”

Accessing Information 
Developing a solid base of information to support decision-
making is ideally a process of matching user needs with avail-
able information, including observations, models, and decision 
support tools. In some cases, needed information does not 
exist in the form useful to decision makers, thus requiring the 
capacity for synthesis of currently available information into 
new data products and formats. For decisions in the context of 
climate change and variability, it is critical to consult informa-
tion that helps clarify the risks and opportunities to allow for 
appropriate planning and management. An example of infor-
mation systems that synthesize data and products to support 
mitigation and adaptation decisions is the National Integrated 
Drought Information System (NIDIS), a federal, interagency ef-
fort to supply information about drought impacts and risks as 
well as decision support tools to allow sectors and communi-
ties to prepare for the effects of drought.33 Learning from the 
successes of such efforts, the National Climate Assessment 
(NCA) is currently developing an indicator system to track cli-
mate changes as well as physical, natural, and societal impacts, 
vulnerabilities, and responses.34 This effort is building on exist-
ing indicator efforts, such as the U.S. Environmental Protection 
Agency’s (EPA) Climate Change Indicators,35 NASA Vital Signs,36 
and NOAA indicator products,37 as well as 
identifying when new data, information, and 
indicator products are needed.

Information technology systems and data 
analytics can harness vast data sources, fa-
cilitating collection, storage, access, analysis, 
visualization, and collaboration by scientists, 
analysts, and decision-makers. Such tech-
nologies allow for rapid scenario building 
and testing using many different variables, 
enhancing capacity to measure the physical 
impacts of climate change. These technolo-
gies are managing an increasing volume of 
data from satellite instruments, in situ (di-
rect) measurement networks, and increas-
ingly detailed and high-resolution models.38 
“Information Technology Supports Adapta-

tion Decision-Making” below highlights use of an open plat-
form data system that facilitated collaboration across multiple 
public and private sector entities in analyzing climate risk and 
adaptation economics along the U.S. Gulf Coast.

While progress is being made in development of data manage-
ment and information systems, multiple challenges remain. 
Specific issues highlighted in the recent USGCRP National 
Global Change Research Plan38 include data permanence, 
volume, transparency, quality control, and access. For data 
on socioeconomic systems – important for evaluating vulner-
abilities, adaptation, and mitigation – privacy, confidentiality, 
and integration with broader systems of environmental data 
are important issues.38 Experience with adaptation and mitiga-
tion decisions is often an excellent source of information and 
knowledge but is difficult to access and validate. Several or-
ganizations have been developing knowledge management 
systems for integrating this highly dispersed information and 
providing it to a network of practitioners (for example, CAKE 
201239). Addressing these and other challenges is essential for 
making progress in establishing a sustained assessment pro-
cess and meeting the challenge of informing decision-making.40

Assessing, Perceiving, and Managing Risk 
Making effective climate-related decisions requires balance 
among actions intended to manage, reduce, and transfer risk. 
Risks are threats to life, health and safety, the environment, 
economic well-being, and other things of value. Risks are often 
evaluated in terms of how likely they are to occur (probability) 
and the damages that would result if they did happen (conse-

quences). As noted by the Intergovernmental Panel on Climate 
Change,45 human choices affect the risks associated with cli-
mate variability and change. Such choices include how to man-
age our ecosystems and agriculture, where to live, and how to 
build resilient infrastructure. Choices regarding a portfolio of 
actions to address the risks associated with climate variability 

inforMAtion technology supports  
AdAptAtion decision-MAking

Entergy (a regional electric utility), Swiss Re (a reinsurance company), 
and the Economics of Climate Adaptation Working Group (a partnership 
between several public and private organizations) integrated natural 
catastrophe weather models with economic data to develop damage 
estimates related to climate change adaptation.41 An extension of this 
work is the first comprehensive analysis of climate risks and adaptation 
economics along the U.S. Gulf Coast.42 Another example is a simpli-
fied model, developed with support from EPA, to look at flooding risks 
associated with coastal exposure in southern Maine.43 Use of an “open 
platform” system that allows multiple users to input and access data 
resulted in spreadsheets, graphs, and three-dimensional imagery dis-
played on contour maps downscaled to the city and county level for 
local decision-makers to access.44 
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and change are most effective when they take 
into consideration the range of factors affecting 
human behavior, including people’s perception 
of risk, the relative importance of those risks, 
and the socioeconomic context.45,46 The process 
shown in Figure 26.4 is designed to help take such 
factors into consideration.

The next few sections describe the “integrate, 
evaluate, and decide” steps in Figure 26.3, which 
aim to help decision-makers choose risk man-
agement strategies. While a full quantitative risk 
analysis is not always possible, the concept of risk 
assessment coupled with understanding of risk 
perception provides a powerful framework for 
decision-makers to evaluate alternative options 
for managing the risks that they face today and 
in the future.47 As described below, methods such 
as multiple criteria analysis, valuation of both 
risks and opportunities, and scenarios can help to 
combine experts’ assessment of climate change 
risks with public perception of these risks, both 
influenced by the diverse values people bring 
to these questions48 and in support of risk man-
agement strategies more likely to achieve both 
public support and their desired objectives.46 To 
illustrate how this framework can be applied to 
resource management decisions, we use an ex-
ample of coastal risk management decisions in 
the context of climate change.49

Risk Assessment 
Risk assessment includes studies that estimate the likelihood 
of specific sets of events occurring and/or their potential con-
sequences.50 Experts often prov ide quantitative information 
regarding the nature of the climate change risk and the degree 
of uncertainty surrounding their estimates. Risk assessment 
focuses on the likelihood of negative consequences but does 
not exclude the possibility that there may also be beneficial 
consequences.

There are four basic elements for assessing risk – hazard, in-
ventory, vulnerability, and loss.51 This generalized approach 
to risk assessment is useful for a variety of types of decisions. 
The first element focuses on the risk of a hazard as a function 
of climate change, including interactions of climate effects 
with other factors. In the context of the coastal community 
example, the community is concerned with the likelihood of 
future hurricanes and the impacts that sea level rise may have 
on damage to the residential development from future hur-
ricanes. There is likely to be considerable uncertainty about 
maximum storm surge and sea level from hurricanes during 
the next 50 to 70 years. The second element identifies the 
inventory of properties, people, and the environment at risk. 

To inventory structures, for instance, requires evaluating their 
location, physical dimensions, and construction quality.

Evaluating both the hazard and its impacts on the inventory 
often requires an appropriate treatment of uncertainty. In 
some cases a probabilistic treatment may prove sufficient. For 
instance, in the coastal community example, decision-makers 
may have sufficient confidence in estimates of the return fre-
quency of extreme storms (for example, that the once-in-a-
hundred-years storm is and will remain a once-in-a-hundred-
years storm) to base their choices largely on these estimates. 
If such probabilistic estimates are not available, or if decision-
makers lack sufficient confidence in those that are available, 
they may find it useful to consider a range of scenarios and 
seek risk management strategies robust across these ranges of 
estimates.49,52,53  

Together, the hazard and inventory elements enable calcula-
tion of the damage vulnerability of the structures, people, and 
environment at risk. The vulnerability component enables esti-
mation of the human, property, and environmental losses from 
different climate change scenarios by integrating biophysical 
information on climate change and other stressors with so-

Figure 26.4. This figure highlights the importance of incorporating 
both experts’ assessment of the climate change risk and general public 
perceptions of this risk in developing risk management strategies for reducing 
the negative impacts of climate change. As indicated by the arrows, how 
the public perceives risk should be considered when experts communicate 
data on the risks associated with climate change so the public refines its 
understanding of these risks. As the arrows indicate, the general public’s 
views must also be considered in addition to experts’ judgments when 
developing risk management strategies that achieve decision-makers’ 
desired objectives. Climate change policies that are implemented will, in turn, 
affect both expert assessment and public perception of this risk in the future, 
as indicated by the feedback loop from risk management to these two boxes.

Linking Risk Assessment and Risk Perception
with Risk Management of Climate Change
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cioeconomic and environmental information.54 These assess-
ments typically involve evaluation of exposure, sensitivity, and 
adaptive capacity for current and projected conditions. Quan-
titative indicators are increasingly used to diagnose potential 
vulnerabilities under different scenarios of socioeconomic and 
environmental change55 and to identify priorities and readi-
ness for adaptation investments.56 In the case of a coastal resi-
dential development, the design of the facility will influence 

its ability to reduce damage from hurricanes and injuries or 
fatalities from hurricane storm surge and sea level rise. Deci-
sions may involve determining whether to elevate the facility 
so it is above ten feet, how much this adaptation measure will 
cost, and the reduction in the impact of future hurricanes on 
damage to the facility and on the residents in the building, as a 
function of different climate change scenarios.

Risk Perception in Climate Change Decision-Making
The concept of risk perception refers to individual, group, and 
public views and attitudes toward risks, where risks are under-
stood as threats to life, health and safety, the environment, 
economic well-being, and other things of value. Risk percep-
tion encompasses perspectives on various dimensions of risks, 
including their severity, scope, incidence, timing, controllabil-
ity, and origins or causes. The knowledge base regarding risk 
perception includes research in psychology, social psychology, 
sociology, decision science, and health-related disciplines (see 
“Factors Affecting Attitudes Toward Risk”).

As noted in “Factors Affecting Attitudes Towards Risk,” many 
factors influence risk. Social scientists and psychologists have 
studied people’s concerns about climate change risks and 
found that many individuals view hazards for which they have 
little personal knowledge and experience as highly risky.72 On 

the other hand, seeing climate change as a simple and gradu-
al change from current to future values on variables such as 
average temperatures and precipitation may make it seem 
controllable.73

The effects of risk perception on decision-making have also 
been studied extensively and support a number of conclusions 
that need to be considered in decision support processes. The 
decision process of non-experts with respect to low-probabil-
ity, high-consequence events differs from that of experts.74 
Non-experts tend to focus on short time horizons, seeking 
to recoup investments over a short period of time, in which 
case future impacts from climate change are not given much 
weight in actions taken today. This is a principal reason why 
there is a lack of interest in undertaking adaptation measures 
with upfront investments costs where the benefits accrue over 

fActors Affecting Attitudes toWArds risk

Extensive literature indicates that a range of factors shape risk perceptions. For example, psychological risk dimen-
sions have been shown to influence people’s perceptions of health and safety risks across numerous studies in multiple 
countries.57 People also often use common “mental shortcuts,” such as availability and representativeness, to organize 
a wide range of experiences and information.58 How risks are framed is also important – for example, as numbers versus 
percentages and worst-case formulations versus more probable events.59 Recent research has emphasized the role of 
emotions in the perception of risk.60,61

Other factors explored in the literature center on perceived characteristics of specific risks, such as whether the risks are 
familiar or unfamiliar; prosaic or perceived as catastrophic (“dread” risks); reversible or irreversible; and voluntarily as-
sumed or imposed.62 Risk perception is also influenced by the social characteristics of individuals and groups, including 
gender, race, and socioeconomic status.61,63 Experiences with specific risks are also important, such as being affected 
by a hazard (for discussions, see Figner and Weber 2011;64 NRC 2006;64 Tierney et al. 200166) and experiencing near 
misses or false alarms.67 

Risk perceptions do not exist as isolated perceptions, but are linked to other individual and group perceptions and be-
liefs and to psychosocial factors, such as fatalism, locus of control (the degree to which people feel they have control 
over their own lives and outcomes), and religiosity,65,66 as well as to more general worldviews. Research has also focused 
on people’s mental models regarding the causality and effects of different risks.68

Still other research focuses on how risk information is mediated through organizations and institutions and how media-
tion processes influence individual and group risk perceptions. For example, the “social amplification of risk” framework 
stresses the importance of the media and other institutions in shaping risk perceptions, such as by making risks seem 
more or less threatening.69 Perceptions are also related to people’s trust in the institutions that manage risk; loss of 
trust can lead to feelings of disloyalty regarding organizations that produce risks and institutions charged with managing 
them, which can in turn amplify individual and public concerns.70 Additionally, perceptions are linked to individual and 
group attitudes concerning sources of risk information, including official and media sources. These factors include the 
perceived legitimacy, credibility, believability, and consistency of information sources.71
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a long period of time.75 In the context of the coastal residen-
tial development, elevating the structure will reduce expected 
damages from hurricanes, resulting in smaller annual insur-
ance premiums. Long-term loans that spread the costs of this 
action over time can make the option financially attractive, if 
the savings on the insurance premiums outweigh the costs of 
the loan payments.

There is also a tendency for decision-makers to treat a low-
probability event as if it had no chance of occurring because 
it is below their threshold level of concern (such as a 1 in 100 

chance of a damaging disaster occurring next year). As shown 
by empirical research, stretching the time horizon over which 
information is communicated can make a difference in risk per-
ception.76 In the case of the coastal residential development, 
community leaders may pay more attention to the need for 
adaptation measures if the likelihood of inundation by a future 
hurricane is presented over a 25-year or 50-year horizon (for 
example, the facility may flood 5 times in 25 years) rather than 
as a risk on annual basis (for example, there is a 20% chance of 
flooding in any given year).

Risk Management Strategies
In general, an effective response to the current and future risks 
from climate variability and change will require a portfolio of 
different types of actions, ranging from those intended to 
manage, reduce, and transfer risk to those intended to provide 
additional information on risks and the effectiveness of vari-
ous actions for addressing it (see “Value of Information”). For 
instance, in the coastal community example, decision-makers 
might better manage risk through changes in building codes 
intended to reduce the impact of flooding on structures, might 
share risk by appropriate adjustments in flood insurance rates, 
and might reduce risk via land-use policies that shift develop-
ment towards higher ground and via participating in and advo-
cating for greenhouse gas emission reduction policies that may 
reduce future levels of sea level rise.

To facilitate these strategies given the uncertainty associ-
ated with the likelihood and consequences of climate change, 
“robust decision-making” may be a useful tool for evaluat-
ing alternative options and risk management strategies. One 
study reviews the application of a range of decision-making 
approaches to assessing options for mitigating or adapting to 
the impacts of climate change.77 In the context of the coastal 
residential development, the choice of adaptation measures 
to reduce the likelihood of future water-related damage may 
require using such an approach. To illustrate, consider two ad-
aptation measures, elevating a building and flood-proofing it, 
to reduce the chances of severe water damage from hurricane 
storm surge coupled with sea level rise. Measure 1 (elevation) 
may perform extremely well based on specific estimates of the 
likelihood of different climate change conditions that will af-
fect storm surge and sea level rise, but it may perform poorly 
if those estimates turn out to be mistaken. Measure 2 (flood-
proofing) may have a lower expected benefit than elevation 
but much less variance in its outcomes and thus be the pre-
ferred choice of the community.49

Turning to risk management strategies, public agencies, pri-
vate firms, and individuals have incentives, information, and 
options available to adapt to emerging conditions due to cli-
mate change. These options may include ensuring continuity 
of service or fulfillment of agency responsibilities, addressing 
procurement or supply chain issues, preserving market share, 
or holding the line on agency or private-sector production 
costs. Commercially available mechanisms such as insurance 
can also play a role in providing protection against losses due 
to climate change.78 However, insurers may be unwilling to pro-
vide coverage against such losses due to the uncertainty of the 
risks and lack of clarity on the liability issues associated with 
global climate change.79 In these cases, public sector involve-
ment through public education programs, economic incen-
tives (subsidies and fines), and regulations and standards may 
be relevant options. Criteria for evaluating risk management 
strategies can include impacts on resource allocation, equity 
and distributional impacts, ease of implementation, and jus-
tification.

Implementation, Continued Monitoring, and Evaluation of Decisions 
The implementation phase of a well-structured decision pro-
cess involves an ongoing cycle of setting goals, taking action, 
learning from experience, and monitoring to evaluate the con-

sequences of undertaking specific actions, as shown on the 
left-hand side of Figure 26.3. This cycle offers the potential for 
policy and outcome improvement through time. Ongoing eval-

vAlue of inforMAtion

A frequently asked question when making complex deci-
sions is: “When does the addition of more information 
contribute to decision-making so that the benefit of ob-
taining this information exceeds the expense of collect-
ing, processing, or waiting for it?” In a decision context, 
the value of information often is defined as the expected 
additional benefit from additional information, relative 
to what could be expected without that information.80,81 
Even though decision-makers often cite a lack of infor-
mation as a rationale for not making timely decisions, 
delaying a decision to obtain more information does not 
always lead to different or better decisions.82,83 
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uation can focus on how the system responds to the decision, 
leading to better future decisions, as well as on how different 
stakeholders respond, resulting in improvements in future 
decision-making processes. The need for social and technical 
learning to inform decision-making is likely to increase in the 
face of pressures on social and resource systems from climate 

change. However, the relative effectiveness of monitoring and 
assessment in producing social and technical learning depends 
on the nature of the problem, the amount and kind of uncer-
tainty and risk associated with climate change, and the design 
of the monitoring and evaluation efforts.

Examples of Decision Support Tools and Methods
While decision frameworks vary in their details, they generally 
incorporate most or all of the steps outlined above. To support 
decision-making across these steps, various technical tools and 
methods, developed in both the public and private sectors, can 
assist stakeholders and decision-makers in meeting their ob-
jectives and clarify where there are value differences or vary-
ing tolerances for risk and uncertainty. Many of these tools 
and methods are applicable throughout the decision-making 
process, from framing through assessment of options through 
evaluation of outcomes. Several of the tools and methods – 

data management systems and scientific assessments – help 
to expand the relevant information and provide a means of 
managing large amounts of data. Three other tools described 
below – comparative tradeoff methods, scenario planning, 
and integrated assessment models – are particularly useful 
in assisting stakeholders and decision-makers in identifying 
and evaluating different options for managing risks associated 
with climate change. The following discussion describes these 
approaches; examples are provided in “Example Decision Sup-
port Tools.”

exAMple decision support tools 

Many decision support tools apply climate science and other information to specific decisions and issues; several online 
clearinghouses describe these tools and provide case studies of their use (for example, CAKE 2012;39 CCSP 2005;84 Na-
tureServe 201285). Typically, these applications integrate observed or modeled data on climate and a resource or system 
to enable users to evaluate the potential consequences of options for management, investment, and other decisions. 
These tools apply to many types of decisions; examples of decisions and references for further information are provided 
in Table 26.2.

Table 26.2. Examples of Decisions and Tools Used

Topic Example Decision(s) Further Information and Case Studies

Water resources

Making water supply decisions in the con-
text of changes in precipitation, increased 

temperatures, and changes in water quality, 
quantity, and water use

Means et al. 2010;86 International Upper 
Great Lakes Study 2012;24 State of Wash-
ington 2012;87 “Denver Water Case Study” 

(below); Ch. 3: Water

Infrastructure
Designing and locating energy or transporta-
tion facilities in the coastal zone to limit the 

impacts of sea level rise

Ch. 11: Urban; Ch. 10: Energy, Water, and 
Land 

Ecosystems and biodiversity
Managing carbon capture and storage, fire, 
invasive species, ecosystems, and ecosys-

tem services

Byrd et al. 2011;88 Labiosa et al. 2009;89 
USGS 2012a, 2012b, 2012c;90,91 Figure 26.5

Human health
Providing public health warnings in response 

to ecosystem changes or degradation, air 
quality, or temperature issues

Ch. 9: Human Health

Regional climate change 
response planning

Develop plans to reduce emissions of green-
house gases in multiple economic sectors 

within a state

“Washington State’s Climate Action Team” 
(below)

Continued
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Valuing the Effects of Different Decisions
Understanding costs and benefits of different decisions re-
quires understanding people’s preferences and developing 
ways to measure outcomes of those decisions relative to 
preferences. This “valuation” process is used to help rank al-
ternative actions, illuminate tradeoffs, and enlighten public 
discourse.31 In the context of climate change, the process of 
measuring the economic values or non-monetary benefits of 
different outcomes involves managers, scientists, and stake-
holders and a set of methods to help decision-makers evaluate 
the consequences of climate change decisions.92 Although val-
ues are defined differently by different individuals and groups 
and can involve different metrics – for example, monetary val-
ues and non-monetary benefit measures93 – in all cases, valu-
ation is used to assess the relative importance to the public 
or specific stakeholders of different impacts. Such valuation 
assessments can be used as inputs into iterative adaptive risk 
management assessments (which has advantages in a climate 

context because of its ability to address uncertainty) or more 
traditional cost-benefit analyses, if appropriate.

Some impacts ultimately are reflected in changes in the value 
of activities within the marketplace and in dollars94 – for ex-
ample, the impacts of increased temperatures on commercial 
crop yields.95 Other evaluations use non-monetary benefit 
measures such as biodiversity measures96 or soil conservation 
and water services.97

Valuation methods can provide input to a range of decisions, 
including cost-benefit analysis of new or existing regulations98 
or government projects;99 assessing the implications of land-
use changes;100 transportation investments and other planning 
efforts;101,102 developing metrics for ecosystem services; and 
stakeholder and conflict resolution processes.103 

Many available and widely applied decision-making tools can be used to support management in response to climate 
extremes or seasonal fluctuations. Development of decision support resources focused on decadal or multi-decadal in-
vestment decisions is in a relatively early stage but is evolving rapidly and shared through the types of clearinghouses 
discussed above.

exAMple decision support tools (continued)

Figure 26.5. The Santa Cruz Watershed Ecosystem Portfolio Model is a regional land-use planning tool that integrates 
ecological, economic, and social information and values relevant to decision-makers and stakeholders. The tool is a map-
based set of evaluation tools for planners and stakeholders, and is meant to help in balancing disparate interests within a 
regional context. Projections for climate change can be added to tools such as this one and used to simulate impacts of climate 
change and generate scenarios of climate change sensitivity; such an application is under development for this tool (Figure 
source: USGS 201290).

Land-use Planning Tool for the Upper Santa Cruz Watershed
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Comparative Tradeoff Methods
Once their consequences are valued or otherwise described, 
alternative options are often compared against the objectives 
or decision criteria. In such cases, approaches such as listing 
the pros and cons,104 cost-benefit analysis,105 multi-criteria 
methods,80 or robust decision methods106 can be useful. Multi-
criteria methods provide a way to compare options by consid-
ering the positive and negative consequences for each of the 

objectives without having to choose a single valuation method 
for all the attributes important to decision-makers.31 This ap-
proach allows for consequences to be evaluated using criteria 
most relevant for a given objective.107 The options can then be 
compared directly by considering the relative importance of 
each objective for the particular decision. 

Integrated Assessment Models 
Integrated Assessment Models are tools for modeling interac-
tions across climate, environmental, and socioeconomic sys-
tems.108 In particular, integrated assessment models can be 
used to provide information that informs tradeoffs analyses, 
often by simulating the potential consequences of alternative 
decisions. Integrated assessment models typically include rep-
resentations of climate, economics, energy, and other technol-
ogy systems, as well as demographic trends and other factors 

that can be used in scenario development and uncertainty 
quantification.109 They are useful in national and global policy 
decisions about emissions targets, timetables, and the implica-
tions of different technologies for emissions management.110 
These models are now being extended to additional domains 
such as water resources and ecosystem services to inform a 
broader range of tradeoff analyses and to finer resolutions to 
support regional decision-making.111 

Scenarios and Scenario Planning 
Scenarios are depictions of possible futures or plausible con-
ditions given a set of assumptions; they are not predictions. 
Scenarios enable decision makers to consider uncertainties in 
future conditions and explore how alternate decisions could 
shape the futures or perform under uncertainty. One approach 
to building scenarios begins with identifying any changes over 
time that might occur in climate and socioeconomic factors (for 
example, population growth and changes in water availability), 
and then using these projections to help decision-makers rank 
the desirability of alternative decision options to respond to 
these changes.112  This works well when decision-makers agree 
on the definition of the problem and scientific evidence.53,113 A 
second approach is widely used in robust decision-making and 
decision-scaling approaches. It begins with a specific decision 
under consideration by a specific community of users and then 
poses questions relevant to these decisions (for example, “how 
can we build a vibrant economy in our community in light of 
uncertainty about population growth and water supply?”) to 
organize information about future climate and socioeconomic 
conditions (for example, Robinson 1988114).  

Scenario planning often combines quantitative science-based 
scenarios with participatory “visioning” processes used by 
communities and organizations to explore desired futures.115 

It can also facilitate participatory learning and development of 
a common understanding of problems or decisions. There are 
many different approaches, from a single workshop that uses 
primarily qualitative approaches to more complex exercises 
that integrate qualitative and quantitative methods with visual-
ization and/or simulation techniques over multiple workshops 
or meetings. Common elements include scoping and problem 
definition; group development of qualitative (and, optionally, 
quantitative) scenarios and analyses that explore interactions 
of key driving forces, uncertainties, and decision options.

Scenario planning has been useful for water managers such as 
Denver Water, which has also used “robust decision-making” 
to assess policies that perform well across a wide range of fu-
ture conditions, in the face of uncertainty and unknown prob-
abilities (see “Denver Water Case Study”). Other examples of 
the use of scenario planning include:

• National Park Service, to consider potential climate 
change impacts and identify adaptation needs and pri-
orities in several parks or regions116

• California State Coastal Conservancy, to plan tidal marsh 
restoration and planning in the San Francisco estuary in 
the face of climate change and sea level rise117

• Urban Ecology Research Lab at the University of Wash-
ington, for planning adaptation to preserve ecosystem 
services in the Snohomish Basin118

• A group of agencies and organizations considering the 
impacts of climate change on ecosystems in the Florida 
Everglades119

The National Climate Assessment has developed and used 
a number of different types of scenarios and approaches in 
preparation of this report (see Appendix 5: Scenarios and  
models).120
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Scientific Assessments
Ongoing assessments of the state of knowledge allow for itera-
tive improvements in understanding over time and can provide 
opportunities to work directly with decision-makers to under-
stand their needs for information.123 A sustained assessment 

process (Ch. 30: Sustained Assessment)40 can be designed to 
support the adaptation and mitigation information needs of 
decision-makers, with ongoing improvements in data quality 
and utility over time. This report represents one such type of 

Climate change is one of the big-
gest challenges facing the Denver 
Water system. Due to recent and 
anticipated effects of climate vari-
ability and change on water avail-
ability, Denver Water faces the 
challenge of weighing alternative 
response strategies and is looking 
at developing options to help meet 
more challenging future condi-
tions. 

Denver Water is using scenario 
planning in its long-range planning 
process (looking out to 2050) to 
consider a range of plausible fu-
ture scenarios (Figure 26.6). This 
approach contrasts with its tra-
ditional approach of planning for 
a single future based on demand 
projections and should better pre-
pare the utility and enhance its 
ability to adapt to changing and 
uncertain future conditions.

Denver Water is assessing mul-
tiple scenarios based on several 
potential water system challenges, 
including climate change, demo-
graphic and water-use changes, 
and economic and regulatory 
changes. The scenario planning 
strategy includes “robust decision-
making,” which focuses on keep-
ing as many future options open as 
possible while trying to ensure reli-
ability of current supplies.

Scenario planning was chosen as a way to plan for multiple possible futures, given the degree of uncertainty associated 
with many variables, particularly demographic change and potential changes in precipitation. This method is easy to 
understand and has gained acceptance across the utility. It is a good complement to more technical, detailed analytical 
approaches. 

The next step for Denver Water is to explore a more technical approach to test their existing plan and identified options 
against multiple climate change scenarios. Following a modified robust decision-making approach,121 Denver Water will 
test and hedge its plan and options until those options demonstrate that they can sufficiently handle a range of projected 
climate conditions.

denver WAter cAse study

Figure 26.6: Scenario planning is an important component of decision-making. This “cone 
of uncertainty” is used to depict potential futures in Denver Water’s scenario planning 
exercises. (Figure source: adapted from Waage 2010122).

Scenario Planning
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assessment. The Intergovernmental Panel on Climate Change 
(IPCC) has prepared assessments of the state of the science 
related to climate change, impacts and adaptation, and miti-
gation since the late 1980s. Numerous additional assessments 

have been prepared for a variety of national and international 
bodies focused on issues such as biodiversity, ecosystem ser-
vices, global change impacts in the Arctic, and many others.

Incorporating Recent Scientific Advances and Translating Science for Decision-Making
While decision support is not necessarily constrained by a lack 
of tools, a number of barriers restrict application of existing 
and emerging science and technology in adaptation and mitiga-
tion decisions.3,8,129 In cases where tools exist, decision-makers 
may be 1) unaware of tools; 2) overwhelmed by the number of 
tools; 3) hesitant to use tools that are not appraised or updated 
and maintained with new information; or 4) require training 
in how to use tools.8,130 Recent scientific developments could 
help address some of these barriers, but are not yet incorpo-
rated into decision support tools.65 For example, individual cli-
mate models can provide very different projections of future 
climate conditions for a given region, and the divergence of 
these projections can make it seem impossible to reach a deci-
sion. But comparing different models and constructing climate 
model “ensembles” can highlight areas of agreement across 

large numbers of models and model runs, and can also be used 
to develop ranges and other forms of quantification of uncer-
tainty (for further discussion, see Ch. 2: Our Changing Climate 
and Appendix 3: Climate Science Supplement). While results 
from these activities can prove difficult to present in formats 
that could help decision-makers,131 new approaches to visual-
ization and decision support can make such ensembles useful 
for decision-making.132

There is also a need for “science translators” who can help 
decision-makers efficiently access and properly use data and 
tools that would be helpful in making more informed deci-
sions in the context of climate change.3,4,8,83,133 The culture of 
research in the United States often perpetuates a belief that 
basic and applied research need to be kept separate, though 

Between 2000 and 2007, pioneering work by the University of Washington’s Climate Impacts Group (a NOAA RISA) tai-
lored national climate models to the Pacific Northwest and produced, for the first time, specific information about likely 
adverse impacts to virtually every part of Washington’s economy and environment if carbon dioxide concentrations in the 
atmosphere were not quickly stabilized.124 The localized impacts predicted from these models were significant.

In February of 2007, Governor Christine Gregoire issued Executive Order 07-02, establishing the Climate Action Team 
(CAT).125 Its charge was to develop a plan to achieve dramatic, climate-stabilizing reductions in emissions of greenhouse 
gases according to goals established in the Executive Order. The CAT was a 29-member team that included representa-
tives of industry, utilities, environmental advocacy groups, Native American tribes, state and municipal governments, and 
elected officials.  

The CAT met four to five times a year for two years. Between meetings, technical consultants, including boundary orga-
nizations such as the Climate Impacts Group, provided detailed analyses of the issues that were on the next CAT agenda. 
Technical experts were recruited to provide direct testimony to the CAT. Professional facilitators helped run the meetings, 
decipher the technical testimony, and keep the CAT on track to meet its obligations. All CAT meetings were open to the 
public, and public testimony was accepted. To assist in this effort, five subcommittees were created to develop propos-
als for achieving emissions reductions in the following parts of the economy: the built environment, agriculture, forestry, 
transportation, and energy generation. Similarly, adaptation groups were formed to develop recommendations for dealing 
with impacts that could not be avoided. These Preparation/Adaptation Working Groups focused on forest health, farm-
lands, human health, and coastal infrastructure and resources.

The CAT and the working groups were well supported with science and technical expertise. The CAT issued its first report, 
on reducing greenhouse gases, at the close of 2007.126 It was well received by the legislature, and a significant number 
of its recommendations were implemented in the 2008 session.127 

In 2008, the CAT continued its work. The focus shifted to whether Washington should join the Western Climate Initiative 
(WCI), a state and provincial organization that was developing a regional, economy-wide cap and trade system for carbon 
emissions. The same high-quality professional facilitation was provided at all meetings. Several highly qualified technical 
experts provided technical support.  

With this support, the CAT produced another set of recommendations.128 The centerpiece recommendation was that Wash-
ington join the WCI’s regional cap and trade program. This time, the combination of a weakening economy and political 
dynamics trumped the CAT’s findings, and resulted in a decision not to implement its recommendations.
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it has been demonstrated that research motivated by “consid-
erations of use” can also make fundamental advances in sci-
entific understanding and theory.134 The U.S. climate research 
effort has been strongly encouraged to improve integration of 

social and ecological sciences and to develop the capacity for 
decision support to help address the need to effectively incor-
porate advances in climate science into decision-making.135

Research to Improve Decision Support 
There are a number of areas where scientific knowledge needs 
to be expanded or tools further developed to take advan-
tage of existing insight. The National Research Council (NRC) 
identifies a research agenda both for decision support (such 
as identifying specific information needs) and on decision sup-
port (such as improving tools for risk assessment and manage-
ment).3 A number of studies assess approaches and identify 
needed research and development (for example, Arvai et al. 
2006136). A subset of the opportunities and needs identified by 
the NRC seem particularly relevant in the context of the Na-
tional Climate Assessment, including:

• A comprehensive analysis of the state of decision sup-
port for adaptation and mitigation, including assess-
ment of processes, tools, and applications, and devel-
opment of a knowledge-sharing platform will facilitate 
wide public access to these resources. 

• Comparisons of different adaptation and mitigation op-
tions will be improved by investments in understanding 
how the effects of climate change and response options 
can be valued and compared, especially for non-market 
ecosystem goods and services101,137 and those impacts 
and decisions that have an effect over long time scales.

• Improvements in risk management require closing the 
gap between expert and public understanding of risk 
and building the institutions and processes needed for 
managing persistent risks over the long term.

• Probabilistic forecasts or other information regarding 
consequential climate extremes/events have the poten-
tial to be very useful for decision-makers, if used with 
improving information on the consequences of climate 
change and appropriate decision support tools.

• Better methods for assessing and communicating scien-
tific confidence and uncertainty in the context of spe-
cific decisions would be very useful in supporting risk 
management strategies.

• Improvements in processes that effectively link scien-
tists with decision-makers and the public in resource 
management settings and developing criteria to evalu-
ate their effectiveness would enhance knowledge build-
ing and understanding. 
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