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Summary for Policymakers

Background Box SPM.2 | Terms Central for Understanding the Summary9

Climate change: Climate change refers to a change in the state of the climate that can be identified (e.g., by using statistical tests)
by changes in the mean and/or the variability of its properties, and that persists for an extended period, typically decades or longer.
Climate change may be due to natural internal processes or external forcings such as modulations of the solar cycles, volcanic
eruptions, and persistent anthropogenic changes in the composition of the atmosphere or in land use. Note that the Framework
Convention on Climate Change (UNFCCC), in its Article 1, defines climate change as: “a change of climate which is attributed directly or
indirectly to human activity that alters the composition of the global atmosphere and which is in addition to natural climate variability
observed over comparable time periods.” The UNFCCC thus makes a distinction between climate change attributable to human
activities altering the atmospheric composition, and climate variability attributable to natural causes.

Hazard: The potential occurrence of a natural or human-induced physical event or trend or physical impact that may cause loss of
life, injury, or other health impacts, as well as damage and loss to property, infrastructure, livelihoods, service provision, ecosystems,
and environmental resources. In this report, the term hazard usually refers to climate-related physical events or trends or their physical
impacts.

Exposure: The presence of people, livelihoods, species or ecosystems, environmental functions, services, and resources, infrastructure,
or economic, social, or cultural assets in places and settings that could be adversely affected.

Vulnerability: The propensity or predisposition to be adversely affected. Vulnerability encompasses a variety of concepts and
elements including sensitivity or susceptibility to harm and lack of capacity to cope and adapt.

Impacts: Effects on natural and human systems. In this report, the term impacts is used primarily to refer to the effects on natural
and human systems of extreme weather and climate events and of climate change. Impacts generally refer to effects on lives,
livelihoods, health, ecosystems, economies, societies, cultures, services, and infrastructure due to the interaction of climate changes or
hazardous climate events occurring within a specific time period and the vulnerability of an exposed society or system. Impacts are
also referred to as consequences and outcomes. The impacts of climate change on geophysical systems, including floods, droughts,
and sea level rise, are a subset of impacts called physical impacts.

Risk: The potential for consequences where something of value is at stake and where the outcome is uncertain, recognizing the
diversity of values. Risk is often represented as probability of occurrence of hazardous events or trends multiplied by the impacts if
these events or trends occur. Risk results from the interaction of vulnerability, exposure, and hazard (see Figure SPM.1). In this report,
the term risk is used primarily to refer to the risks of climate-change impacts.

Adaptation: The process of adjustment to actual or expected climate and its effects. In human systems, adaptation seeks to moderate
or avoid harm or exploit beneficial opportunities. In some natural systems, human intervention may facilitate adjustment to expected
climate and its effects.

Transformation: A change in the fundamental attributes of natural and human systems. Within this summary, transformation could
reflect strengthened, altered, or aligned paradigms, goals, or values towards promoting adaptation for sustainable development,
including poverty reduction.

Resilience: The capacity of social, economic, and environmental systems to cope with a hazardous event or trend or disturbance,
responding or reorganizing in ways that maintain their essential function, identity, and structure, while also maintaining the capacity
for adaptation, learning, and transformation.

9 The WGII AR5 glossary defines many terms used across chapters of the report. Reflecting progress in science, some definitions differ in breadth and focus from the definitions
used in the AR4 and other IPCC reports.

high-latitude regions, though it is not yet clear whether the balance of impacts has been negative or positive in these regions (high confidence).

Climate change has negatively affected wheat and maize yields for many regions and in the global aggregate (medium confidence). Effects on

rice and soybean yield have been smaller in major production regions and globally, with a median change of zero across all available data,

which are fewer for soy compared to the other crops. Observed impacts relate mainly to production aspects of food security rather than access
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Key risk Adaptation issues & prospects  Climatic
drivers

Risk & potential for 
adaptationTimeframe

Europe

Near term 
(2030–2040)

Present

Long term
(2080–2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Near term 
(2030–2040)

Present

Long term
(2080–2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Near term 
(2030–2040)

Present

Long term
(2080–2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Increased economic losses and people affected by 
flooding in river basins and coasts, driven by 
increasing urbanization,  increasing sea levels, 
coastal erosion, and peak river discharges 
(high confidence)

[23.2-3, 23.7]

Adaptation can prevent most of the projected damages (high 
confidence). 
• Significant experience in hard flood-protection technologies and 
increasing experience with restoring wetlands
• High costs for increasing flood protection 
• Potential barriers to implementation: demand for land in Europe 
and environmental and landscape concerns

Increased water restrictions. Significant reduction in 
water availability from river abstraction and from 
groundwater resources, combined with increased 
water demand (e.g., for irrigation, energy and industry, 
domestic use) and with reduced water drainage and 
runoff as a result of increased evaporative demand, 
particularly in southern Europe (high confidence)

[23.4, 23.7]

• Proven adaptation potential from adoption of more water-efficient 
technologies and of water-saving strategies (e.g., for irrigation, crop 
species, land cover, industries, domestic use)
• Implementation of best practices and governance instruments in 
river basin management plans and integrated water management

Increased economic losses and people affected by 
extreme heat events: impacts on health and 
well-being, labor productivity, crop production, air 
quality, and increasing risk of wildfires in southern 
Europe and in Russian boreal region 
(medium confidence)

[23.3-7, Table 23-1]

• Implementation of warning systems
• Adaptation of dwellings and workplaces and of transport and 
energy infrastructure
• Reductions in emissions to improve air quality
• Improved wildfire management
• Development of insurance products against weather-related yield 
variations

Key risk Adaptation issues & prospects  Climatic
drivers

Risk & potential for 
adaptationTimeframe

Asia

Near term 
(2030–2040)

Present

Long term
(2080–2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Near term 
(2030–2040)

Present

Long term
(2080–2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Near term 
(2030–2040)

Present

Long term
(2080–2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Increased riverine, coastal, and urban 
flooding leading to widespread damage 
to infrastructure, livelihoods, and 
settlements in Asia (medium confidence)

[24.4]

• Exposure reduction via structural and non-structural measures, effective 
land-use planning, and selective relocation
• Reduction in the vulnerability of lifeline infrastructure and services (e.g., water, 
energy, waste management, food, biomass, mobility, local ecosystems, 
telecommunications)
• Construction of monitoring and early warning systems; Measures to identify 
exposed areas, assist vulnerable areas and households, and diversify livelihoods
• Economic diversification

Increased risk of heat-related mortality 
(high confidence)

[24.4]

• Heat health warning systems
• Urban planning to reduce heat islands; Improvement of the built environment; 
Development of sustainable cities
• New work practices to avoid heat stress among outdoor workers

Increased risk of drought-related water 
and food shortage causing malnutrition 
(high confidence)

[24.4]

• Disaster preparedness including early-warning systems and local coping 
strategies
• Adaptive/integrated water resource management
• Water infrastructure and reservoir development
• Diversification of water sources including water re-use
• More efficient use of water (e.g., improved agricultural practices, irrigation 
management, and resilient agriculture)

Assessment Box SPM.2 Table 1 (continued)
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Overlapping 
Approaches Category Examples Chapter Reference(s)

Human 
development

Improved access to education, nutrition, health facilities, energy, safe housing & settlement structures, 
& social support structures; Reduced gender inequality & marginalization in other forms.

8.3, 9.3, 13.1-3, 14.2-3, 22.4

Poverty alleviation Improved access to & control of local resources; Land tenure; Disaster risk reduction; Social safety nets 
& social protection; Insurance schemes.

8.3-4, 9.3, 13.1-3

Livelihood security
Income, asset, & livelihood diversifi cation; Improved infrastructure; Access to technology & decision-
making fora; Increased decision-making power; Changed cropping, livestock, & aquaculture practices; 
Reliance on social networks.

7.5, 9.4, 13.1-3, 22.3-4, 23.4, 26.5, 
27.3, 29.6, Table SM24-7

Disaster risk 
management

Early warning systems; Hazard & vulnerability mapping; Diversifying water resources; Improved 
drainage; Flood & cyclone shelters; Building codes & practices; Storm & wastewater management; 
Transport & road infrastructure improvements.

8.2-4, 11.7, 14.3, 15.4, 22.4, 24.4, 
26.6, 28.4, Box 25-1, Table 3-3

Ecosystem 
management

Maintaining wetlands & urban green spaces; Coastal afforestation; Watershed & reservoir 
management; Reduction of other stressors on ecosystems & of habitat fragmentation; Maintenance 
of genetic diversity; Manipulation of disturbance regimes; Community-based natural resource 
management.

4.3-4, 8.3, 22.4, Table 3-3, Boxes 4-3, 
8-2, 15-1, 25-8, 25-9, & CC-EA

Spatial or land-use 
planning

Provisioning of adequate housing, infrastructure, & services; Managing development in fl ood prone & 
other high risk areas; Urban planning & upgrading programs; Land zoning laws; Easements; Protected 
areas.

4.4, 8.1-4, 22.4, 23.7-8, 27.3, Box 25-8

Structural/physical

Engineered & built-environment options: Sea walls & coastal protection structures; Flood levees;  
Water storage; Improved drainage; Flood & cyclone shelters; Building codes & practices; Storm & 
wastewater management; Transport & road infrastructure improvements; Floating houses; Power plant 
& electricity grid adjustments.

3.5-6, 5.5, 8.2-3, 10.2, 11.7, 23.3, 
24.4, 25.7, 26.3, 26.8, Boxes 15-1, 
25-1, 25-2, & 25-8

Technological options: New crop & animal varieties; Indigenous, traditional, & local knowledge, 
technologies, & methods; Effi cient irrigation; Water-saving technologies; Desalinization; Conservation 
agriculture; Food storage & preservation facilities; Hazard & vulnerability mapping & monitoring; Early 
warning systems; Building insulation; Mechanical & passive cooling; Technology development, transfer, 
& diffusion.

7.5, 8.3, 9.4, 10.3, 15.4, 22.4, 24.4, 
26.3, 26.5, 27.3, 28.2, 28.4, 29.6-7, 
Boxes 20-5 & 25-2, Tables 3-3 & 15-1

Ecosystem-based options: Ecological restoration; Soil conservation; Afforestation & reforestation; 
Mangrove conservation & replanting; Green infrastructure (e.g., shade trees, green roofs); 
Controlling overfi shing; Fisheries co-management; Assisted species migration & dispersal; Ecological 
corridors; Seed banks, gene banks, & other ex situ conservation; Community-based natural resource 
management.

4.4, 5.5, 6.4, 8.3, 9.4, 11.7, 15.4, 22.4, 
23.6-7, 24.4, 25.6, 27.3, 28.2, 29.7, 
30.6, Boxes 15-1, 22-2, 25-9, 26-2, 
& CC-EA

Services: Social safety nets & social protection; Food banks & distribution of food surplus; Municipal 
services including water & sanitation; Vaccination programs; Essential public health services; Enhanced 
emergency medical services.

3.5-6, 8.3, 9.3, 11.7, 11.9, 22.4, 29.6, 
Box 13-2

Institutional

Economic options: Financial incentives; Insurance; Catastrophe bonds; Payments for ecosystem 
services; Pricing water to encourage universal provision and careful use; Microfi nance; Disaster 
contingency funds; Cash transfers; Public-private partnerships.

8.3-4, 9.4, 10.7, 11.7, 13.3, 15.4, 17.5, 
22.4, 26.7, 27.6, 29.6, Box 25-7

Laws & regulations: Land zoning laws; Building standards & practices; Easements; Water regulations 
& agreements; Laws to support disaster risk reduction; Laws to encourage insurance purchasing; 
Defi ned property rights & land tenure security; Protected areas; Fishing quotas; Patent pools & 
technology transfer.

4.4, 8.3, 9.3, 10.5, 10.7, 15.2, 15.4, 
17.5, 22.4, 23.4, 23.7, 24.4, 25.4, 26.3, 
27.3, 30.6, Table 25-2, Box CC-CR

National & government policies & programs: National & regional adaptation plans including 
mainstreaming; Sub-national & local adaptation plans; Economic diversifi cation; Urban upgrading 
programs; Municipal water management programs; Disaster planning & preparedness; Integrated 
water resource management; Integrated coastal zone management; Ecosystem-based management; 
Community-based adaptation.

2.4, 3.6, 4.4, 5.5, 6.4, 7.5, 8.3, 11.7, 
15.2-5, 22.4, 23.7, 25.4, 25.8, 26.8-9, 
27.3-4, 29.6, Boxes 25-1, 25-2, & 25-9, 
Tables 9-2 & 17-1

Social

Educational options: Awareness raising & integrating into education; Gender equity in education; 
Extension services; Sharing indigenous, traditional, & local knowledge; Participatory action research & 
social learning; Knowledge-sharing & learning platforms.

8.3-4, 9.4, 11.7, 12.3, 15.2-4, 22.4, 
25.4, 28.4, 29.6, Tables 15-1 & 25-2

Informational options: Hazard & vulnerability mapping; Early warning & response systems; 
Systematic monitoring & remote sensing; Climate services; Use of indigenous climate observations; 
Participatory scenario development; Integrated assessments.

2.4, 5.5, 8.3-4, 9.4, 11.7, 15.2-4, 22.4, 
23.5, 24.4, 25.8, 26.6, 26.8, 27.3, 28.2, 
28.5, 30.6, Table 25-2, Box 26-3

Behavioral options: Household preparation & evacuation planning; Migration; Soil & water 
conservation; Storm drain clearance; Livelihood diversifi cation; Changed cropping, livestock, & 
aquaculture practices; Reliance on social networks.

5.5, 7.5, 9.4, 12.4, 22.3-4, 23.4, 23.7, 
25.7, 26.5, 27.3, 29.6, Table SM24-7, 
Box 25-5

Spheres of change

Practical: Social & technical innovations, behavioral shifts, or institutional & managerial changes that 
produce substantial shifts in outcomes.

8.3, 17.3, 20.5, Box 25-5

Political: Political, social, cultural, & ecological decisions & actions consistent with reducing 
vulnerability & risk & supporting adaptation, mitigation, & sustainable development.

14.2-3, 20.5, 25.4, 30.7, Table 14-1

Personal: Individual & collective assumptions, beliefs, values, & worldviews infl uencing climate-change 
responses.

14.2-3, 20.5, 25.4, Table 14-1
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Table SPM.1 | Approaches for managing the risks of climate change. These approaches should be considered overlapping rather than discrete, and they are often pursued 
simultaneously. Mitigation is considered essential for managing the risks of climate change. It is not addressed in this table as mitigation is the focus of WGIII AR5. Examples are 
presented in no specifi c order and can be relevant to more than one category. [14.2-3, Table 14-1]
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species extinctions have not been attributed to climate change (high
confidence). [4.2, 4.4, 18.3, 18.5, 22.3, 25.6, 26.4, 28.2, Figure 4-10,
Boxes 4-2, 4-3, 4-4, and 25-3]

Coastal Systems and Low-lying Areas

Coastal systems are particularly sensitive to changes in sea level
and ocean temperature and to ocean acidification (very high
confidence). Coral bleaching and species range shifts have been
attributed to changes in ocean temperature. For many other coastal
changes, the impacts of climate change are difficult to identify given
other human-related drivers (e.g. land use change, coastal development,
pollution) (robust evidence, high agreement). [5.3 to 5.5, 18.3, 25.6,
26.4, Box 25-3]

Marine Systems

Warming has caused and will continue to cause shifts in the
abundance, geographic distribution, migration patterns, and
timing of seasonal activities of marine species (very high
confidence), paralleled by reduction in maximum body sizes
(medium confidence). This has resulted and will further result in
changing interactions between species, including competition and
predator-prey dynamics (high confidence). Numerous observations
over the last decades in all ocean basins show global-scale changes
including large-scale distribution shifts of species (very high confidence)
and altered ecosystem composition (high confidence) on multi-decadal
time scales, tracking climate trends. Many fishes, invertebrates, and
phytoplankton have shifted their distribution and/or abundance
poleward and/or to deeper, cooler waters (Figure TS.2D). Some warm-
water corals and their reefs have responded to warming with species
replacement, bleaching, and decreased coral cover causing habitat
loss. Few field observations to date demonstrate biological responses
attributable to anthropogenic ocean acidification, as in many places
these responses are not yet outside their natural variability and may be
influenced by confounding local or regional factors. See also Box TS.7.
Natural global climate change at rates slower than current anthropogenic
climate change caused significant ecosystem shifts, including species
emergences and extinctions, during the past millions of years. [5.4, 6.1,
6.3 to 6.5, 18.3, 18.5, 22.3, 25.6, 26.4, 30.4, 30.5, Boxes 25-3, CC-OA,
CC-CR, and CC-MB]

Vulnerability of most marine organisms to warming is set by
their physiology, which defines their limited temperature ranges
and hence their thermal sensitivity (high confidence). See Figure
TS.3. Temperature defines the geographic distribution of many species
and their responses to climate change. Shifting temperature means and
extremes alter habitat (e.g., sea ice and coastal habitat), and cause
changes in species abundances through local extinctions and latitudinal
distribution expansions or shifts of up to hundreds of kilometers per
decade (very high confidence). Although genetic adaptation occurs
(medium confidence), the capacity of fauna and flora to compensate
for or keep up with the rate of ongoing thermal change is limited (low
confidence). [6.3, 6.5, 30.5]

Oxygen minimum zones are progressively expanding in the
tropical Pacific, Atlantic, and Indian Oceans, due to reduced
ventilation and O2 solubilities in more stratified oceans at higher
temperatures (high confidence). In combination with human activities
that increase the productivity of coastal systems, hypoxic areas (“dead
zones”) are increasing in number and size. Regional exacerbation of
hypoxia causes shifts to hypoxia-tolerant biota and reduces habitat for
commercially relevant species, with implications for fisheries. [6.1, 6.3,
30.3, 30.5, 30.6; WGI AR5 3.8]

Food Security and Food Production Systems

Based on many studies covering a wide range of regions and
crops, negative impacts of climate change on crop yields have
been more common than positive impacts (high confidence). The
smaller number of studies showing positive impacts relate mainly to
high-latitude regions, though it is not yet clear whether the balance of
impacts has been negative or positive in these regions. Climate change
has negatively affected wheat and maize yields for many regions and in
the global aggregate (medium confidence). Effects on rice and soybean
yield have been smaller in major production regions and globally, with
a median change of zero across all available data, which are fewer for
soy compared to the other crops. Observed impacts relate mainly
to production aspects of food security rather than access or other
components of food security. See Figure TS.2E. Since AR4, several
periods of rapid food and cereal price increases following climate
extremes in key producing regions indicate a sensitivity of current
markets to climate extremes among other factors (medium confidence).
Crop yields have a large negative sensitivity to extreme daytime
temperatures around 30°C, throughout the growing season (high
confidence). CO2 has stimulatory effects on crop yields in most cases,
and elevated tropospheric ozone has damaging effects. Interactions
among CO2 and ozone, mean temperature, extremes, water, and nitrogen
are non-linear and difficult to predict (medium confidence). [7.2, 7.3,
18.4, 22.3, 26.5, Figures 7-2, 7-3, and 7-7, Box 25-3]

Urban Areas

Urban areas hold more than half the world’s population and
most of its built assets and economic activities. A high proportion
of the population and economic activities at risk from climate change
are in urban areas, and a high proportion of global greenhouse gas
emissions are generated by urban-based activities and residents. Cities
are composed of complex inter-dependent systems that can be leveraged
to support climate change adaptation via effective city governments
supported by cooperative multilevel governance (medium confidence). This
can enable synergies with infrastructure investment and maintenance,
land use management, livelihood creation, and ecosystem services
protection. [8.1, 8.3, 8.4]

Rapid urbanization and growth of large cities in developing
countries have been accompanied by expansion of highly
vulnerable urban communities living in informal settlements,
many of which are on land exposed to extreme weather (medium
confidence). [8.2, 8.3]
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Early warning systems for heat

Exposure and vulnerability Factors affecting exposure and vulnerability include age, preexisting health status, level of outdoor activity, socioeconomic factors including poverty and social 
isolation, access to and use of cooling, physiological and behavioral adaptation of the population, urban heat island effects, and urban infrastructure. 
[8.2.3, 8.2.4, 11.3.3, 11.3.4, 11.4.1, 11.7, 13.2.1, 19.3.2, 23.5.1, 25.3, 25.8.1, SREX Table SPM.1]

Climate information at the 
global scale

Observed: 
• Very likely decrease in the number of cold days and nights and increase in the number of warm days and nights, on the global scale between 1951 and 

2010. [WGI AR5 2.6.1]
• Medium confi dence that the length and frequency of warm spells, including heat waves, has increased globally since 1950. [WGI AR5 2.6.1]

Projected: Virtually certain that, in most places, there will be more hot and fewer cold temperature extremes as global mean temperatures increase, for 
events defi ned as extremes on both daily and seasonal time scales. [WGI AR5 12.4.3]

Climate information at the 
regional scale

Observed: 
• Likely that heat wave frequency has increased since 1950 in large parts of Europe, Asia, and Australia. [WGI AR5 2.6.1]
• Medium confi dence in overall increase in heat waves and warm spells in North America since 1960. Insuffi cient evidence for assessment or spatially varying 

trends in heat waves or warm spells for South America and most of Africa. [SREX Table 3-2; WGI AR5 2.6.1]

Projected:
• Likely that, by the end of the 21st century under Representative Concentration Pathway 8.5 (RCP8.5) in most land regions, a current 20-year high-

temperature event will at least double its frequency and in many regions occur every 2 years or annually, while a current 20-year low-temperature event 
will become exceedingly rare. [WGI AR5 12.4.3]

• Very likely more frequent and/or longer heat waves or warm spells over most land areas. [WGI AR5 12.4.3]

Description Heat-health early warning systems are instruments to prevent negative health impacts during heat waves. Weather forecasts are used to predict situations 
associated with increased mortality or morbidity. Components of effective heat wave and health warning systems include identifying weather situations 
that adversely affect human health, monitoring weather forecasts, communicating heat wave and prevention responses, targeting notifi cations to vulnerable 
populations, and evaluating and revising the system to increase effectiveness in a changing climate. Warning systems for heat waves have been planned and 
implemented broadly, for example in Europe, the United States, Asia, and Australia.
[11.7.3, 24.4.6, 25.8.1, 26.6, Box 25-6]

Broader context • Heat-health warning systems can be combined with other elements of a health protection plan, for example building capacity to support communities most 
at risk, supporting and funding health services, and distributing public health information. 

• In Africa, Asia, and elsewhere, early warning systems have been used to provide warning of and reduce a variety of risks related to famine and food 
insecurity; fl ooding and other weather-related hazards; exposure to air pollution from fi re; and vector-borne and food-borne disease outbreaks. 

[7.5.1, 11.7, 15.4.2, 22.4.5, 24.4.6, 25.8.1, 26.6.3, Box 25-6]

Mangrove restoration to reduce fl ood risks and protect shorelines from storm surge

Exposure and vulnerability Loss of mangroves increases exposure of coastlines to storm surge, coastal erosion, saline intrusion, and tropical cyclones. Exposed infrastructure, livelihoods, 
and people are vulnerable to associated damage. Areas with development in the coastal zone, such as on small islands, can be particularly vulnerable. 
[5.4.3, 5.5.6, 29.7.2, Box CC-EA]

Climate information at the 
global scale

Observed: 
• Likely increase in the magnitude of extreme high sea level events since 1970, mostly explained by rising mean sea level. [WGI AR5 3.7.5]
• Low confi dence in long-term (centennial) changes in tropical cyclone activity, after accounting for past changes in observing capabilities. [WGI AR5 2.6.3] 

Projected: 
• Very likely signifi cant increase in the occurrence of future sea level extremes by 2050 and 2100. [WGI AR5 13.7.2]
• In the 21st century, likely that the global frequency of tropical cyclones will either decrease or remain essentially unchanged. Likely increase in both global 

mean tropical cyclone maximum wind speed and rainfall rates. [WGI AR5 14.6]

Climate information at the 
regional scale

Observed: Change in sea level relative to the land (relative sea level) can be signifi cantly different from the global mean sea level change because of 
changes in the distribution of water in the ocean and vertical movement of the land. [WGI AR5 3.7.3]

Projected: 
• Low confi dence in region-specifi c projections of storminess and associated storm surges. [WGI AR5 13.7.2] 
• Projections of regional changes in sea level reach values of up to 30% above the global mean value in the Southern Ocean and around North America, and 

between 10% to 20% above the global mean value in equatorial regions. [WGI AR5 13.6.5]
• More likely than not substantial increase in the frequency of the most intense tropical cyclones in the western North Pacifi c and North Atlantic. [WGI AR5 14.6]

Description Mangrove restoration and rehabilitation has occurred in a number of locations (e.g., Vietnam, Djibouti, and Brazil) to reduce coastal fl ooding risks and protect 
shorelines from storm surge. Restored mangroves have been shown to attenuate wave height and thus reduce wave damage and erosion. They protect 
aquaculture industry from storm damage and reduce saltwater intrusion.
[2.4.3, 5.5.4, 8.3.3, 22.4.5, 27.3.3]

Broader context • Considered a low-regrets option benefi ting sustainable development, livelihood improvement, and human well-being through improvements for food 
security and reduced risks from fl ooding, saline intrusion, wave damage, and erosion. Restoration and rehabilitation of mangroves, as well as of wetlands or 
deltas, is ecosystem-based adaptation that enhances ecosystem services.

• Synergies with mitigation given that mangrove forests represent large stores of carbon.
• Well-integrated ecosystem-based adaptation can be more cost effective and sustainable than non-integrated physical engineering approaches.
[5.5, 8.4.2, 14.3.1, 24.6, 29.3.1, 29.7.2, 30.6.1, 30.6.2, Table 5-4, Box CC-EA]

Table TS.2 |  Illustrative examples of adaptation experience, as well as approaches to reducing vulnerability and enhancing resilience. Adaptation actions can be infl uenced by 
climate variability, extremes, and change, and by exposure and vulnerability at the scale of risk management. Many examples and case studies demonstrate complexity at the 
level of communities or specifi c regions within a country. It is at this spatial scale that complex interactions between vulnerability, exposure, and climate change come to the fore. 
[Table 21-4]
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for sea level rise has evolved considerably over the past 2 decades
and shows a diversity of approaches, although its implementation
remains piecemeal (high confidence). Adaptive capacity is generally
high in many human systems, but implementation faces major
constraints especially for transformational responses at local and
community levels. [25.4, 25.10, Table 25-2, Boxes 25-1, 25-2, and
25-9]

• In North America, governments are engaging in incremental
adaptation assessment and planning, particularly at the municipal
level (high confidence). Some proactive adaptation is occurring to
protect longer-term investments in energy and public infrastructure.
[26.7 to 26.9]

• In Central and South America, ecosystem-based adaptation including
protected areas, conservation agreements, and community
management of natural areas is occurring (high confidence).
Resilient crop varieties, climate forecasts, and integrated water
resources management are being adopted within the agricultural
sector in some areas. [27.3]

• In the Arctic, some communities have begun to deploy adaptive co-
management strategies and communications infrastructure,
combining traditional and scientific knowledge (high confidence).
[28.2, 28.4]

• In small islands, which have diverse physical and human attributes,
community-based adaptation has been shown to generate larger
benefits when delivered in conjunction with other development
activities (high confidence). [29.3, 29.6, Table 29-3, Figure 29-1]

• In both the open ocean and coastal areas, international cooperation
and marine spatial planning are starting to facilitate adaptation to
climate change, with constraints from challenges of spatial scale and
governance issues (high confidence). Observed coastal adaptation
includes major projects (e.g., Thames Estuary, Venice Lagoon, Delta
Works) and specific practices in some countries (e.g., Netherlands,
Australia, Bangladesh). [5.5, 7.3, 15.4, 30.6, Box CC-EA]

Table TS.2 presents examples of how climate extremes and
change, as well as exposure and vulnerability at the scale of
risk management, shape adaptation actions and approaches to
reducing vulnerability and enhancing resilience.

A-3. The Decision-making Context

Climate variability and extremes have long been important in many
decision-making contexts. Climate-related risks are now evolving over

Continued next page

Index-based insurance for agriculture in Africa

Exposure and vulnerability Susceptibility to food insecurity and depletion of farmers’ productive assets following crop failure. Low prevalence of insurance due to absent or poorly 
developed insurance markets or to amount of premium payments. The most marginalized and resource-poor especially may have limited ability to afford 
insurance premiums. 
[10.7.6, 13.3.2, Box 22-1]

Climate information at the 
global scale

Observed: 
• Very likely decrease in the number of cold days and nights and increase in the number of warm days and nights, on the global scale between 1951 and 

2010. [WGI AR5 2.6.1]
• Medium confi dence that the length and frequency of warm spells, including heat waves, has increased globally since 1950. [WGI AR5 2.6.1]
• Since 1950 the number of heavy precipitation events over land has likely increased in more regions than it has decreased. [WGI AR5 2.6.2]
• Low confi dence in a global-scale observed trend in drought or dryness (lack of rainfall). [WGI AR5 2.6.2]

Projected: 
• Virtually certain that, in most places, there will be more hot and fewer cold temperature extremes as global mean temperatures increase, for events defi ned 

as extremes on both daily and seasonal time scales. [WGI AR5 12.4.3]
• Regional to global-scale projected decreases in soil moisture and increased risk of agricultural drought are likely in presently dry regions, and are projected 

with medium confi dence by the end of this century under the RCP8.5 scenario. [WGI AR5 12.4.5]
• Globally, for short-duration precipitation events, likely shift to more intense individual storms and fewer weak storms. [WGI AR5 12.4.5]

Climate information at the 
regional scale

Observed: 
• Medium confi dence in increase in frequency of warm days and decrease in frequency of cold days and nights in southern Africa. [SREX Table 3-2]
• Medium confi dence in increase in frequency of warm nights in northern and southern Africa. [SREX Table 3-2] 

Projected: 
• Likely surface drying in southern Africa by the end of the 21st century under RCP8.5 (high confi dence). [WGI AR5 12.4.5]
• Likely increase in warm days and nights and decrease in cold days and nights in all regions of Africa (high confi dence). Increase in warm days largest in 

summer and fall (medium confi dence). [SREX Table 3-3]
• Likely more frequent and/or longer heat waves and warm spells in Africa (high confi dence). [SREX Table 3-3]

Description A recently introduced mechanism that has been piloted in a number of rural locations, including in Malawi, Sudan, and Ethiopia, as well as in India. When 
physical conditions reach a particular predetermined threshold where signifi cant losses are expected to occur—weather conditions such as excessively high 
or low cumulative rainfall or temperature peaks—the insurance pays out. 
[9.4.2, 13.3.2, 15.4.4, Box 22-1]

Broader context • Index-based weather insurance is considered well suited to the agricultural sector in developing countries.
• The mechanism allows risk to be shared across communities, with costs spread over time, while overcoming obstacles to traditional agricultural and disaster 

insurance markets. It can be integrated with other strategies such as microfi nance and social protection programs. 
• Risk-based premiums can help encourage adaptive responses and foster risk awareness and risk reduction by providing fi nancial incentives to policyholders 

to reduce their risk profi le. 
• Challenges can be associated with limited availability of accurate weather data and diffi culties in establishing which weather conditions cause losses. 

Basis risk (i.e., farmers suffer losses but no payout is triggered based on weather data) can promote distrust. There can also be diffi culty in scaling up pilot 
schemes. 

• Insurance for work programs can enable cash-poor farmers to work for insurance premiums by engaging in community-identifi ed disaster risk reduction 
projects. 

[10.7.4 to 10.7.6, 13.3.2, 15.4.4, Table 10-7, Boxes 22-1 and 25-7]

Table TS.2 (continued)
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B: FUTURE RISKS AND
OPPORTUNITIES FOR ADAPTATION

This section presents future risks and more limited potential benefits
across sectors and regions, examining how they are affected by the
magnitude and rate of climate change and by socioeconomic choices.
It also assesses opportunities for reducing impacts and managing risks
through adaptation and mitigation. The section examines the distribution
of risks across populations with contrasting vulnerability and adaptive
capacity, across sectors where metrics for quantifying impacts may be
quite different, and across regions with varying traditions and resources.
The assessment features interactions across sectors and regions and
among climate change and other stressors. For different sectors and
regions, the section describes risks and potential benefits over the next
few decades, the near-term era of committed climate change. Over this
timeframe, projected global temperature increase is similar across
emission scenarios. The section also provides information on risks and
potential benefits in the second half of the 21st century and beyond,
the longer-term era of climate options. Over this longer term, global
temperature increase diverges across emission scenarios, and the
assessment distinguishes potential outcomes for 2°C and 4°C global mean
temperature increase above preindustrial levels. The section elucidates
how and when choices matter in reducing future risks, highlighting the
differing timeframes for mitigation and adaptation benefits.

B-1. Key Risks across Sectors and Regions

Key risks are potentially severe impacts relevant to Article 2 of the UN
Framework Convention on Climate Change, which refers to “dangerous
anthropogenic interference with the climate system.” Risks are considered
key due to high hazard or high vulnerability of societies and systems
exposed, or both. Identification of key risks was based on expert judgment
using the following specific criteria: large magnitude, high probability,
or irreversibility of impacts; timing of impacts; persistent vulnerability
or exposure contributing to risks; or limited potential to reduce risks
through adaptation or mitigation. Key risks are integrated into five
complementary and overarching reasons for concern (RFCs) in Box TS.5.

The key risks that follow, all of which are identified with high
confidence, span sectors and regions. Each of these key risks
contributes to one or more RFCs. Roman numerals correspond to
entries in Table TS.3, which further illustrates relevant examples and
interactions. [19.2 to 19.4, 19.6, Table 19-4, Boxes 19-2 and CC-KR]
i) Risk of death, injury, ill-health, or disrupted livelihoods in low-lying

coastal zones and small island developing states and other small
islands, due to storm surges, coastal flooding, and sea level rise.
See RFCs 1 to 5. [5.4, 8.2, 13.2, 19.2 to 19.4, 19.6, 19.7, 24.4, 24.5,
26.7, 26.8, 29.3, 30.3, Tables 19-4 and 26-1, Figure 26-2, Boxes
25-1, 25-7, and CC-KR]

  

No. Hazard Key vulnerabilities Key risks Emergent risks

i Sea level rise and coastal 
fl ooding including storm surges

[5.4.3, 8.1.4, 8.2.3, 8.2.4, 
13.1.4, 13.2.2, 24.4, 24.5, 26.7, 
26.8, 29.3, 30.3.1, Boxes 25-1 
and 25-7; WGI AR5 3.7, 13.5, 
Table 13-5]

High exposure of people, economic activity, and 
in frastructure in low-lying coastal zones and Small 
Island Developing States (SIDS) and other small 
islands

Death, injury, and disruption to 
livelihoods, food supplies, and 
drinking water

Loss of common-pool resources, 
sense of place, and identity, 
especially among indigenous 
populations in rural coastal zones

Interaction of rapid urbanization, sea 
level rise, increasing economic activity, 
disappearance of natural resources, 
and limits of insurance; burden of risk 
management shifted from the state to 
those at risk leading to greater inequalityUrban population unprotected due to substandard 

housing and inadequate insurance. Marginalized 
rural population with multidimensional poverty 
and limited alternative livelihoods

Insuffi cient local governmental attention to 
disaster risk reduction

ii Extreme precipitation and 
inland fl ooding

[3.2.7, 3.4.8, 8.2.3, 8.2.4, 
13.2.1, 25.10, 26.3, 26.7, 26.8, 
27.3.5, Box 25-8; WGI AR5 
11.3.2]

Large numbers of people exposed in urban 
areas to fl ood events, particularly in low-income 
informal settlements

Death, injury, and disruption of 
human security, especially among 
children, elderly, and disabled 
persons

Interaction of increasing frequency of 
intense precipitation, urbanization, 
and limits of insurance; burden of risk 
management shifted from the state to 
those at risk leading to greater inequality, 
eroded assets due to infrastructure 
damage, abandonment of urban districts, 
and the creation of high risk / high poverty 
spatial traps 

Overwhelmed, aging, poorly maintained, and 
inadequate urban drainage infrastructure 
and limited ability to cope and adapt due to 
marginalization, high poverty, and culturally 
imposed gender roles

Inadequate governmental attention to disaster 
risk reduction

iii Novel hazards yielding 
systemic risks 

[8.1.4, 8.2.4, 10.2, 10.3, 12.6, 
23.9, 25.10, 26.7, 26.8; WGI 
AR5 11.3.2]

Populations and infrastructure exposed and 
lacking historical experience with these hazards

Failure of systems coupled to 
electric power system, e.g., drainage 
systems reliant on electric pumps 
or emergency services reliant on 
telecommunications. Collapse of 
health and emergency services in 
extreme events

Interactions due to dependence on 
coupled systems lead to magnifi cation 
of impacts of extreme events. Reduced 
social cohesion due to loss of faith in 
management institutions undermines 
preparation and capacity for response.

Overly hazard-specifi c management planning 
and infrastructure design, and/or low forecasting 
capability

iv Increasing frequency and 
intensity of extreme heat, 
including urban heat island 
effect

[8.2.3, 11.3, 11.4.1, 13.2, 23.5.1, 
24.4.6, 25.8.1, 26.6, 26.8, Box 
CC-HS; WGI AR5 11.3.2]

Increasing urban population of the elderly, the 
very young, expectant mothers, and people with 
chronic health problems in settlements subject to 
higher temperatures

Increased mortality and morbidity 
during periods of extreme heat

Interaction of demographic shifts with 
changes in regional temperature extremes, 
local heat island, and air pollution

Overloading of health and emergency 
services. Higher mortality, morbidity, and 
productivity loss among manual workers 
in hot climates

Inability of local organizations that provide health, 
emergency, and social services to adapt to new 
risk levels for vulnerable groups

Table TS.3 |  A selection of the hazards, key vulnerabilities, key risks, and emergent risks identifi ed in chapters of this report. The examples underscore the complexity of risks 
determined by various interacting climate-related hazards, non-climatic stressors, and multifaceted vulnerabilities (see also Figure TS.1). Vulnerabilities identifi ed as key arise when 
exposure to hazards combines with social, institutional, economic, or environmental vulnerability, as indicated by icons in the table. Emergent risks arise from complex system 
interactions. Roman numerals correspond with key risks listed in Section B-1. [19.6, Table 19-4]
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surge
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Reduction in terrestrial carbon sink: Carbon stored in terrestrial 
ecosystems is vulnerable to loss back into the atmosphere, resulting from 
increased fire frequency due to climate change and the sensitivity of 
ecosystem respiration to rising temperatures (medium confidence)

[4.2, 4.3]

• Adaptation options include managing land use 
(including deforestation), fire and other disturbances, 
and non-climatic stressors. 

Boreal tipping point: Arctic ecosystems are vulnerable to abrupt 
change related to the thawing of permafrost, spread of shrubs in 
tundra, and increase in pests and fires in boreal forests 
(medium confidence)

[4.3, Box 4-4]

• There are few adaptation options in the Arctic.

Amazon tipping point: Moist Amazon forests could change abruptly 
to less-carbon-dense, drought- and fire-adapted ecosystems 
(low confidence)

[4.3, Box 4-3]

• Policy and market measures can reduce deforestation 
and fire.

Increased risk of species extinction: A large fraction of the species 
assessed is vulnerable to extinction due to climate change, often in 
interaction with other threats. Species with an intrinsically low 
dispersal rate, especially when occupying flat landscapes where the 
projected climate velocity is high, and species in isolated habitats such 
as mountaintops, islands, or small protected areas are especially at 
risk. Cascading effects through organism interactions, especially those 
vulnerable to phenological changes, amplify risk (high confidence) 

[4.3, 4.4]

• Adaptation options include reduction of habitat 
modification and fragmentation, pollution, 
over-exploitation, and invasive species; protected area 
expansion; assisted dispersal; and ex situ conservation.

Marine biodiversity loss with high rate of climate change  
(medium confidence) 

[6.3, 6.4, Table 30-4, Box CC-MB]

• Adaptation options are limited to reducing other stresses, 
mainly pollution, and limiting pressures from coastal human 
activities such as tourism and fishing.

Reduced growth and survival of commercially valuable shellfish and 
other calcifiers (e.g., reef-building corals, calcareous red algae) due to 
ocean acidification (high confidence)

[5.3, 6.1, 6.3, 6.4, 30.3, Box CC-OA]

• Evidence for differential resistance and evolutionary 
adaptation of some species exists, but they are likely to be 
limited at higher CO2 concentrations and temperatures.
• Adaptation options include exploiting more resilient 
species or protecting habitats with low natural CO2 levels, 
as well as reducing other stresses, mainly pollution, and 
limiting pressures from tourism and fishing.

Table TS.4 | Key sectoral risks from climate change and the potential for reducing risks through adaptation and mitigation. Key risks have been identified based on assessment of 
the relevant scientific, technical, and socioeconomic literature detailed in supporting chapter sections. Identification of key risks was based on expert judgment using the following 
specific criteria: large magnitude, high probability, or irreversibility of impacts; timing of impacts; persistent vulnerability or exposure contributing to risks; or limited potential to 
reduce risks through adaptation or mitigation. Each key risk is characterized as very low to very high for three timeframes: the present, near term (here, assessed over 
2030–2040), and longer term (here, assessed over 2080–2100). The risk levels integrate probability and consequence over the widest possible range of potential outcomes, 
based on available literature. These potential outcomes result from the interaction of climate-related hazards, vulnerability, and exposure. Each risk level reflects total risk from 
climatic and non-climatic factors. For the near-term era of committed climate change, projected levels of global mean temperature increase do not diverge substantially for 
different emission scenarios. For the longer-term era of climate options, risk levels are presented for two scenarios of global mean temperature increase (2°C and 4°C above 
preindustrial levels). These scenarios illustrate the potential for mitigation and adaptation to reduce the risks related to climate change. For the present, risk levels were estimated 
for current adaptation and a hypothetical highly adapted state, identifying where current adaptation deficits exist. For the two future timeframes, risk levels were estimated for a 
continuation of current adaptation and for a highly adapted state, representing the potential for and limits to adaptation. Climate-related drivers of impacts are indicated by 
icons. Risk levels are not necessarily comparable because the assessment considers potential impacts and adaptation in different physical, biological, and human systems across 
diverse contexts. This assessment of risks acknowledges the importance of differences in values and objectives in interpretation of the assessed risk levels.

Continued next page
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of what constitutes an intolerable risk may differ. Limits to adaptation
emerge from the interaction among climate change and biophysical
and/or socioeconomic constraints. Opportunities to take advantage of
positive synergies between adaptation and mitigation may decrease
with time, particularly if limits to adaptation are exceeded. In some parts
of the world, insufficient responses to emerging impacts are already
eroding the basis for sustainable development. [1.1, 11.8, 13.4, 16.2 to
16.7, 17.2, 20.2, 20.3, 20.5, 20.6, 25.10, 26.5, Boxes 16-1, 16-3, and
16-4]

Transformations in economic, social, technological, and political
decisions and actions can enable climate-resilient pathways
(high confidence). Specific examples are presented in Table TS.7. See
also Box TS.8. Strategies and actions can be pursued now that will move
towards climate-resilient pathways for sustainable development, while
at the same time helping to improve livelihoods, social and economic

well-being, and responsible environmental management. Transformations
in response to climate change may involve, for example, introduction
of new technologies or practices, formation of new structures or systems
of governance, or shifts in the types or locations of activities. The scale
and magnitude of transformational adaptations depend on mitigation
and on development processes. Transformational adaptation is an
important consideration for decisions involving long life- or lead-times,
and it can be a response to adaptation limits. At the national level,
transformation is considered most effective when it reflects a country’s
own visions and approaches to achieving sustainable development in
accordance with its national circumstances and priorities. Transformations
to sustainability are considered to benefit from iterative learning,
deliberative processes, and innovation. Societal debates about many
aspects of transformation may place new and increased demands on
governance structures. [1.1, 2.1, 2.5, 8.4, 14.1, 14.3, 16.2 to 16.7, 20.5,
22.4, 25.4, 25.10, Figure 1-5, Boxes 16-1 and 16-4]

Low risk High resilience

(D) Decision points

(E) Climate-resilient pathways

Low resilience High risk

(B) Opportunity space

(F) Pathways that lower resilience

(C) Possible futures

Resilience space

Multiple stressors
including 

 climate change

(A) Our world

Social stressors 

Biophysical stressors 

Figure TS.13 | Opportunity space and climate-resilient pathways. (A) Our world [Sections A-1 and B-1] is threatened by multiple stressors that impinge on resilience from many directions, 
represented here simply as biophysical and social stressors. Stressors include climate change, climate variability, land-use change, degradation of ecosystems, poverty and inequality, and 
cultural factors. (B) Opportunity space [Sections A-2, A-3, B-2, C-1, and C-2] refers to decision points and pathways that lead to a range of (C) possible futures [Sections C and B-3] with 
differing levels of resilience and risk. (D) Decision points result in actions or failures-to-act throughout the opportunity space, and together they constitute the process of managing or failing 
to manage risks related to climate change. (E) Climate-resilient pathways (in green) within the opportunity space lead to a more resilient world through adaptive learning, increasing scientific 
knowledge, effective adaptation and mitigation measures, and other choices that reduce risks. (F) Pathways that lower resilience (in red) can involve insufficient mitigation, maladaptation, 
failure to learn and use knowledge, and other actions that lower resilience; and they can be irreversible in terms of possible futures. [Figure 1-5]
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Hazard Key vulnerabilities Key risks Emergent risks

Rural Areas 
(continued)

(Chapter 9)

Water shortages and 
drought in rural areas  
(Section 9.3.5.1.1)

Rural people lacking access to drinking and 
irrigation water. High dependence of rural 
people on natural resource-related activities. 
Lack of capacity and resilience in water 
management regimes (institutionally driven). 
Increased water demand from population 
pressure

Risk of reduced agricultural productivity of rural 
people, including those dependent on rainfed 
or irrigated agriculture, or high-yield varieties, 
forestry, and inland fisheries. Risk of food 
insecurity and decrease in incomes. Decreases in 
household nutritional status (Section 9.3.5.1)

Impacts on livelihoods driven by interaction 
with other factors (water management 
institutions, water demand, water used 
by non-food crops), including potential 
conflicts for access to water. Water-related 
diseases

Human 
Health 

(Chapter 11)

Increasing frequency 
and intensity of 
extreme heat

Older people living in cities are most 
susceptible to hot days and heat waves, 
as well as people with preexisting health 
conditions. (Section 11.3)

Risk of increased mortality and morbidity during 
hot days and heat waves. (Section 11.4.1) Risk 
of mortality, morbidity, and productivity loss, 
particularly among manual workers in hot 
climates

The number of elderly people is projected 
to triple from 2010 to 2050. This can result 
in overloading of health and emergency 
services. 

Increasing 
temperatures, 
increased variability in 
precipitation

Poorer populations are particularly susceptible 
to climate-induced reductions in local 
crop yields. Food insecurity may lead to 
undernutrition. Children are particularly 
vulnerable. (Section 11.3)

Risk of a larger burden of disease and increased 
food insecurity for particular population groups. 
Increasing risk that progress in reducing 
mortality and morbidity from undernutrition may 
slow or reverse. (Section 11.6.1)

Combined effects of climate impacts, 
population growth, plateauing productivity 
gains, land demand for livestock, biofuels, 
persistent inequality, and ongoing food 
insecurity for the poor

Increasing 
temperatures, 
changing patterns of 
precipitation

Non-immune populations who are exposed 
to water- and vector-borne diseases that are 
sensitive to meteorological conditions (Section 
11.3)

Increasing health risks due to changing spatial 
and temporal distribution of diseases strains 
public health systems, especially if this occurs in 
combination with economic downturn. (Section 
11.5.1)

Rapid climate and other environmental 
change may promote emergence of new 
pathogens.

Increased variability in 
precipitation

People exposed to diarrhea aggravated by 
higher temperatures, and unusually high or 
low precipitation (Section 11.3)

Risk that the progress to date in reducing 
childhood deaths from diarrheal disease is 
compromised (Section 11.5.2)

Increased rate of failure of water and 
sanitation infrastructure due to climate 
change leading to higher diarrhea risk

Livelihoods 
and Poverty 

(Chapter 13) 

Increasing frequency 
and severity of 
droughts, coupled with 
decreasing rainfall 
and / or increased 
unpredictability of 
rainfall 
(Sections 13.2.1.2, 
13.2.1.4, 13.2.2.2) 

Poorly endowed farmers (high and persistent 
poverty), particularly in drylands, are 
susceptible to these hazards, since they have 
a very limited ability to compensate for losses 
in water-dependent farming systems and /or 
livestock.

Risk of irreversible harm due to short time 
for recovery between droughts, approaching 
tipping point in rainfed farming system and /or 
pastoralism

Deteriorating livelihoods stuck in poverty 
traps, heightened food insecurity, decreased 
land productivity, outmigration, and new 
urban poor in LICs and MICs

Floods and flash 
floods in informal 
urban settlements 
and mountain 
environments, 
destroying physical 
assets (e.g., homes, 
roads, terraces, 
irrigation canals) 
(Sections 13.2.1.1, 
13.2.1.3, 13.2.1.4)

High exposure and susceptibility of people, 
particularly children and elderly, as well as 
disabled in flood-prone areas. Inadequate 
infrastructure, culturally imposed gender roles, 
and limited ability to cope and adapt due 
to political and institutional marginalization 
and high poverty adds to the susceptibility of 
these people in informal urban settlements; 
limited political interest in development and 
building adaptive capacity

Risk of high morbidity and mortality due to 
floods and flash floods. Factors that further 
increase risk may include a shift from transient 
to chronic poverty due to eroded human and 
economic assets (e.g., labor market) and 
economic losses due to infrastructure damage. 

Exacerbated inequality between better-
endowed households able to invest in 
flood-control measures and /or insurance 
and increasingly vulnerable populations 
prone to eviction, erosion of livelihoods, and 
outmigration

Increased variability 
of precipitation; shifts 
in mean climate and 
extreme events 
(Sections 13.2.1.1, 
13.2.1.4)

Limited ability to cope owing to exhaustion of 
social networks, especially among the elderly 
and female-headed households; mobilization 
of labor and food no longer possible

Hazard combines with vulnerability to shift 
populations from transient to chronic poverty 
due to persistent and irreversible socioeconomic 
and political marginalization. In addition, the 
lack of governmental support, as well as limited 
effectiveness of response options, increase the 
risk.

Increasing yet invisible multidimensional 
vulnerability and deprivation at the 
convergence of climatic hazards and 
socioeconomic stressors

Successive and 
extreme events (floods, 
droughts) coupled 
with increasing 
temperatures and 
rising water demand 
(Sections 13.2.1.1, 
13.2.1.5)

Rural communities are particularly susceptible, 
due to the marginalization of rural water users 
to the benefit of urban users, given political 
and economic priorities (e.g., Australia, Andes, 
Himalayas, Caribbean).

Risk of loss of rural livelihoods, severe economic 
losses in agriculture, and damage to cultural 
values and identity; mental health impacts 
(including increased rates of suicide)

Loss of rural livelihoods that have existed 
for generations, heightened outmigration to 
urban areas; emergence of new poverty in 
MICs and HICs

Sea level rise 
(Sections 13.1.4, 
13.2.1.1, 13.2.2.1, 
13.2.2.3)

High number of people exposed in low-lying 
areas coupled with high susceptibility due to 
multidimensional poverty, limited alternative 
livelihood options among poor households, 
and exclusion from institutional decision-
making structures

Risk of severe harm and loss of livelihoods. 
Potential loss of common-pool resources; 
of sense of place, belonging, and identity, 
especially among indigenous populations 

Loss of livelihoods and mental health 
risks due to radical change in landscape, 
disappearance of natural resources, and 
potential relocation; increased migration

Increasing 
temperatures and heat 
waves 
(Sections 13.2.1.5, 
13.2.2.3, 13.2.2.4)

Agricultural wage laborers, small-scale 
farmers in areas with multidimensional 
poverty and economic marginalization, 
children in urban slums, and the elderly are 
particularly susceptible.

Risk of increased morbidity and mortality due 
to heat stress, among male and female workers, 
children, and the elderly, limited protection due 
to socioeconomic discrimination and inadequate 
governmental responses

Declining labor pool for agriculture coupled 
with new challenges for rural health care 
systems in LICs and MICs; aging and low-
income populations without safety nets in 
HICs at risk

Table KR-1 (continued)
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Biogeographic shifts are also influenced by other factors such as currents, nutrient and stratification changes, light levels, sea ice, species’ 
interactions, habitat availability and fishing, some of which can be independently influenced by climate change (Section 6.3). Rate and pattern 
of biogeographic shifts in sedentary organisms and benthic macroalgae are complicated by the influence of local dynamics and topographic 
features (islands, channels, coastal lagoons, e.g., of the Mediterranean (Bianchi, 2007), coastal upwelling e.g., (Lima et al., 2007)). Geographical 
barriers constrain range shifts and may cause a loss of endemic species (Ben Rais Lasram et al., 2010), with associated niches filled by alien 
species, either naturally migrating or artificially introduced (Philippart et al., 2011). 

Whether marine species can continue to keep pace as rates of warming, hence climate velocities, increase (Figure MB-3b) is a key uncertainty. 
Climate velocities on land are expected to outpace the ability of many terrestrial species to track climate velocities this century (Section 4.3.2.5; 
Figure 4-6). For marine species, the observed rates of shift are generally much faster than those for land species, particularly for primary 
producers and lower trophic levels (Poloczanska et al., 2013). Phyto- and zooplankton communities (excluding larval fish) have extended 
distributions at remarkable rates (Figure MB-3b), such as in the Northeast Atlantic (Section 30.5.1) with implications for marine food webs. 

Geographical range shifts and depth distribution vary between coexisting marine species (Genner et al., 2004; Perry et al., 2005; Simpson et 
al., 2011) as a consequence of the width of species-specific thermal windows and associated vulnerabilities (Figure 6-5). Warming therefore 
causes differential changes in growth, reproductive success, larval output, early juvenile survival, and recruitment, implying shifts in the relative 
performance of animal species and, thus, their competitiveness (Pörtner and Farrell, 2008; Figure 6-7A). Such effects may underlie abundance 
losses or local extinctions, “regime shifts” between coexisting species, or critical mismatches between predator and prey organisms, resulting 
in changes in local and regional species richness, abundance, community composition, productivity, energy flows, and invasion resistance. 
Even among Antarctic stenotherms, differences in biological responses related to mode of life, phylogeny and associated metabolic capacities 
exist (Section 6.3.1.4). As a consequence, marine ecosystem functions may be substantially reorganized at the regional scale, potentially 
triggering a range of cascading effects (Hoegh-Guldberg and Bruno, 2010). A focus on understanding the mechanisms underpinning the nature 
and magnitude of responses of marine organisms to climate change can help forecast impacts and the associated costs to society as well as 
facilitate adaptive management strategies formitigating these impacts (Sections 6.3, 6.4).

Cooler watersWarmer waters

11

111

3
3

29

9

111

359

14
90

76

18
20

2

36
46

9

16
29

9

7
13

4

2

6
9

3

106

Distribution shift (km per decade)

–20 200 100 400

Benthic algae

Benthic cnidarians

Benthic mollusks

Benthic crustacea

Benthic invertebrates
(other)

Phytoplankton

Zooplankton

Larval bony fishes

Non-bony fishes

Bony fishes

All taxa

Number of
observations

Mean Standard 
error 

Standard 
error 

Direction of shift consistent with climate change (warming)

Distribution shifts towards:

Rates of change in 
distribution measured at

leading edges

trailing edges

regardless of 
range location

Figure MB-2 | Rates of change in distribution (kilometers per decade) for marine taxonomic groups, measured at the leading edges (red) and trailing edges (green). Average 
distribution shifts were calculated using all data, regardless of range location, and are in dark blue. Distribution shifts have been square-root transformed; standard errors may be 
asymmetric as a result. Positive distribution changes are consistent with warming (into previously cooler waters, generally poleward). Means ± standard error are shown, along 
with number of observations. Non-bony fishes include sharks, rays, lampreys, and hagfish. (From Poloczanska et al., 2013).
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Figure MB-3 | (a) Rate of climate change for the ocean (sea surface temperature (SST) °C yr -1). (b) Corresponding climate velocities for the ocean and median velocity from land 
(adapted from Burrows et al., 2011). (c) Observed rates of displacement of marine taxonomic groups based on observations over 1900–2010. The dotted bands give an example 
of interpretation. Rates of climate change of 0.01 °C yr-1 correspond to approximately 3.3 km yr-1 median climate velocity in the ocean. When compared to observed rates of 
displacement (c), many marine taxonomic groups have been able to track these velocities. For phytoplankton and zooplankton the rates of displacement greatly exceed median 
climate velocity for the ocean and, for phytoplankton exceed velocities in fast areas of the ocean approximately 10.0 km yr-1. All values are calculated for ocean surface with the 
exclusion of polar seas (Figure 30-1a). (a) Observed rates of climate  change for ocean SST (green line) are derived from the Hadley Centre Interpolated SST 1.1 (HadISST1.1) 
data set, and all other rates are calculated based on the average of the Coupled Model Intercomparison Project Phase 5 (CMIP5) climate model ensembles (Table SM30-3) for the 
historical period and for the future based on the four Representative Concentration Pathway (RCP) scenarios. Data were smoothed using a 20-year sliding window. (b) Median 
climate velocity over the global ocean surface (light blue line; excluding polar seas) calculated from HadSST1.1 data set over 1960–2009 using the methods of Burrows et al. 
(2011). Median velocities representative of ocean regions of slow velocities such as the Pacific subtropical gyre (dark blue line) and of high velocities such as the Coral Triangle or 
the North Sea (purple line) shown. Median rates over global land surface (red line) over 1960–2009 calculated using Climate Research Unit data set CRU TS3.1. Figure 30-3 
shows climate velocities over the ocean surface calculated over 1960–2009. (c) Rates of displacement for marine taxonomic groups estimated by Poloczanska et al. (2013) using 
published studies. Note the displacement rates for phytoplankton exceed the axis, so values are given.
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6.3.2.5, 6.3.5, 6.3.6), which could impact food webs and higher trophic levels (limited evidence, high agreement). Natural analogues at CO2 vents 
indicate decreased species diversity, biomass, and trophic complexity of communities (Box CC-CR; Sections 5.4.2.3, 6.3.2.5, 30.3.2.2, 30.5). Shifts in 
community structure have also been documented in regions with rapidly declining pH (Section 5.4.2.2). 

Owing to an incomplete understanding of species-specific responses and trophic interactions, the effect of ocean acidification on global 
biogeochemical cycles is not well understood (limited evidence, low agreement) and represents an important knowledge gap. The additive, 
synergistic, or antagonistic interactions of factors such as temperature, concentrations of oxygen and nutrients, and light are not sufficiently 
investigated yet. 

Risks, Socioeconomic Impacts, and Costs
The risks of ocean acidification to marine organisms, ecosystems, and ultimately to human societies, include both the probability that ocean 
acidification will affect fundamental physiological and ecological processes of organisms (Section 6.3.2.1), and the magnitude of the resulting 
impacts on ecosystems and the ecosystem services they provide to society (Box 19-2). For example, ocean acidification under RCP4.5 to RCP8.5 
will impact formation and maintenance of coral reefs (high confidence; Box CC-CR, Section 5.4.2.4) and the goods and services that they provide 
such as fisheries, tourism, and coastal protection (limited evidence, high agreement; Box CC-CR; Sections 6.4.1.1,19.5.2, 27.3.3, 30.5, 30.6). Ocean 
acidification poses many other potential risks, but these cannot yet be quantitatively assessed because of the small number of studies available, 
particularly on the magnitude of the ecological and socioeconomic impacts (Section 19.5.2).

Global estimates of observed or projected economic costs of ocean acidification do not exist. The largest uncertainty is how the impacts on lower 
trophic levels will propagate through the food webs and to top predators. However, there are a number of instructive examples that illustrate 
the magnitude of potential impacts of ocean acidification. A decrease of the production of commercially exploited shelled molluscs (Section 
6.4.1.1) would result in a reduction of USA production of 3 to 13% according to the Special Report on Emission Scenarios (SRES) A1FI emission 
scenario (low confidence). The global cost of production loss of molluscs could be more than US$100 billion by 2100 (limited evidence, medium 
agreement). Models suggest that ocean acidification will generally reduce fish biomass and catch (low confidence) and that complex additive, 
antagonistic, and/or synergistic interactions will occur with other environmental (warming) and human (fisheries management) factors (Section 
6.4.1.1). The annual economic damage of ocean-acidification–induced coral reef loss by 2100 has been estimated, in 2012, to be US$870 and 528 
billion, respectively for the A1 and B2 SRES emission scenarios (low confidence; Section 6.4.1). Although this number is small compared to global 
gross domestic product (GDP), it can represent a very large GDP loss for the economies of many coastal regions or small islands that rely on the 
ecological goods and services of coral reefs (Sections 25.7.5, 29.3.1.2).

Mitigation and Adaptation
Successful management of the impacts of ocean acidification includes two approaches: mitigation of the source of the problem (i.e., reduce 
anthropogenic emissions of CO2) and/or adaptation by reducing the consequences of past and future ocean acidification (Section 6.4.2.1). 
Mitigation of ocean acidification through reduction of atmospheric CO2 is the most effective and the least risky method to limit ocean acidification 
and its impacts (Section 6.4.2.1). Climate geoengineering techniques based on solar radiation management will not abate ocean acidification 
and could increase it under some circumstances (Section 6.4.2.2). Geoengineering techniques to remove CO2 from the atmosphere could directly 
address the problem but are very costly and may be limited by the lack of CO2 storage capacity (Section 6.4.2.2). In addition, some ocean-
based approaches, such as iron fertilization, would only relocate ocean acidification from the upper ocean to the ocean interior, with potential 
ramifications on deep water oxygen levels (Sections 6.4.2.2, 30.3.2.3,  30.5.7). A low-regret approach, with relatively limited effectiveness, is to 
limit the number and the magnitude of drivers other than CO2, such as nutrient pollution (Section 6.4.2.1). Mitigation of ocean acidification at 
the local level could involve the reduction of anthropogenic inputs of nutrients and organic matter in the coastal ocean (Section 5.3.4.2). Some 
adaptation strategies include drawing water for aquaculture from local watersheds only when pH is in the right range, selecting for less sensitive 
species or strains, or relocating industries elsewhere (Section 6.4.2.1).

Kroeker, K., R.C. Kordas, A. Ryan, I. Hendriks, L. Ramajo, G. Singh, C. Duarte, and J.-P. Gattuso, 2013: Impacts of ocean acidification on marine organisms: quantifying 
sensitivities and interaction with warming. Global Change Biology, 19, 1884-1896.

Turley, C. and J.-P. Gattuso, 2012: Future biological and ecosystem impacts of ocean acidification and their socioeconomic-policy implications. Current Opinion in 
Environmental Sustainability, 4, 278-286.
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1), including the WGI multi-model mean values; the WGI individual model values; the WGI measure of baseline (“internal”) variability; and the 
WGI time periods for the reference (1986–2005), mid-21st century (2046–2065), and late-21st century (2081–2100) periods. The full description 
of the selection of models, the selection of realizations, the definition of internal variability, and the interpolation to a common grid can be found 
in WGI Chapter 12 and Annex I.

In contrast to the Coupled Model Intercomparison Project Phase 3 (CMIP3) (Meehl et al., 2007), which used the IPCC Special Report on Emission 
Scenarios (SRES) emission scenarios (IPCC, 2000), CMIP5 uses the Representative Concentration Pathways (RCPs) (van Vuuren et al., 2011) to 
characterize possible trajectories of climate forcing over the 21st century. The WGII regional climate projection maps include RCP2.6 and RCP8.5, 
which represent the high and low end of the RCP range at the end of the 21st century. Projected changes in global mean temperature are 
similar across the RCPs over the next few decades (Figure RC-1; WGI Figure 12.5). During this near-term era of committed climate change, risks 
will evolve as socioeconomic trends interact with the changing climate. In addition, societal responses, particularly adaptations, will influence 
near-term outcomes. In the second half of the 21st century and beyond, the magnitude of global temperature increase diverges across the RCPs 
(Figure RC-1; WGI Figure 12.5). For this longer-term era of climate options, near-term and longer-term mitigation and adaptation, as well as 
development pathways, will determine the risks of climate change. The benefits of mitigation and adaptation thereby occur over different but 
overlapping time frames, and present-day choices thus affect the risks of climate change throughout the 21st century.

The projection maps plot differences in annual average temperature and precipitation between the future and reference periods (Figures RC-2 
and RC-3), categorized into four classes. The classes are constructed based on the IPCC uncertainty guidance, providing a quantitative basis for 
assigning likelihood (Mastrandrea et al., 2010), with likely defined as 66 to 100% and very likely defined as 90 to 100%.
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Figure RC-1 | Observed and projected changes in global annual average temperature. Values are expressed relative to 1986–2005. Black lines show the Goddard 
Institute for Space Studies Surface Temperature Analysis (GISTEMP), National Climate Data Center Merged Land–Ocean Surface Temperature (NCDC-MLOST), and 
Hadley Centre/Climatic Research Unit gridded surface temperature data set 4.2 (HadCRUT4.2) estimates from observational measurements. Blue and red lines and 
shading denote the ensemble mean and ±1.64 standard deviation range, based on Coupled Model Intercomparison Project Phase 5 (CMIP5) simulations from 32 
models for Representative Concentration Pathway (RCP) 2.6 and 39 models for RCP8.5.

The classifications in the WGII regional climate projection figures are based on two aspects of likelihood (e.g., WGI Box 12.1 and Knutti et al., 
2010). The first is the likelihood that projected changes exceed differences arising from internal climate variability (e.g., Tebaldi et al., 2011). The 
second is agreement among models on the sign of change (e.g., Christensen et al., 2007; and IPCC, 2012). 

The four classifications of projected change depicted in the WGII regional climate maps are:
1)	 Solid colors indicate areas with very strong agreement, where the multi-model mean change is greater than twice the baseline variability 

(natural internal variability in 20-year means), and greater than or equal to 90% of models agree on sign of change. These criteria (and the 
areas that fall into this category) are identical to the highest confidence category in WGI Box 12.1. This category supersedes other categories 
in the WGII regional climate maps. 

2)	 Colors with white dots indicate areas with strong agreement, where 66% or more of models show change greater than the baseline 
variability, and 66% or more of models agree on sign of change. 

3)	 Gray indicates areas with divergent changes, where 66% or more of models show change greater than the baseline variability, but fewer 
than 66% agree on sign of change. 

4)	 Colors with diagonal lines indicate areas with little or no change, where fewer than 66% of models show change greater than the baseline 
variability. It should be noted that areas that fall in this category for the annual average could still exhibit significant change at seasonal, 
monthly, and/or daily time scales.
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Murray et al. (2012) compared the response to cyclone 
Sidr in Bangladesh in 2007 and Nargis in Myanmar in 
2008 and demonstrated how disaster risk reduction 
methods could be successfully applied to climate change 
adaptation. Sidr, despite being of similar strength to 
Nargis, caused far fewer fatalities (3400 compared to more 
than 138,000) and this was attributed to advancement 
in preparedness and response in Bangladesh through 
experience in previous cyclones such as Bhola and Gorky. 
The responses included the construction of multistoried 
cyclone shelters, improvement of forecasting and warning 
capacity, establishing a coastal volunteer network, 
and coastal reforestation of mangroves. Disaster risk 
management strategies for tropical cyclones in coastal 
areas create protective measures, anticipate and plan for 
extreme events, and increase the resilience of potentially 
exposed communities. The integration of activities relating 
to education, training, and awareness-raising into relevant 
ongoing processes and practices is important for the long-
term success of disaster risk reduction and management 
(Murray et al., 2012). However, Birkmann and Teichman 
(2010) caution that while the combination of risk reduction 
and climate change adaptation strategies may be desirable, 
different spatial and temporal scales, norm systems, and 
knowledge types and sources between the two goals can 
confound their effective combination. 

Birkman, J. and K. von Teichman, 2010: Integrating disaster risk reduction and climate change adaptation: key challenges – scales, knowledge and norms. Sustainability 
Science, 5, 171-184.

Brakenridge, G.R., J.P.M. Syvitski, I. Overeem, S.A. Higgins, A.J. Kettner, J.A. Stewart-Moore, and R. Westerhoff, 2013: Global mapping of storm surges and the assessment 
of delta vulnerability. Natural Hazards, 66, 1295-1312, doi:10.1007/s11069-012-0317-z.

Murray V., G. McBean, M. Bhatt, S. Borsch, T.S. Cheong, W.F. Erian, S. Llosa, F. Nadim, M. Nunez, R. Oyun, and A.G. Suarez, 2012: Case studies. In: Managing the Risks 
of Extreme Events and Disasters to Advance Climate Change Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate 
Change [Field, C.B., V. Barros, T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. 
Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 487-542.

Nicholls, R.J., 2007: Adaptation Options for Coastal Areas and Infrastructure: An Analysis for 2030. Report to the United Nations Framework Convention on Climate 
Change (UNFCCC), UNFCCC Secretariat, Bonn, Germany, 35 pp.

Revenga, C., J. Nackoney, E. Hoshino, Y. Kura, and J. Maidens, 2003: Watersheds of Asia and Oceania: AS 12 Irrawaddy. In: Water Resources eAtlas: Watersheds of the 
World. A collaborative product of the International Union for Conservation of Nature (IUCN), the International Water Management Institute (IWMI), the Ramsar 
Convention Bureau, and the World Resources Institute (WRI), WRI, Washington, DC, USA, pdf.wri.org/watersheds_2003/as13.pdf.

Seneviratne, S.I., N. Nicholls, D. Easterling, C.M. Goodess, S. Kanae, J. Kossin, Y. Luo, J. Marengo, K. McInnes, M. Rahimi, M. Reichstein, A. Sorteberg, C. Vera, and X. Zhang, 
2012: Changes in climate extremes and their impacts on the natural physical environment. In: Managing the Risks of Extreme Events and Disasters to Advance 
Climate Change Adaptation. A Special Report of Working Groups I and II of the Intergovernmental Panel on Climate Change [Field, C.B., V. Barros, T.F. Stocker, D. Qin, 
D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge, UK and New 
York, NY, USA, pp. 109-230.

Terry, J. and T.F.M. Chui, 2012: Evaluating the fate of freshwater lenses on atoll islands after eustatic sea level rise and cyclone driven inundation: a modelling approach. 
Global and Planetary Change, 88-89, 76-84.

Saito, Y. and K.L. McInnes, 2014: Cross-chapter box on building long-term resilience from tropical cyclone disasters. In: Climate Change 2014: Impacts, 
Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, 
R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White (eds.)]. Cambridge University Press, Cambridge, United 
Kingdom and New York, NY, USA, pp. 147-148.

References

Kyangin

Monyo
Minhla

Gyobingauk
Zigon

NattalinPaungde

Henzada

Ngathainggyaung
Yegyi

Kyonpyaw

Kangyidaung

Dassein

Kyaunggon

Wakema

Bogale
Pyapon

Kyaiklat

Ma-ubin

Yandoon

Danubyu
Taikkyi

Thonze

Tharrawaddy

Syriam

Rangoon

Mingaladon

Pyuzu

Kayan

Thetkala

Onhne

Satthwadaw

Intagwa
Thanatpin

Kamase

Pegu

Hmawbi Hlegu

Pyinyegyi

Pyuntaza
Dai-k

Dabeinzu

Poungdawthi

Payagyi Thaiktugon
Nyaungkashe

Pyu Kanna banlaung

Kyaukkyi

Papun

Kyaikto
Kyaikpi

Naunggala

Naungbo

Kathapa-anauk

Thaton

Mutkyi

Khindan Moulmein

Wagaru
Kale

Kada

0 40 80 km

Tropical cyclone Nargis storm surge in 2008
Flooded areas in previous years

18ºN

16ºN

Figure TC-1 | The intersection of inland and storm surge flooding. Red shows May 5, 2008 
Moderate Resolution Imaging Spectrometer (MODIS) mapping of the tropical cyclone Nargis storm 
surge along the Irrawaddy Delta and to the east, Myanmar. The purple areas to the north were 
flooded by the river in prior years. (Source: Brakenridge et al., 2013.)

This cross-chapter box should be cited as:















UR

Urban–Rural Interactions – Context for Climate Change Vulnerability, Impacts, and AdaptationCross-Chapter Box

155

References
Aubry, C., J. Ramamonjisoa, M.-H. Dabat, J. Rakotoarisoa, J. Rakotondraibe, and L. Rabeharisoa, 2012: Urban agriculture and land use in cities: an approach with the multi-

functionality and sustainability concepts in the case of Antananarivo (Madagascar). Land Use Policy, 29, 429-439.
Barrios, S., L. Bertinelli, and E. Strobl, 2006: Climatic change and rural-urban migration: the case of sub-Saharan Africa. Journal of Urban Economics, 60, 357-371.
Black, R., W.N. Adger, N.W. Arnell, S. Dercon, A. Geddes, and D. Thomas, 2011: The effect of environmental change on human migration. Global Environmental Change, 

21(Suppl. 1), S3-S11. 
Bowyer-Bower, T., 2006: The inevitable illusiveness of ‘sustainability’ in the peri-urban interface: the case of Harare. In: The Peri-Urban Interface: Approaches to Sustainable 

Natural and Human Resource Use [McGregor, D., D. Simon, and D. Thompson (eds.)]. Earthscan, London, UK and Sterling, VA, USA, pp. 151-164.
Bryld, E., 2003: Potentials, problems, and policy implications for urban agriculture in developing countries. Agriculture and Human Values, 20, 79-86.
Castro, A.P. and  E. Nielsen, 2003: Natural Resource Conflict Management Case Studies: An Analysis of Power, Participation and Protected Areas. Food and Agriculture 

Organization of the United Nations (FAO), Rome, Italy, 268 pp.
Darly, S. and A. Torre, 2013: Conflicts over farmland uses and the dynamics of “agri-urban” localities in the Greater Paris Region: an empirical analysis based on daily 

regional press and field interviews. Land Use Policy, 30, 90-99.
Devendra, C., J. Morton, B. Rischowsky, and D. Thomas, 2005: Livestock systems. In: Livestock and Wealth Creation: Improving the Husbandry of Livestock Kept by the Poor 

in Developing Countries [Owen, E., A. Kitalyi, N. Jayasuriya, and T. Smith (eds.)]. Nottingham University Press, Nottingham, UK, pp. 29-52.
Dixon, J.M., K.J. Donati, L.L. Pike, and L. Hattersley, 2009: Functional foods and urban agriculture: two responses to climate change-related food insecurity. New South Wales 

Public Health Bulletin, 20(2), 14-18.
Eakin, H., A. Lerner, and F. Murtinho, 2013: Adaptive capacity in evolving peri-urban spaces; responses to flood risk in the Upper Lerma River Valley, Mexico. Global 

Environmental Change, 20(1), 14-22.
Güneralp, B., K.C. Seto, and M. Ramachandran, 2013: Evidence of urban land teleconnections and impacts on hinterlands. Current Opinion in Environmental Sustainability, 

5(5), 445-451.
Hanlon, B., J.R. Short, and T.J. Vicino, 2010: Cities and Suburbs: New Metropolitan Realities in the US. Routledge, Oxford, UK and New York, NY, USA, 304 pp.
Hoggart, K., 2005: The City’s Hinterland: Dynamism and Divergence in Europe’s Peri-Urban Territories. Ashgate Publishing, Ltd., Aldershot, UK and Ashgate Publishing Co., 

Burlington, VT, USA, 186 pp.
Iaquinta, D.L. and A.W. Drescher, 2000: Defining the peri-urban: rural-urban linkages and institutional connections. Land Reform: Land Settlement and Cooperatives, 

2000(2), 8-26, www.fao.org/docrep/003/X8050T/X8050T00.HTM. 
Jenerette, GD and L Larsen, 2006: A global perspective on changing sustainable urban water supplies. Global and Planetary Change, 50(3-4), 202-211.
Kelly, P.F., 1998: The politics of urban-rural relations: land use conversion in the Philippines. Environment and Urbanization, 10(1), 35-54, doi:10.1177/095624789801000116.
Lerner, A.M. and H. Eakin, 2010: An obsolete dichotomy? Rethinking the rural-urban interface in terms of food security and production in the global south. Geographical 

Journal, 177(4), 311-320.
Lerner, A.M., H. Eakin, and S. Sweeney, 2013: Understanding peri-urban maize production through an examination of household livelihoods in the Toluca Metropolitan Area, 

Mexico. Journal of Rural Studies, 30, 52-63.
Liwenga, E., E. Swai, L. Nsemwa, A. Katunzi, B. Gwambene, M. Joshua, F. Chipungu, T. Stathers, and R. Lamboll, 2012: Exploring Urban Rural Interdependence and the Impact 

of Climate Change in Tanzania and Malawi: Final Narrative Report. Project Report, International Development Research Centre (IDRC), Ottawa, ON, Canada.
Masuda, J. and T. Garvin, 2008: Whose heartland? The politics of place at the rural-urban interface. Journal of Rural Studies, 24, 118-123.
Mattia, C., C.A. Scott, and M. Giordano, 2010: Urban-agricultural water appropriation: the Hyderabad, India case. Geographical Journal, 176(1), 39-57.
Mkandla, N., P. Van der Zaag, and P. Sibanda, 2005:  Bulawayo water supplies: sustainable alternatives for the next decade. Physics and Chemistry of the Earth, Parts A/B/C, 

30(11-16), 935-942.
Morton, J., 1989: Ethnicity and politics in Red Sea Province, Sudan. African Affairs, 88(350), 63-76.
Pearson, L.J., A. Coggan, W. Proctor, and T.F. Smith, 2010: A sustainable decision support framework for urban water management. Water Resources Management, 24(2), 

363-376.
Pelling, M. and D. Mustafa, 2010: Vulnerability, Disasters and Poverty in Desakota Systems. Political and Development Working Paper Series, No. 31, King’s College London, 

London, UK, 26 pp.
Simon, D., 2008: Urban environments: issues on the peri-urban fringe. Annual Review of Environmental Resources, 33, 167-185.
Simon, D., D. McGregor, and D. Thompson, 2006: Contemporary perspectives on the peri-urban zones of cities in developing countries. In: The Peri-Urban Interface: 

Approaches to Sustainable Natural and Human Resource Use [McGregor, D., D. Simon, and D. Thompson (eds.)]. Earthscan, London, UK and Sterling, VA, USA, pp. 3-17.
Solana-Solana, M., 2010: Rural gentrification in Catalonia, Spain: a case study of migration, social change and conflicts in the Empordanet area. Geoforum, 41(3), 508-517.
Stepanova, O. and K. Bruckmeier, 2013: Resource use conflicts and urban-rural resource use dynamics in Swedish coastal landscapes: comparison and synthesis. Journal of 

Environmental Policy & Planning, 15(4), 467-492, doi:10.1080/1523908X.2013.778173.
Verburg, P.H., E. Koomen, M. Hilferink, M. Perez-Soba, and J.P. Lesschen, 2012: An assessment of the impact of climate adaptation measures to reduce flood risk on 

ecosystem services. Landscape Ecology, 27, 473-486.
Webster, D., 2002: On the Edge: Shaping the Future of Peri-Urban East Asia. Asia/Pacific Research Center (A/PARC), Stanford, CA, USA, 49 pp. 
Wilbanks, T., S. Fernandez, G. Backus, P. Garcia, K. Jonietz, P. Kirshen, M. Savonis, W. Solecki, and T. Toole, 2012: Climate Change and Infrastructure, Urban systems and 

Vulnerabilities. Technical Report prepared by the Oak Ridge National Laboratory (ORNL) for the US Department of Energy in support of the National Climate 
Assessment, ORNL, Oak Ridge, TN, 19 pp., www.esd.ornl.gov/eess/Infrastructure.pdf.

Zasada, I., 2011: Multifunctional peri-urban agriculture – a review of societal demands and the provision of goods and services by farming. Land Use Policy, 28(4), 639-648.
Zografos, C. and J. Martínez-Alier, 2009: The politics of landscape value: a case study of wind farm conflict in rural Catalonia. Environment and Planning A, 41(7), 1726-1744.

Morton, J.F., W. Solecki, P. Dasgupta, D. Dodman, and M.G. Rivera-Ferre, 2014: Cross-chapter box on urban–rural interactions—context for climate change 
vulnerability, impacts, and adaptation. In: Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects. Contribution 
of Working Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Field, C.B., V.R. Barros, D.J. Dokken, K.J. Mach, M.D. 
Mastrandrea, T.E. Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B. Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea, and L.L. White 
(eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, pp. 153-155.

This cross-chapter box should be cited as:

































1

Point of Departure                                                                                                                                                                                           Chapter 1

171

Executive Summary

The evolution of the IPCC assessments of impacts, adaptation, and vulnerability indicates an increasing emphasis on human

beings, their role in managing resources and natural systems, and the societal impacts of climate change. The expanded focus on

societal impacts and responses is evident in the composition of the IPCC author teams, the literature assessed, and the content of the IPCC

assessment reports. Characteristics in the evolution of the Working Group II assessment reports are an increasing attention to (1) adaptation

limits and transformation in social and natural systems; (2) synergies between multiple variables and factors that affect sustainable development;

(3) risk management; and (4) institutional, social, cultural, and value-related issues. {1.1, 1.2}

The literature available for assessing climate change impacts, adaptation, and vulnerability more than doubled between 2005

and 2010, allowing for a more robust assessment that supports policymaking (high confidence). The diversity of the topics and

regions covered by the literature has similarly expanded, as has the geographic distribution of authors contributing to the knowledge base for

climate change assessments. Authorship of literature from developing countries has increased, although still representing a small fraction of

the total. This unequal distribution of literature presents a challenge to the production of a comprehensive and balanced global assessment.

{1.1.1, Figure 1-1}

Rapidly advancing climate science provides policy-relevant information that creates opportunities for decision making that can

lead to climate-resilient development pathways (robust evidence, medium agreement). Climate change is just one of many stressors

that influence resilience. The decisions that societies make within this opportunity space, also informed by observation, experience, and other

factors, affect outcomes in human and natural systems. {1.1.1, 1.1.4, Figure 1-5}

Adaptation has emerged as a central area of climate change research, in country level planning, and in the implementation of

climate change strategies (high confidence). The body of literature, including government and private sector reports, shows an increased

focus on adaptation opportunities and the interrelations between adaptation, mitigation, and alternative sustainable pathways. The literature

shows an emergence of studies on transformative processes that take advantage of synergies between adaptation planning, development

strategies, social protection, and disaster risk reduction and management. {1.1.4}

As a core feature and innovation of IPCC assessment, major findings are presented with defined, calibrated language that

communicates the strength of scientific understanding, including uncertainties and areas of disagreement. Each finding is supported

by a traceable account of the evaluation of evidence and agreement. {1.1.2.2, Box 1-1} 

Impacts assessed in this report are based on climate model projections using both the IPCC Special Report on Emission Scenarios

(SRES) and the new Representative Concentration Pathway (RCP) scenarios. The RCPs span the range of SRES scenarios for long-lived

greenhouse gases, but they have a narrower range in terms of emissions of ozone and aerosol precursors and related pollutants. The SRES

scenarios were used in the Third Assessment Report (TAR) and the Fourth Assessment Report (AR4). With AR5, the RCP scenarios present both

emissions and greenhouse gas concentration pathways, and corresponding Shared Socioeconomic Pathways (SSPs) have been developed. The

four RCPs describe different levels of mitigation leading to 21st century radiative forcing levels of about 2.6, 4.5, 6.0, and 8.5 W m–2), whereas

the SRES scenarios are policy-independent. {1.1.3, 1.3.3, 19.6.3.1, Boxes 21-1, 21.5.4, 24.3.3; see also WGI AR5 Chapters 1, 8, 11, 12}
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developed countries is constrained by poverty, unemployment, quality
of housing, or lack of access to potable water, sanitation, health care,
and education interacting with land degradation, water stress, or
biodiversity loss (Sections 8.2.4, 11.6.2, 22.4.4). Adaptation options and
limits for high-end warming scenarios are often contextualized in
relation to socioeconomic vulnerabilities and other stressors (Gupta et
al., 2010; New et al., 2010; Stafford Smith et al., 2011; Brown, 2012;
World Bank, 2012; see also Section 16.4.2.4).

1.1.4.2. Adaptation, Mitigation, and Development 

Impacts of climate change will vary across regions and populations,
through space and time, dependent on myriad factors including non-
climate stressors and the extent of mitigation and adaptation. Changes
in both climate and development are key drivers of the core components
of risk (exposure, vulnerability, and physical hazards). The relations with
development are complex and contested. There is disagreement about
fundamental issues, such as the compatibility of development goals and
climate change mitigation, the prioritization of responses (reducing
consumption versus investment in sustainable technologies), and the
stage of development at which countries should take action (see Box
1-2 for terms used to characterize stages of development) (Schipper,
2007; Grist, 2008; Brooks et al., 2009). The literature points to how
inequalities, trade imbalances, intellectual property rights, gender injustice,
or agricultural systems, inter alia, cannot be addressed with development
focusing solely on increasing economic growth (Pogge, 2008; McMichael,
2009; Alston, 2011; UNDP, 2007, 2011; Büscher et al., 2012; OECD, 2013).

The recent literature shows increasing attention to questions of ethics,
justice, and responsibilities relating to climate change (Timmons and
Parks, 2007; O’Brien et al., 2010; Pelling, 2010; Arnold, 2011; Gardiner,
2011; Caney, 2012; Marino and Ribot, 2012). As basic resources such
as energy, land, food, or water become threatened, inequalities and
unfairness may deepen, leading to maladaptation and new forms of
vulnerability. Responses to climate change may have consequences and

outcomes that favor certain populations or regions. For example, there
are increasing cases of land-grabbing and large acquisitions of land or
water rights for industrial agriculture, mitigation projects, or biofuels that
have negative consequences on local and marginalized communities
(Borras et al., 2011; see also Section 14.7). Ethical perspectives are also
important in relation to adaptation constraints and limits (see Section
16.7) and mitigation (see Section 1.3.4 and WGIII AR5). 

Climate change impacts have become a central issue in the work of
developmental organizations such as the United Nations specialized
agencies, bilateral donor institutions, and non-governmental organizations
(NGOs) that link adaptation concerns with ongoing development efforts.
The increase in adaptation literature and experience, however, has led to
the development of adaptation policies in many parts of the world, as
reflected in four chapters here devoted to adaptation (14 to 17) and all of
the regional chapters of this report. At the policy level, individual country
National Adaptation Programmes of Action and National Communication
reports to the United Nations Framework Convention on Climate
Change (UNFCCC) had in the past focused primarily on physical climate
change drivers and impacts. An analysis of National Communications
documents submitted through 2004 by many of the Annex 1 countries,
for example, showed that climate change impacts and adaptation receive
very limited attention relative to the discussion of GHG emissions and
mitigation policies (Gagnon-Lebrun and Agrawala, 2006). However,
concern and actual progress toward adaptation is evident in Latin America
(Gutierrez and Espinosa, 2010) and in recent National Communications
of some non-Annex 1 countries, such as India (2012) and Iran (2010),
which devoted a substantive part of their recent reports to the topic of
adaptation. 

Some researchers and institutions have sought to identify a continuum
between development, adaptation strategies, and financing, including
increasing attention to co-benefits with mitigation (USAID, 2008; Heltberg
et al., 2009; Mearns and Norton, 2010; World Bank, 2010; Richardson
et al., 2011; OECD, 2013). “Greener” development and market-based
mechanisms are being explored as instruments to achieve synergies

Frequently Asked Questions

FAQ 1.3 |  How has our understanding of the interface between human, natural, and
                climate systems expanded since the 2007 IPCC Assessment?

Advances in scientific methods that integrate physical climate science with knowledge about impacts on human
and natural systems have allowed the new assessment to offer a more comprehensive and finer-scaled view of the
impacts of climate change, vulnerabilities to those impacts, and adaptation options, at a regional scale. That’s
important because many of the impacts of climate change on people, societies, infrastructure, industry, and ecosystems
are the result of interactions between humans, nature, and specifically climate and weather, at the regional scale.

In addition, this new assessment from Working Group II greatly expands the use of the large body of evidence from
the social sciences about human behavior and the human dimensions of climate change. It also reflects improved
integration of what is known about physical climate science, which is the focus of Working Group I of the IPCC,
and what is known about options for mitigating greenhouse gas emissions, the focus of Working Group III. Together
this coordination and expanded knowledge inform a more advanced and finer-scaled, regionally detailed assessment
of interactions between human and natural systems, allowing more detailed consideration of sectors of interest to
Working Group II such as water resources, ecosystems, food, forests, coastal systems, industry, and human health.
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research is to create synergies across the sciences by including social and
human sciences perspectives and transdisciplinarity. The production of
information with non-scientific sources such as indigenous knowledge
or stakeholder views is also enriching climate change research. This trend
has led to the merging of relevant global programs of the international
councils for science and for social science (ICSU and ISSC) under the
umbrella “Future Earth” (see also ISSC and UNESCO, 2013). This
expanded scientific focus combined with increased practice and
experience with adaptation creates a new opportunity space for
evaluating policy options and their risks in the search for climate
resilient development pathways (Figure 1-5) (Sections 2.1, 2.4.3, 20.2,
20.3.3). Human and social-ecological systems can build resilience
through adaptation, mitigation, and sustainable development.

Over the next few decades, global temperatures are projected to
increase along broadly similar pathways, whether or not mitigation of

GHGs occurs (Section 1.3.3). During this near-term era of committed
climate change, risks will evolve as socioeconomic trends interact with
the changing climate and societal responses, including adaptation, will
influence near-term outcomes. In the second half of the 21st century
and beyond, global temperature increases diverge across emissions
scenarios. During this longer term era of climate options, near-term and
ongoing mitigation efforts as well as development trajectories will
determine the risks associated with climate change. 

1.2. Major Conclusions of the Working Group II
Fourth Assessment Report

This section presents highlights of the IPCC Fourth Assessment Report
that are particularly relevant to AR5 as a point of departure. These
highlights are drawn from the AR4 Synthesis Report, the WGII AR4

Low risk High resilience

(D) Decision points

(E) Climate-resilient pathways

Low resilience High risk

(B) Opportunity space

(F) Pathways that lower resilience

(C) Possible futures

Resilience space

Multiple stressors
including 

 climate change

(A) Our world

Social stressors 

Biophysical stressors 

Figure 1-5 | Opportunity space and climate-resilient pathways. (a) Our world is threatened by multiple stressors that impinge on resilience from many directions, represented here simply as 
biophysical and social stressors. Stressors include climate change, climate variability, land-use change, degradation of ecosystems, poverty and inequality, and cultural factors. (b) Opportunity 
space refers to decision points and pathways that lead to a range of (c) possible futures with differing levels of resilience and risk. (d) Decision points result in actions or failures-to-act 
throughout the opportunity space, and together they constitute the process of managing or failing to manage risks related to climate change. (e) Climate-resilient pathways (in green) within 
the opportunity space lead to a more resilient world through adaptive learning, increasing scientific knowledge, effective adaptation and mitigation measures, and other choices that reduce 
risks. (f) Pathways that lower resilience (in red) can involve insufficient mitigation, maladaptation, failure to learn and use knowledge, and other actions that lower resilience; and they can be 
irreversible in terms of possible futures.
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Executive Summary 

Key Risks at the Global Scale

Freshwater-related risks of climate change increase significantly with increasing greenhouse gas (GHG) concentrations (robust

evidence, high agreement). {3.4, 3.5} Modeling studies since AR4, with large but better quantified uncertainties, have demonstrated clear

differences between global futures with higher emissions, which have stronger adverse impacts, and those with lower emissions, which cause

less damage and cost less to adapt to. {Table 3-2} For each degree of global warming, approximately 7% of the global population is projected

to be exposed to a decrease of renewable water resources of at least 20% (multi-model mean). By the end of the 21st century, the number of

people exposed annually to the equivalent of a 20th-century 100-year river flood is projected to be three times greater for very high emissions

(Representative Concentration Pathway 8.5 (RCP8.5)) than for very low emissions (RCP2.6) (multi-model mean) for the fixed population distri-

bution at the level in the year 2005. {Table 3-2, 3.4.8}

Climate change is projected to reduce renewable surface water and groundwater resources significantly in most dry subtropical

regions (robust evidence, high agreement). {3.4, 3.5} This will intensify competition for water among agriculture, ecosystems,

settlements, industry, and energy production, affecting regional water, energy, and food security (limited evidence, medium to

high agreement). {3.5.1, 3.5.2, Box CC-WE} In contrast, water resources are projected to increase at high latitudes. Proportional changes

are typically one to three times greater for runoff than for precipitation. The effects on water resources and irrigation requirements of changes

in vegetation due to increasing GHG concentrations and climate change remain uncertain. {Box CC-VW}

So far there are no widespread observations of changes in flood magnitude and frequency due to anthropogenic climate change,

but projections imply variations in the frequency of floods (limited evidence, medium agreement). Flood hazards are projected to

increase in parts of South, Southeast, and Northeast Asia; tropical Africa; and South America (limited evidence, medium agreement). Since the

mid-20th century, socioeconomic losses from flooding have increased mainly due to greater exposure and vulnerability (high confidence).

Global flood risk will increase in the future partly due to climate change (limited evidence, medium agreement). {3.2.7, 3.4.8}

Climate change is likely to increase the frequency of meteorological droughts (less rainfall) and agricultural droughts (less soil

moisture) in presently dry regions by the end of the 21st century under the RCP8.5 scenario (medium confidence). {WGI AR5

Chapter 12} This is likely to increase the frequency of short hydrological droughts (less surface water and groundwater) in these

regions (medium evidence, medium agreement). {3.4.8} Projected changes in the frequency of droughts longer than 12 months are more

uncertain, because these depend on accumulated precipitation over long periods. There is no evidence that surface water and groundwater

drought frequency has changed over the last few decades, although impacts of drought have increased mostly due to increased water demand.

{3.5.1}

Climate change negatively impacts freshwater ecosystems by changing streamflow and water quality (medium evidence, high

agreement). Quantitative responses are known in only a few cases. Except in areas with intensive irrigation, the streamflow-mediated

ecological impacts of climate change are expected to be stronger than historical impacts owing to anthropogenic alteration of flow regimes by

water withdrawals and the construction of reservoirs. {Box CC-RF, 3.5.2.4}

Climate change is projected to reduce raw water quality, posing risks to drinking water quality even with conventional treatment

(medium evidence, high agreement). The sources of the risks are increased temperature, increases in sediment, nutrient and pollutant

loadings due to heavy rainfall, reduced dilution of pollutants during droughts, and disruption of treatment facilities during floods.

{3.2.5, Figure 3-2, 3.4.6, 3.5.2.3}

In regions with snowfall, climate change has altered observed streamflow seasonality, and increasing alterations due to climate

change are projected (robust evidence, high agreement). {Table 3-1, 3.2.3, 3.2.7, 3.4.5, 3.4.6, 26.2.2} Except in very cold regions,

warming in the last decades has reduced the spring maximum snow depth and brought forward the spring maximum of snowmelt discharge;

smaller snowmelt floods, increased winter flows, and reduced summer low flows have all been observed. River ice in Arctic rivers has been

observed to break up earlier. {3.2.3, 28.2.1.1}
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of the documented change is not due to natural variability of the water
cycle (Chapter 18; WGI AR5 Chapter 10). For robust attribution to climatic
change, all the drivers of the hydrological change must be identified, with
confidence levels assigned to their contributions. Human contributions
such as water withdrawals, land use change, and pollution mean that
this is usually difficult. Nevertheless, many hydrological impacts can be
attributed confidently to their climatic drivers (Table 3-1). End-to-end

attribution, from human climate-altering activities to impacts on
freshwater resources, is not attempted in most studies, because it requires
experiments with climate models in which the external natural and
anthropogenic forcing is “switched off.” However, climate models do
not currently simulate the water cycle at fine enough resolution for
attribution of most catchment-scale hydrological impacts to anthropogenic
climate change. Until climate models and impact models become better

Observed change Attributed to Reference

1 Changed runoff (global, 1960–1994) Mainly climatic change, and to a lesser degree CO2 increase and land use 
change

Gerten et al. (2008); Piao et al. 
(2007); Alkama et al. (2011)

2 Reduced runoff (Yellow River, China) Increased temperature; only 35% of reduction attributable to human 
withdrawals

Piao et al. (2010)

3 Earlier annual peak discharge (Russian Arctic, 1960–2001) Increased temperature and earlier spring thaw Shiklomanov et al. (2007)

4 Earlier annual peak discharge (Columbia River, western USA, 1950–1999) Anthropogenic warming Hidalgo et al. (2009)

5 Glacier meltwater yield greater in 1910–1940 than in 1980–2000 
(European Alps)

Glacier shrinkage forced by comparable warming rates in the two periods Collins (2008)

6 Decreased dry-season discharge (Peru, 1950s–1990s) Decreased glacier extent in the absence of a clear trend in precipitation Baraer et al. (2012)

7 Disappearance of Chacaltaya Glacier, Bolivia (2009) Ascent of freezing isotherm at 50 meters per decade, 1980s–2000s Rosenzweig et al. (2007)

8 More intense extremes of precipitation (northern tropics and mid-latitudes, 
1951–1999)

Anthropogenic greenhouse gas emissions Min et al. (2011)

9 Fraction of risk of fl ooding (England and Wales, autumn 2000) Extreme precipitation attributable to anthropogenic greenhouse radiation Pall et al. (2011)

10 Decreased recharge of karst aquifers (Spain, 20th century) Decreased precipitation, and possibly increased temperature; multiple 
confounding factors

Aguilera and Murillo (2009)

11 Decreased groundwater recharge (Kashmir, 1985–2005) Decreased winter precipitation Jeelani (2008)

12 Increased dissolved organic carbon in upland lakes (UK, 1988–2003) Increased temperature and precipitation; multiple confounding factors Evans et al. (2005)

13 Increased anoxia in a reservoir, moderated during ENSO (El Niño-Southern 
Oscillation) episodes (Spain, 1964–1991 and 1994–2007)

Decreased runoff due to decreased precipitation and increased evaporative 
demand

Marcé et al. (2010)

14 Variable fecal pollution in a saltwater wetland (California, 1969–2000) Variable storm runoff; 70% of coliform variability attributable to variable 
precipitation

Pednekar et al. (2005)

15 Nutrient fl ushing from swamps, reservoirs (North Carolina, 1978–2003) Hurricanes Paerl et al. (2006)

16 Increased lake nutrient content (Victoria, Australia, 1984–2000) Increased air and water temperature Tibby and Tiller (2007)

Table 3-1 |  Selected examples, mainly from Section 3.2, of the observation, detection, and attribution of impacts of climate change on freshwater resources. Observed 
hydrological changes are attributed here to their climatic d rivers, not all of which are necessarily anthropogenic.
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risk of extreme hot days (Seneviratne et al., 2006; Hirschi et al., 2011)
and heat waves. For a range of scenarios, soil moisture droughts lasting
4 to 6 months double in extent and frequency, and droughts longer than
12 months become three times more common, between the mid-20th
century and the end of the 21st century (Sheffield and Wood, 2008).
Because of strong natural variability, the generally monotonic projected
increases are statistically indistinguishable from the current climate.

Changes consistent with warming are also evident in the freshwater
systems and permafrost of northern regions. The area of permafrost is
projected to continue to decline over the first half of the 21st century
in all emissions scenarios (WGI AR5 Figure 4-18). Under RCP2.6, the
permafrost area is projected to stabilize at near 37% less than the 20th
century area.

3.4.3. Glaciers

All projections for the 21st century (WGI AR5 Chapter 13) show continued
mass loss from glaciers. In glacierized catchments, runoff reaches an
annual maximum in summer. As the glaciers shrink, their relative
contribution decreases and the annual runoff peak shifts toward spring
(e.g., Huss, 2011). This shift is expected with very high confidence in
most regions, although not, for example, in the eastern Himalaya, where
the monsoon and the melt season coincide. The relative importance of
high-summer glacier meltwater can be substantial, for example
contributing 25% of August discharge in basins draining the European
Alps, with area about 105 km2 and only 1% glacier cover (Huss, 2011).
Glacier meltwater also increases in importance during droughts and
heat waves (Koboltschnig et al., 2007).

If the warming rate is constant, and if, as expected, ice melting per unit
area increases and total ice-covered area decreases, the total annual yield
passes through a broad maximum: “peak meltwater.” Peak-meltwater
dates have been projected between 2010 and 2050 (parts of China, Xie
et al., 2006); 2010–2040 (European Alps, Huss, 2011); and mid- to late-
century (glaciers in Norway and Iceland, Jóhannesson et al., 2012). Note
that the peak can be dated only relative to a specified reference date.
Declining yields relative to various dates in the past have been detected
in some observational studies (Table 3-1); that is, a peak has been passed
already. There is medium confidence that the peak response to 20th-
and 21st-century warming will fall within the 21st century in many
inhabited glacierized basins, where at present society is benefitting from
a transitory “meltwater dividend.” Variable forcing leads to complex
variations of both the melting rate and the extent of ice, which depend
on each other.

If they are in equilibrium, glaciers reduce the interannual variability of
water resources by storing water during cold or wet years and releasing
it during warm years (Viviroli et al., 2011). As glaciers shrink, however,
their diminishing influence may make the water supply less dependable.

3.4.4. Runoff and Streamflow

Many of the spatial gaps identified in AR4 have been filled to a very large
extent by catchment-scale studies of the potential impacts of climate

change on streamflow. The projected impacts in a catchment depend on
the sensitivity of the catchment to change in climatic characteristics and
on the projected change in the magnitude and seasonal distribution of
precipitation, temperature, and evaporation. Catchment sensitivity is
largely a function of the ratio of runoff to precipitation: the smaller the
ratio, the greater the sensitivity. Proportional changes in average annual
runoff are typically between one and three times as large as proportional
changes in average annual precipitation (Tang and Lettenmaier, 2012).

Projected scenario-dependent changes in runoff at the global scale,
mostly from CMIP3 simulations, exhibit a number of consistent patterns
(e.g., Hirabayashi et al., 2008; Döll and Zhang, 2010; Fung et al., 2011;
Murray et al., 2012; Okazaki et al., 2012; Tang and Lettenmaier, 2012;
Weiland et al., 2012a; Arnell and Gosling, 2013; Nakaegawa et al., 2013;
Schewe et al., 2013). Average annual runoff is projected to increase at
high latitudes and in the wet tropics, and to decrease in most dry
tropical regions. However, for some regions there is very considerable
uncertainty in the magnitude and direction of change, specifically in
China, south Asia, and large parts of South America. Both the patterns
of change and the uncertainty are driven largely by projected changes
in precipitation, particularly across south Asia. Figure 3-4 shows the
average percentage change in average annual runoff for an increase
in global average temperature of 2°C above the 1980–2010 mean,
averaged across five CMIP5 climate models and 11 hydrological models.
The pattern of change in Figure 3-4 is different in some regions from
the pattern shown in WGI AR5 Figure 12-24, largely because it is based
on fewer climate models.

The seasonal distribution of change in streamflow varies primarily with
the seasonal distribution of change in precipitation, which in turn varies
between scenarios. Figure 3-5 illustrates this variability, showing the
percentage change in monthly average runoff in a set of catchments
from different regions using scenarios from seven climate models, all
scaled to represent a 2°C increase in global mean temperature above the
1961–1990 mean. One of the climate models is separately highlighted,
and for that model the figure also shows changes with a 4°C rise in
temperature. In the Mitano catchment in Uganda, for example, there
is a nonlinear relationship between amount of climate change and
hydrological response. Incorporating uncertainty in hydrological model
structure (Section 3.4.1) would increase further the range in projected
impacts at the catchment scale.

There is a much more consistent pattern of future seasonal change in
areas currently influenced by snowfall and snowmelt. A global analysis
(Adam et al., 2009) with multiple climate scenarios shows a consistent
shift to earlier peak flows, except in some regions where increases in
precipitation are sufficient to result in increased, rather than decreased,
snow accumulation during winter. The greatest changes are found near
the boundaries of regions that currently experience considerable
snowfall, where the marginal effect of higher temperatures on snowfall
and snowmelt is greatest.

3.4.5. Groundwater

While the relation between groundwater and climate change was rarely
investigated before 2007, the number of studies and review papers
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(Birdsey et al., 2006). Canadian managed forests increased in biomass
only slightly during 1998–2008, because growth was offset by significant
losses due to fires and beetle outbreaks (Stinson et al., 2011). Several
dozen sites across the moist tropics have been monitored to estimate
forest biomass changes. In the Amazon (Phillips et al., 2009) forest
biomass has generally increased in recent decades, dropping temporarily
after a drought in 2005. Globally, for the period 2000–2007, recently
undisturbed forests are estimated to have withdrawn 2.30 ± 0.49 PgC
yr–1 from the atmosphere, while formerly cleared tropical forests, now
regrowing, withdrew an additional 1.72 ± 0.54 PgC yr–1 (Pan et al.,
2011). The global terrestrial carbon sink is partly offset by the losses of
forest carbon stocks to the atmosphere through land use change, largely
in the tropics, of 1.1 ± 0.8 PgC yr–1 (2000–2009, WGI AR5 Section 6.3.2.6).

The carbon stock in global soils, including litter and peatlands is 1500
to 2400 PgC, with permanently frozen soils adding another 1700 PgC
(Davidson and Janssens, 2006). The soil carbon stock is thus more than
10 times greater than the carbon stock in forest biomass (Kindermann
et al., 2008). Changes in the size of the soil carbon stock result from
changes in the net balance of inputs and losses over a period of many
years. Inputs derive from primary production, discussed in Section 4.3.2.2,
and are mostly modestly increasing under climate change. Losses result
principally through the respiration of soil microbes, which increases with
increasing temperature. The present and future temperature sensitivity
of microbial respiration remains uncertain (Davidson and Janssens,
2006). An analysis of long-term respiration measurements from the soil
around the world suggests that it has increased over the past 2 decades
by an amount of 0.1 PgC yr–1, some of which may be due to increased
productivity (Bond-Lamberty and Thomson, 2010). If soil respiration were
to exceed terrestrial net primary production globally and on a sustained
basis, the present net terrestrial sink would become a net source,
accelerating the rate of CO2 build-up in the atmosphere (Luo, 2007). 

The carbon stock in freshwater systems is also quite high in global terms.
Annual rates of storage (0.03 to 0.07 PgC yr–1) may be trivial compared
with sequestration by soils and terrestrial vegetation, but lake sediments
are preserved over longer time scales (+10 kyr compared with decades
to centuries), and Holocene storage of carbon in lake sediments has
been estimated at 820 Pg (Cole et al., 2007). Manmade impoundments
represent an increasing and short-lived additional carbon store with
conservative annual estimates of 0.16 to 0.2 PgC yr–1 (Cole et al., 2007).

A short-duration study of the temperature sensitivity of decomposition
in flooded coastal soils, extrapolated to the 21st century, suggested that
increases in respiration would exceed increases in future production
(Kirwan and Blum, 2011). Further detail on wetland soil carbon stocks
can be found in Section 4.3.3.3 on peatlands and on permafrost carbon
stocks in Box 4-4 and in Chapter 28.

In summary, biomass and soil carbon stocks in terrestrial ecosystems
are currently increasing (high confidence) but are vulnerable to loss to
the atmosphere as a result of rising temperature, drought, and fire
projected in the 21st century (Figure 4-4). Measurements of increased
tree growth over the last several decades, a large sink for carbon, are
consistent with this but confounding factors such as N deposition,
afforestation, and land management make attribution of these trends
to climate change difficult (low confidence).

4.3.2.4. Evapotranspiration and Water Use Efficiency

Evapotranspiration (ET) includes evaporation from the ground and
vegetation surfaces, and transpiration through plant stomata. Both are
affected by multiple factors (Luo et al., 2008) including temperature,
solar (shortwave) and thermal (longwave) radiation, humidity, soil
moisture, and terrestrial water storage; transpiration is additionally
affected by CO2 concentration through its influence on plant stomatal
conductance. Studies using lysimeters, evaporation pans, the balance
of observed precipitation and runoff, and model reconstructions indicate
both increases and decreases in ET in different regions and between
approximately 1950 and the present (Huntington, 2008; Teuling et al.,
2009; Douville et al., 2013). Flux tower records have at most 15 years
duration (FLUXNET, 2012), so there are insufficient data to calculate large-
scale, long-term trends. ET can also be estimated from meteorological
observations or simulated with models constrained by observations.
Estimates of ET from 1120 globally (but non-uniformly) distributed
stations indicate that global land mean ET increased by approximately
2.2% between 1982 and 2002, a rate of increase of 0.75 mm yr–2

(Wang, K. et al., 2010). Other studies, using data-constrained models,
indicated global ET rises of between 0.25 and 1.1 mm yr–2 during the
1980s and 1990s (Jung et al., 2010; Vinukollu et al., 2011; Zeng et al.,
2012), possibly linked with increased surface solar radiation and
thermal radiation (Wild et al., 2008) or warming (Jung et al., 2010).
There has been no significant ET trend since approximately 2000
(Jung et al., 2010; Vinukollu et al., 2011; Zeng et al., 2012), possibly due
to soil moisture limitation (Jung et al., 2010). Overall, there is low
confidence in both detection and attribution of long-term trends in ET
(Figure 4-4).

Experiments show that rising CO2 decreases transpiration and increases
intrinsic water use efficiency (iWUE, the ratio of photosynthesis to
stomatal conductance; Leakey et al., 2009). Some modeling studies
suggest that, over the 20th century, the effects of CO2 on decreasing
transpiration are of comparable size but opposite to the effects of rising
temperature (Gerten et al., 2008; Peng et al., 2013). However, the
observed general increase in ET argues that reduced transpiration cannot
be the dominant factor (Huntington, 2008). A meta-analysis of studies
at 47 sites across five ecosystem types (Peñuelas et al., 2011) suggests
that iWUE for mature trees increased by 20.5% between the 1970s and
2000s. Increased iWUE since preindustrial times (1850 or before) has
also been found at several forest sites (Andreu-Hayles et al., 2011;
Gagen et al., 2011; Loader et al., 2011; Nock et al., 2011) and also in a
temperate semi-natural grassland since 1857 (Koehler et al., 2010),
although in one boreal tree species iWUE ceased to increase after 1970
(Gagen et al., 2011).

4.3.2.5. Changes in Species Range, Abundance, and Extinction

Species respond to climate change through genotypic adaptation and
phenotypic plasticity; by moving out of unfavorable and into favorable
climates; or by going locally or globally extinct (Dawson et al., 2011;
Bellard et al., 2012; Peñuelas et al., 2013; see also Section 4.2.3). These
responses to climate change can potentially have large impacts on
biodiversity and ecosystem services. Genotypic adaptation in the face of
strong selection pressure from climate change is typically accompanied
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PgC yr–1 over this same period due mostly to tropical deforestation and
forest degradation associated with logging and fire, resulting in a net
carbon balance for global forests of 1.1±0.8 PgC yr–1.

The future of the interaction between climate and forests is unclear.
The carbon taken up by intact and regrowing forests appears to have

stabilized compared to the 1990s, after having increased in the 1970s
and 1980s (Canadell et al., 2007; Pan et al., 2011). There is medium
confidence that the terrestrial carbon sink is weakening. The drivers
behind the forest carbon sink vary greatly across regions. They include
forest regrowth and stimulation of carbon sequestration by climate
change, rising atmospheric CO2 concentrations, and nitrogen deposition

Near term 
(2030 – 2040)

Present

Long term
(2080 – 2100)

2°C

 4°C

Very
low 

Very 
high Medium 

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Table 4-3 | Key risks for terrestrial and freshwater ecosystems from climate change and the potential for reducing risk through mitigation and adaptation. Key risks are identified 
based on assessment of the literature and expert judgments by chapter authors, with evaluation of evidence and agreement in supporting chapter sections. Each key risk is 
characterized as very low to very high. Risk levels are presented in three time frames: the present, near term (here, assessed over 2030–2040), and longer term (here, assessed 
over 2080–2100). For the near term era of committed climate change, projected levels of global mean temperature increase do not diverge substantially across emission 
scenarios. For the longer term era of climate options, risk levels are presented for global mean temperature increase of 2°C and 4°C above pre-industrial levels. For each 
timeframe, risk levels are estimated for a continuation of current adaptation and for a hypothetical highly adapted state. Relevant climate variables are indicated by icons. For a 
given key risk, change in risk level through time and across magnitudes of climate change is illustrated, but because the assessment considers potential impacts on different 
physical, biological, and human systems, risk levels should not necessarily be used to evaluate relative risk across key risks, sectors, or regions.

Reduction in terrestrial carbon sink: Carbon stored in terrestrial ecosystems is vulnerable 
to loss back into the atmosphere. Key mechanisms include an increase in fire frequency due to 
climate change and the sensitivity of ecosystem respiration to rising temperatures. 
(medium confidence)

[4.2.4, 4.3.2, 4.3.3]

Adaptation prospects include managing
land use (including deforestation), fire,
and other disturbances and non-climatic
stressors. 

Present

2°C

 4°C

Very
low 

Very 
high Medium Tree mortality and forest loss: Tree mortality has been observed to have increased in 

many places and has been attributed in some cases to direct climate effects and indirect 
effects due to pests and diseases. The dead trees increase the risk of forest fires. 
(medium confidence)

[4.3.3.1, Box 4-2]

Adaption options include more effective 
management of fire, pests, and 
pathogens.

Present

2°C

 4°C

Very
low 

Very 
high Medium Increased risk of species extinction: A large fraction of the species that have been assessed are 

vulnerable to extinction as a result of climate change, often in interaction with other threats. Species 
with an intrinsically low dispersal rate, especially when occupying flat landscapes where the projected 
climate velocity is high, and species in isolated habitats such as mountain tops, islands, or small 
protected areas are especially at risk. Cascading effects through organism interactions, and especially 
those vulnerable to timing (phenological) changes, amplify the risk. (high confidence)

[4.3.2.5, 4.3.3.3, 4.3.2.1, 4.4.2]

Adaptation options include reducing
habitat modification, habitat 
fragmentation, pollution, 
over-exploitation, and invasive species; 
protected area expansion, assisted 
dispersal, ex situ conservation.

Present

2°C

 4°C

Very
low 

Very 
high Medium Invasion by non-native species: Disruptions of species interactions and the increase in 

physiological stress as a result of being near the edge or outside of the historical climate niche 
increases the vulnerability of ecosystems to invasion by non-native (alien) species, especially in the 
presence of increased long-distance dispersal opportunities. In the extreme this can result in biome 
shifts, with consequent changes in the spectrum of ecosystem services provided. (high confidence)

[4.2.4.6]

Climate is one driver among many.
Adaptation options are limited, largely
based on reducing other stresses and 
measures to slow the unintended arrival of 
aliens. Intensive direct intervention in 
controlling emergent invasive species is an 
option, but could be overwhelmed by the 
rapidly rising number of cases.

Near term 
(2030 – 2040)

Long term
(2080 – 2100)
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(2030 – 2040)

Long term
(2080 – 2100)

Near term 
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Present
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Very
low 

Very 
high Medium Boreal tipping point: Arctic ecosystems are vulnerable to abrupt change related to the 

thawing of permafrost and spread of shrubs in tundra and increase in pests and fires in 
boreal forests. (medium confidence)

[4.3.3.1.1, Box 4-4]

There are few adaptation options in the 
Arctic.

Present
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 4°C

Very
low 

Very 
high Medium Amazon tipping point: Moist Amazon forests could change abruptly to less 

carbon-dense drought and fire-adapted ecosystems. (low confidence)

[4.3.3.1.3, Box 4-3]

Policy and market measures to reduce 
deforestation and fire.

Near term 
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Long term
(2080 – 2100)
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2009; Giannakopoulos et al., 2009; Armenteras-Pascual et al., 2011),
and are therefore sensitive to climate change; the duration of the fire
season is also projected to broaden (Clarke et al., 2013). Changes in fire
frequency may interact with changes in rainfall seasonality: for instance,
if fires are followed by rainy spring periods in northwestern Patagonia,
as occurs with more frequent El Niño-Southern Oscillation (ENSO)
phenomena, there are more recruitment windows for shrubs (Ghermandi
et al., 2010). Relatively little is known regarding the combined effect of
climate change and increased grazing by large mammals, or on the
consequences for pastoral livelihoods that depend on rangelands
(Thornton et al., 2009).

4.3.3.2.3. Deserts

The deserts of the world, defined as land areas with an arid or hyperarid
climate regime, occupy 35% of the global land surface. Species
composition in desert areas is expected to shift in response to climate
warming (Ooi et al., 2009; Kimball et al., 2010). Deserts are sparsely
populated, but the people who do live there are among the poorest
in the world (Millennium Ecosystem Assessment, 2005a). There is
medium agreement but limited evidence that the present extent of
deserts will increase in the coming decades, despite the projected
increase in rainfall at a global scale, as a result of the strengthening
of the Hadley Circulation, which determines the location of the broad
band of hot deserts approximately 15°N to 30°N and 15°S to 30°S of
the equator (Mitas and Clement, 2005; Seidel et al., 2008; Johanson
and Fu, 2009; Lu et al., 2009; Zhou et al., 2011). There may be a
feedback to the global climate from an increase in desert extent, which
differs in sign between deserts closer to the equator than 20° and those
closer to the pole: in model simulations, extension of the near-equator
“hot deserts” causes warming, while extension of the near-boreal
“cold deserts” causes cooling, in both cases largely through albedo-
mediated effects (Alkama et al., 2012). Deserts are expected to become
warmer and drier at faster rates than other terrestrial regions (Lapola
et al., 2009; Stahlschmidt et al., 2011). Most deserts are already
extremely hot, and therefore further warming likely to be physiologically
injurious rather than beneficial. The ecological dynamics in deserts are
rainfall event-driven (Holmgren et al., 2006), often involving the
concatenation of a number of quasi-independent events. Some desert
tolerance mechanisms (e.g., biological adaptations by long-lived taxa)
may be outpaced by global climate change (Lapola et al., 2009;
Stahlschmidt et al., 2011).

4.3.3.2.4. Mediterranean-type ecosystems

Mediterranean-type ecosystems occur on most continents, and are
characterized by cool, wet winters and hot, dry summers. They were
identified as being among the most likely to be impacted by climate
change in AR4 and received extensive coverage (Fischlin et al., 2007).
Since then, further evidence has accumulated of climate risks to these
systems from rising temperature (Giorgi and Lionello, 2008), rainfall
change (declining in most but not all cases), increased drought (Sections
23.2.3, 25.2), and increased fire frequency (Section 23.4.4). There have
been observed shifts in phenology (Gordo and Sanz, 2010), range
contraction of Mediterranean species (Pauli et al., 2012), declines in the

health and growth rate of dominant tree species (Allen, C.D. et al., 2010;
Sarris et al., 2011; Brouwers et al., 2012; see also Section 23.4.4), and
increased risk of erosion and desertification, especially in very dry areas
(Lindner et al., 2010; Shakesby, 2011). Model projections show further
species range contractions in the 21st century under all climate change
scenarios. This will result in losses of biodiversity (medium confidence)
(Maiorano et al., 2011; Kuhlmann et al., 2012; see also Sections 23.6.4,
25.1).

4.3.3.3. Rivers, Lakes, Wetlands, and Peatlands

Freshwater ecosystems are considered to be among the most
threatened on the planet (Dudgeon et al., 2006; Vörösmarty et al., 2010).
Fragmentation of rivers by dams and the alteration of natural flow
regimes have led to major impacts on freshwater biota (Pringle, 2001;
Bunn and Arthington, 2002; Nilsson et al., 2005; Reidy Liermann et al.,
2012). Floodplains and wetland areas have become occupied for intensive
urban and agricultural land use to the extent that many are functionally
disconnected from their rivers (Tockner et al., 2008). Pollution from cities
and agriculture, especially nutrient loading, has resulted in declines in
water quality and the loss of essential ecosystem services (Allan, 2004).
As a direct consequence of these and other impacts, freshwaters have
some of the highest rates of extinction of any ecosystem for those
species groups assessed for the IUCN Red List (estimated as much as
4% per decade for some groups, such as crayfish, mussels, fishes, and
amphibians in North America) (Dudgeon et al., 2006), with estimates that
roughly 10,000 to 20,000 freshwater species are extinct or imperilled
as a consequence of human activity (Strayer and Dudgeon, 2010). This
is a particular concern given that freshwater habitats support 6% of all
described species (Dudgeon et al., 2006), including approximately 40%
of the world’s fish diversity and a third of the vertebrate diversity (Balian
et al., 2008).

It is very likely that these stressors to freshwater ecosystems will
continue to dominate as human demand for water resources grows,
accompanied by increased urbanization and expansion of irrigated
agriculture (Vörösmarty et al., 2000; Malmqvist et al., 2008; Dise, 2009).
However, climate change will have significant additional impacts (high
confidence), from altered thermal regimes, altered precipitation and
flow regimes, and, in the case of coastal wetlands, sea level rise. Specific
aquatic habitats that are most vulnerable to these direct climate effects,
especially rising temperatures, are those at high altitude and high latitude,
including Arctic and sub-Arctic bog communities on permafrost, and alpine
and Arctic streams and lakes (see Section 4.3.3.4; Klanderud and Totland,
2005; Smith et al., 2005; Smol and Douglas, 2007b). It is noteworthy
that these high-latitude systems currently experience a relatively low
level of threat from other human activities (Vörösmarty et al., 2010). It
is likely that the shrinkage and disappearance of glaciers will lead to
the reduction of local and regional freshwater biodiversity, with 11 to
38% of the regional macroinvertebrate species pool expected to be lost
following complete disappearance of glaciers (Jacobsen et al., 2012;
Box CC-RF). Shrinkage of glaciers and the loss of small glaciers will
most likely reduce beta diversity at the species and the genetic level, as
predicted for the Pyrenees (Finn et al., 2013). Dryland rivers and wetlands,
many already experiencing severe water stress from human consumptive
use, are also likely to be further impacted by decreased and more variable
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simulations that extend beyond 2100. RCP8.5 simulations that ended
at 2100 showed continued permafrost decline in the late 21st century,
although at slower rates in some cases as the remaining permafrost
area decreases (Figure 4-9.).

Frozen soils and permafrost currently hold about 1700 PgC, more than
twice the carbon than the atmosphere, and thus represent a particularly
large vulnerability to climate change (i.e., warming) (see WGI AR5
Chapter 6). Although the Arctic is currently a net carbon sink, continued
warming will act to turn the Arctic to a net carbon source, which will in

turn create a potentially strong positive feedback to accelerate Arctic
(and global) warming with additional releases of CO2, CH4, and perhaps
N2O, from the terrestrial biosphere into the atmosphere (high confidence;
Schuur et al., 2008, 2009; Maslin et al., 2010; McGuire et al., 2010;
O’Connor et al., 2010; Schaefer et al., 2011; see WGI AR5 Chapter 6 for
detailed treatment of biogeochemistry, including feedbacks). Moreover,
this feedback is already accelerating due to climate-induced increases
in fire (McGuire et al., 2010; O’Donnell et al., 2011). The rapid retreat
of snow cover and resulting spread of shrubs and trees into areas
currently dominated by tundra has begun, and will continue to serve
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Figure 4-9 | CMIP5 multi-model simulated area of Northern Hemisphere permafrost in the upper 3 m of soil, from 1850 to 2100 or 2300 depending on extent of individual 
simulations. Each panel shows historical (1850–2005) and projected (2005–2100 or 2300) simulations for (a) Representative Concentration Pathway 2.6 (RCP2.6), (b) RCP4.5, 
and (c) RCP8.5. The observed current permafrost extent is 15 × 106 km2. (Based on Koven et al., 2013, with analysis extended to 2300 following Caesar et al., 2013).
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(IPCC, 2012); this trend is higher in urban than in rural areas (McCarthy
et al., 2010). Heavy rainfall events are also projected to increase (IPCC,
2012), and although the hydrological conditions in urban areas make
them prone to flooding (medium confidence), there is limited evidence
that they will be over-proportionally affected. It is very likely that sea level
rise in the future will contribute to flooding, erosion, and salinization of
coastal urban ecosystems (IPCC, 2012). Climate change is projected to
increase the frequency of landslides (UN-HABITAT, 2011). Climate
change impacts on urban ecosystems and biodiversity have received
comparatively little attention, with water availability being an exception
(Hunt and Watkiss, 2011). Changes in water availability and quality due
to changes in precipitation, evaporation, or in salinity regimes will
especially affect urban freshwater ecosystems (Hunt and Watkiss, 2011).
As in other ecosystems, climate change will lead to a change in species
composition, the frequency of traits, and ecosystem services from urban
ecosystems. Knapp, S. et al. (2008) found that trait composition of plant
communities changes during urbanization toward adaptive characteristics
of dry and warm environments (see also Sections 4.2.4.6 and 4.3.2.5).
Urban areas are one of the main points of introduction of alien species
(e.g., for plants through urban gardening; Knapp, S. et al., 2012). Increased
damage by phytophagous insects to plants in urban environments is
anticipated (Kollár et al., 2009; Lopez-Vaamonde et al., 2010; Tubby and
Webber, 2010; see also Section 8.2.4.5).

4.3.4. Impacts on Key Ecosystem Services

Ecosystem services are the benefits that people derive from ecosystems
(see Glossary). Many ecosystem services are plausibly vulnerable to
climate change. The Millennium Ecosystem Assessment classification
(Millennium Ecosystem Assessment, 2003) recognizes provisioning
services such as food (Chapter 7), fiber (Section 4.3.4.2), bioenergy
(Section 4.3.4.3), and water (Chapter 3); regulating services such as
climate regulation (Section 4.3.4.5), pollination, pest and disease control
(Section 4.3.4.4), and flood control (Chapter 3); supporting services such

as primary production (Section 4.3.2.2) and nutrient cycling (Section
4.2.4.2, and indirectly Section 4.3.2.3); and cultural services, including
recreation and aesthetic and spiritual benefits (Section 10.6). Section
4.3.4.1 focuses on ecosystem services not already covered in the sections
referenced above. 

4.3.4.1. Habitat for Biodiversity

Climate change can alter habitat for species by inducing (1) shifts in
habitat distribution that are not followed by species, (2) shifts in species
distributions that move them outside of their preferred habitats, and
(3) changes in habitat quality (Dullinger et al., 2012; Urban et al., 2012).
Climate change impacts on habitats for biodiversity are already occurring
(see the polar bear example in Section 28.2.2.1.3) but are not yet a
widespread phenomenon. Models of future climate change-induced
shifts in the distribution of ecosystems suggest that many species could
be outside of their preferred habitats within the next few decades
(Urban et al., 2012; see Sections 4.3.2.5, 4.3.3, and Figure 4-1). 

Hole et al. (2009) report that the majority of African birds would have
to move large distances (up to several hundred kilometers) over the
next 60 years (under SRES B2a), resulting in substantial turnover of
species within protected areas (>50% turnover in more than 40% of
Important Bird Areas of Africa). To reach suitable climates they will have
to migrate across unfavorable habitats. Many may continue to find
suitable climate within the protected area network, but will be forced
to cope with new habitat constraints (Hole et al., 2009). Araujo et al.
(2011) estimate that by 2080 approximately 60% (58 ± 2.6%) of plants
and vertebrate species will no longer have favorable climates within
European protected areas, often pushing them into unsuitable or less
preferred habitats (based on SRES A1, A2, B1, and A1FI scenarios). Wiens
et al. (2011) project similar effects in the western USA (until the year
2069, based on SRES A2 scenarios), but also find that climate change
may open up new opportunities for protecting species in areas where

Frequently Asked Questions

FAQ 4.5 |  Why does it matter if ecosystems are altered by climate change?

Ecosystems provide essential services for all life: food, life-supporting atmospheric conditions, drinkable water, as
well as raw materials for basic human needs such as clothing and housing. Ecosystems play a critical role in limiting
the spread of human and non-human diseases. They have a strong impact on the weather and climate itself, which
in turn impacts agriculture, food supplies, socioeconomic conditions, floods, and physical infrastructure. When
ecosystems change, their capacity to supply these services changes as well—for better or worse. Human well-being
is put at risk, along with the welfare of millions of other species. People have a strong emotional, spiritual, and
ethical attachment to the ecosystems they know, and the species they contain.

By “ecosystem change” we mean changes in some or all of the following: the number and types of organisms present;
the ecosystem’s physical appearance (e.g., tall or short, open or dense vegetation); and the functioning of the
system and all its interactive parts, including the cycling of nutrients and productivity. Though in the long term not
all ecosystem changes are detrimental to all people or to all species, the faster and further ecosystems change in
response to new climatic conditions, the more challenging it is for humans and other species to adapt to the new
conditions.













325

Terrestrial and Inland Water Systems                                                                                                                                                              Chapter 4

4

Climate-induced impacts to hydrological and thermal regimes in
freshwater systems can be offset through improved management of
environmental flow releases from reservoirs (Arthington et al., 2006,
2010 and references therein; Poff et al., 2010). Protection and restoration
of riparian vegetation in small stream systems provide an effective strategy
to moderate temperature regimes and offset warming, and protect
water quality for downstream ecosystems and water supply areas
(Davies, 2010; Capon et al., 2013).

General principles for management adaptations were summarized from
a major literature review by West et al. (2009). They suggest that in the
context of climate change, successful management of natural resources
will require cycling between “managing for resilience” and “managing
for change.” This requires the anticipation of changes that can alter the
impacts of grazing, fire, logging, harvesting, recreation, and so on. At
the national level, principles to facilitate adaptation include (1)
management at appropriate scales, and not necessarily the scales of
convenience or tradition; (2) increased collaboration among agencies;
(3) rational approaches for establishing priorities and applying triage;
and (4) management with the expectation of ecosystem change, rather
than keeping them as they have been. Barriers and opportunities were
divided into four categories: (1) legislation and regulations, (2)
management policies and procedures, (3) human and financial capital,
and (4) information and science.

Steenberg et al. (2011) simulated the effect on adaptive capacity of
three variables related to timber harvesting: the canopy-opening size
of harvests, the age of harvested trees within a stand, and the species
composition of harvested trees within a stand. The combination of all
three adaptation treatments allowed target species and old forest to
remain reasonably well represented without diminishing the timber
supply. This minimized the trade-offs between management values and
climate adaptation objectives. Manipulation of vegetation composition
and stand structure has been proposed as a strategy for offsetting
climatic change impacts on wildfires in Canada. Large areas of boreal
forests are currently being harvested and there may be opportunities
for using planned manipulation of vegetation for management of future
wildfire risks. This management option could also provide an additional

benefit to the use of assisted species migration because the latter would
require introducing non-flammable broadleaves species into forests that
are otherwise highly flammable (Girardin et al., 2013b; Terrier et al.,
2013). Harvesting practices, such as partial cuts that limit the opening
of the forest cover created by harvest, will be a key element to maintain
diverse forest compositions and age class distributions in boreal forests.
Another sound option for decreasing the exposure of silvicultural
investments to an increasing fire danger is to use tree species requiring
a shorter rotation (Girardin et al., 2013a).

4.4.2.4. Assisted Migration 

Assisted migration has been proposed when fragmentation of habitats
limits migration potential or when natural migration rates are outstripped
by the pace of climate change (Hoegh-Guldberg et al., 2008; Vitt et al.,
2010; Chmura et al., 2011; Loss et al., 2011; Ste-Marie et al., 2011). The
options for management can be summarized as: (1) try to maintain or
improve existing habitat or environment so that species do not have to
move (e.g., Settele and Kühn, 2009); (2) maintain or improve migration
corridors, including active management to improve survival along the
moving margin of the distribution (Lawson et al., 2012); and (3) directly
translocate species or genetically distinct populations within a species
(Aitken et al., 2008; Hoegh-Guldberg et al., 2008; Rehfeldt and Jaquish,
2010; Loss et al., 2011; Pedlar et al., 2012). There is low agreement
whether it is better to increase the resilience to climate change of
ecosystems as they currently occur, or to enhance capacity of ecosystems
to transform in the face of climate change (Richardson et al., 2009).

There is high agreement that maintaining or improving migration
corridors or ecological networks is a low-regret strategy, partly because
it is also seen as useful in combatting the negative effects of habitat
fragmentation on population dynamics (Hole et al., 2011; Jongman et
al., 2011). This approach has the benefit of improving the migration
potential for large numbers of species and is therefore a more ecosystem-
wide approach than assisted migration for individual species. However,
observational and modeling studies show that increases in habitat
connectivity do not always improve the population dynamics of target

Frequently Asked Questions

FAQ 4.6 |  Can ecosystems be managed to help them and people to adapt to climate change?

The ability of human societies to adapt to climate change will depend, in large measure, on the management of
terrestrial and inland freshwater ecosystems. A fifth of global human-caused carbon emissions today are absorbed
by terrestrial ecosystems; this important carbon sink operates largely without human intervention, but could be
increased through a concerted effort to reduce forest loss and to restore damaged ecosystems, which also co-benefits
the conservation of biodiversity.

The clearing and degradation of forests and peatlands represents a source of carbon emissions to the atmosphere
which can be reduced through management; for instance, there has been a three-quarters decline in the rate of
deforestation in the Brazilian Amazon in the last 2 decades. Adaptation is also helped through more proactive
detection and management of wildfire and pest outbreaks, reduced drainage of peatlands, the creation of species
migration corridors, and assisted migration.
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species, may decrease species diversity, and may also facilitate the spread
of invasive species (Cadotte, 2006; Brisson et al., 2010; Matthiessen et
al., 2010).

There is medium agreement that the practice of assisted migration of
targeted species is a useful adaptation option (Hoegh-Guldberg et al.,
2008; Vitt et al., 2009; Willis and Bhagwat, 2009; Loss et al., 2011;
Hewitt et al., 2011). The velocity of 21st century climate change and
substantial habitat fragmentation in large parts of the world means
that many species will be unable to migrate or adapt fast enough to
keep pace with climate change (Figure 4-5), posing problems for long-
term survival of the species. Some ecologists believe that careful selection
of species to be moved would minimize the risk of undesirable impacts on
existing communities or ecosystem function (Minteer and Collins, 2010),
but others argue that the history of intentional species introductions
shows that the outcomes are unpredictable and in many cases have
had disastrous impacts (Ricciardi and Simberloff, 2009). The number of
species that require assisted migration could easily overwhelm funding
capacity (Minteer and Collins, 2010). Decisions regarding which species
should be translocated are complex and debatable, given variability
among and within species and the ethical issues involved (Aubin et al.,
2011; Winder, R. et al., 2011).

4.4.2.5. Ex Situ Conservation 

Conservation of plant and animal genetic resources outside of their
natural environment—in gardens, zoos, breeding programs, seed
banks, or gene banks—has been widely advocated as an “insurance”
against both climate change and other sources of biodiversity loss and
impoverishment (Khoury et al., 2010). There are many examples of
existing efforts of this type, some with global scope (e.g., Millennium
Seed Bank, Svalbard Vault, Frozen Ark, Global Genome Initiative, and
others; Lermen et al., 2009; Rawson et al., 2011). Knowledge of which
genetic variants within a species have more potential for adaptation to
climate change could help prioritize the material stored (Michalski et
al., 2010).

Several issues remain largely unresolved (Li and Pritchard, 2009). The
physiological, institutional, and economic sustainability of such efforts
into the indefinite future is unclear. The fraction of the intraspecific
variation that needs to be preserved for future viability and how much

genetic bias is introduced by collecting relatively small samples
from restricted locations, and then later by the selection pressures
inadvertently applied during ex situmaintenance are unknown. Despite
some documented successes, it remains uncertain whether it is always
possible to reintroduce species successfully into the wild after generations
of ex situ conservation.

4.4.3. Consequences and Costs of Inaction
and Benefits of Action 

Failure to reduce the magnitude or rate of climate change will plausibly
lead to changes (often decreases) in the value of ecosystem services
provided, or incur costs in order to maintain or restore the services or adapt
to their decline. There are several sources of such costs: administration
and assessment, implementation, and opportunity costs, including
financial cost. Owing to the number of assumptions made, knowledge
gaps, and recognized uncertainties, such result should be employed with
caution. A systematic review of costs related to ecosystems and climate
change by Rodriguez-Labajos (2013) shows that the monetary and non-
monetary costs are distributed across all ecosystem service categories.
It also discusses the potential and limits of monetary cost calculations,
and issues of timing, trade-offs, and the unequal distribution of costs.

A comprehensive monetary estimate of the effects of climate change on
ecosystem service provision is not available. The Millennium Ecosystem
Assessment (2005c,d,e) included climate change among the direct
drivers of ecosystems change and devoted a chapter to the necessary
responses. Building on results of the IPCC, the Millennium Ecosystem
Assessment offered some estimated costs of action: complying with the
Kyoto protocol for industrial countries would range between 0.2 and 2%
of GDP; a modest stabilization target of 450 ppm CO2 in the atmosphere
over the 21st century would range from 0.02 to 0.1% of global-average
GDP per year. TEEB (2009) underlined priorities in the ecosystem service-
climate change coupling (reduction targets in relation to coral reefs,
forest carbon markets and accounting, and ecosystem investment for
mitigation), without going in depth into analysis of the cost types
involved. The Cost of Policy Inaction (COPI) Project (ten Brink et al., 2008)
estimated the monetary costs of not meeting the 2010 biodiversity goals.
Their model incorporates climate change, among other pressures,
through an impaired quality of land, in terms of species abundance in
diverse land use categories. They conclude that the cumulative losses

Frequently Asked Questions

FAQ 4.7 |  What are the economic costs of changes in ecosystems due to climate change?

Climate change will certainly alter the services provided by most ecosystems, and for high degrees of change, the
overall impacts are most likely to be negative. In standard economics, the value of services provided by ecosystems
are known as externalities, which are usually outside the market price system, difficult to evaluate, and often ignored.

A good example is the pollination of plants by bees and birds and other species, a service that may be negatively
affected by climate change. Pollination is critical for the food supply as well as for overall environmental health. Its
value has been estimated globally at US$350 billion for the year 2010 (range of estimates of US$200 to 500 billion).
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5 and Church, 2012; Ganachaud et al., 2013) and glacial isostatic rebound
and tectonic movement. Subsidence of coastal land from sediment
compaction due to building loads, harbor dredging, changes in sediment
supply that cause erosion/accretion, and subsurface resource extraction
(e.g., groundwater, gas and petroleum; Syvitski et al., 2009) may also
contribute to RSLR locally and therefore requires consideration in
coastal impact studies. Sea level impacts are most pronounced during
episodes of extreme sea levels and these are discussed in Section 5.3.3.

5.3.2.1. Global Mean Sea Level

It is very likely that global mean sea level rose at a mean rate of 1.7
[1.5 to 1.9] mm yr–1 between 1900 and 2010 and at a rate 3.2 [2.8 to
3.6] mm yr–1 from 1993 to 2010 (WGI AR5 Section 13.2.2). Ocean thermal
expansion and melting of glaciers have been the largest contributors,
accounting for more than 80% of the GMSLR over the latter period
(WGI AR5 Section 13.3.1). Future rates of GMSLR during the 21st century

are projected to exceed the observed rate for the period 1971–2010 of
2.0 [1.7 to 2.3] mm yr–1 for all RCP scenarios (WGI AR5 Table 13.1). Table
5-2 summarizes the likely ranges of 21st century GMSLR as established
by the Working Group I contribution to this Assessment Report.

From a coastal risk management perspective (Nicholls et al., 2013)
assessments of impacts, vulnerabilities, and adaptation have been using
GMSLR scenarios above the ranges put forward by WGI reports of AR4
(Meehl et al., 2007; Table 10.7) and AR5 (WGI AR5 Table 13.5). The ranges
estimated by WGI of AR4 and AR5 include only those components of
GMSLR that can be quantified using process-based models (i.e., models
derived from the laws of physics; WGI AR5 Glossary). The ranges given
in AR4 thus explicitly excluded contributions to GMSLR resulting from
changes in ice flows from the ice sheets of Greenland and Antarctica
because at that time process-based models were not able to assess this
with sufficient confidence (Meehl et al., 2007; WGI AR5 Section 4.4.5).
Since then, understanding has increased and the likely range of GMSLR
given in AR5 now includes ice sheet flow contributions. Likely, however,

Climate-related driver Physical /chemical effects Trends Projections Progress since AR4

Sea level Submergence, fl ood damage, 
erosion; saltwater intrusion; rising 
water tables  /  impeded drainage; 
wetland loss (and change).

Global mean sea level very likely 
increase (Section 5.3.2.2; WGI AR5 
Sections 3.7.2, 3.7.3).

Global mean sea level very likely 
increase (see Table 5.1; WGI AR5 
Section 13.5.1).

Regional variability (Section 5.3.2.2; 
WGI AR5 Chapter 13).

Improved confi dence in 
contributions to observed sea level. 
More information on regional and 
local sea level rise.

Storms: tropical cyclones (TCs), 
extratropical cyclones (ETCs)

Storm surges and storm waves, 
coastal fl ooding, erosion; saltwater 
intrusion; rising water tables /
impeded drainage; wetland loss 
(and change). Coastal infrastructure 
damage and fl ood defense failure.

TCs (Box 5-1, WGI AR5 Section 
2.6.3): low confi dence in trends 
in frequency and intensity due to 
limitations in observations and 
regional variability.

ETCs (Section 5.3.3.1; WGI AR5 
Section 2.6.4): likely poleward 
movement of circulation features 
but low confi dence in intensity 
changes.

TCs (Box 5-1): likely decrease to no 
change in frequency; likely increase 
in the most intense TCs.

ETCs (Section 5.3.3.1): high 
confi dence that reduction of 
ETCs will be small globally. Low 
confi dence in changes in intensity.

Lowering of confi dence of observed 
trends in TCs and ETCs since AR4. 
More basin-specifi c information on 
storm track changes.

Winds Wind waves, storm surges, coastal 
currents, land coastal infrastructure 
damage.

Low confi dence in trends in mean 
and extreme wind speeds (Section 
5.3.3.2, SREX, WGI AR5 Section 
3.4.5).

Low confi dence in projected mean 
wind speeds. Likely increase in 
TC extreme wind speeds (Section 
5.3.3.2, SREX).

Winds not specifi cally addressed 
in AR4.

Waves Coastal erosion, overtopping and 
coastal fl ooding.

Likely positive trends in Hs in high 
latitudes (Section 5.3.3.2; WGI AR5 
Section 3.4.5).

Low confi dence for projections 
overall but medium confi dence for 
Southern Ocean increases in Hs 
(Section 5.3.3.2).

Large increase in number of wave 
projection studies since AR4.

Extreme sea levels Coastal fl ooding erosion, saltwater 
intrusion.

High confi dence of increase due to 
global mean sea level rise (Section 
5.3.3.3; WGI AR5 Chapter 13).

High confi dence of increase due 
to global mean sea level rise, low 
confi dence of changes due to storm 
changes (Section 5.3.3.3; WGI AR5 
Section 13.5).

Local subsidence is an important 
contribution to regional sea level 
rise in many locations.

Sea surface temperature (SST) Changes to stratifi cation and 
circulation; reduced incidence 
of sea ice at higher latitudes; 
increased coral bleaching and 
mortality, poleward species 
migration; increased algal blooms.

High confi dence that coastal SST 
increase is higher than global SST 
increase (Section 5.3.3.4).

High confi dence that coastal 
SSTs will increase with projected 
temperature increase (Section 
5.3.3.4).

Emerging information on coastal 
changes in SSTs.

Freshwater input Altered fl ood risk in coastal 
lowlands; altered water quality /
salinity; altered fl uvial sediment 
supply; altered circulation and 
nutrient supply.

Medium confi dence (limited 
evidence) in a net declining trend in 
annual volume of freshwater input  
(Section 5.3.3.6).

Medium confi dence for general 
increase in high latitudes and 
wet tropics and decrease in other 
tropical regions (Section 5.3.3.6).

Emerging information on 
freshwater input.

Ocean acidity Increased CO2 fertilization; 
decreased seawater pH and 
carbonate ion concentration (or 
“ocean acidifi cation”).

High confi dence of overall increase, 
with high local and regional 
variability (Section 5.3.3.5).

High confi dence of increase at 
unprecedented rates but with 
local and regional variability (Box 
CC-OA).

Coastal ocean acidifi cation not 
specifi cally addressed in AR4. 
Considerable progress made in 
chemical projections and biological 
impacts.

Table 5-1 |  Main climate-related drivers for coastal systems, their trends due to climate change, and their  main physical and ecosystem effects.

 SREX = IPCC 2012 Special Report on Managing the Risks of Extreme Events and Disasters to Advance Climate Change Adaptation.
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means that there is still a 0 to 33% probability of GMSLR beyond this
range, and coastal risk management needs to consider this. WGI does
not assign probabilities to GMSLR beyond the likely range, because this
cannot be done with the available process-based models. WGI, however,
assigns medium confidence that 21st century GMSLR does not exceed
the likely range by several tenths of a meter (WGI AR5 Section 13.5.1).
When using other approaches such as semi-empirical models, evidence
from past climates and physical constraints on ice-sheet dynamics
GMSLR upper bounds of up to 2.4 m by 2100 have been estimated, but
there is low agreement on these higher estimates and no consensus on
a 21st century upper bound (WGI AR5 Section 13.5.3). Coastal risk
management is thus left to choose an upper bound of GMSLR to
consider based on which level of risk is judged to be acceptable in the
specific case. The Dutch Delta Programme, for example, considered a
21st century GMSLR of 1.3 m as the upper bound. 

It is virtually certain that sea level rise will continue beyond the 21st
century, although projections beyond 2100 are based on fewer and
simpler models that include lower resolution coupled climate models
for thermal expansion and ice sheet models coupled to climate models
to project ice sheet contributions. The basis for the projections are the
Extended Concentration Pathways (ECPs), and projections are provided
for low, medium, and high scenarios that relate to atmospheric GHG
concentrations <500, 500 to 700, and >700 ppm respectively (WGI AR5
Section 13.5.2). Projections of GMSLR up to 2500 are also summarized
in Table 5-2.

5.3.2.2. Regional Sea Level

Sea level rise will not be uniform in space and time. Natural modes of
climate variability influence sea levels in different regions of the globe
and this will affect the rate of rise on interannual and interdecadal time
periods. For example, in the equatorial Pacific, sea levels can vary from
the global mean by up to 40 cm due to El Niño-Southern Oscillation
(ENSO; e.g., Walsh et al., 2012) and this can strongly influence trends
on decadal scales. Regional variations in the rate of sea level rise on
the coast can arise from climate and ocean dynamic processes such as
changes in winds and air pressure, air-sea heat and freshwater fluxes,
and ocean currents and their steric properties (Timmermann et al., 2010;
WGI AR5 FAQ 13.1). Although the vast majority of coastlines are
experiencing sea level rise, coastlines near current and former glaciers
and ice sheets are experiencing relative sea level fall (Milne et al., 2009;

WGI AR5 FAQ 13.1). This is because the gravitational attraction of the
ice sheet decreases as it melts and exerts less pull on the oceans and
also because the land tends to rise as the ice melts, the shape of the
sea floor changes under the reduced load of the ice sheets, and the
change in mass distribution alters the Earth’s rotation (WGI AR5 FAQ
13.1; Gomez et al., 2010). In terms of absolute sea level change,
approximately 70% of the global coastlines are projected to experience
sea level change that is within 20% of the global mean sea level change
(WGI AR5 Section 13.6.5). 

5.3.2.3. Local Sea Level 

Besides the effect of long-term vertical land movement on regional sea
level, RSLR can occur locally due to subsidence or uplifts of coastal
plains as well as due to other natural causes. Natural subsidence can
occur because of sediment compaction and loading, as in the Mississippi
River, and other deltas (Törnqvist et al., 2008; Dokka, 2011; Marriner et
al., 2012). Tectonic movements, both sustained and abrupt, have brought
about relative sea level changes. The Great East Japan Earthquake in
2011 caused subsidence of up to 1.2 m of the Pacific coast of northeast
Japan (Geospatial Information Authority of Japan, 2011). The Sumatra-
Andaman earthquake in 2004 and subsequent earthquakes in 2005
produced vertical deformation ranging from uplift of 3 m to subsidence
of 1 m (Briggs et al., 2006). These movements are especially important
in coastal zones located near active plate margins.

Anthropogenic causes of RSLR include sediment consolidation from
building loads, reduced sediment delivery to the coast, and extraction
of subsurface resources such as gas, petroleum, and groundwater.
Subsidence rates may also be sensitive to the rates of oil and gas
removal (e.g., Kolker et al., 2011). Syvitski et al. (2009) estimate that
the majority of the world’s largest deltas are currently subsiding at rates
that are considerably larger than the current rates of sea level rise
because of coastal sediment starvation due to substantial dam building
over the 20th century or sediment compaction through natural or
anthropogenic activities. Many large cities on deltas and coastal plains
have subsided during the last 100 years: ~4.4 m in eastern Tokyo, ~3 m
in the Po delta, ~2.6 m in Shanghai, and ~1.6 m in Bangkok (Syvitski et
al., 2009; Teatini et al., 2011). Loads from massive buildings and other
large structures can also increase sediment compaction and subsidence
(Mazzotti et al., 2009). RSLR can exceed GMSLR by an order of magnitude,
reaching more than 10 cm yr–1, and it is estimated that the delta surface

Emission 
scenario

Representative 
Concentration 
Pathway (RCP)

2100 CO2
concentration

(ppm)

Mean sea level rise (m) Emission 
scenario

Mean sea level rise (m)

2046–2065 2100  2200 2300 2500

Low 2.6 421 0.24 [0.17–0.32] 0.44 [0.28–0.61] Low 0.35–0.72 0.41–0.85 0.50–1.02

Medium low 4.5 538 0.26 [0.19–0.33] 0.53 [0.36–0.71] Medium 0.26–1.09 0.27–1.51 0.18–2.32

Medium high 6.0 670 0.25 [0.18–0.32] 0.55 [0.38–0.73]
High  0.58–2.03  0.92–3.59  1.51–6.63

High 8.5 936 0.29 [0.22–0.38] 0.74 [0.52–0.98]

Table 5-2 |   Projections of global mean sea level rise in meters relative to 1986–2005 are based on ocean thermal expansion calculated from climate models, the contributions 
from glaciers, Greenland and Antarctica from surface mass balance calculations using climate model temperature projections, the range of the contribution from Greenland and 
Antarctica due to dynamical processes, and the terrestrial contribution to sea levels, estimated from available studies. For sea levels up to and including 2100, the central values 
and the 5–95% range are given whereas for projections from 2200 onwards, the range represents the model spread due to the small number of model projections available and 
the high scenario includes projections based on RCP6.0 and RCP8.5. Source: WGI AR5 Summary for Policymakers and Sections 12.4.1, 13.5.1, and 13.5.4. 
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the effects of mitigation on coastal impacts on human settlements and
adaptation for the 21st century (Section 5.4.3.1). These studies show
that despite the delayed response of sea level rise to global warming,
mitigation can reduce impacts significantly already during the 21st
century. These studies also show that for most urban areas, coastal
protection is cost-efficient in reducing impacts during the 21st century
(Section 5.5.5). Past and current adaptation practice also confirms this:
cities such as Tokyo and Shanghai have protected themselves against
local sea level rise of several meters during the 20th century and the
Dutch and UK governments have decided that they can protect urban
Netherlands and London against 21st century sea level rise above 1 m
(Section 5.5.4). Not protecting cities such as Amsterdam, Rotterdam,
and London during the 21st century is not an option. On the other hand,
there are coastal areas such as small islands where protecting against
several meters of sea level rise in the long term is not a viable option.
Failing to mitigate, thus increasingly commits us to a world where
densely populated areas lock into a trajectory of increasingly costly hard
defenses and rising residual risks on the one hand and less densely
populated areas being abandoned on the other hand. Mitigation thus
plays, in the long term, a very important role in avoiding climate change
impacts in coastal areas by reducing the rate of sea level rise and
providing more time for long-term strategic adaptation measures to be
adopted. However, even if anthropogenic CO2 emissions were reduced to
zero, sea levels would continue to rise for centuries, making adaptation
in coastal areas inevitable.

5.6. Information Gaps, Data Gaps,
and Research Needs 

This chapter has updated knowledge on the impacts of climate change
on the coastal systems not in isolation but also from the perspective of
overexploitation and degradation that have been responsible for most
of the historical changes. There is a better understanding of the varying
impacts of weather and climate extremes and long-term sea level rise
on human systems.

That sea levels will rise is a confident projection of climate science but
uncertainties around the magnitude of future sea level rise remain large.
The rates and magnitude of sea level rise are summarized in Table 5-1
but, under present levels of global warming, we are already committed
to 1.3 m future sea level rise above current levels (Section 5.5.8). However,
many sea level rise assessments are not provided at spatial or temporal
scales most relevant for decision makers who require information on
baseline conditions and projections of change (Kettle, 2012) of RSLR (i.e.,
including local subsidence) for vulnerability assessment and adaptation
planning.

Generally, quantitative predictions of future coastal change remain
difficult despite the application of improvements in technology—for
example, aerial photographs, satellite imagery, Light Detection And
Ranging (LiDAR; Sesil et al., 2009; Revell et al., 2011; Pe’eri and Long,
2012)—to investigate and characterize large-scale shoreline changes.
There is incomplete understanding of coastal changes over the decade
and century time scales (Woodroffe and Murray-Wallace, 2012). Shoreline
response is more complex than simple submergence because of factors
such as sediment supply, mobilization and storage, offshore geology,

engineering structures, and wave forcing (Ashton et al., 2011). The
projection of the future impacts of climate change on natural systems
is often hampered by the lack of sufficiently detailed data at the required
levels of space and time. Although observations have been made on
impacts on beaches, rocky coasts, wetlands, coastal aquifers, delta areas,
or river mouths by multi-drivers of climate and human-induced origin, there
is still an incomplete understanding of the relative role played by each of
these drivers and, especially of their combined effect. Uncertainties are
even higher when it comes to the evaluation of projected impacts. 

For coastal ecosystems, more work needs to be done to develop predictive
models based on findings from multi-stressor experiments, both in the
field and in the laboratory. Reliable predictions require information on
multifactorial experiments performed on communities (preferably in the
field), and on time scales of months to years in order to take into
consideration the processes of biological acclimation and adaptation.

Although sea level is projected to rise in the future, there are significant
gaps in vulnerability assessment of other specific coastal impacts. For
example, the modeling of diseases that could affect coastal areas is
based mainly on the mean values of climate. Also, despite tourism being
one of the most important industries in the coastal areas, not enough
is known about tourists’ reactions to projected climatic change (Moreno
and Amelung, 2009b) or required adaptation measures for port facilities
(UNCTAD, 2009).

A wide range of coastal management frameworks and measures is
available and used in coastal adaptation to climate change, and the scope
for their integration has increased by combining scenarios of climate
change and socioeconomic conditions and risk assessment (Kirshen et
al., 2012). While various adaptation measures are available, at the local
level, there remains insufficient information on assessment of adaptation
options, particularly in developing countries. 

Data and knowledge gaps exist or their reliability is insufficient. Despite
the availability of potentially useful climate information, a gap exists
between what is useful information for scientists and for decision makers.
For example, at the project level, engineers may have difficulties to “plug
in” climate projections presented by scientists. The proposed actions to
improve usability include varying levels of interaction, customization,
value-adding, retailing, and wholesaling (Lemos et al., 2012) so that
data and methods can be more openly accessible to fellow scientists,
users, and the public (Kleiner, 2011).

Coastal systems are affected by human and climate drivers and there
are also complex interactions between the two. In general, certain
components of coastal systems are sensitive and attributable to climate
drivers while others are not clearly discernible. For example, data are
available on the range shift in coastal plant and animal species and the
role of higher temperatures on coral bleaching (see Box CC-CR).
However, in many cases in the human systems, the detectable changes
can be largely attributed to human drivers (Section 5.3.4). Reducing our
knowledge gaps on the understanding of the processes inducing
changes would help to respond to them more efficiently.

The economics of coastal adaptation are under-researched. More
comprehensive assessments of valuation of coastal ecosystem services,
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effects on organisms and ecosystems and assess present knowledge
derived from experiments, field studies, and numerical model projections
mostly using Representative Concentration Pathways (RCPs) of climate
change scenarios to provide trajectories of climate change drivers (Moss
et al., 2010). Finally, we assess the implications of such changes for
ecosystem services, and identify plausible socioeconomic consequences.

Assessing climate change impacts on coastal systems is the topic of
Chapter 5. An integrative treatment of regional climate changes and
impacts in seven key ocean regions is the focus of regional Chapter 30.
Marine issues are also included in regional Chapters 22 to 29, with a
focus on polar oceans (Chapter 28) and small islands (Chapter 29). Topics
important to several chapters, such as ocean acidification, upwelling
systems, primary productivity, changes in biogeography, and coral reefs,
are discussed in joint assessments presented in the respective cross-
chapter boxes. 

6.1.1. Changes in Physical and Chemical Variables

Trends in ocean conditions over the last 60 years reflect significant human
impacts beyond natural variability on temperature, salinity, dissolved
inorganic carbon and oxygen content, pH, and other properties of the
upper ocean (e.g., Pierce et al., 2012; Sen Gupta and McNeil, 2012; WGI
AR5 Section 3.8, Table 10.1). With climate change, marine ecosystems are
and will be exposed to rising temperature, ocean acidification, expansion
of hypoxic zones, and other environmental drivers changing concomitantly. 

6.1.1.1. Temperature and Salinity

Over the last 39 years, oceans have warmed at average rates of >0.1°C
per decade in the upper 75 m and 0.015°C per decade at 700 m depth
(WGI AR5 Section 3.2.2, Figure 3.1). Trends differ regionally, seasonally,
and interannually (WGI AR5 Section 2.7; for ocean regions see Section
30.5 in the present volume). Temperature changes are particularly large
at El Niño-Southern Oscillation (ENSO) with high (3- to 4-year) and low
(5- to 7-year) frequencies, and on multi-decadal scales (>25 years,
Figure 6-1). The strongest warming trends are found at high latitudes
where most of the inter-decadal variability occurs, while tropical oceans
are dominated by interannual frequencies. Global climate models have
explored changes in different frequency domains, but their spatial
resolution is poor (WGI AR5 Sections 11.3.3, 12.4.7). 

Temperature variations are often accompanied by changes in salinity.
Increased salinity results from reduced precipitation relative to evaporation,
for example, above the thermoclines (layer separating the upper mixed
layer from deeper water where temperature and density change rapidly
with depth) of subtropical gyres at mid- to low latitudes since 1950
(WGI AR5 Chapter 3). Decreased salinity due to enhanced precipitation
relative to evaporation has occurred at some tropical and higher latitudes,
exacerbated by sea ice melt (Durack et al., 2012). Both warming and
freshening cause enhanced density stratification, a trend projected to
continue into the 21st century (WGI AR5 Chapter 3, Section 11.3.3,
Figure 12.34; Helm et al., 2010). Mean sea surface temperature in
2090 will be 2.7°C warmer than in 1990 (RCP8.5; WGI AR5 Chapter 12;
Bopp et al., 2013).

6.1.1.2. Carbon Dioxide-induced Acidification

Rising carbon dioxide (CO2) concentrations in air (given as partial
pressures, pCO2, in µatm) cause increasing upper ocean CO2 levels
(Watson et al., 2009). Starting from a preindustrial value of 280 µatm
atmospheric pCO2 levels will have reached around 500 µatm by 2050
following the Special Report on Emissions Scenarios (SRES; IPCC, 2000)
and all RCPs (Moss et al., 2010; Meinshausen et al., 2011). By 2100 values
are projected to reach between 420 µatm and 940 µatm depending on
the RCP. The rise in pCO2 causes ocean acidification (OA), measured as a
decline in water pH (negative log of proton concentration), accompanied
by a fall in both carbonate ion (CO3

2–) concentration and the saturation
states (Ω) of various calcium carbonates (CaCO3; Zeebe and Westbroek,
2003; WGI AR5 Section 3.8.2, Box 3.2, Chapter 6, Figure 6.29). Hence,
the seawater solubilities of three forms of CaCO3, namely calcite,
magnesium-calcite, and aragonite, increase. These minerals are important
components of shells and skeletons of many marine organisms (Section
6.3.2). 

Ocean acidification occurs on a background of natural temporal and
spatial variability of pH, pCO2, and Ω. In the open ocean, the mean pH
(total scale, pHT) of surface waters presently ranges between 7.8 and 8.4
(WGI AR5 Section 3.8.2). In stratified mid-water layers, largely isolated
from gas exchange between surface waters and air, decomposition of
organic material leads to lowered oxygen (O2) and elevated CO2 levels
(Paulmier et al., 2011) associated with lower pH values. The few existing
field data of sufficient duration, resolution, and accuracy (WGI AR5
Figure 3.18) show that trends in anthropogenic OA clearly deviate from
the envelope of natural variability (Friedrich et al., 2012). OA presently
ranges between –0.0013 and –0.0024 pHT units per year (WGI AR5
Section 3.8.2, Table 3.2, Box 3.2; Dore et al., 2009). Average surface
ocean pH has decreased by more than 0.1 units below the preindustrial
average of 8.17. By 2100 pH is expected to change by –0.13, –0.22,
–0.28, and –0.42 pHT units, at CO2 levels of 421, 538, 670, and 936 ppm
under RCP2.6, 4.5, 6.0, and 8.5 climate scenarios, respectively (WGI AR5
Figure 6.28). The rate of acidification in surface waters varies regionally
and is 50% higher in the northern North Atlantic than in the subtropical
Atlantic (Olafsson, 2009). Salinity reduction caused by ice melt or
excess precipitation (Jacobs and Giulivi, 2010; Vélez-Belchí et al., 2010)
exacerbates OA by diluting the concentrations of substances acting as
buffers (Steinacher et al., 2009; Denman et al., 2011). At high sustained
CO2 concentrations the changes in ocean chemistry will take thousands
of years to be buffered by the natural dissolution of CaCO3 from sediments
and tens to hundreds of thousands of years to be eliminated completely
by the weathering of rocks on land (Archer et al., 2009).

6.1.1.3. Hypoxia

The average dissolved oxygen concentration in the ocean is presently
162 µmol kg–1 (Sarmiento and Gruber, 2006). Concentrations range from
over 500 µmol kg–1 in productive Antarctic waters super-saturated with
oxygen (Carrillo et al., 2004) to zero in coastal sediments and in
permanently anoxic deep layers of isolated water bodies, such as the
Black Sea and the Cariaco Basin. Hypoxia results from oxygen depletion
in excess of supply as in stratified water bodies (Section 6.1.1.2). Vast
Oxygen Minimum Zones (OMZs) exist between less than 100 and more
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Box 6-1 (continued)

In regions of high vulnerability to climate, mild warming can trigger rapid and substantial ecosystem shifts, offering a way to anticipate

future changes (Figure 6-9). In line with the increased understanding of physiology (Section 6.3.1.1), warming in the temperate to

polar North Atlantic was paralleled by a reduction in the average body lengths of about 100 copepod species, from 3 to 4 mm to 2 to

3 mm (Beaugrand et al., 2010). Warming also correlated with an increase in species richness among copepods and within the dinofla-

gellate genus Ceratium. In diatoms, which are major contributors to carbon export (Armbrust, 2009), warming and decreasing annual

variability in SST resulted in lower diversity, smaller size, and reduced abundance (Beaugrand et al., 2010). Morán et al. (2010) found

that temperature alone explained 73% of the variance in the contribution of small cells (picophytoplankton) to total phytoplankton

biomass in the eastern and western temperate North Atlantic from –0.6 to 22°C. More recently, Marañón et al. (2012) analyzed data

from polar, sub-polar, and tropical regions and suggested that nutrient availability may influence cell size more than temperature.

The ecosystem regime shift observed in North Sea plankton in the late 1980s involved an increase in phytoplankton stocks and

changes in species composition and abundance among holozooplankton (animals that are planktonic for their entire lifecycle) (Reid

et al., 2001; Kirby and Beaugrand, 2009; Kirby et al., 2009; Lindley et al., 2010). This shift was paralleled by the northward propagation

of a critical thermal boundary (CTB, i.e., the boundary of the sub-polar gyre) between the temperate and the polar biomes (Beaugrand

et al., 2008; see also Box CC-PP, Figure 1). Warming to above the CTB coincided with pronounced and large-scale variations in

phytoplankton productivity, an increase in calanoid copepod diversity (Beaugrand et al., 2008) and herring abundance (Schlüter et al.,

2008), a reduction in the mean size of calanoids, and a decrease in the abundance of southern Atlantic cod populations in the North

Atlantic Ocean (e.g., the North Sea; Pörtner et al., 2008; Beaugrand et al., 2010). These patterns also extend to the southern North

Sea, where elevated salinities and average warming by 1.6°C, both in summer and winter between 1962 and 2007, expanded the

time window for growth of microalgae and possibly supported the invasion and increase in numbers of warm-adapted silicified

diatoms (Wiltshire et al., 2010). Recent findings indicate a regime shift in the Bay of Biscay and the Celtic and the North Seas in the

mid to end 1990s (Luczak et al., 2011). Changing plankton composition and changing abundances of both sardine and anchovies

(Raab et al., 2013) paralleled stepwise warming. 

Northward range extensions or redistributions in fishes were largest along the European Continental shelf and attributed to regional

warming, for example, by 1.0°C from 1977 to 2001 in the North Sea, with winter warming being closely correlated with the shift of

Atlantic cod (Perry et al., 2005; see also Section 6.3.1). Similar trends were observed due to warming by 1°C to 2°C in the waters

south and west of Iceland during the past 15 years (Valdimarsson et al., 2012). In the Northwest Atlantic Arctic and sub-Arctic, winter

and spring warming caused expansion of the area matching the thermal optimum of Atlantic salmon at 4°C to 8°C and caused

greater growth (Friedland and Todd, 2012). Pelagic sardines and anchovies entered the North Sea in the early to mid-1990s, after

about 40 years of absence, in response to intensified NAO and AMO (Alheit et al., 2012). Red mullet and bass extended into western

Norway; Mediterranean and northwest African species extended to the south coast of Portugal (Brander et al., 2003; Beare et al.,

2004; Genner et al., 2004; see also Section 30.5.1.1.4). 

In the Northwest Atlantic cooling and freshening occurred during the late 1980s to early 1990s and seemed to have the opposite

effect, as capelin and their predator, Atlantic cod, shifted farther south (Rose and O'Driscoll, 2002). Between the early 1990s and mid-

2000s in the Northwest Atlantic sub-polar gyre, phytoplankton biomass increased, due to warming. At the same time, Arctic copepod

species became more abundant, due to increased influx of Arctic water (Head and Pepin, 2010). Although temperatures have risen on

the Newfoundland Shelf (Colbourne et al., 2011), capelin and cod remain scarce for reasons probably unrelated to climate (DFO,

2011a,b). Farther south, Arctic freshwater inflows caused freshening and increased stratification of the area around the Gulf of Maine

throughout the 1990s, resulting in enhanced phytoplankton abundance, a larger and later fall bloom, increased abundance of small

copepods, and a decrease in the large copepod Calanus finmarchicus (deYoung et al., 2004; Pershing et al., 2005, 2010). Various fish

species showed poleward shifts in distribution (Table 6-2) that were associated with reduced survival of larval cod (Mountain and

Kane, 2010) and fewer right whale calves (Greene et al., 2003), but increased herring abundance (Greene and Pershing, 2007).
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through food webs and into fisheries remain uncertain (low confidence
in effects of changing NPP; Planque et al., 2011b; Stock et al., 2011). 

6.4.1.2. Other Provisioning Services

Reductions in marine biodiversity due to climate change and other
anthropogenic stressors (Tittensor et al., 2010), such as OA (CBD, 2009)
and pollution, might reduce the discovery of genetic resources from
marine species useful in pharmaceutical, aquaculture, agriculture, and
other industries (Arrieta et al., 2010), leading to a loss of option value
from marine ecosystems. Climate change increases the demand for
marine renewable energy such as wind and wave power, though with
potential ecosystem impacts of their infrastructure (Section 6.4.2).

6.4.1.3. Climate Regulation and Extreme Events

The effect of climate change on marine biota will alter their contribution
to climate regulation, that is, the maintenance of the chemical composition
and physical processes in the atmosphere and oceans (high confidence;
Beaumont et al., 2007). Regulatory mechanisms in which organisms
(especially phytoplankton) play a key role, include control of the level
of atmospheric CO2 through the balance between photosynthesis and
respiration (Johnson et al., 2010), and through the biological and alkalinity
pump (Falkowski, 1997; Feely et al., 2008). They also include the
modulation of further greenhouse gases such as nitrous oxide (N2O;
Jin and Gruber, 2003; Law, 2008; see also Section 6.1.1.3), and the
modulation of other climatically reactive gases such as dimethylsulfide
(DMS; Vogt et al., 2008). A projected decrease in global ocean NPP
(Section 6.5.1) may result in decreased export of biogenic carbon to the
deep ocean (Bopp et al., 2002; Boyd and Doney, 2002; Hashioka and
Yamanaka, 2007). A positive feedback on climate change may result;
however, many of the factors controlling the pump are poorly understood
(Figure 6-4; WGI AR5 Chapter 6). 

Coastal marine ecosystems reduce the effects of floods and storm
surges which account for most of the natural disasters affecting people
in coastal regions (IPCC, 2012a). Empirical and modeling studies show
that coral reefs contribute to buffering the impact of tsunamis (Fernando
et al., 2005; Gravelle and Mimura, 2008; see also Sections 5.4.2.4, 30.5;
Box CC-CR). Experiments and models indicate that warming and OA
slow coral growth by nearly 50% by 2050 (Box CC-CR; Section 5.4.2.4),
making some islands and coastal areas more vulnerable to tsunamis,
storm surges, wave energy, and coastal erosion (high confidence).
Wetlands and mangroves provide biologically diverse buffer zones
(Section 5.4.2.3). The combined impacts of climate change, pollution,
deoxygenation, and other overlapping stressors, on mangroves and
wetlands have not been determined (Cooley et al., 2009; Cooley, 2012).
Some of these stressors enhance each other’s effects in coastal systems
(Feely et al., 2010; Cai et al., 2011; Howarth et al., 2011). 

6.4.1.4. Cultural Services 

Cultural services encompass a wide array of services with marine
biodiversity as a core component supporting recreation and tourism as

the economically most relevant. Tropical coral reefs and their enormous
biodiversity sustain substantial tourist industries, presently with global
annual net benefits of about US$9.6 billion (Cesar et al., 2003; see also
Box CC-CR; Section 30.6.2.2). If reef services degrade, coastal visitors
might choose alternative attractions (UNWTO, 2008). Increased travel
to see disappearing ecosystem types (e.g., Antarctica: Liggett et al.,
2011) or in previously inhospitable areas or seasons (Amelung et al.,
2007; Moore, 2010) create new pressures and are unsustainable as the
locations of key attractors shift (e.g., cetaceans: Lambert et al., 2010;
Salvadeo et al., 2013). 

Climate change may endanger harvests of marine species with spiritual
and aesthetic importance to indigenous cultures, raising ethical
questions about cultural preservation (e.g., Nuttall, 1998). In coastal
communities, losing the aesthetic values of marine ecosystems may
harm local economies: better water quality and fewer harmful algal
blooms are related to higher shellfish landings and real estate prices
(Jin et al., 2008). 

Some heritage benefits of preserving marine ecosystems consist of the
economic value of a healthy, diverse ecosystem to future generations.
Any climate-related biodiversity loss or pollution of marine ecosystems
would decrease the bank of resources for future opportunities. For
example, the research and conservation value of coral reef biodiversity
and its non-use value are estimated together at US$5.5 billion annually
(Cesar et al., 2003). As with spiritual and aesthetic benefits, maintaining
heritage benefits under climate change poses challenges for managers
concerning equity and ethics as well as multigenerational (and possibly
multi-cultural) ethical questions.

6.4.1.5. Supporting Services 

Fully identifying the services supporting other ecosystem benefits is
virtually impossible, as they are diverse in nature and scale. Ecosystem
engineers play an important role in these services. Damage to calcifying
algae and corals will reduce habitat for other species (Section 6.3.5),
biodiversity, cultural and leisure values, and their climate regulation
capacity. 

Waterways for shipping are expected to change in the next several
decades (very high confidence; Chapter 28; Section 30.6.2.3). Reductions
in Arctic sea ice allow new trade routes such as the Northwest Passage
(Wilson et al., 2004; Granier et al., 2006), enabling economically viable
trans-Arctic shipping, and access to regional resources for exploitation
and tourism. This development would increase emission of greenhouse
gases and other pollutants (Lauer et al., 2009; Corbett et al., 2010), and
facilitate the invasion of non-indigenous species carried on hulls and in
ballast waters (Lewis et al., 2004). 

6.4.2. Management-Related Adaptations and Risks

6.4.2.1. Ecosystem Management

A changing climate will have both positive and negative consequences
for managing ocean resources (high confidence) (Eide and Heen, 2002;
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of higher trophic level organisms are projected to change due to changes
in primary productivity (Section 6.3.6). For example, the migration route
of Pacific sardine is projected to shift because of changes in primary
productivity and food availability (Ito et al., 2010). The global pattern
of distribution shifts is generally consistent with regional-scale projections
and past observations (e.g., Lenoir et al., 2011; Cheung et al., 2013a).
However, detailed quantitative projections are sensitive to model structure
and assumptions (Hare et al., 2012; Jones et al., 2013) and responses
of specific populations may differ from average species responses (Hazen
et al., 2013).

Coral reefs are projected to undergo long-term degradation by 2020 to
2100 relative to the 2000s under RCP2.6, 4.5, and 8.5 or their equivalents
(Section 30.5.6). Reefs projected to be threatened most by bleaching
under the SRES A1B scenario by 2100 include the Central and Western
Equatorial Pacific, Coral Triangle, and parts of Micronesia and Melanesia
(Teneva et al., 2012). These projections assume that coral bleaching
occurs when SST exceeds a certain threshold, and that there is limited
potential to shift such threshold by adaptation. Reef degradation will
impact ecosystem services (Hoegh-Guldberg, 2011; see also Section 6.4;
Box CC-CR).

Some groups of marine air-breathing fauna are projected to shift in
distribution and abundance (Section 6.3.7). Cetacean richness will
increase above 40° latitude in both hemispheres, while at lower latitudes
both pinniped and cetacean richness are projected to decrease by 2040–
2049 relative to 1990–1999 under the SRES A1B scenario (Kaschner et
al., 2011). Using SST as a predictor, the distribution of loggerhead turtles
is projected to expand poleward in the Atlantic Ocean and to gain habitat
in the Mediterranean Sea by 2070–2089 relative to 1970–1989 (Witt
et al., 2010). Leatherback turtle may decrease in abundance at a rate
of 7% per decade because of reduced hatching success with warming
following the SRES A2 scenario (Saba et al., 2012). Abundances of some
seabirds such as European breeding seabirds (Huntley et al., 2007),

Cassin’s auklet in the California Current Ecosystem, or emperor penguin
in Antarctica are projected to decline because of climate-induced changes
in oceanographic conditions, such as temperature and upwelling intensity
(Wolf et al., 2010; see also Box CC-UP), or summer sea ice conditions
(Jenouvrier et al., 2012). The diversity of megafaunal responses to climate
change will have cascading ecosystem impacts, and will affect ecosystem
services such as tourism (high confidence; Sections 6.3.7, 6.4.1).

6.5.3. Ecosystems and Fisheries

One of the most direct impacts of climate change on marine ecosystem
services is through fisheries (Sections 6.4.1, 7.2.1.2, 7.3.2.4, 7.4.2).
Projected climate impacts on fisheries are based on recruitment, growth,
mortality, abundance, and distribution of fish stocks as well as changes in
ocean NPP (Cheung et al., 2008), evaluated from chlorophyll concentration
and other variables such as sea surface temperature (Campbell et al.,
2002). Friedland et al. (2012) suggested that chlorophyll concentration,
indicating both phytoplankton production and biomass, is a better
predictor of the fishery yield in large marine ecosystems than NPP. While
the principle holds that catch potential is dependent on energy from
primary production, quantitative projections of catch potential are
limited by residual uncertainty on the best possible indicators of primary
production and biomass. 

Assuming that the potential fish catch is proportional to NPP, the fish
catch in the North Pacific Ocean subtropical biome is projected to
increase by 26% through expansion of the biome, while catches in
the temperate and equatorial biomes may decrease by 38 and 15%,
respectively, through contraction of the biomes by 2100 relative to 2000
under the SRES A2 (RCP6.0 to 8.5) scenario (Polovina et al., 2011).
Changes in phytoplankton size structure are projected to affect fisheries
catch potential (Cheung et al., 2011), resulting in a 0 up to 75.8%
decrease in the potential catch of large fishes in the central North Pacific

 ∆PP (g C m−2= year−1)
200180160140120100806040200−20−40−60−80−100−120−140−160−180−200

 RCP2.6  RCP8.5
(a) (b)

Figure 6-13 | Multi-model annual mean changes of projected vertically integrated net primary production (small and large phytoplankton) under the low-emission scenario 
Representative Concentration Pathway 2.6 (RCP2.6) (a) and the high-emission scenario RCP8.5 (b) for the period 2090 to 2099 relative to 1990 to 1999 (after Bopp et al., 
2013). To indicate consistency in the sign of change, regions are stippled where 80% of the 10 models from the Coupled Model Intercomparison Project Phase 5 (Bopp et al. 
2013) agree on the sign of change.
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et al., 2009; Welch et al., 2010) as well as rice quality (Okada et al.,
2011). Extremely high daytime temperatures are also damaging and
occasionally lethal to crops (Porter and Gawith, 1999; Schlenker and
Roberts, 2009), and trends at the global scale in annual maximum
daytime temperatures since 1961 have been attributed to GHG emissions
(Zwiers et al., 2011). At regional and local scales, however, trends in
daytime maximum are harder to attribute to GHG emissions because
of the prominent role of soil moisture and clouds in driving these trends
(Christidis et al., 2005; Zwiers et al., 2011). 

In addition to effects of changes in climatic conditions, there are clear
effects of changes in atmospheric composition on crops. Increase of
atmospheric CO2 by greater than 100 ppm since preindustrial times has
virtually certainly enhanced water use efficiency and yields, especially
for C3 crops such as wheat and rice, although these benefits played a
minor role in driving overall yield trends (Amthor, 2001; McGrath and
Lobell, 2011). 

Emissions of CO2 often are accompanied by ozone (O3) precursors that
have driven a rise in tropospheric O3 that harms crop yields (Morgan
et al., 2006; Mills et al., 2007; Section 7.3.2.1.2). Elevated O3 since
preindustrial times has very likely suppressed global production of major
crops compared to what they would have been without O3 increases,
with estimated losses of roughly 10% for wheat and soybean and 3 to
5% for maize and rice (Van Dingenen et al., 2009). Impacts are most
severe over India and China (Van Dingenen et al., 2009; Avnery et al.
2011a,b), but are also evident for soybean and maize in the USA
(Fishman et al., 2010).

7.2.1.2. Fisheries Production

The global average consumption of fish and other products from
fisheries and aquaculture in 2010 was 18.6 kg per person per year,
derived from a total production of 148.5 million tonnes, of which 86%
was used for direct human consumption. The total production arose
from contributions of 77.4 and 11.2 million tonnes respectively from
marine and inland capture fisheries, and 18.1 and 41.7 million tonnes
respectively from marine and freshwater aquaculture (FAO, 2012).
Fisheries make particular contributions to food security and more than
90% of the people engaged in the sector are employed in small-scale
fisheries, many of whom are found in the poorer countries of the world
(Cochrane et al., 2011). The detection and attribution of impacts are as
confounded in inland and marine fisheries as in terrestrial food production
systems. Overfishing, habitat modification, pollution, and interannual
to decadal climate variability can all have impacts that are difficult to
separate from those directly attributable to climate change. 

One of the best studied areas is the Northeast Atlantic, where the
temperature has increased rapidly in recent decades, associated with a
poleward shift in distribution of fish (Perry et al., 2005; Brander, 2007;
Cheung et al., 2010, 2013). There is high confidence in observations of
increasing abundance of fish species in the northern extent of their
ranges while decreases in abundance have occurred in the southern
part (Section 30.5.1.1.1). These trends will have mixed implications for
fisheries and aquaculture with some commercial species negatively and
others positively affected (Cook and Heath, 2005). There is a similar

well-documented example in the oceans off southeast Australia with
large warming trends associated with more southward incursion of the
Eastern Australian Current, resulting in southward migration of marine
species into the oceans around eastern Tasmania (robust evidence, high
agreement; Last et al., 2011).

As a further example, coral reef ecosystems provide food and other
resources to more than 500 million people and with an annual value of
US$5 billion or more (Munday et al., 2008; Hoegh-Guldberg, 2011).
More than 60% of coral reefs are considered to be under immediate
threat of damage from a range of local threats, of which overfishing is
the most serious (Burke et al., 2011; see also Box CC-CR) and the
percentage under threat rises to approximately 75% when the effect
of rising ocean temperatures is added to these local impacts (Burke et
al., 2011). Wilson et al. (2006) demonstrated that declines in coral reef
cover typically led to declines in abundance of the majority of fish
species associated with coral reefs. There is high confidence that the
availability of fish and invertebrate species associated with coral reefs
that are important in many tropical coastal fisheries is very likely to be
reduced (Section 30.6.2.1.2). Other examples around the world are
described in Section 30.5.1.1.1.

These changes are impacting marine fisheries: a recent study that
examined the composition of global fisheries catches according to the
inferred temperature preferences of the species caught in fisheries
found that there had been changes in the species composition of marine
capture fisheries catches and that these were significantly related to
changes in ocean temperatures (Cheung et al. 2013; Section 6.4.1.1).
These authors noted that the relative contribution to catches by warmer
water species had increased at higher latitudes while the contributions
of subtropical species had decreased in the tropics. These changes have
negative implications for coastal fisheries in tropical developing countries,
which tend to be particularly vulnerable to climate change (Cheung et
al., 2013; Sections 6.4.3, 7.5.1.1.2). 

There is considerably less information available on climate change
impacts on fisheries and fishery resources in freshwater systems and
aquaculture. Considerable attention has been given to the impacts of
climate change in some African lakes but with mixed interpretations
(Section 22.3.3.1.4). There is evidence that increasing temperature has
reduced the primary productivity of Lake Tanganyika in East Africa and
a study by O’Reilly et al. (2003) estimated that this would have led to
a decrease of approximately 30% in fish yields. However, Sarvala et al.
(2006) disagreed and concluded that observed decreases in the fish
catches could be explained by changed fishery practices. There has been
a similar difference of opinion for Lake Kariba, where Ndebele-Murisa
et al. (2011) argued that a reduction in fisheries productivity had been
caused by climate change while Marshall (2012) argued that the declines
in fish catches can only have been caused by fishing. There is medium
confidence that, in India, changes in a number of climate variables
including an increase in air temperature, regional monsoon variation,
and a regional increase in incidence of severe storms have led to
changes in species composition in the River Ganga and to have reduced
the availability of fish spawn for aquaculture in the river Ganga while
having positive impacts on aquaculture on the plains through bringing
forward and extending the breeding period of the majors carps (Vass
et al., 2009).
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Box 7-1 | Projected Impacts for Crops and Livestock
              in Global Regions and Sub-Regions under Future Scenarios

Regional impacts on crops

Region Sub-region Yield impacts (%) Scenario Reference

World • (I) Maize: –4, –7
• (R) Maize: –2, –12
• (I) Rice: –9.5, –12
• (R) Rice: –1, +0.07
• (I) Wheat: –10, –13
• (R) Wheat: –4, –10

A1B
CSIRO, MIROC
2050

Nelson et al. (2010)

East Asia China (I) Maize: 
• –10.9 to –1.4 (–7.8 to –1.6),
• –21.7 to –9.8 (–16.4 to –10.2),
• –32.1 to –4.3 (–26.6 to –3.9)
(R) Maize: 
• –22.2 to –1.0 (–10.8 to +0.7),
• –27.6 to –7.9 (–18.1 to –5.6),
• –33.7 to –4.6 (–25.9 to –1.6)
(I) Rice:
• –18.6 to –6.1 (–10.1 to +3.3),
• –31.9 to –13.5 (–16.1 to +2.5),
• –40.2 to –23.6 (–19.3 to +0.18)

+1ºC, +2ºC, +3ºC
–CO2 (+CO2)

Tao et al. (2011)

Eastern China Rice: 
• −10 to +3 (+7.5 to +17.5),
• −26.7 to +2 (0 to +25),
• −39 to −6 (−10 to + 25) 

2030, 2050, 2080
–CO2 (+CO2)

Tao and Zhang (2013)

Huang-Huai-Hai Plain, China Wheat–maize: +4.5 ± 14.8, –5.8 ± 25.8 +2ºC, +5ºC Liu et al. (2010)

North China Plain • (I) Wheat: –0.9 (+23) 
• (R) Wheat: –1.9 (+28)

A1B
2085–2100
–CO2 (+CO2)
MIROC

Yang et al. (2013)

Yangtze River, China • (I) Rice: –14.8 (–3.3)
• (R) Rice: –15.2 (–4.1)

B2
2021–2050 
–CO2 (+CO2)

Shen et al. (2011)

South Asia South Asia • Maize: –16 
• Sorghum: –11

2050 Knox et al. (2012)

South Asia Net cereal production –4 to –10 +3ºC Lal (2011)

India Winter sorghum: up to –7, –11, –32 A2
2020, 2050, 2080

Srivastava et al. (2010)

• (I) Rice: –4, –7, –10
• (R) Rice: –6, –2.5, –2.5

A1B; A2; B1; B2
2020, 2050, 2080
+CO2
MIROC; PRECIS/HadCM3

Kumar et al. (2013)

• Monsoon maize: –21 to 0, –35 to 0, –35 to 0
• Winter maize: –13 to +5, –50 to +5, –60 to –21

A2
2020, 2050, 2080
HadCM3

Byjesh et al. (2010)

Northeast India • (I) Rice: –10 to +5
• (R) Rice: –35 to +5
• Maize: up to –40
• Wheat: up to –20

A1B
2030 
+CO2
PRECIS/HadCM3

Kumar et al. (2011)

Coastal India • (I) Rice: –10 to +5
• (R) Rice: –20 to +15
• (I) Maize: –50 to –15
• (R) Maize: –35 to +10

Western Ghats, India • (I) Rice: –11 to +5
• (R) Rice: –35 to +35 
• Maize: up to –50
• Sorghum: up to –50

Pakistan Wheat: –7, –24 (Swat); +14, +23 (Chitral) +1.5ºC, +3°C Section 24.4.4.3

• Wheat: –6, –8  
• Rice: –16, –19

B2, A2
2080

Iqbal et al. (2009)

Projected impacts for crops and livestock in global regions and sub-regions under future scenarios. Crop yield impacts in parentheses correspond to parentheticals in 
the scenario column. – CO2 = without CO2 effects; +CO2 = with CO2 effects; (I) = irrigated; (R) = rainfed. ARPEGE = Action de Recherche Petite Echelle Grande Echelle; 
CSIRO = Commonwealth Scientifi c and Industrial Research Organisation; ECHAM4 = European Centre for Medium Range Weather Forecasts Hamburg 4; GFDL-
CM2.0/2 = Geophysical Fluid Dynamics Laboratory-Climate Model 2.0/2; HadCM3 = Met Offi ce Hadley Centre Climate Prediction Model 3; HIRHAM = High-Resolution 
Hamburg Climate Model; MIROC = Model for Interdisciplinary Research On Climate; MPI-OM = Max Planck Institute; MRI-CGCM2.3.2 =  Meteorological Research 
Institute of Japan Meteorological Agency-Coupled General Circulation Model 2.3.2; PRECIS = Providing Regional Climates for Impact Studies; RCA3 = Rossby Centre 
Regional Atmospheric Model 3.
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in urban centers and most new investments have concentrated there
(World Bank, 2008; Satterthwaite et al., 2010). Clearly, just in terms of the
population, economic activities, assets, and climate risk they increasingly
concentrate, adapting urban areas to climate change requires serious
attention. 

Most urbanization is underpinned by an economic logic. All wealthy
nations are predominantly urbanized and rapid urbanization in low-
and middle-income nations is usually associated with rapid economic
growth (World Bank, 2008; Satterthwaite et al., 2010). Most of the
world’s largest cities are in its largest economies (World Bank, 2008;

Figure 8-1 | Global and regional maps showing the location of urban agglomerations with 750,000-plus inhabitants in 1950 (derived from statistics in UN DESA Population 
Division, 2012).
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(if there is infrastructure in place that can be adjusted, e.g., by increasing
capacity for storm and surface water drainage systems). Existing levels
of service provision can be modified to take into account new risks or
risk levels, as can city planning and land use management (e.g., by
keeping city expansion away from areas facing higher risk levels).
Private sector investments can support these kinds of adjustments (e.g.,
changing insurance premiums and coverage) (IFRC, 2010; UN-HABITAT,
2011a; UNISDR, 2013). All of these provide the foundation on which to
build adaptive capacity to withstand climate change-related direct and
indirect impacts. 

Whether this will happen depends on willingness of urban governments
to take this on, the demands of local inhabitants and their capacity to
organize and press for change, and the capacity for learning and
cooperation within local institutions. Obviously, it also depends on
global agreements that slow and stop the increases in risk from GHG
emissions and other drivers of climate change. Many cities with
accumulated resilience may still not be equipped to respond to the
changed hazards and risks associated with climate change (IPCC, 2012).
The issue here becomes whether the institutions and political pressures
that built the accumulated resilience are able to shift to resilience
building as a directed process—and to respond dynamically and
effectively to evolving and changing climate-related risks (and the
evolving and changing knowledge bases that supports this). 

For urban centers with little accumulated resilience, resilience as a
process is also important, both to help reduce over time the (often very
large) deficiencies in most or all the infrastructure, services, and regulatory
frameworks that provide resilience in high-income nations and to build
resilience to climate change impacts (see Table 8-2). For around a third
of the world’s urban population, this has to be done in a context of limited
incomes and assets and poor living conditions and little current coping
capacity to stresses or shocks (UNISDR, 2009; IPCC, 2012). Just an increase
in the price of food staples, a drop in income, or a new cost, such as
medicine for a sick family member, can quickly mean inadequate food,
hunger, and reduced capacity to work (Mitlin and Satterthwaite, 2013).

This implies the need for a specific perspective on how climate change
adaptation must be supported. It highlights the intimate relationship
between resilience to climate change impacts and the quality of
governance, especially local governance. The government’s capacity and
willingness to listen to, work with, support, and serve those who lack
resilience is fundamental (IPCC, 2012). This is demonstrated by the
many successful partnerships between local government and grassroots
organizations formed by residents of informal settlements that have
built or improved homes and neighborhoods (see Section 8.4).

Thus, resilience can be considered in relation to individuals/households,
communities, and urban centers. In each of these, it includes the capacity
to undertake anticipatory adaptation—action that avoids or reduces a
climate change impact, for instance, by living in a safe location, having
a safe house, or having risk-reducing infrastructure. It also includes
reactive adaptation to cope with the impact of an event, to “bounce
back” to the previous state (Shaw and Theobald, 2011). For urban
centers, “bouncing back” includes the government capacity to rapidly
restore key services and repair infrastructure. Ideally, for climate change
adaptation, responses by urban populations, enterprises, and governments

should allow “bounce forward” to a more resilient state. This is
discussed in disaster risk reduction and is termed “building-back better”
(Lyons, 2009). This is part of the shift from resilience to transformative
adaptation shown in Table 8-2 where urban centers have integrated
their development, disaster risk reduction, and adaptation policies and
investments within an understanding of the need for mitigation and
sustainable ecological footprints (see also Pelling and Dill, 2010;
Manyena et al., 2011; Shaw and Theobald, 2011).

8.1.5. Conclusions from the Fourth Assessment Report
(AR4) and New Issues Raised by this Chapter

AR4’s chapter on Industries, Settlements, and Human Society (Wilbanks
et al., 2007) notes that variability in environmental conditions has always
been a given, but that when change is more extreme, persistent, or rapid
than has been experienced in the past, especially if it is not foreseen
and capacities for adaptation are limited, the risks will increase (WGII
AR4 Section 7.1.1). The chapter also noted that, except for abrupt
extreme events, climate change impacts are not currently dominant
issues for urban centers (WGII AR4 Section 7.1.3). Their importance lies
in their interaction with other stressors, which may include rapid
population growth, political instability, poverty and inequality, ineffective
local governments, jurisdictional fragmentation, and aging or inadequate
infrastructure (WGII AR4 Section 7.2). Key challenges identified for
turning attention to adaptation include the difficulties of estimating
and projecting the magnitudes of climate risk in particular places and
sectors with precision and a weak knowledge base on the costs of
adaptation (issues that are still challenges today).

Wilbanks et al. (2007) describe how the interactions between urbanization
and climate change have led to concentrations of urban populations in
low-income nations with weak adaptive capacity. They also describe
the interactions between climate change and a globalized economy
with long supply chains, resulting in impacts spreading from directly
affected areas and sectors to other areas and sectors through complex
linkages (WGII AR4 Section 7.2). Many impacts will be unanticipated
and overall effects are poorly estimated when only direct impacts are
considered. Key global vulnerabilities include interregional trade and
migration patterns. This chapter also describes how climate change
impacts and most vulnerabilities are influenced by local contexts,
including geographic location, the climate sensitivity of enterprises
located there, development pathways, and population groups unable to
avoid dangerous sites and homes (WGII AR4 Sections 7.3, 7.4.3). Key risks
are most often related to climate phenomena that exceed thresholds for
adaptation (e.g., extreme weather or abrupt changes) and limited
resources or institutional capacities to reduce risk and cope (e.g., with
increased demands on water and energy supplies and often on health
care and emergency response systems). 

Individual adaptation may not produce systemic adaptation. In addition,
adaptation of systems may not benefit all individuals or households,
because of the different vulnerability of particular groups and places
(WGII AR4 Section 7.6.6). Adaptation will be well served by a greater
awareness of threats and alternatives beyond historical experience and
current access to finance. Technological innovation for climate adaptation
comes largely from industry and services that are motivated by market
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Figure 8-3 | Large urban agglomerations and temperature change (maps drawn from IPCC, 2013; urban agglomeration population and population growth data from UN DESA 
Population Division, 2012).
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management to enhance ecological viability) can have adaptation co-
benefits. Recognizing that the adaptation deficit is both in the lack of
conventional infrastructure and the loss of ecological infrastructure, the
approach includes an interest in how ecosystem restoration and
conservation can contribute to food security, urban development, water
purification, waste water treatment, climate change adaptation, and
mitigation (Roberts et al., 2012). The growing attention to ecosystem
services includes adaptations in urban, peri-urban, and rural areas that
use opportunities for the management, conservation, and restoration
of ecosystems to provide services and increase resilience to climate
extremes. They can also deliver co-benefits (e.g., purifying water, absorbing
runoff for flood control, cleansing air, moderating temperature, and
preventing coastal erosion) while helping contribute to food security
and carbon sequestration (Newman, 2010; Foster et al., 2011b; GLA,
2011; Roberts et al., 2012; see also Institute for Sustainable Communities,
2010; City of New York, 2011; Oliveira et al., 2011; Tallis et al., 2011;
Wilson et al., 2011; Helsinki Region Environmental Services Authority,
2012). These approaches are particularly important in low- and many
middle-income countries where livelihoods for some urban residents
and much of the peri-urban population depend on natural resources.
But there are considerable knowledge gaps in determining the limits
or thresholds to adaptation of various ecosystems and where and how
ecosystem-based adaptation is best integrated with other adaptation
measures. There is also some indication that the costs of ecosystem-
based adaptation in urban contexts might be higher than expected, in
large part because costs are higher for land acquisition and ecosystem
management (Roberts et al., 2012; Cartwright et al., 2013).

Box 8-2 describes how ecosystem-based adaptation is being developed
in Durban. Another example is addressing flood risk through catchment
management that includes community-based partnerships supported
by full cost accounting and payment for ecosystem services—rather

than the more conventional canalization of rivers (Kithiia and Lyth,
2011; Roberts et al., 2012).

Although much of the early innovation in ecosystem services and green
infrastructure was geared to address water shortages or flooding, its
importance for climate change adaptation is increasingly recognized.

Green spaces in cities are beneficial for absorbing rainfall and moderating
high temperatures. Urban forests and trees can provide shading,
evaporative cooling and rainwater interception, and storage and
infiltration services for cities (Pramova et al., 2012). Increasing tree cover
is proposed as a way to reduce UHI. Cooling effects are especially high
in large parks or areas of woodland but the land these are on face
competition from developers, as well as management challenges (Pramova
et al., 2012). The rapid and often unregulated expansion of cities in low-
and middle-income nations may also have left a much lower proportion
of the urbanized area as parks and other green spaces.

There is also lack of detailed knowledge on the climatic effects of specific
urban plants and vegetation structures (Mathey et al., 2011) and on
other important aspects such as the influence of green areas in local
circulation patterns and impact on urban fluxes and urban metabolism
(Chrysoulakis et al., 2013). In addition, green infrastructure projects may
select plant material for particular purposes that do not support habitat
values or large ecosystem function and greater ecosystem services.

Some city governments have focused on green infrastructure within
built up areas. In the USA, Portland and Philadelphia have encouraged
green roofs, porous pavements, and disconnection of downspouts to
reduce storm water at much lower cost than increasing storm water
storage capacity (Foster et al., 2011b). Some cities have invested in
green infrastructure linked to both regeneration and climate change

Box 8-2 | Ecosystem-Based Adaptation in Durban

Durban has adopted an ecosystem-based adaptation approach as part of its climate adaptation strategy. This required a series of

steps (Roberts et al., 2012):

• A better understanding of the impacts of climate change on local biodiversity and the management Durban’s open space. The

projected warmer and wetter conditions seem to favor invasive and woody plant species. 

• Improved local research capacity that includes generating relevant local data.

• Reducing the vulnerability of indigenous ecosystems as a short-term precautionary measure.

• Enhancing protected areas owned by local government and developing land use management interventions and agreements to

protect privately owned land areas critical to biodiversity and ecosystem services. This can be supported by government incentives

and regulation to stop development on environmentally sensitive properties, the removal of perverse incentives, and support for

affected landowners. 

• The promotion of local initiatives that contribute jobs and promote skills and environmental education within ecosystem

management and restoration programs. Durban has initiated a large-scale Community Reforestation Programme where

community level “tree-preneurs” produce indigenous seedlings and help plant and manage the restored forest areas as part of a

larger strategy to enhance biodiversity refuges and water quality, river flow regulation, flood mitigation, sediment control, and

improved visual amenity. Advantages include employment creation, improved food security, and educational opportunities.
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adoption of living roofs (Corburn, 2009). Under its Skyrise Greenery
project, Singapore has provided subsidies and handbooks for rooftop
and wall greening initiatives (Newman, 2010). Based on field tests in the
UK, Castleton et al. (2010) find that older buildings with poor insulation
benefit more from green roofs than newer structures built to higher
insulation standards. Wilkinson and Reed (2009) suggest that the
overshadowing caused by buildings in city centers may mean lower
potential for green roof retrofits compared to installations in suburban
areas and smaller towns with lower rise buildings. Benvenuti and Bacci
(2010) highlight the availability of water as the main limiting factor in
the realization of green roofs. 

A recent meta-analysis suggests that green roofs and parks may have
limited effects on cooling. Findings on green roofs were mixed; some
studies, but not all, showed lower temperatures above green sections.
An urban park was found to be about 1°C cooler than a non-green site
and larger parks had a greater cooling effect. Yet studies were mainly
observational, lacking rigorous experimental designs. It remains unclear
whether there is a simple linear relationship between a park’s size and
its cooling impact (Bowler et al., 2010) .

Cool roofs or white reflective roofs use bright surfaces to reflect shortwave
solar radiation, which lowers the surface temperature of buildings
compared to conventional (black) roofs with bituminous membrane
(Saber et al., 2012). There is also some work on roads and pavements
with increased reflectivity (Foster et al., 2011b). Some studies have
quantified the cooling benefits from white roofs in various urban
settings—in Hyderabad (Xu et al., 2012), in Sicily (Romeo and Zinzi,
2011), and in the North American climate (Saber et al., 2012). Comparisons
between green and white roofs have also been undertaken. Ismail et
al. (2011) investigated their cooling potential on a single-story building
in Malaysia, and Zinzi and Agnoli (2012) explored the difference in a
Mediterranean climate. Results suggest that local conditions play a
dominant role in determining the best treatment. Hamdan et al. (2012),
for instance, found a layer of clay on top of the roof as the most efficient
for passive cooling purposes in Jordan, compared to two different types
of reflective roofs. 

8.3.3.8. Adapting Public Services and Other Public Responses

As city risk and vulnerability assessments become more common and
detailed, they provide a basis for assessing how policies and services can
adapt. Section 8.2 noted health impacts that can arise or be exacerbated
by climate change that will increase demands on health care systems—
including those linked to air pollution, extreme weather, food or water
contamination, and climate-sensitive disease vectors. For air quality,
additional research is still needed to understand the complex links
between weather and pollutants in the context of climate change
(Harlan and Ruddell, 2011). Important synergies can be achieved
through combining mitigation and adaptation strategies to improve air
quality, reduce private transport, and promote healthier lifestyles (Harlan
and Ruddell, 2011; see also Bloomberg and Aggarwala, 2008).

In responding to disasters, health care and emergency services (including
ambulance, police, and fire fighting) will have increased workloads
while also ensuring that their systems can adapt. Their effectiveness can

be enhanced by good working relationships with other key government
sectors and with civil protection services including the army and the
Red Cross/Red Crescent national societies. For cities without a robust
early warning system or an emergency response network, adapting to
climate change may require significant improvements in staffing,
resources, and preparedness plans, for example, the data and personnel
to deal with vulnerable residents during heat waves. Particular attention
may be required to provide emergency services for informal settlements
lacking adequate roads or infrastructure and, when needed, evacuation
plans for all those that have to move. There is little evidence of
consideration to changes in services in response to climate change in
the city case studies listed in Box 8-1.

Enhanced emergency medical services may help cope with extreme
events while health officials can also improve surveillance, forecast the
health risks and benefits of adaptation strategies, and support public
education campaigns. Public health systems may need to increase
attention to disease vector control (e.g., screening windows, eliminating
breeding grounds for the mosquitoes that are vectors for malaria and
dengue) and bolster food hygiene measures linking to increased flooding
and temperatures. The costs of adapting health care systems may be
considerable—for instance, modifying buildings and equipment, training
staff, and setting up comprehensive surveillance and monitoring
systems that can capture the health risks of climate change, as well as
other risks. 

Schools and day-care centers may need risk and vulnerability assessments.
School buildings can be designed and built to serve as safe shelters
during floods or storms to which those at risk can move temporarily—
although it is also important after a disaster to quickly reestablish
functioning schools both for the benefit of children and their parents
(Bartlett, 2008). 

8.4. Putting Urban Adaptation in Place:
Governance, Planning, and Management

This section discusses what we have learned about introducing adaptation
strategies into the decision processes of urban governments, households,
communities, and the private sector. Many aspects of adaptation can
be implemented only through what urban governments do, encourage,
allow, support, and control. This necessarily involves overlapping
responsibilities and authority across other levels of government as well
(Dietz et al., 2003; Ostrom, 2009; Blanco et al., 2011; Corfee-Morlot et
al., 2011; McCarney et al., 2011; Kehew et al., 2013). Approaches include
new urban policies and incentives for action, as well as ensuring that
existing policies reduce risk and vulnerability (Urwin and Jordan, 2008;
Bicknell et al., 2009; Brugmann, 2012). Transformation should be
considered where fundamental change to economic, regulatory, or
environmental systems is seen as the most appropriate mechanism for
reducing risk and where maintaining existing systems offers little scope
for adaptation (Pelling and Manuel-Navarrete, 2011), for instance
resettlement or abandonment of previously developed land.

City governments that have developed adaptation policies recognize
the value of an iterative process responsive to new information, analyses,
or frameworks (National Research Council, 2010). In a range of cities,
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million); Bangladesh (US$146 million); China (US$100 million); and the
Philippines, Peru, Indonesia, and Kenya (US$52 to US$76 million). 

Around 70% of urban adaptation aid is dedicated to “hard” infrastructure
while about 10% goes to “soft” measures to support capacity building
related to urban infrastructure planning and adaptation. So OECD data
suggest that urban adaptation is a recent but significant objective in
climate aid activities but it is still only a small part of overall ODA
portfolios (OECD, 2013).

Conventional channels for development finance appear to have the
biggest role in adaptation financing in low- and middle-income countries,
though new vertical funds are also emerging. The proliferation of
multiple, single purpose funding mechanisms runs contrary to long-
standing harmonization principles of sound development cooperation
(Hedger, 2011; OECD, 2012). This more complex funding architecture
makes it difficult for smaller actors such as local authorities to access
sources for timely adaptation investments.

Development assistance can be better targeted if reconciled with bottom-
up, locally based planning processes that take climate risks into account,
and programs aiming to be mainstreamed into urban development over
time (Brugmann, 2012). Research shows the lack of well-defined
priorities in partner countries, combined with a donor tendency to
“control” funds for short-term results and a large variety of different
funding instruments results in fragmented delivery systems and unclear
outcomes (Brown and Peskett, 2011). Even where climate strategies exist
to guide action—as in Bangladesh, an “early mover” on adaptation
planning—the plan is often neither costed nor sequenced, making it
an inadequate framework for finance delivery (Hedger, 2011). A key to
improving effectiveness of international public finance will be building
the capacity for country-led planning processes identifying priority
actions for targeting adaptation funds. National Adaptation Plans of
Action (NAPAs) have become a principal way of organizing adaptation
priorities in Least Developed Countries, but the majority of plans do not
explicitly include urban projects and do not reflect local government
perspectives (UN-HABITAT, 2011c). 

A number of authors conclude that international development finance
is failing to tackle urban adaptation financing needs (Parry et al., 2009;
Paulais and Pigey, 2010; ICLEI, 2011; UN-HABITAT, 2011c). Some
suggest that national governments could set up funds supported by
international finance (governmental, philanthropic, or both) and on
which urban governments and community-based organizations can
draw (Paulais and Pigey, 2010; Satterthwaite and Mitlin, 2014). In
some middle-income countries, such as Indonesia, a more effective and
sustainable strategy than a focus on external funding may be national
policy reforms and incentives to steer investment to priority needs
(Brown and Peskett, 2011). There is also a need to mobilize domestic
public and private investment to ensure delivery of adaptation at
national and urban levels (Hedger, 2011; Hedger and Bird, 2011; OECD,
2012). Accessing all these sources of development finance for urban
adaptation will require institutional mechanisms to support multi-level
planning and risk governance (Corfee-Morlot et al., 2011; Carmin et al.,
2013). 

8.4.3.4. Institutional Capacity and Leadership,
Staffing, and Skill Development

Leadership is critical for generating interest in urban adaptation and
championing awareness and institutional change to bring action
(Anguelovski and Carmin, 2011; Carmin et al., 2012a). Creating a climate
change and environmental focal point or office in a city can help
coordinate climate action across government departments or agencies
(Roberts, 2008, 2010; Anguelovski and Carmin, 2011; Hunt and Watkiss,
2011; OECD, 2011; Brown et al., 2012). Yet there may be downsides
when this function is housed in the environmental line department—
see Durban (Roberts, 2008), Boston (City of Boston, 2011), and Sydney
(Measham et al., 2011)—since they are typically among the weakest
parts of city government with limited influence (Roberts, 2010). 

Although there is growing evidence of urban adaptation leadership
(Lowe et al., 2009; Anguelovski and Carmin, 2011; Foster et al., 2011b),
there are also important political constraints at the local level. Powerful

Box 8-5 | Adaptation Monitoring: Experience from New York City

The adaptation monitoring approach developed for New York City has four indicator elements: (1) physical climate change variables;

(2) risk exposure, vulnerability, and impacts; (3) adaptation measures; and (4) new research in each of these categories. Examples of

indicators arising from these categories include the percentage of building permits issued in a given year in current Federal Emergency

Management Agency (FEMA) coastal flood zones, and in projected 2080 coastal flood zones; a tally of building permits with measures

to reduce precipitation runoff; an index based on insurance data that measures the insurer’s perception of the city’s infrastructure-

coping capacity; an index that measures the rating of city-issued bonds or infrastructure operators for capital projects with climate

change risk exposure; the detailed trend of weather-related emergency/disaster losses (whether insured or uninsured, relative to the

total asset volume); and the number of days with major telecommunication outages (wireless versus wired), correlated with weather-

related power outages. Data criteria were decided through a scientist-stakeholder consensus with designated groups to evaluate

prospective indicators and their values. This case study shows the need for interdisciplinary, longitudinal data collection and analysis

systems along with an inclusive, transparent process for stakeholder engagement to interpret the data (Jacob et al., 2010).
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Key risk Adaptation issues & prospects  Climatic
drivers

Risk & potential for 
adaptationTimeframe

London (continued)

Key risk Adaptation issues & prospects  Climatic
drivers

Risk & potential for 
adaptationTimeframe

New York City

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Present

2°C

 4°C

Very
low 

Very 
high Medium Poverty and access to basic 

services (high confidence)

[8.3.3.8]

A significant proportion of the population struggles to pay their energy and water bills. 
Pockets of deprivation create areas of high vulnerability to climate risks, compounded by low 
levels of community capacity / social networks. 

Present

2°C

 4°C

Very
low 

Very 
high Medium 

Present

2°C

 4°C

Very
low 

Very 
high Medium 

Present

2°C

 4°C

Very
low 

Very 
high Medium 

Present

2°C

 4°C

Very
low 

Very 
high Medium 

Present

2°C

 4°C

Very
low 

Very 
high Medium 

Present

2°C

 4°C

Very
low 

Very 
high Medium 

Coastal zone systems 
(very high confidence)

[8.2]

NYC is highly vulnerable to coastal storm events and sea level rise associated flooding. 
Integration of infrastructure and policy changes with opportunity to enhance ecosystem 
service services is possible. 

Terrestrial ecosystems and 
ecological infrastructure 
(high confidence)

[8.2.4.5; 8.3.3.4]

Promotion of ecosystem restoration efforts consistent with the current degraded state of 
most of NYC’s ecosystem function.  A need exists for continued land use protection of the 
city’s water supply region. 

Water supply systems 
(medium confidence)

[8.3.3.4, 8.3.3.7]

NYC maintains an extremely extensive and resilient water supply infrastructure. Long-term 
adaptation could potentially include heightened drought management and interagency 
coordination with other water supply demand entities in region.

Waste water system
(medium confidence)

[8.2.3.3,8.2.4.1]

NYC maintains an extremely extensive and resilient waste water infrastructure.  Gray and 
green infrastructure adaptation to limit effects of extreme precipitation events and combined 
sewer overflows will be necessary.

Energy systems 
(medium confidence)

[8.2.4, 8.2.4.2]

NYC is served by an extensive energy generation and distribution system, most of which is 
operated by private companies or semi-public authorities. Peak load demand adaptation, 
especially for cooling demand will be necessary, as will adaptation for distribution disruptions 
associated with extreme events including ice storm events and coastal storm surge. 

Food systems and security 
(medium confidence)

[8.3.3.2]

NYC is connected to a regional, national, and global food distribution system. Adaptation will 
be necessary to ensure that food processing and distribution systems within the city can be 
resilient in the face of potential extreme event impacts.

Continued next page

Near term 
(2030 – 2040)

Long term
(2080 – 2100)

Present

2°C

 4°C

Very
low 

Very 
high Medium Key economic sectors and 

services (medium confidence)

[8.3.3.1]

London’s economy is dominated by service sector activities, particularly finance and including 
global businesses that expose it to failure in external markets that may be associated with 
climate change impacts or management. Business continuity is routinely integrated into 
business plans. Failure of essential infrastructure, including transport and energy networks, 
has short-term impacts.

Table 8-6 (continued)
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This is “induced vulnerability” (Krätli et al., 2013), arising from a range
of social, economic, environmental, and political pressures external to
pastoralism that bring about encroachment on rangelands; inappropriate
land policy; undermining of pastoral culture and values; and economic
policies promoting uniformity and competition over diversity and
complementarity. Other authors list as constituents of increased
vulnerability: population growth; increased conflict over natural resources;
changed market conditions and access to services under liberalization;
concentration of political power in national centers; and perceptions
that pastoralists are backward (Smucker and Wisner, 2008; Dougill et
al., 2010; Dong et al., 2011; Rivera-Ferre and López-i-Gelats, 2012).
These in turn can be seen as results of what Reynolds et al. (2007)
conceptualize as two key features of dryland populations: remoteness,
and distance from the centers and priorities of decision makers or
“distant voice.” However, Dong et al. (2011) and Sietz et al. (2011) stress
the geographic differentiation of pastoral systems (and more broadly
of dryland systems).

9.3.5.2.2. Mountain farmers

Mountain ecosystems have been identified as extremely vulnerable to
climate change (Fischlin et al., 2007), and thus populations have a high
exposure to climate change. A detailed understanding of climate change
impacts in mountain areas is difficult because of physical inaccessibility
and scarcity of resources for research in mountain states and regions
(Singh et al., 2011), as well as more generic uncertainties relating to
climate projection.

Mountain dwellers, as pastoralists in drylands, are adapted to live in
steep and harsh and variable conditions, and thus have a variety of
strategies to adapt and foster resilience to changing climatic conditions.
However, to develop their strategies they need to overcome other drivers
that can affect their vulnerability in different contexts. For instance, in
most developed countries, mountains are becoming depopulated (Gehrig-
Fasel et al., 2007; Gellrich et al., 2007; López-i-Gelats, 2013) given the
extreme climatic conditions and their remoteness and subsequent
isolation, while in developing countries (e.g., tropical mountain areas)
there is a trend toward increasing population (Huber et al., 2005; Lama
and Devkota, 2009). The impacts of the projected warming on mountain
farming, as well as their adaptation strategies, differ spatially because
the socioeconomic role of mountains varies significantly between
industrialized and industrializing or non-industrialized countries (Nogués-
Bravo et al., 2007). Mountain grasslands in developed countries are
usually managed via a sub-exploitation model that involves the intensive
use of the most productive areas and the abandonment of those regions
where production is economically less viable (López-i-Gelats et al.,
2011). In contrast, mountain grasslands in developing countries remain
centers of fodder and livestock production. Thus, two general trends
are identified in world mountain grasslands: while temperate mountain
grasslands tend to suffer from conversion to agriculture, and land
abandonment where livestock raising is less feasible (Gellrich et al., 2008),
in tropical mountain grasslands the main cause of degradation is
overgrazing, linked to processes of demographic growth. Land
privatization, loss of grazing rights, or changes in land use (e.g.,
development of infrastructure) also affect mountain farmers both in
developed and developing countries (Tyler et al., 2007; Xu et al., 2008).

9.3.5.2.3. Artisanal fisherfolk

Small coastal and riparian rural communities face several drivers that
increase their vulnerability, which remain largely ignored by mainstream
fisheries policy analysts; for example, the potential impact of demographic,
health, and disease trends, or of wider development policy trends (Hall,
2011); pressure from other resources (e.g., water, agriculture, coastal
defense); unbalanced property rights; and lack of adequate health systems,
potable water, or sewage and drainage (Badjeck et al., 2010). The most
important drivers affecting small-scale fisheries can be grouped into
international trade and globalization of markets; technology; climate
and environment; health and disease; demography; and development
patterns and aquaculture. For instance, freshwater fisheries are threatened
by increasing irrigation, while vulnerability of coastal fisheries increases
with mangrove loss to aquaculture facilities in response to growing
markets for prawns (Hall, 2011). Another difficulty faced by fisheries-
based livelihoods is the neglect of governments and researchers, which
is more focused on industrial fishing than artisanal fishing (Mills et al.,
2011). 

9.4. Adaptation and Managing Risks

9.4.1. Framing Adaptation

AR4 stated with very high confidence that adaptation to climate change
was already taking place, but on a limited basis, and more so in developed
than developing countries. Since then, the documentation of adaptation
in developing countries has grown (high confidence). Adaptation is
progressive, and is distinguished from coping as it reduces vulnerability in
the case of re-exposure to the same hazard (Vincent et al., 2013): it can
therefore be identified even without high confidence that a local hazard
or climate trend is attributable to global climate change—indeed many
cases of adaptation are driven primarily by other stressors, but have the
result of aiding adaptation to climate change (Berrang-Ford et al., 2011).

Many adaptations do build on examples of responses to past variability
in resource availability, and it has been suggested that the ability to
cope with current climate variability is a prerequisite for adapting to
future change (Cooper et al., 2008). At the same time, however, it cannot
be assumed that past response strategies will be sufficient to deal with
the range of projected climate change. In some cases, existing coping
strategies may increase vulnerability to future climate change, by
prioritizing short-term resource availability (Adepetu and Berthe, 2007;
O’Brien et al., 2007). In Malawi, for example, forest resources are used
for coping (gathering wild food and firewood to sell), but this process
reduces the natural resource base and increases vulnerability to future
flooding through reduced land cover and increased overland flow
(Fisher et al., 2010). In developing countries, there is high confidence
that adaptation could be linked to other development initiatives aiming
for poverty reduction or improvement of rural areas (Eriksen and O’Brien,
2007; Hassan, 2010; Nielsen et al., 2012; see also Section 13.4). For
more information on the integration of adaptation and development in
climate-resilient development pathways, see Chapter 20. In Ethiopia,
for example, “low regrets” measures to respond to current variability
are important to shift the trajectory from disaster-focused to longer-
term vulnerability reduction (Conway and Schipper, 2011). 
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within a managed context to ensure sustainability (Robledo et al., 2011).
As with water resources, forests can adapt through management of
forest fires, silvicultural practices, and the conservation of forest genetic
resources. Ecological restoration, where required, is another effective
adaptation measure that enhances biodiversity and environmental
services (Benayas et al., 2009), increases the potential for carbon
sequestration, and promotes economic livelihoods in rural areas (Chazdon,
2008), as seen in examples of the Brazilian Atlantic Forest (Calmon et
al., 2011; Rodrigues et al., 2011). Direct species management is important
(Mawdsley et al., 2009). In terms of managing protected areas, to
maintain appropriate habitats a network approach may be effective
(Hole et al., 2011). 

As the climate changes, part of adaptive management may entail
modification of existing biodiversity management practices. Manipulating
vegetation composition and stand structure, for example, has been
proposed as an adaptation option to wildfires in Canada (Girardin et
al., 2013; Terrier et al., 2013); for more information on wildfires see Box
26-2. In Central and South America, protected areas of restricted use

reduced fire substantially, but multi-use protected areas are even more
effective; and in indigenous reserves the incidence of forest fire was
reduced by 16% as compared to non-protected areas (Nelson and
Chomitz, 2011). 

Reflecting the growing evidence for community-based management
and wise use, an emerging mechanism for ecosystem-based adaptation
includes payment for ecosystem services (PES) (Montagnini and Finney,
2011). The PES literature is more developed for carbon payments, CDM
and REDD+, but some research suggests potential for adaptation as
well (see Section 13.3.1.2 for an assessment of the relationship between
REDD+ and poverty alleviation). Particularly developed in Central and
South America (see Table 27-7 for examples of PES schemes), communities
can be paid for collecting scientific data to contribute to research and
monitoring protocols (Luzar et al., 2011), or for actively managing
natural resources, which may improve adaptive capacity in the longer
term, bearing in mind with reforestation there is a time delay before
payments are received (Locatelli et al., 2008). More indirectly, there are
opportunities for PES to contribute to adaptation indirectly through

Box 9-3 | Adaptation Initiatives in the Beverage Crop Sector

One of the leading initiatives to prepare small-holder producers of beverage crops for adaptation to climate change is the AdapCC

project, which worked with coffee and tea producers in Latin America and East Africa (Schepp, 2010). This process used risk and

opportunity analysis and participatory capacity building (CafeDirect/GTZ, 2010) to help farmers identify changes in management

practices to both mitigate their contribution to climate change and adapt to the changes in climate they perceived to be occurring. In

general the actions for adaptation were a reinforcement of principles of sustainable production, such as using tree shade. Facilitating

processes of adaptation in the context of strong variability in vulnerability between different communities in the same region and

even families within the same community (Baca Gómez, 2010) will be a challenge, but supports the need for participatory community

adaptation processes that would enable families to implement strategies appropriate to their own circumstances and capacity.

Policy recommendations to support adaptation in these sectors (Schroth et al., 2009; Laderach et al., 2010; Schepp, 2010; Eakin et al.,

2011) have prioritized the following interventions to support adaptation: 

•     Community-based analysis of climate risks and opportunities as a basis for community adaptation strategies

•     Improved recording and access to climate information including medium- and long-term predictions

•     Sustainable production techniques including soil and water conservation, shaded production systems, diversification of

      production systems

•     Development of new varieties with broader adaptability to climate variation, higher temperatures, and increased drought tolerance

•     Financial support to invest in adaptation and reduce risks through climate insurance

•     Organization of small producers to improve access to knowledge and financial support, and to coordinate implementation

•     Environmental service payments and access to carbon markets to support sustainable practices

•     Development of value chain strategies across all actors to support adaptation and increase resilience across the sectors.

There are possibilities for synergy between adaptation and mitigation. The sustainability standards Rainforest Alliance and Common

Code for the Coffee Community are piloting climate-friendly standards for producers that aim to reduce the greenhouse gas emissions

from agricultural practices and to increase sequestration of carbon in soils and trees, but also to prepare producers for adapting to

climate change (Linne, 2011; SAN, 2011). The latter consists of improved understanding of climate impacts and promoting sustainable

production practices to increase resilience in the production systems.
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weather characteristics of the deployment site. These development
efforts can be integrated in addressing the key challenge for solar
technologies today: reducing the costs.

Harnessing wind energy for power generation is an important part of
the climate change mitigation portfolio in many countries. Assessing
the possible impacts of climate change and EWEs and identifying
possible adaptation responses for wind energy is complicated by the
complex dynamics characterizing this generation source. Relevant
attributes of climate are expected to change; the technology is evolving
(blade design, other components); see Kong et al. (2005) and Barlas and
Van Kuik (2010); there is an increasing deployment offshore and a
transition to larger turbines (Garvey, 2010) and to larger sites (multi
megawatt arrays) (Barthelmie et al., 2008). 

The key question concerning the impacts of a changing climate regime
on wind power is related to the resource base: how climate change will
rearrange the temporal (inter- and intra-annual variability) and spatial
(geographical distribution) characteristics of the wind resource. In the
next few decades, wind resources (measured in terms of multi-annual
wind power densities) are estimated to remain within the ±50% of the
mean values over the past 20 years in Europe and North America (Pryor
and Barthelmie, 2010). The wide range of the estimates results from the
circulation and flow regimes in different General Circulation Models
(GCMs) and Regional Climate Models (RCMs) (Bengtsson et al., 2006;
Pryor and Barthelmie, 2010). A set of four GCM-RCM combinations for
the period 2041–2062 indicates that average annual mean energy
density will be within ±25% of the 1979–2000 values in all 50-km grid
cells over the contiguous USA (Pryor et al., 2011; Pryor and Barthelmie,
2013). Yet, little is known about changes in the interannual, seasonal,
or diurnal variability of wind resources.

Wind turbines already operate in diverse climatic and weather conditions.
As shown in Table 10-1, siting, design, and engineering solutions are
available to cope with various impacts of gradual changes in relevant
climate attributes over the coming decades. The requirements to
withstand extreme loading conditions resulting from climate change
are within the safety margins prescribed in the design standards,
although load from combinations of extreme events may exceed the
design thresholds (Pryor and Barthelmie, 2013). In summary, the wind
energy sector does not face insurmountable challenges resulting from
climate change.

In the coal fuel cycle, vulnerability in mining depends on mining method.
Surface mining might be particularly affected by high precipitation
extremes and related floods and erosion, and temperature extremes,
especially extreme cold that might encumber extraction for some time,
whereas impacts on coal cleaning and operation of underground mines
will probably be less severe (Ekman, 2013). Changes in drainage and
runoff regulation for on-site coal storage as well as in coal handling
might be required due to the increased moisture content of coal and
more energy might be required for coal drying before transportation
(CCSP, 2007). At the back end of the fuel cycle, the management of fly-
ash, bottom ash, and boiler slag may need to be modified in response
to changes in some EWE patterns such as wind, precipitation, and
floods. Impacts on biomass-based energy sources are discussed in
Chapter 7 of this report.

Climate- and weather-related hazards in the oil and gas sector include
tropical cyclones with potentially severe effects on offshore platforms
and onshore infrastructure as well, leading to more frequent production
interruptions and evacuation (Cruz and Krausmann, 2013). Gradual
changes in air temperature and precipitation are projected to generate
risk and opportunities for the oil and gas industry. For example, new
areas for oil and gas exploration could open in the Arctic, potentially
increasing the technically recoverable resource base (Cruz and
Krausmann, 2013). Reduced sea ice thickness and coverage might open
new shipping routes, thus reducing shipping costs, while ice scour and
ice pack loading on marine structures would increase. However, most
changes involve increased risks, such as thawing permafrost would
increase construction costs on unstable ground relative to ice-based
construction, while thaw subsidence would trigger increased maintenance
costs. Sea level rise (SLR) and coastal erosion would degrade coastal
barriers, damage facilities, and trigger relocation (Dell and Pasteris,
2010).

10.2.3. Transport and Transmission of Energy

Primary energy sources (coal, oil, gas, uranium), secondary energy forms
(electricity, hydrogen, warm water), and waste products (CO2, coal ash,
radioactive waste) are transported in diverse ways to distances ranging
from a few to thousands of kilometers. The transport of energy-related
materials by ships (ocean and inland waters), rail, and road are exposed
to the same impacts of climate change as the rest of the transport sector
(see Section 10.4). This subsection deals only with transport modes that
are unique to the energy sector (power grid) or predominantly used by
it (pipelines). Table 10-2 provides an overview of the impacts of climate
change and EWEs on energy transmission, together with the options to
reduce vulnerability.

Pipelines play a central role in the energy sector by transporting oil and
gas from the wells to processing and distributing centers to distances
from a few hundred to thousands of kilometers. With the potential
spread of CO2 capture and storage (CCS) technology, another important
function will be to deliver CO2 from the capture site (typically fossil
power plants) to the storage site onshore or offshore. Pipelines have
been operated for over a century in diverse climatic conditions on land
from hot deserts to permafrost areas and increasingly at sea. This
implies that technological solutions are available for the construction
and operation of pipelines under diverse geographical and climatic
conditions. Yet adjustments may be needed in existing pipelines and
improvements in the design and deployment of new ones in response
to the changing climate and weather conditions. 

In addition to reduced line-heating and dilution needs due to reduced
viscosity of liquid fuels under warmer temperatures, pipelines will be
affected mainly by secondary impacts of climate change: SLR in coastal
regions, melting permafrost in cold regions, floods washing away
infrastructure, landslides triggered by heavy rainfall, and bushfires
caused by heat waves or extreme temperatures in hot regions. A
proposed way to reduce vulnerability to these events is to amend land
zoning codes, risk-based design, and construction standards for new
pipelines, and structural upgrades to existing infrastructure (Antonioni
et al., 2009; Cruz and Krausmann, 2013).
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and ecosystem/agriculture fertilization impacts of CO2, the other CAPs
have non-climate-mediated impacts, particularly on health. Although
not reviewed in detail in this assessment, the health impacts of non-
CO2 CAPs are substantial globally. See Box 11-3.

Although there is a large body of literature on the health effects of
particulate air pollution (see Box 11-3), WGI indicates that there is little
evidence that climate change, per se, will affect long-term particle levels
in a consistent way (WGI AR5 Section 11.3.5 and Annex II). Thus, we
focus here on chronic ozone exposures, which are found by WGI to be

enhanced in some, but not all, scenarios of future climate change
(WGI AR5 TS.5.4.8).

11.5.3.1. Long-Term Outdoor Ozone Exposures

Tropospheric ozone is formed through photochemical reactions that
involve nitrogen oxides (NOx), carbon monoxide (CO), methane (CH4),
and volatile organic compounds (VOCs) in the presence of sunlight and
elevated temperatures (WGI AR5 Chapter 8). Therefore, if temperatures

Box 11-3 | Health and Economic Impacts of Climate-Altering Pollutants Other than CO2

Although other estimates of the global health impacts of human exposures to particle and ozone pollution have been published in

recent years (e.g., UNEP, 2011), the most comprehensive was the Comparative Risk Assessment carried out as part of the 2010

Global Burden of Disease Project (Lim et al., 2012). It found that the combined health impact of the household exposures to particle

air pollution from poor combustion of solid cooking fuels, plus general ambient pollution, was about 6.8 million premature deaths

annually, with about 5% overlapping, that is, coming from the contribution to general ambient pollution of household fuels. It also

found that about 150,000 premature deaths could be attributed to ambient ozone pollution. Put into terms of disability-adjusted life

years (DALYs), particle air pollution was responsible for about 190 million lost DALYs in 2010, or about 7.6% of all DALYs lost. This

burden puts particle air pollution among the largest risk factors globally, far higher than any other environmental risk and rivaling or

exceeding all of the five dozen risk factors examined, including malnutrition, smoking, high blood pressure, and alcohol.

The economic impact of this burden is difficult to assess as evaluation methods vary dramatically in the literature. Most in the health

field prefer to consider some version of a lost healthy life year as the best metric although the economics literature often uses

willingness to pay for avoiding a lost life (Jamison et al., 2006). Another difficulty is that any valuation technique that weights the

economic loss according to local incomes per capita will value health effects in rich countries more than in poor countries, which

would seem to violate some of the premises of a global assessment; see WGIII AR5 Chapter 3 for more discussion. Here, however, we

will use the mean global income per capita (approximately US$10,000 in 2010) to scope out the scale of the impact globally without

attempting to be specific by country or region. 

The WHO CHOICE approach for evaluating what should be spent on health interventions indicates that one annual per capita income

per DALY is a reasonable upper bound (WHO, 2009a). This would imply that the total lost economic value from global climate-altering

pollutants in the form of particles is roughly US$1.9 trillion, in the sense that the world ought to be willing to pay this much to reduce

it. This is about 2.7% of the global economy (approximately US$70 trillion in 2010).

On the one hand, this shows that global atmospheric pollution already has a major impact on the health and economic well-being of

humanity today, due mainly to the direct effects rather than those mediated through climate. If CO2 is not controlled and climate

change continues to intensify while air pollutant controls become more stringent, the climate impacts will become more prominent.

The quite different time scales for the two types of impacts make comparisons difficult, however.

Air pollution reductions do not always promote the twin goals of protecting health and climate but can pose trade-offs. All particles

are dangerous for health, for example, but some are cooling, such as sulfates, and some warming, such as black carbon (Smith et al.,

2009). Indeed elimination of all anthropogenic particles in the atmosphere, a major success for health, would have only a minor net

impact on climate (WGI AR5 Figure TS-6). As discussed in Section 11.9, there are nevertheless specific actions that will work toward

both goals.
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the Arctic and associated social, economic, and political dimensions
(Section 28.2.5), represents an example of climate change impacts
being geopolitically significant to states, even in the absence of direct
conflict (Box 12-6). Expected sea level rise and resulting coastline
changes may affect the location of Exclusive Economic Zones and
contribute to conflicts over natural resources or boundary locations
(Houghton et al., 2010).

Productive ocean fisheries are already directly affected by climate
change, altering the range of important commercial fish stocks (MacNeil
et al., 2010). Fishing, as an economic activity, is adapted to highly variable
environmental and management conditions; however, the movement
of fish stocks (see Section 6.3.2; Berkes et al., 2006) has been suggested
to increase transboundary rivalry (MacNeil et al., 2010). For example,
northward shifts of mackerel, herring, and capelin stocks are creating
economic and geopolitical tension (Sumaila et al., 2011).

The impacts of climate-induced water variability on transboundary
water basins constitute a cluster of geopolitical concerns. The high levels
of international interdependence on transboundary rivers such as the
Nile, Limpopo, Amu Darya, Syr Darya, Mekong, Ganges, Brahmaputra,
Tigris, Euphrates, and Indus connect the conditions of the rivers with
national development trajectories. Climate change is expected to disrupt
the dynamics of runoff (robust evidence, high agreement; see Section
3.4.5). Warming, for example, will bring forward the snow melt season in
all but the coldest regions, altering seasonal water flows (see Section
3.4.5). Such projections have led to concerns over transboundary tensions,
particularly where challenges stemming from rising consumption and
growing populations are already present (National Research Council,
2012; Swain, 2012).

Research on transboundary conflict and cooperation prioritizes rate of
change rather than absolute scarcity in connection with the risk of
conflict over water, particularly between states (De Stefano et al., 2012).
This focus stems from higher perceived risk of conflict when institutions
at local, state, and regional levels have less time to adapt to scarcity or
variability by dealing with disputes through diplomatic and other non-
violent mechanisms (Wolf et al., 2003; Wolf, 2007; De Stefano et al.,
2010, 2012). Sudden changes in flow that heighten risk and challenge
institutional responses include declines in seasonal snow or glacial melt.
Transboundary basin institutions and international legal mechanisms
have demonstrated an ability to manage conflict effectively (Sadoff and
Grey, 2002; Wolf, 2007; Brochmann and Hensel, 2009; Dellapenna and
Gupta, 2009; Goulden et al., 2009; Dinar et al., 2011; Bernauer and
Siegfried, 2012; Feitelson et al., 2012; Gartzke, 2012; Tir and Stinnett,
2012). Other research emphasizes that these transboundary water
institutions receive limited financial and political investment, involve
unequal or inequitable cooperation between powerful and less powerful
countries, and are present in only a limited number of transboundary
basins (Conca et al., 2006; Zeitoun and Warner, 2006; Zeitoun and
Mirumachi, 2008).

Geoengineering that involves deliberate large-scale manipulation of the
environment aimed at reducing negative climate change impacts (Section
20.3) remains an unproven strategy to address climate change. The high
levels of uncertainty and high likelihood of differential geographic
impacts of geoengineering are anticipated sources of tension or conflict
between states (Robock, 2008; Dalby, 2013; Preston, 2013). These include
regional effects of solar radiation management on reduced precipitation
in specific areas in Asia or in the Sahel (Ricke et al., 2010; Haywood et
al., 2013) with negative food production implications. The ability of

Box 12-6 | Evidence on Security and Geopolitical Dimensions of Climate Change Impacts in the Arctic

Impacts of climate change on the Arctic region exemplify the multiple interactions of human security with geopolitical risks. System-

wide changes in the Arctic region affect multiple countries and a global commons resource given Arctic roles in regulating the global

climate and ocean systems (Carmack et al., 2012; Duarte et al., 2012). Anticipated changes will contribute to greater geopolitical

considerations and human insecurity in the Arctic region. They include food insecurity affecting specific cultures and knowledge

systems (outlined in Section 12.3); energy security implications through opening of sub-sea oil and gas reserves; increased shipping;

increased pollution; search and rescue challenges; and increased military presence in the region. 

The Arctic has been warming at about twice the global rate since 1980, resulting in unprecedented loss in sea ice. The Arctic Ocean is

projected to experience major reductions in sea ice, and under some projections would be ice-free by the end of the century (WGI

AR5 SPM, medium confidence; see also Section 28.1). These changes have implications for land-based infrastructure, shipping,

resource extraction, coastal communities, and transport (Holland et al., 2006; Larsen et al., 2008; Stephenson et al., 2011; see also

Section 28.3.4). There is medium evidence that changes will create or revive terrestrial and maritime boundary disputes among Arctic

countries (Borgerson, 2008; Ebinger and Zambetakis, 2009; Lusthaus, 2010). There is little evidence the changing Arctic will become a

site for violent conflict between states (Young, 2009; Berkman, 2010; Brosnan et al., 2011). At present, political institutions are

providing forums for managing resource competition, new transportation practices, and boundary disputes, but anticipated increased

stresses will test these institutions in the future (Ebinger and Zambetakis, 2009).
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floodplains and hillsides susceptible to erosion and landslides. Impacts
include homes destroyed by flood water and disrupted water and
sanitation services. Flooding has adversely affected large cities in Africa
(Douglas et al., 2008) and Latin America (Hardoy and Pandiella, 2009;
Hardoy et al., 2011), in predominantly dense informal settlements due
to inadequate drainage, and health infrastructure (UNDP, 2011c). Yet,
upper-middle- and high-income households living in flood-prone areas
or high-risk slopes frequently can afford insurance and lobby for
protective policies, in contrast to poor residents (Hardoy and Pandiella,
2009). Loss of physical assets in poor areas after disasters is often
followed by displacement due to loss of property (Douglas et al., 2008).
Increasing flash floods attributed to climate change (Sudmeier-Rieux et
al., 2012) have severely damaged terraces, orchards, roads, and stream
embankments in the Himalayas (Azhar-Hewitt and Hewitt, 2012; Hewitt
and Mehta, 2012). 

Erosion of financial assets as a result of climatic stressors include losses
of farm income and jobs (Hassan and Nhemachena, 2008; Iwasaki et al.,
2009; Alderman, 2010; Jabeen et al., 2010; Alston, 2011) and increased
costs of living such as higher expenses for funerals (Gabrielsson et al.,
2012). In South and Central America, more than 600 weather and extreme
events occurred 2000–2013, resulting in 13,500 fatalities, 52.6 million
people affected, and economic losses of US$45.3 billion (www.emdat.be).
Income losses due to weather events mean less money for agricultural
inputs (seeds, equipment), school tuition, uniforms, and books, and
health expenses throughout the year (Thomas et al., 2007). Flooding in
informal settlements in Lagos undermines job opportunities (Adelekan,
2010). 

Equally important, albeit frequently overlooked, is the damage to
human assets as a result of weather events and climate, such as food
insecurity, undernourishment, and chronic hunger due to failed crops
(medium evidence) (Patz et al., 2005; Funk et al., 2008; Zambian
Government, 2011; Gentle and Maraseni, 2012) or spikes in food prices
most severely felt among poor urban populations (Ahmed et al., 2009;
Hertel and Rosch, 2010). During the Ethiopian drought (1998–2000)
and Hurricane Mitch in Nicaragua (1998), poorer households tended to
engage in asset smoothing, reducing their consumption to very low
levels to protect their assets, whereas wealthier households sold assets
and smoothed consumption (Carter et al., 2007). In such cases, poor
people further erode nutritional levels and human health while holding
on to their limited assets. Dehydration, heat stroke, and heat exhaustion
from exposure to heat waves undermine people’s ability to carry out
physical work outdoors and indoors (Semenza et al., 1999; Kakota et al.,
2011). Psychological effects from extreme events include sleeplessness,
anxiety and depression (Byg and Salick, 2009; Keshavarz et al., 2013),
loss of sense of place and belonging (Tschakert et al., 2011; Willox et
al., 2012), and suicide (Caldwell et al., 2004; Alston, 2011) (see also
Chapter 11 and Box CC-HS).

Finally, weather events and climate also erode social and cultural assets.
In some contexts, climatic and non-climatic stressors and changing
trends disrupt informal social networks of the poorest, elderly, women,
and women-headed households, preventing mobilization of labor and
reciprocal gifts (Osbahr et al., 2008; Buechler, 2009) as well as formal
social networks, including social assistance programs (Douglas et al.,
2008). Indigenous peoples (see Chapter 12) witness their cultural points

of reference disappearing (Ford, 2009; Bell et al., 2010; Green et al.,
2010). 

13.2.1.2. Impacts on Livelihood Dynamics and Trajectories

Weather events and climate also affect livelihood trajectories and
dynamics in livelihood decision making, often in conjunction with cross-
scalar socioeconomic, institutional, or political stressors. Shifting in and
out of hardship and well-being on a seasonal basis is not uncommon.
To a large extent, the shifts from coping and hardship to recovery are
driven by annual and interannual climate variability, but may become
exacerbated by climate change. Figure 13-4 illustrates seasonal livelihood
sensitivity for the Lake Victoria Basin in East Africa (Gabrielsson et al.,
2012).

Shifts in livelihoods often occur due to changing climate trends, linked
to a series of environmental, socioeconomic, and political stressors
(robust evidence). Farmers may change their crop choices instead of
abandoning farming (Kurukulasuriya and Mendelsohn, 2007) or take on
more lucrative income-generating activities (see Figure 13-3). Uncertainty
about West Africa’s rainy season threatens small-scale farming and water
management (Yengoh et al., 2010a,b; Armah et al., 2011; Karambiri et
al., 2011; Lacombe et al., 2012). Around Mali’s drying Lake Faguibine,
livelihoods shifted from water-based to agro-sylvo-pastoral systems, as
a direct impact of lower rainfall and more frequent and more severe
droughts (Brockhaus and Djoudi, 2008). Diverse indigenous groups in
Russia have changed their livelihoods as result of Soviet legacy and
climate change; for example, many Viliui Sakha have abandoned cow-
keeping due to youth out-migration, growing access to consumer goods,
and seasonal changes in temperature, rainfall, and snow (Crate, 2013).
Under certain converging shocks and stressors, people adopt entirely
new livelihoods. In South Africa, higher precipitation uncertainty raised
reliance on livestock and poultry rather than crops alone in 80% of
households interviewed (Thomas et al., 2007). In southern Africa and
India, people migrated to the coasts, switching from climate-sensitive
farming to marine livelihoods (Coulthard, 2008; Bunce et al., 2010a,b).
After Hurricane Stan (2005), land-poor coffee farmers in Chiapas, Mexico,
turned from specializing in coffee to being day laborers and subsistence
farmers (Eakin et al., 2012).

13.2.1.3. Impacts on Poverty Dynamics:
Transient and Chronic Poverty

Limited evidence documents the extent to which climate change intersects
with poverty dynamics, yet there is high agreement that shifts from
transient to chronic poverty due to weather and climate are occurring,
especially after a series of weather or extreme events (Scott-Joseph,
2010). Households in transient poverty may become chronically poor
due to a lack of effective response options to weather events and
climate, compared with more affluent households (see Figure 13-3).
Often, multiple deprivations drive these shifts, with socially and
economically marginalized groups particularly prone to slipping into
chronic poverty. Women-headed households, children, people in informal
settlements (see Chapter 8), and indigenous communities are particularly
at risk, owing to compounding stressors such as lack of governmental
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Poor countries will face greater poverty as a result of climate change
and extreme events (medium confidence), owing to location and low-
latitude high temperatures (Mendelsohn et al., 2006) anticipated further
decline in adaptive capacity combined with reductions in agricultural
productivity (Iglesias et al., 2011), greater inequality and deep-rooted
poverty (Jones and Thornton, 2009), and lower levels of education and
large numbers of young dependents (Skoufias et al., 2011c). Although
robust projections on poverty traps are lacking, they may be associated
with emerging hotspots of hunger, such as those projected for Tanzania,
Mozambique, and the Democratic Republic of Congo (DRC) by 2030
(Liu et al., 2008). Based on SRES scenarios, Devitt and Tol (2012) project
long-term coupled climate change- and conflict-induced poverty traps
for the DRC and several other sub-Saharan countries.

Some climate change projections (see Box CC-HS and WGI AR5 Chapters
11, 12, 14) indicate the possibility of large impacts that may exceed
thresholds of detrimental shocks to livelihoods and poverty, unless
strong adaptation and/or mitigation responses are implemented in a
timely manner (Kovats and Hajat, 2008; Sherwood and Huber, 2010).
Because women do most of the agricultural work, they will suffer
disproportionally from heat stress; for instance, in parts of Africa,
women carry out 90% of hoeing and weeding and 60% of harvesting
work (Blackden and Wodon, 2006). Toward the end of the century, the
risk of heat stress may become acute in parts of Africa, particularly the
Sahel, and the Indian sub-continent, potentially preventing people from
practicing agriculture (Patricola and Cook, 2010; Dunne et al., 2013). In
the glacier-dependent Himalayan region, excessive runoff and flooding
will threaten livelihoods (Xu et al., 2009). Relocation would represent
a critical threshold for indigenous groups, due to sea level rise for the
Torres Strait Islanders between Australia and Papua New Guinea (Green
et al., 2010) and permafrost degradation and higher and seasonally
erratic precipitation for the Viliui Sakha in the Russian North (Crate, 2013).

13.3. Assessment of Impacts of Climate Change
Responses on Livelihoods and Poverty

Climate change responses interact with social and political processes
to affect sustainable development and climate resilient pathways and

in turn, livelihoods and poverty. Climate mitigation and adaptation
responses include formal policies by governments, non-governmental
organizations (NGOs), bilateral and multilateral organizations, as well
as actions by individuals and communities. Such policy responses were
designed to have positive effects on sustainable development or at least
be neutral in terms of unintended side effects. Yet, much of the peer-
reviewed literature scrutinizing these responses suggests otherwise. This
section reviews empirical evidence of impacts of particular mitigation
(Section 13.3.1) and adaptation (Section 13.3.2) responses in the context
of livelihood and poverty trajectories and inequalities. Some of this
evidence is preliminary as several policies are still in their infancy while
other cases fail to assess multidimensional poverty or dynamic livelihood
decision making in the context of climate change responses.

13.3.1. Impacts of Mitigation Responses 

Many synergies between climate change mitigation policies and poverty
alleviation have been identified in the literature (Klein et al., 2005; Ürge-
Vorsatz and Tirado Herrero, 2012), but evidence of positive outcomes
is limited. Impacts of current mitigation policies on livelihoods and
poverty are controversial with polarized views on the potential of such
policies for sustainable development in general and poverty alleviation
in particular (Collier et al., 2008; Böhm, 2009; Hertel and Rosch, 2010;
Michaelowa, 2011). This section assesses the observed and potential
impacts of four climate change responses on livelihoods and poverty:
the two mitigation responses most significant for poverty alleviation
under the United Nations Framework Convention on Climate Change
(UNFCCC), the Clean Development Mechanism (CDM) and Reduction
of Emissions from Deforestation and Forest Degradation (REDD+), and
two mitigation responses outside of the UNFCCC, voluntary carbon
offsets and biofuel production.

13.3.1.1. The Clean Development Mechanism

The CDM (see WGIII AR5 Chapter 13) aims to promote sustainable
development, thus CDM projects require approval by the host country’s
designated national authority. CDM projects as diverse as low-cost

Frequently Asked Questions

FAQ 13.3 |  Are there unintended negative consequences of climate change policies
                  for people who are poor?

Climate change mitigation and adaptation policies may have unintended and potentially detrimental effects on
poor people and their livelihoods (the set of capabilities, assets, and activities required to make a living). Here is
just one example. In part as a result of climate change mitigation policies to promote biofuels and growing concern
about food insecurity in middle- and high-income countries, large-scale land acquisition in Africa, Southeast Asia,
and Latin America has displaced small landholders and contributed to food price increases. Poor urban residents
are particularly vulnerable to food price increases as they use a large share of their income to purchase food. At
the same time, higher food prices may benefit some agricultural self-employed groups. Besides negative impacts
on food security, biofuel schemes may also harm poor and marginalized people through declining biodiversity,
reduced grazing land, competition for water, and unfavorable shifts in access to and control over resources. However,
employment in the biofuel industry may create opportunities for some people to improve their livelihoods.
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Natural systems underpin human livelihoods, health, welfare, food
security, and prosperity. Vital ecosystem services that need to be
maintained include provisioning services such as food, fiber, and potable
water supply; regulating services such as climate regulation, pollination,
disease control, and flood control; and supporting services such as
primary production and nutrient cycling (Section 4.3.4). Much of the
water for human consumption originates on forested lands and the
quality of the water is heavily dependent on the conditions of the
ecosystems through which it flows. Ocean systems also provide climate
regulation services, while coral reefs act as ecological buffers (Section
6.4.1.4). For instance, healthy coastal wetlands and coral reefs can help
to protect against storm surges and rising sea levels (Hoegh-Guldberg,
2011), while the maintenance of wetlands and green spaces can control
runoff and flooding associated with increases in precipitation (Jentsch
and Beierkuhnlein, 2008; Mooney et al., 2009). Meanwhile, fisheries and
aquaculture contribute more than 20% to the dietary animal protein of
nearly 1.5 billion people (Section 5.4.3.3). 

Consequently, there is a need to protect these systems and resources
within the changing climate. Goldman et al. (2008) found that research
projects focusing on delivering ecosystem services, rather than on
biodiversity goals, attracted a wider set of funders and better encompassed
the landscapes and the people within them. However, many practices
to intervene to improve and maintain ecosystem services are based on
limited experience and thus still untested assumptions and limited
information (Carpenter et al., 2009). Hence, there is a need to improve
understanding and valuation of ecosystem services provided by different
adaptation options. There is also an urgent need for appropriate ecosystem
monitoring to avoid crossing critical thresholds (see Section 19.7.4).

14.2.2. Social Needs

From a social perspective, vulnerability varies as a consequence of the
capacity of groups and individuals to reduce and manage the impacts
of climate change. Among the key factors determining vulnerability are
gender, age, health, social status, ethnicity, and class (Smit et al., 2001;
Adger et al., 2009a). For instance, the vulnerability to health-related
impacts of climate change varies as a consequence of geographical location
(Section 11.3.1), gender and age (Section 11.3.3), and socioeconomic
status (Section 11.3.4). Poverty and persistent inequality may be the
most salient of the conditions that shape climate-related vulnerability
(Section 13.1.4). Climate change is expected to have a relatively greater
impact on the poor as a consequence of their lack of financial resources,
poor quality of shelter, reliance on local ecosystem services, exposure
to the elements, and limited provision of basic services and their limited
resources to recover from an increasing frequency of losses through
climate events (Tol et al., 2004; Huq et al., 2007; Kovats and Akhtar,
2008; Patz et al., 2008; Revi, 2008; Allison et al., 2009; Shikanga et al.,
2009; Gething et al., 2010; Moser and Satterthwaite, 2010; Rosenzweig
et al., 2010; Skoufias et al., 2012). Owing to limited financial resources
and often compromised health and nutritional status, the poor, along
with the sick and elderly, are at increased risk from trauma, physical
and mental illness, and death from climate impacts such as increased
pollution, higher indoor temperatures, exposure to toxins and pathogens
from floods, and the emergence of new disease vectors (Kasperson and
Kasperson, 2001; Haines et al., 2006; Costello et al., 2009, 2011; O’Neill

and Ebi, 2009; Tonnang et al., 2010; Ebi, 2011; Harlan and Ruddell, 2011;
Huang et al., 2011; McMichael and Lindgren, 2011; Semenza et al., 2012).
Climate change, climate variability, and extreme events can erode natural,
physical, financial, human, and social and cultural assets (Section
13.2.1.1), and poverty traps arise when climate change, variability, and
extreme events make the poor even poorer (Section 13.2.1.4).

Social needs under climate change include understanding emotional and
psychological needs. In Australia, it has been found that extreme events
such as floods, drought, and bushfire can lead to mental suffering,
including post-traumatic stress disorder, resulting in the need for
psychological support and counseling (The Climate Institute, 2011). For
example, drought can increase suicide rates by 8% (Nicholls et al.,
2006). Social psychological adaptation processes powerfully mediate
public risk perceptions and understanding, psychological and social
impacts, and coping responses, as well as behavioral adaptation (Reser
and Swim, 2011). Yet little collaborative work or research has so far
focused on the nature and dynamics of individual-level coping and
adaptation processes and how they influence responses (Reser et al.,
2012).

These individual factors also are often associated with and compounded
by community-level conditions. Women often have unequal access to
and control over resources, including land titles and water rights (UNDP,
2010; CGIAR, 2012; Verner 2012). Many poor and ethnic minorities live
in substandard housing; lack access to basic services, savings, and
insurance; have compromised health; and are at threat due to excessive
densities, poor access roads, and inadequate access to safe water,
sanitation, and drainage (Huq et al., 2007; Kovats and Akhtar, 2008; Revi,
2008; Shikanga et al., 2009; Moser and Satterthwaite, 2010). In rural
areas, adaptation needs also are linked to the viability of agricultural
activity (Bosello et al., 2009). Climate change will lead to higher prices
and increased volatility in agricultural markets, which might undermine
global food supply security (Section 9.3.3.3). Geographically, highly
vulnerable regions are those exposed to sea level rise and extreme
events, overlaid with high concentrations of multidimensional poverty
(Section 13.2.2.1). There will be disproportionate impacts on developing
countries that are dependent on climate-sensitive activities such as
agriculture (Cline, 2007). However, middle-income populations can also
be adversely impacted by climate change as a stressor adding to other
effects. 

The causes and solutions of vulnerability take place at different social,
geographic, temporal, and political scales (Ribot, 2010). Therefore, to
identify critical needs of populations, and the underlying conditions
giving rise to these needs, some social assessments can benefit by
looking across institutional domains and by spanning from the local to
the national. Local assessments provide a means to identify existing
vulnerabilities; the policies, plans, and natural hazards contributing to
these vulnerabilities; as well as identifying adaptation actions. Social
needs include the range of needs for human security (see Section
12.1.2), which include the universal and culturally specific, material, and
non-material elements necessary to people to act on behalf of their
interests. More specifically, at this level, social needs can be evaluated
in terms of availability of natural, physical, human, political, and financial
assets; stability of livelihood; and livelihood strategies (Moser, 2006;
Heltberg et al., 2009). Alternatively, regional and national assessments
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can provide a basis for ascertaining institutional conditions associated
with long-standing inequities and development paths that may need
to be addressed in order to generate robust options. 

Although different stakeholder groups have specific needs, an overarching
adaptation need for communities, households, private sector, and
institutions is the need for shared learning on adaptation. Adaptation
has itself been referred to as a social learning process (Sections 15.6,
22.4.5.3). In particular, there is the need for human capacity and social
capital to implement adaptation actions, including education and access
to information (Brooks et al., 2005; Adger, 2006; Smit and Wandel,
2006). Improved information for adaptation can benefit from efforts to
combine indigenous and scientific knowledge (Section 12.3). 

14.2.3. Institutional Needs 

Institutions, informal and formal, are enduring regularities of human
action in situations structured by rules, norms, and shared strategies,
as well as by the physical world (Crawford and Ostrom, 1995) and as such
they provide the enabling environment for implementing adaptation
actions (Bryan et al., 2009; Chuku, 2009; Aakre and Rübbelke, 2010;
Compston, 2010; Moser and Ekstrom, 2011). These institutions provide
the guides, incentives, or constraints that shape the distribution of climate
risks, establish incentive structures that can promote adaptation, foster
the development of adaptive capacity, and establish protocols for both
making and acting on decisions (see Section 14.2.3.2; Chuku, 2009;
Agrawal, 2010; Compston, 2010). In many instances, international and
national-level policies and programs can facilitate localized strategies
through the creation of legal frameworks and the allocation of resources
(Adger, 2001; Bulkeley and Betsill, 2005; Corfee-Morlot et al., 2011).
Overall, there is a need for effective institutions to identify, develop, and
pursue climate-resilient pathways for sustainable development (Sections
20.2, 20.4.2), including strengthening the ability to develop new options
through social, institutional, and technological innovation (Section 20.4.3).
Chapter 15 further considers the institutional needs to mainstream
adaptation into government planning.

Governments at all levels play important roles in advancing adaptation
and in enhancing the adaptive capacity and resilience of diverse
stakeholder groups. National governments are integral to advancing an
adaptation agenda as they decide many of the funding priorities and
tradeoffs, develop regulations, promote institutional structures, and
provide policy direction to district, state, and local governments. In
developing countries, national governments are usually the contact
point and initial recipient of international adaptation financing. In some
countries, both developed and developing, state governments lead the
national government in promoting and implementing adaptation (Mertz
et al., 2009). The engagement of national government actors can help
mobilize political will, support the creation and maintenance of climate
research institutions, establish horizontal networks that promote
information sharing (Westerhoff et al., 2011), and, in some cases,
facilitate the coordination of budgets and financing mechanisms (Alam

et al., 2011; Kalame et al., 2011). Governments have the potential to
directly reduce the risk and enhance the adaptive capacity of vulnerable
areas and populations by developing and implementing locally appropriate
regulations including those related to zoning, storm water management
and building codes, and attending to the needs of vulnerable populations
through measures such as basic service provision and the promotion of
equitable policies and plans (Adger et al., 2003b; Brooks et al., 2005;
Nelson et al., 2007; Agrawal and Perrin, 2008; Agrawal, 2010). 

Among the important institutions in both developed and developing
countries are those associated with local governments3 as they have a
major role in translating goals, policies, actions, and investments between
higher levels of international and national government to the many
institutions associated with local communities, civil society organizations,
and non-government organizations (NGOs). SREX Chapter 5 (IPCC,
2012) extensively assesses the role and importance of the local scale
institutions when adapting to extreme weather and climate events,
highlighting that extreme weather and climate events are acutely
experienced at local levels, and that local knowledge is important for
managing impacts (Cutter et al., 2009). As institutional actors, local
governments and community institutions influence the distribution of
climate risks, mediate between levels of government as well as between
social and political processes, and establish incentive structures that affect
both individual and collective action at all levels (Agrawal and Perrin,
2008). They are in a pivotal position to promote widespread support for
adaptation initiatives, foster intergovernmental coordination, and
facilitate implementation, both directly and through mainstreaming into
ongoing planning and work activities (Anguelovski and Carmin, 2011;
Carmin et al., 2012).

There are a number of ongoing political issues that shape the relationships
national and local governments have in managing climate risks (Corfee-
Morlot et al., 2011). Governance failure has a significant influence on
institutional vulnerability (see Section 19.6.1.3.3). For instance, short-
term interests, when dealing with long-term issues, can limit incentives
to make investments. Similarly, the proximity that authorities have to
interest groups can sway their decisions toward other issues, while the
drive to engage the public in planning and other activities can orient
priorities in ways that do not support adaptation (Corfee-Morlot et al.,
2011). Local governments also may lack institutional capacity or have
difficulty gaining coordination among departments as conflicts emerge
to obtain scarce resources (Satterthwaite and Dodman, 2009; Hardoy
and Romero Lankao, 2011). In Bangladesh, the limited access of local
governments to resources has been cited as a barrier to local adaptation
(Christensen et al., 2012).

Tompkins et al. (2010) found from a survey of 300 projects identified as
adaptive at local government level in the UK that more than half were
driven by concerns not directly related to climate change. Nevertheless,
there are a number of indicators that demonstrate whether local
government has institutionalized and mainstreamed adaptation. These
include the presence of an identifiable champion from within government,
climate change being an explicit issue in municipal plans, resources

3 Here local government is used to refer to second or third tiers or lower of government, below national and state or provincial government levels; it includes county, district,
council, municipal, and similar levels of government.
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wider social or development goals, but Table 14-2 seeks to outline the
most common considerations and point to sources in this volume and
the literature for a discussion of some of the core issues.

14.4. Adaptation Assessments 

14.4.1. Purpose of Assessments 

Identifying adaptation needs requires an assessment of the factors that
determine the nature of, and vulnerability to, climate risks (climate change
assessments, climate impacts and risk assessments, and vulnerability
assessments) and an assessment of adaptation options to reduce risks
(adaptation assessment). The various types of climate change assessments
differ in that they pursue different goals, are underpinned by different
theoretical frameworks, and rely on different forms of data and ultimately
may lead to different adaptation responses (Fünfgeld and McEvoy, 2011).

Assessments help decision makers understand the impacts, vulnerability,
and adaptation options in a region, country, community, or sector. They
are often characterized into “top-down” and “bottom-up” assessments.
Top-down assessments are used to measure the potential impacts of
climate change using a scenario and modeling driven approach. Bottom-
up assessments begin at the local scale, address socioeconomic responses
to climate, and tend to be location specific (Dessai and Hulme, 2004).
They are often used to determine the vulnerability of different groups
to current and/or future climate change and their adaptation options,
using stakeholder intervention and analyzing socioeconomic conditions
and livelihoods (UNFCCC, 2010). There are also policy-based assessments,
which assess current policy and plans for their effectiveness under climate
change within a risk-management framework (UNDP, 2004, 2005). The
evolution of assessments has led to a more thorough assessment of
society’s ability to respond to risks through various adaptations, which
can help guide allocation of adaptation resources (Füssel and Klein,
2006). In practice assessments have become increasingly complex, often

combining elements of top-down and bottom-up approaches (e.g.,
Dessai et al., 2005). Decision makers use both in the policy process
(Kates and Wilbanks, 2003; McKenzie Hedger et al., 2006).

14.4.2. Trends in Assessments

A variety of frameworks have been developed for the assessment of
climate impacts, vulnerability, and adaptation (Fünfgeld and McEvoy,
2011). “Impacts-based” approaches focus primarily on the biophysical
climate change impacts to which people and systems need to adapt.
“Vulnerability-based” approaches focus on the risks themselves by
concentrating on the propensity to be harmed, then seeking to maximize
potential benefits and minimize or reverse potential losses (Adger, 2006;
IPCC, 2007b). “Adaptation-based” approaches examine the adaptive
capacity and adaptation measures required to improve the resilience
or robustness of a system exposed to climate change (Smit and Wandel,
2006). In practice these approaches are interrelated, especially with
regard to adaptive capacity (O’Brien et al., 2007). An evolution in the
conceptualization of risk and vulnerability in the past decade has led
to more holistic and integrated approaches to assessment, aiming
toward a more systemic understanding of the complexity of human-
environment interactions (Preston et al., 2011b). 

The “standard approach” to assessment has been the climate scenario-
driven impacts-based approach, which developed from the seven-step
assessment framework of the IPCC (Carter et al., 1994; Parry and Carter,
1998): (1) define the problem (including study area and sectors to be
examined), (2) select method of problem assessment, (3) test methods/
conduct sensitivity analyses, (4) select and apply climate change
scenarios, (5) assess biophysical and socioeconomic impacts, (6) assess
autonomous adjustments, and (7) evaluate adaptation strategies. This
approach dominated the assessment sections of the first three IPCC
reports, and aims to evaluate the impacts of climate change under a
given scenario and to assess the need for adaptation and/or mitigation

Consideration Source (section) within this volume and selected references

Effective in reducing vulnerability and increasing resilience 9.3.5, 11.3; UNFCCC (2007); Brooks et al. (2011)

Effi cient (increase benefi ts and reduce costs) 17.2, 17.4; Stern (2006); IFC (2010)

Equitable, especially to vulnerable groups Chapter 12; 13.2.1; Huq and Khan (2006)

Mainstreamed / integrated with broader social goals, programs, and activities 15.1, 15.5; Agrawala (2005); Dowlatabadi (2007); Swart and Raes (2007); Agrawala and van Aalst 
(2008); Ayers and Dodman (2010) 

Stakeholder participation, engagement, and support 12.3.1, 13.3, 15.1, 15.2; Swart and Raes (2007)

Consistent with social norms and traditions 12.3.1, 13.1.2; Moser (2006); O’Brien et al. (2007); Alexander et al. (2011)

Legitimacy and social acceptability 20.3.2; UNFCCC (2007); Brooks et al. (2011)

Sustainable (environmental and institutional sustainability) 13.1, 15.3; Brooks et al. (2007); Brown et al. (2011)

Flexible and responsive to feedback and learning 2.3.2, 2.3.3, 16.3, 20.2.3.2; Suarez et al. (2009); Agrawal (2010)

Designed for an appropriate scope and time frame 15.2.3.2, 16.1; Preston and Stafford-Smith (2009); Stafford-Smith et al. (2010); Brown et al. (2012)

Likely to avoid maladaptive traps 14.6; Grothmann and Patt (2005); Repetto (2008)

Robust against a wide range of climate and social scenarios 2.1.1, 17.2.5, 17.3.2; Lempert and Schlesinger (2000); Carmin and Dodman (2013)

Resources available (including information, fi nance, leadership, management capacity) 14.2.4; UNFCCC (2007); Martens et al. (2009); Brooks et al. (2011); Webb and Beh (2013) 

Need for transformative changes considered 14.1; Wilbanks and Kates (2010); Park et al. (2012)

Coherence and synergy with other objectives, such as mitigation 14.6; Klein et al. (2007); UNFCCC (2007); Barnett and O’Neill (2010)

Table 14-2 |  Considerations when selecting adaptation options.
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present by impacts-led approaches that focus on climate risks through the construction of defensive infrastructure rather than on human

vulnerability. It is unclear at this point if these adaptation plans consider impact-led approaches just the start of an adaptation process rather

than its culmination. Knowledge of impacts and vulnerabilities does not necessarily lead to the most cost-effective and efficient adaptation

policy decisions. This is partly due to the uncertainty associated with future climate and socioeconomic conditions but also to the context

specificity of adaptation. The literature suggests that coupling adaptive improvements in infrastructure with efforts to improve ecosystem

resilience, governance, community welfare, and development improve community resilience. It also suggests combining top-down and bottom-

up approaches strengthens adaptation planning and implementation. {15.2.1, 15.3.1, 15.3.3, 15.5.1.2, Box 15-1}

A variety of tools are being employed in adaptation planning and implementation depending on social and management context

(robust evidence, high agreement). Uncertainties in climate change, coupled with the complexities of social-ecological systems, emphasize

the need for a variety of tools in adaptation planning and implementation. Information and knowledge on climate change risks from various

stakeholders and organizations are essential resources for making adaptation planning. Multidisciplinary efforts have been engaged to develop,

assess, and communicate climate information and risk assessments across time scales. These efforts employ a mixed portfolio of measures,

from simple agroclimate calendars to computerized decision-support tools. Although a wide range of adaptations are possible with current

technologies and management practices, development and diffusion of technologies can expand the range of adaptation possibilities by

expanding opportunities or reducing costs. Monitoring and early warning systems play an important role in helping to adjust and revise

adaptation implementation, especially on the local scale. Innovative tools have also been developed, such as ecosytem-based adaptation and a

range of insurance tools. {15.4}
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Continued next page

Scale What is being implemented and why Transition from planning to 
implementation Monitoring and evaluation

Village of Kaslo 
(British Columbia) 
and surrounding 
unincorporated 
rural areas 
(Regional District 
of Central 
Kootenay (RDCK) 
Electoral Area D). 

Implemented 
2010 – 2012.

(Kaslo and 
Regional District 
of Central 
Kootenay 
Partnership, 
2010)

The Village of Kaslo and RDCK Electoral Area 
D developed a Climate Adaptation Action Plan 
and identifi ed water supply as a key community 
vulnerability related to projected climate change. 

Action plan noted that current demand for water 
almost equaled supply and observed the very limited 
data on water supply for creeks that supply water for 
the community.

 

The Village of Kaslo and RDCK Electoral Area D 
brought in experts in fi elds related to climate change 
impacts and involved extensive public outreach and 
engagement. 

Adaptation planning process identifi ed projected 
changes in stream freshet and stream fl ows associated 
with climate change could result in insuffi cient water 
supply. 

Community leaders working through the Kaslo and 
District Community Forest Society sought funds 
to establish stream fl ow monitoring stations and 
developed a monitoring framework on key creeks to 
track changes in fl ows providing water to communities 
within Kaslo and RDCK Area. 

The Columbia Basin Trust contributed funding to this 
effort as part of follow-up to its support of the initial 
climate change planning process.

Monitoring and evaluation performed by Columbia 
Basin Trust’s Communities Adapting to Climate 
Change Initiative.

Electoral Area D Advisory Planning Commission 
monitors the implementation of action 
recommendations.

National 
Framework on 
Local Adaptation 
Plans for Action 
(LAPAs), Nepal. 

Implementation 
began in 2011.

(Government of 
Nepal, 2011)

Nepal adopted the LAPA in 2011, becoming the 
fi rst country to promote a bottom-up approach 
to adaptation planning and implementation. The 
National Adaptation Plan for Action and the National 
Climate Change Policy state that at least 80% of the 
available budget will go toward directly implementing 
adaptation actions at the local level. To date, 70 LAPAs 
have been prepared (69 at the village administrative 
scale and 1 within a municipality) and are under 
implementation by vulnerable communities. 

Policy makers recognized the need to integrate local 
and context specifi c adaptation plans into local to 
national adaptation planning as a way to ensure 
robust climate change adaptation planning and 
implementation. 

The Ministry of Science, Technology and Environment 
and the Ministry of Federal Affairs and Local 
Development played a leadership role at the 
central level in coordinating the development and 
implementation of LAPAs. 

Monitoring and evaluation play key roles in supporting 
iterative planning. 

Financial arrangements play a key role in integrating 
local adaptation options into development planning 
processes. 

Adaptation investments are being costed and 
integrated into annual and medium-term budget 
frameworks and resource mobilization strategies. 

Nepal’s budget for fi scal year 2013 / 14 has included 
Climate Change Financing Code, and of the total 
budget, 5.36% is directly related to climate change 
fi nancing.

Local 
government, the 
Albay Province, 
Philippines.

Implementation 
began in 2008.

(Lasco et al., 
2009)

The Albay Declaration on Climate Change Adaptation 
specifi ed mainstreaming climate change into local and 
national development policies. The Albay Integrated 
Agricultural Rehabilitation Program established 
farm clusters to assist farmers and fi sher folk in their 
agricultural, food, technological, and training needs.

Program planning began in December 2006 after 
Typhoon Reming’s devastation. The plan prevents 
scarcity of agricultural commodities, accelerates food 
production, pump-primes the agricultural industry in 
the province, and speeds up rehabilitation of upland 
agricultural areas in Albay.

The provincial government of Albay established 
the Center for Initiatives and Research on Climate 
Adaptation in 2008, a living research and training 
institution in collaboration with the Environment 
Management Bureau, World Agroforestry Centre, 
Bicol University, and the University of the Philippines 
Los Baños. Local champions such as the Governor 
committed time and resources to put climate change 
on the provincial agenda and also on the national 
development and policy agenda, addressing the needs 
of farmers and fi sher folk.

Main mechanism for institutional and stakeholder 
collaboration is through the Inter-Agency Committee 
on Climate Change Philippine Senate Resolution 
No. 191, passed during 14th Congress, 1st regular 
session, adopting the Albay Declaration on Climate 
Change Adaptation as a framework.

Mainstreaming of global warming concerns gives a 
voice to the Albay Declaration in Congress and directly 
encourages policymakers to mainstream climate 
change in policymaking; and indicators measure a 
cleaner environment for the community, improvement 
of infrastructure development plans, land 
development /conversion activities, institutionalization 
of pre-planning, enhanced implementation, and 
enhanced monitoring and evaluation.

Pilot Program 
on Climate 
Resilience (PPCR), 
2009.

(CIF, 2012; PPCR, 
2013)

Phase I (planning): supported by multilateral 
development bank partners, in 2 years a strategic plan 
was developed consistent with national development 
objectives.

Phase II (implementation): countries defi ne 
“transformational change” in the context of their 
national circumstances.

Scaling up potential of successful pilots (e.g., use of 
good practices in Bangladesh).

Addressing basic needs (e.g., food security in Niger).

Mobilization of large-scale resources for investments 
(e.g., coastal highways in Samoa).

Country leadership capacity dependent on experience 
with integrating climate change into planning 
activities, institutional and human capacities, and need 
to respond to emergencies. Recent climate extreme 
related disasters have affected development.

The capacity of countries to take on a leadership role 
depended on their prior experience with integrating 
climate change considerations into planning activities, 
their institutional and human capacities, and their 
demands to respond to other emergencies. The 
strategic plans drew on National Adaptation Plans 
for Action, national climate change strategies (if they 
existed), and national development strategies and 
plans.

Lead agency roles assigned to planning or fi nance 
ministries (e.g., Zambia, Samoa) or environment-
related ministries (e.g., Bangladesh).

Disaster risk management units included.

Coordinate the work of donors and /or leverage non-
PPCR resources. For example, Cambodia and Zambia 
have leveraged co-fi nancing from the International 
Fund for Agricultural Development and the Nordic 
Development Fund, respectively.

The framework includes fi ve core indicators designed 
to measure outcomes at the country level, aggregated 
from individual PPCR components. These are (1) 
number of people supported by the PPCR to manage 
the effects of climate change; (2) degree of integration 
of climate change in national, including sector, 
planning; (3) extent to which vulnerable households, 
communities, businesses, and public sector services 
use improved PPCR-supported tools, instruments, 
strategies, and activities to respond to climate 
vulnerability and climate change; (4) evidence of 
strengthened government capacity and coordination 
mechanisms to mainstream climate resilience; and 
(5) quality of and extent to which climate-responsive 
instruments / investment models are developed and 
tested. All of the core indicators address gender issues 
either directly or indirectly. 

Table 15-2 |  Transition from planning to implementation.
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World Bank, 2010; Smith et al., 2013). However, the annual costs could
potentially range into the hundreds of billions of dollars (Parry et al.,
2009). The differences between these estimates highlight the high degree
of uncertainty in how they are derived. Key factors that contribute to this
uncertainty include differences in the sets of sectors that are included in
the analyses and the analytical methodologies used; uncertainties related
to future climate changes and how best to adapt to them; and the lack
of an agreed on operational definition of adaptation (e.g., Fankhauser
and Burton, 2011; Christiansen et al., 2012; Naidoo et al., 2012; Smith
et al., 2013).

Adaptation financing broadly refers to resources that are deployed to
support climate-resilient development (World Bank Group, 2011). Funding
for adaptation can be mobilized through a range of international and
domestic, public and private financing mechanisms, and can take various
forms (e.g., loans and grants). Public financing sources are typically used
to support projects in the infrastructure sectors, where returns on
investments (ROIs) are usually less attractive to private investors.
Sources of public financing for adaptation include contributions from
national budgets, multilateral and bilateral development funds, and
UNFCCC operational funds—the Adaptation Fund, the Least Developed
Countries Fund, and the Special Climate Change Fund (Christiansen et al.,
2012; Haites and Mwape, 2013; Romani and Stern, 2013). A potentially
key source of future public financing for adaptation is the Green Climate
Fund that was officially designated at the 17th Conference of the Parties
to the UNFCCC in Durban, but is not yet operational. 

Examples of ongoing work targeting challenges in priority adaptation
themes in several countries are provided by the Climate Change and
Water Resources program at the Inter-American Development Bank. The
lessons learned from emerging adaptation experiences are, first, that
infrastructure investments (e.g., dams, levees, canals) remain critical for
climate adaptation and reducing vulnerability to climate and weather-
related events; and, second, that infrastructure investments need to be
complemented by previously neglected investments in soft infrastructure
(e.g., watershed management, land use planning and information, and
stakeholder engagement). Efforts are also being supported by other
regional development banks; for example, the Climate Adaptation for

Rural Livelihoods and Agriculture (CARLA) project is supported by the
African Development Bank Group).

Adaptation measures that offer reasonably predictable ROIs that are
comparable to the returns on investments for non-adaptation measures
with similar risk profiles have more opportunities to receive private
financing (Christiansen et al., 2012). The fisheries and agriculture sectors,
where operations are often locally owned, are examples of sectors that
typically draw relatively high proportions of private financing in developing
countries (often from domestic sources). Sources of private financing for
adaptation traditionally include a range of financial institutions, such as
international banks, multinational corporations, private equity and pension
funds, insurance companies, and sovereign wealth funds. Charitable
foundations and social investors are also sources of private financing
for adaptation; compared to the financial institutions, these sources are
often more motivated to provide financing for measures that generate
lower ROIs (Christiansen et al., 2012).

Private financing for adaptation is primarily of two types: debt and
equity. Debt-based financing typically consists of loans (e.g., bank loans)
or bonds that must be paid back over time with interest. Equity-based
financing generally involves a transfer of ownership rights through
stocks or other assets. Export credits and foreign direct investment are
two additional potential forms of private financing for adaptation. Export
credits include guarantees, insurance, and other support that can help
make developing country exports more competitive on the global market.
Foreign direct investment is seen as having only limited potential for
adaptation financing because it is highly concentrated in a few sectors
and in a limited number of countries (Christiansen et al., 2012).

In both the public and private arenas, financing for adaptation is
currently substantially less than financing for mitigation. According to
an assessment of the total amount of climate finance available in
2009/2010 by Buchner et al. (2011), financing for mitigation outpaced
financing for adaptation by a ratio of more than 20:1; whereas US$93
billion was provided for mitigation measures, only US$4.4 billion was
directed to adaptation measures. Buchner et al. (2011) also noted that
the vast majority (approximately 90%) of adaptation financing during

Scale What is being implemented and why Transition from planning to 
implementation Monitoring and evaluation

United Kingdom 
National 
Adaptation 
Programme.

Implemented in 
2012.

(UK HM 
Government, 
2013)

Pursuant to the Climate Change Act 2008, the 
Climate Change Risk Assessment (CCRA) 2012 for 
the UK brought together the best available evidence, 
using a consistent framework to identify the risks 
and opportunities related to climate change. The 
assessment distilled approximately 700 potential risks 
down to more than 100 for detailed review. Recent 
extreme weather in Britain, such as the fl ooding in the 
winter of 2012 and the drought of early 2012, brought 
into sharp relief the importance of anticipating and 
managing weather extremes. Costs of rebuilding and 
impacts on essential public services highlighted the 
need for implementing preparedness and adaptation. 

The Climate Ready Support Service provides direct 
support and online information to help organizations 
assess their sensitivity to a changing climate and 
take steps to manage their climate risks. Through 
the Service the Environment Agency is working with 
partners in priority sectors to provide tailored tools, 
guidance, and training to enable them to understand 
and respond to the challenges of a changing climate. 
Established partnerships are with the Met Offi ce, the 
Local Government Association, Climate UK, and the 
Climate Change Partnerships.

The government is also supporting the building of 
networks of organizations that may share common 
risks, e.g., the Infrastructure Operators Adaptation 
Forum.

Progress indicators provide iterative measures of 
progress to develop the next CCRA:

• Process-based markers, such as whether planned 
policies have been implemented;

• Quantitative data, such as statistics on trends in 
factors that infl uence risks from fl ooding and water 
scarcity.

These provide a strong foundation for assessing 
overall adaptation in relevant areas.

Discussions about the most appropriate framework 
are continuing. 

The Adaptation Sub-Committee of the Committee 
on Climate Change under the Climate Change 
Act assesses progress toward implementation of 
objectives, proposals, and policies highlighted in this 
report and the Register of Actions, with assessments 
published in 2015 and every 2 years hence.

Table 15-2 (continued)
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planning and implementation: creating learning processes incorporating
various knowledge systems and experiences to facilitate developing a
common understanding and policies critical for cross-institutional
coordination and multi-stakeholder actions (Engle and Lemos, 2010;
Huntjens et al., 2012); enhancing monitoring and evaluation of
adaptation planning and implementation currently limiting opportunities
for learning and improvement of current and future adaptation initiatives
(Manuel-Navarrete et al., 2009; Preston et al., 2011; Nilsson et al., 2012);
improving cross-level coordination within government structures at the
national, subnational, and local levels (Urwin and Jordan, 2008; Bulkeley
et al., 2009; Amundsen et al., 2010; Robinson and Berkes, 2011; Preston
et al., 2013); and enhancing the participation of stakeholders from
the assessment of vulnerability to the design and implementation of
operational approaches of adaptation (Moser and Satterthwaite, 2008;
Anguelovski and Carmin, 2011; Carmin et al., 2012; Dannevig et al.,
2012). 

These interacting aspects strengthen incorporating climate change risks
to systems and sectors, and the corresponding response planning and
implementation actions occurring at different spatial and temporal
scales. They help improve mechanisms to foster and strengthen
coordination in the scale of governance together with a clear division
of tasks and responsibilities of actors, especially under conflicting
time scales of interventions (Koch et al., 2007; Amundsen et al., 2010;
Biesbroek et al., 2010, 2011). They can also support addressing
jurisdictional scales and mandates across sectors, and local, national,
and subnational policies, constricting the potential benefits of close
dependencies between institutions, institutional systems, and
organizational units in planning and implementation of adaptation
(Dovers and Hezri, 2010). 

Creating capabilities through coordination is reported to expand the
adaptive capacity of local actors and enhance opportunities for policy
formulations of larger governance networks and learning opportunities
for policy formulations (Keskitalo and Kulyasova, 2009; Owen, 2010).
Capturing various perspectives of multiple stakeholders and actors
holding different views, power, and influence is pivotal in mutually
achieving short-term and long-term adaptation needs to climate change
(O’Brien et al., 2008; Shaw et al., 2009; Bardsley and Sweeney, 2010;
IAPAD, 2010; Corfee-Morlot et al., 2011). Capabilities to enhance and
complement the value of local knowledge through scientific knowledge
can become a useful source of community-based adaptation planning
and implementation (McLeman et al., 2008; Green and Raygorodetsky,
2010; Berrang-Ford et al., 2011; Birkmann, 2011; Ford et al., 2011;
Newsham and Thomas, 2011; Nakashima et al., 2012). 

Increasing capabilities for adaptation planning and implementation can
also benefit from approaches with greater emphasis on nature-based
protection strategies or buffers. Related climate change adaptation
efforts also improve ecosystem resilience by implementing sustainable
forestry management, expanding floodplain setbacks, implementing
coastal afforestation and coral reef propagation, restoring degraded lands,
maintaining healthy vegetation on slopes, incentivizing development
away from coastal areas and bluffs, and removing barriers to the
migration of plants and animals, all of which are necessary for the
resilience of communities facing climate change impacts (Tobey et al.,
2010; Sovacool et al., 2012). 

15.6. Research Needs for
Maximizing Opportunities

The following interrelated research needs extracted from the chapter
can create and maximize opportunities for adaptation planning and
implementation.

The emphasis on impacts and defensive infrastructure has been
documented in a number of early adaptation plans (Few et al., 2007a;
Hofstede, 2008; Mitchell et al., 2010; Garrelts and Lange, 2011; Harries
and Penning-Rowsell, 2011; Rosenzweig et al., 2011; Rumbach and
Kudva, 2011; Etkin et al., 2012; IPCC, 2012). Research on the design
and implementation of these plans and the lessons that can be
extracted from them can help address concerns in the literature that an
impact approach can overshadow the analysis of underlying stressors
of hazards, the drivers of vulnerability, and opportunities for connecting
development pressures and climate change (Lemos et al., 2007; Sabates-
Wheeler et al., 2008; Boyd and Juhola, 2009; Hulme et al., 2009; Orlove,
2009; Hardee and Mutunga, 2010; Ribot, 2010; Rumbach and Kudva,
2011; Sietz et al., 2011). These lessons can help balance the design of
adaptation planning including projects for defensive infrastructures
needed through flexibility and safety margins and at the same time
incorporating other actions seeking to reduce social vulnerability and
enhancing adaptation. Relevant in these efforts is building a better
understanding of how early adaptation plans can transcend from
defensive but fragmented approaches to multidimensional policy
process recognizing adaptation planning and its implementation as
learning processes (Hulme et al., 2009; Biesbroek et al., 2011). 

Research on operational strategies and approaches for adaptation can
help maximize available resources for adaptation to climate change.
Current contributions in the literature help build a better understanding
on diverse dimensions of this complex process, but these contributions
have provided little attention to the discussion and suggestion of
guidelines to build operational approaches. Some authors stress that
few studies show how adaptation to climate change is actually being
delivered (Arnell, 2010; Tompkins et al., 2010; National Research
Council, 2011). Key elements in these research efforts are: expanding
knowledge of the connections between adaptation and development
in different contexts and at different governance levels (Boyd and
Juhola, 2009; Dovers, 2009; Hulme et al., 2009); the role of multiple
stresses (not just climate) in adaptation planning and its implementation
(IPCC, 2007; Tompkins et al., 2010); and the role of low-regret strategies
strengthening operational approaches for adaptation (Hallegatte, 2009;
UNDP, 2010a). 

Section 15.5.1 highlights how limitations of current institutional
arrangements restrict the mainstreaming of climate adaptation (Roberts,
2008; Burch, 2010; Dovers and Hezri, 2010; Engle and Lemos, 2010;
Glaas et al., 2010; Moser and Ekstrom, 2010; Jones and Boyd, 2011;
Robinson and Berkes, 2011; Storbjörk and Hedrén, 2011; Dannevig et
al., 2012; Huntjens et al., 2012; McNeeley, 2012; Vammen Larsen et al.,
2012; Biesbroek et al., 2013; Glaas and Juhola, 2013). Expanding
research on institutional arrangements in at least three key areas can
help improve the implementation of adaptation plans in both developed
and developing countries: (1) on approaches to improve multilevel
institutional coordination between different political and administrative
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development, technology, and cultural norms and values can change over time to enhance or reduce the capacity of systems to avoid limits. As

a consequence, some limits may be considered “soft” in that they may be alleviated over time. Nevertheless, some limits may be “hard” in that

there are no reasonable prospects for avoiding intolerable risks. Recent literature suggests that incremental adaptation may not be sufficient to

avoid intolerable risks, and therefore transformational adaptation may be required to sustain some human and natural systems. {16.2-7; Table

16-3; Boxes 16-1, 16-4}

Greenhouse gas (GHG) mitigation can reduce the rate and magnitude of future climate change and therefore the likelihood that

limits to adaptation will be exceeded (medium evidence, high agreement). Adaptation and GHG mitigation are complementary risk

management strategies. However, residual loss and damage will occur from climate change despite adaptation and mitigation action. Knowledge

about limits to adaptation can inform the level and timing of mitigation needed to avoid dangerous anthropogenic interference with the climate

system. For example, the level of effort needed to adapt to a 4°C increase in global mean temperature would be significantly greater than that

needed to adapt to lower magnitudes of temperature increase. Mitigation can reduce the likelihood of 4°C of warming and therefore the likelihood

of exceeding limits to adaptation of natural and human systems. However, the empirical evidence needed to identify limits to adaptation of

specific sectors, regions, ecosystems, or species that can be avoided with different GHG mitigation pathways is lacking. {16.3.2.2, 16.6; Box 16-3}

The selection and implementation of specific adaptation options has ethical implications (very high confidence). Adaptation decision

making involves the reconciliation of legitimate differences about how adaptation resources are distributed and the values that adaptation

seeks to protect. For example, the costs and benefits of different adaptation options, such as insurance schemes or large-scale infrastructure

projects, may be inequitably distributed among different actors and stakeholders. Such inequities may generate ethical questions regarding

who is advantaged or disadvantaged by adaptation actions. In addition, awareness that climate change may exceed the capacity of actors to

adapt may have ethical implications for decisions regarding mitigation and climate targets as well as investments in GHG mitigation policies

and measures. National and international law as well as decision making at regional and local scales among both public and private actors will

influence distributive and procedural justice in adaptation planning and implementation. {16.3.3.8, 16.6-7; Table 16-4; Box 16-4}

Successful adaptation requires not only identifying adaptation options and assessing their costs and benefits, but also exploiting

available mechanisms for expanding the adaptive capacity of human and natural systems (medium evidence, high agreement).

Since the AR4, a growing body of literature provides guidance on how enabling conditions for adaptation can be developed and how constraints

can be reduced. Continued development of this knowledge through research and practice could accelerate more widespread and successful

adaptation outcomes. However, seizing opportunities, overcoming constraints, and avoiding limits can involve complex governance challenges

and may necessitate new institutions and institutional arrangements to effectively address multi-actor, multiscale risks. {16.2-3, 16.5, 16.8;

Table 16-1; Box CC-EA} 





















































929

Adaptation Opportunities, Constraints, and Limits                                                                                                                                       Chapter 16

16

Beard, L.M., J.B. Cardell, I. Dobson, F. Galvan, D. Hawkins, W. Jewell, M. Kezunovic,
T.J. Overbye, P.K. Sen, and D.J. Tylavsky, 2010: Key technical challenges for the
electric power industry and climate change. IEEE Transactions on Energy
Conversion, 25(2), 465-473. 

Becker, A., S. Inoue, M. Fischer, and B. Schwegler, 2012: Climate change impacts on
international seaports: knowledge, perceptions, and planning efforts among
port administrators. Climatic Change, 110(1-2), 5-29.

Becker, N., D. Lavee, and D. Katz, 2010: Desalination and alternative water-shortage
mitigation options in Israel: a comparative cost analysis. Journal of Water
Resource and Protection, 2, 1042-1056.

Beckerman, W. and C. Hepburn, 2007: Ethics of the discount rate in the Stern Review
on the economics of climate change. World Economics, 8(1), 187-210.

Begum, R.A. and J.J. Pereira, 2013: The awareness, perception and motivational analysis
of climate change and business perspectives in Malaysia. Mitigation and
Adaptation Strategies for Global Change, link.springer.com/article/10.1007
/s11027-013-9495-6.

Benito, B., J. Lorite, and J. Peñas, 2011: Simulating potential effects of climatic warming
on altitudinal patterns of key species in Mediterranean-alpine ecosystems.
Climatic Change, 108(3), 471-483.

Berkes, F., 2008: Sacred Ecology. Routledge, Abingdon, UK and New York, NY, USA,
363 pp.

Berkes, F. and D. Armitage, 2010: Co-management institutions, knowledge, and
learning: adapting to change in the Arctic. Études/Inuit/Studies, 34(1), 109-131.

Berkhout, F., 2012: Adaptation to climate change by organizations. Wiley
Interdisciplinary Reviews: Climate Change, 3(1), 91-106.

Berkhout, F., J. Hertin, and D. M. Gann, 2006: Learning to adapt: organisational
adaptation to climate change impacts. Climatic Change, 78(1), 135-156.

Bern, C., J. Sniezek, G.M. Mathbor, M.S. Siddiqi, C. Ronsmans, A.M. Chowdhury, and
E. Noji, 1993: Risk factors for mortality in the Bangladesh cyclone of 1991.
Bulletin of the World Health Organization, 71(1), 73-78.

Bernazzani, P., B.A. Bradley, and J.J. Opperman, 2012: Integrating climate change
into habitat conservation plans under the US Endangered Species Act.
Environmental Management, 49(6), 1103-1114. 

Berrang-Ford, L., J.D. Ford, and J. Paterson, 2011: Are we adapting to climate change?
Global Environmental Change, 21, 25-33.

Berry, P., K.L. Clarke, M. Pajot, and D. Hutton, 2011: Chapter 14: Risk perception,
health communication, and adaptation to the health impacts of climate change
in Canada. In: Climate Change Adaptation in Developed Nations: From Theory
to Practice [Ford, J.D. and L. Berrang-Ford (eds.)]. Advances in Global Change
Research Series, Vol. 42, Springer, New York, NY, USA, pp. 205-219.

Bichard, E. and A. Kazmierczak, 2012: Are homeowners willing to adapt to and
mitigate the effects of climate change? Climatic Change, 112(3-4), 633-654.

Bierbaum, R., J.B. Smith, A. Lee, M. Blair, L. Carter, F.S. Chapin III, P. Fleming, S. Ruffo,
M. Stults, S. McNeeley, E. Wasley, and L. Verduzco, 2013: A comprehensive review
of climate adaptation in the United States: more than before, but less than
needed. Mitigation and Adaptation Strategies for Global Change, 18(3), 361-406. 

Biesbroek, G.R., R.J. Swart, T.R. Carter, C. Cowan, T. Henrichs, H. Mela, M.D. Morecroft,
and D. Rey, 2010: Europe adapts to climate change: comparing national
adaptation strategies. Global Environmental Change, 20(3), 440-450. 

Biesbroek, G.R., J. Klostermann, C. Termeer, and P. Kabat, 2011: Barriers to climate
change adaptation in the Netherlands. Climate Law, 2(2), 181-199.

Biesbroek, G.R., J. Klostermann, C. Termeer, and P. Kabat, 2013a: On the nature of
barriers to climate change adaptation. Regional Environmental Change, 13(5),
1119-1129.

Biesbroek, G.R., C.J. Termeer, J.E. Klostermann, and P. Kabat, 2013b: Analytical
lenses on barriers in the governance of climate change adaptation.
Mitigation and Adaptation Strategies for Global Change, doi:10.1007/s11027-
013-9457-z.

Bijlsma, L., C.N. Ehler, R.J.T. Klein, S.M. Kulshrestha, R.F. McLean, N. Mimura, R.J.
Nicholls, L.A. Nurse, H. Pérez Nieto, E.Z. Stakhiv, R.K. Turner, and R.A. Warrick,
1996: Coastal zones and small islands. In: Climate Change 1995: Impacts,
Adaptations and Mitigation of Climate Change: Scientific-Technical Analyses.
Contribution of Working Group II to the Second Assessment Report of the
Intergovernmental Panel on Climate Change [Watson, R.T., M.C. Zinyowera,
and R.H. Moss (eds.)]. Cambridge University Press, Cambridge, UK, New York,
NY, USA, and Melbourne, Australia, pp. 289-324.

Birkmann, J., M. Garschagen, F. Kraas, and Q. Nguyen, 2010: Adaptive urban
governance: new challenges for the second generation of urban adaptation
strategies to climate change. Sustainability Science, 5(2), 185-206.

Bisaro, A., S. Wolf, and J. Hinkel, 2010: Framing climate vulnerability and adaptation
at multiple levels: addressing climate risks or institutional barriers in Lesotho?
Climate and Development, 2(2), 161-175.

Blennow, K. and J. Persson, 2009: Climate change: motivation for taking measure to
adapt. Global Environmental Change, 19(1), 100-104.

Bosello, F., C. Carraro, and E. De Cian, 2010: Climate policy and the optimal balance
between mitigation, adaptation and unavoided damage. Climate Change
Economics, 1(02), 71-92. 

Botzen, W., J. Aerts, and J. van den Bergh, 2009: Willingness of homeowners to
mitigate climate risk through insurance. Ecological Economics, 68(8-9), 2265-
2277.

Botzen, W., J. van den Bergh, and L. Bouwer, 2010: Climate change and increased
risk for the insurance sector: a global perspective and an assessment for the
Netherlands. Natural Hazards, 52(3), 577-598.

Bourgeon, J., W. Easter, and R. Smith, 2008: Water markets and third-party effects.
American Journal of Agricultural Economics, 90(4), 902-917.

Bouwer, L.M., 2011: Have disaster losses increased due to anthropogenic climate
change? Bulletin of the American Meteorological Society, 92(1), 39-46.

Bouwer, L.M. and J.C. Aerts, 2006: Financing climate change adaptation.
Disasters, 30(1), 49-63.

Bowen, A., S. Cochrane, and S. Fankhauser, 2012: Climate change, adaptation and
economic growth. Climatic Change, 113(2), 95-106.

Boxall, A., A. Hardy, S. Beulke, T. Boucard, L. Burgin, P. Falloon, P. Haygarth, T. Hutchinson,
R. Kovats, G. Leonardi, L. Levy, G. Nichols, S. Parsons, L. Potts, D. Stone, E. Topp,
D. Turley, K. Walsh, E. Wellington, and R. Williams, 2009: Impacts of climate
change on indirect human exposure to pathogens and chemicals from agriculture.
Environmental Health Perspectives, 117(4), 508-514.

Bradshaw, W.E. and C.M. Holzapfel, 2006: Evolutionary response to rapid climate
change. Science, 312, 1477-1478.

Breakwell, G.M., 2010: Models of risk construction: some applications to climate
change. Wiley Interdisciplinary Reviews: Climate Change, 1(6), 857-870.

Briske, D.D., R.A. Washington-Allen, C.R. Johnson, J.A. Lockwood, D.R. Lockwood,
T.K. Stringham, and H.H. Shugart, 2010: Catastrophic thresholds: a synthesis
of concepts, perspectives, and applications. Ecology and Society, 15(3), 37,
www.ecologyandsociety.org/vol15/iss3/art37/.

Brisley, R., J. Welstead, R. Hindle, and J. Paavola, 2012: Socially Just Adaptation to
Climate Change. Joseph Roundtree Foundation, York, UK, 118 pp. 

Brook, B.W., N.S. Sodhi, and J.A. Bradshaw, 2008: Synergies among extinction drivers
under global change. Trends in Ecology & Evolution, 23(8), 453-460.

Brouwer, S., T. Rayner, and D. Huitema, 2013: Mainstreaming climate policy. The case
of climate adaptation and the implementation of EU water policy. Environment
and Planning C, 31(1), 134-153. 

Brown, D., 2011: Making the linkages between climate change adaptation and
spatial planning in Malawi.  Environmental Science & Policy,  14(8), 940-
949.

Brown, T., L. Budd, M. Bell, and H. Rendell, 2011: The local impact of global climate
change: reporting on landscape transformation and threatened identity in the
English regional newspaper press. Public Understanding of Science, 20, 658-
673.

Brunsma, D.L., D. Overfelt, and J.S. Picou, 2010: The Sociology of Katrina: Perspectives
on a Modern Catastrophe. Brown and Littlefield, Lanham, MD, USA, 365 pp.

Bryan, E., T.T. Deressa, G.A. Gbetibouo, and C. Ringler, 2009: Adaptation to climate
change in Ethiopia and South Africa: options and constraints. Environmental
Science & Policy, 12(4), 413-426.

Bulkeley, H. and V. Castán Broto, 2012: Government by experiment? Global cities
and the governing of climate change. Transactions of the Institute of British
Geographers, 38(3), 361-375.

Buob, S. and G. Stephan, 2013: On the incentive compatibility of funding adaptation.
Climate Change Economics, 04(2), 1350005, doi:10.1142/S20100078135000
5X.

Bulleri, F. and M.G. Chapman, 2010: The introduction of coastal infrastructure as a
driver of change in marine environments. Journal of Applied Ecology, 47, 26-
35.

Burch, S., 2010: Transforming barriers into enablers of action on climate change:
insights from three municipal case studies in British Columbia, Canada. Global
Environmental Change, 20(2), 287-297.

Burton, I. 2008: Beyond Borders: The Need for Strategic Global Adaptation. Sustainable
Development Opinion Series, Policy Briefing December 2008, International
Institute for Environment and Development (IIED), London, UK, 2 pp.











934

Chapter 16                                                                                                                                       Adaptation Opportunities, Constraints, and Limits

16

Hope, C., 2011: The PAGE09 Integrated Assessment Model: A Technical Description.
Working Paper Series 4/2011, University of Cambridge, Judge Business School,
Cambridge, UK, 44 pp. 

Howden, S.M., J.F. Soussana, F.N. Tubiello, N. Chhetri, M. Dunlop, and H. Meinke, 2007:
Adapting agriculture to climate change. Proceedings of the National Academy
of Sciences of the United States of America, 104(50), 19691-19696.

Huang, C., P. Vaneckova, X. Wang, G. FitzGerald, Y. Guo, and S. Tong, 2011:
Constraints and barriers to public health adaptation to climate change: a
review of the literature. American Journal of Preventive Medicine, 40(2), 183-
190.

Hulme, M., W.N. Adger, S. Dessai, M. Goulden, I. Lorenzoni, D. Nelson, L.O. Naess, J.
Wolf, and A. Wreford, 2007: Limits and Barriers to Adaptation: Four Propositions.
Tyndall Briefing Note No. 20, Tyndall Centre for Climate Change Research,
University of East Anglia, Norwich, UK, 7 pp.

Hulme, M., S. Dessai, I. Lorenzoni, and D.R. Nelson, 2009: Unstable climates: exploring
the statistical and social constructions of ‘normal’ climate. Geoforum, 40(2),
197-206.

Hunt, T.L., 2007: Rethinking Easter Island’s ecological catastrophe. Journal of
Archaeological Science, 34(3), 485-502. 

Huntington, H.P., E. Goodstein, and E. Euskirchen, 2012: Towards a tipping point in
responding to change: rising costs, fewer options for Arctic and global societies.
Ambio, 41(1), 66-74.

Huntjens, P., C. Pahl-Wostl, and J. Grin, 2010: Climate change adaptation in European
river basins. Regional Environmental Change, 10, 263-284.

Huntjens, P., L. Lebel, C. Pahl-Wostl, J. Camkin, R, Schulze, and N. Kranz, 2012:
Institutional design propositions for the governance of adaptation to climate
change in the water sector. Global Environmental Change, 22(1), 67-81.

Iglesias, A., L. Garrote, F. Flores, and M. Moneo, 2007: Challenges to manage the
risk of water security and climate change in the Mediterranean. Water
Resources Management, 21, 775-788.

Iglesias, A., R. Mougou, M. Moneo, and S. Quiroga, 2011: Towards adaptation of
agriculture to climate change in the Mediterranean. Regional Environmental
Change, 11(Suppl. 1), 159-166.

Indraganti, M., 2010: Behavioural adaptation and the use of environmental controls in
summer for thermal comfort in apartments in India. Energy and Buildings, 42(7),
1019-1025.

IPCC, 2007a: Summary for policymakers. In: Climate Change 2007: Impacts, Adaptation
and Vulnerability. Contribution of Working Group II to the Fourth Assessment
Report of the Intergovernmental Panel on Climate Change [Parry, M.L., O.F.
Canziani, J.P. Palutikof, P.J. van der Linden, and C.E. Hanson (eds.)]. Cambridge
University Press, Cambridge, UK and New York, NY, USA, pp. 7-22.

IPCC, 2007b: Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change [Parry, M., O. Canziani, J. Palutikof,
and P. van der Linden (eds.)]. Cambridge University Press, Cambridge, UK and
New York, NY, USA, 976 pp.

IPCC, 2012: Managing the Risks of Extreme Events and Disasters to Advance Climate
Change Adaptation. A Special Report of Working Groups I and II of the
Intergovernmental Panel on Climate Change [Field, C.B., V. Barros, T.F. Stocker,
D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K. Plattner, S.K.
Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge University Press, Cambridge,
UK and New York, NY, USA, 582 pp. 

Islam, M., S. Sallu, K. Hubacek, and J. Paavola, 2014: Limits and barriers to adaptation
to climate variability and change in Bangladeshi coastal fishing communities.
Marine Policy, 43, 208-216

Iwasaki, S., B.H.N. Razafindrabe, and R. Shaw, 2009: Fishery livelihoods and
adaptation to climate change: a case study of Chilika Lagoon, India. Mitigation
and Adaptation Strategies for Global Change, 14(4), 339-355.

Jäger, J. and P. Moll, 2011: Adaptation to climate change: tools and methods. Regional
Environmental Change, 11(2), 213-215.

Jackson, A.C. and J. McIlvenny, 2011: Coastal squeeze on rocky shores in northern
Scotland and some possible ecological impacts. Journal of Marine Experimental
Biology and Ecology, 400, 314-321.

Jacob, C., T. McDaniels, and S. Hinch, 2010: Indigenous culture and adaptation to
climate change: sockeye salmon and the St’át’imc people. Mitigation and
Adaptation Strategies for Global Change, 15, 859-876.

Jantarasami, L.C., J.J. Lawler, and C.W. Thomas, 2010: Institutional barriers to climate
change adaptation in U.S. national parks and forests. Ecology and Society,
15(4), 33, www.ecologyandsociety.org/vol15/iss4/art33/.

Jeffers, J.M., 2013: Double exposures and decision making: adaptation policy and
planning in Ireland’s coastal cities during a boom–bust cycle. Environment and
Planning A, 45(6), 1436-1454.

Jenkins, K.M., R.T. Kingsford, B.J. Wolfenden, S. Whitten, H. Parris, C. Sives, and R.
Rolls, 2011: Limits to Climate Change Adaptation in Floodplain Wetlands: The
Macquarie Marshes. Final Report to the National Climate Change Adaptation
Research Facility (NCCARF), Griffith University, Gold Coast Campus, Southport,
Australia, 159 pp.

Jensen, L.F., M.M. Hansen, C. Pertoldi, G. Holdensgaard, K.L.D. Mensberg, and V.
Loeschcke, 2008: Local adaptation in brown trout early life-history traits:
implications for climate change adaptability. Proceedings of the Royal Society
B, 275(1653), 2859-2868.

Jeuland, M. and D. Whittington, 2013: Water Resources Planning under Climate
Change: A “Real Options” Application to Investment Planning in the Blue Nile.
Environment for Development Discussion Paper Series, EfD DP 13-05, The
Environment for Development (EfD) Initiative, Resources for the Future,
Washington, DC, USA, 54 pp.

Johannessen, O.M. and M.W. Miles, 2011: Critical vulnerabilities of marine and sea
ice-based ecosystems in the high Arctic. Regional Environmental Change,
11(Suppl. 1), S239-S248.

Jolibert, C., M. Max-Neef, F. Rauschmayer, and J. Paavola, 2011: Should we care
about the needs of non-humans? Needs assessment: a tool for environmental
conflict resolution and sustainable organization of living beings. Environmental
Policy and Governance, 21, 259-269.

Jones, L. and E. Boyd, 2011: Exploring social barriers to adaptation: insights from
Western Nepal. Global Environmental Change, 21(4), 1262-1274.

Jones, R.N., 2001: An environmental risk assessment/management framework for
climate change impact assessments. Natural Hazards, 23, 197-230.

Jones, R.N., 2010: Water resources. In: Adapting Agriculture to Climate Change
[Stokes, C. and M. Howden (eds.)]. CSIRO Publishing, Collingwood, Australia,
pp. 187-204.

Jones, R.N. and A.B. Pittock, 2002: Climate change and water resources in an arid
continent: managing uncertainty and risk in Australia. In: Climatic Change:
Implications for the Hydrological Cycle and for Water Management [Beniston,
M. (ed.)]. Kluwer Academic Publishers, Dordrecht, Netherlands and Boston, MA,
USA, pp. 465-501.

Jones, R.N. and B.L. Preston, 2011: Adaptation and risk management. Wiley
Interdisciplinary Reviews: Climate Change, 2, 296-308.

Juhola, S. and L. Westerhoff, 2011: Challenges of adaptation to climate change across
multiple scales: a case study of network governance in two European
countries. Environmental Science & Policy, 14(3), 239-247.

Juhola, S., E.C.H. Keskitalo, and L. Westerhoff, 2011: Understanding the framings of
climate change adaptation across multiple scales of governance in Europe.
Environmental Politics, 20(4), 445-463.

Kahan, D.M., 2010: Fixing the communications failure. Nature, 463, 296-297. 
Kahan, D.M., E. Peters, M. Wittlin, P. Slovic, L.L. Ouellette, D. Braman, and G. Mandel,

2012: The polarizing impact of science literacy and numeracy on perceived
climate change risks. Nature Climate Change, 2(10), 732-735.

Kalirajan, K., K. Singh, S. Thangavelu, A. Venkatachalam, and K. Perera, 2011: Climate
Change and Poverty Reduction: Where Does Official Development Assistance
Money Go? ADBI Working Paper Series, No. 318, Asian Development Bank
Institute (ADBI), Tokyo, Japan, 43 pp. 

Kapos, V. and L. Miles, 2008: Reducing greenhouse gas emissions from deforestation
and forest degradation: global land-use implications. Science, 320(5882),
1454-1455.

Karim, M.F. and N. Mimura, 2008: Impacts of climate change and sea-level rise on
cyclonic storm surge floods in Bangladesh.  Global Environmental
Change, 18(3), 490-500.

Kasperson, R.E. and M. Berberian (eds.), 2011: Integrating Science and Policy:
Vulnerability and Resilience in Global Environmental Change. Earthscan, London,
UK, 416 pp.

Kates, R., W. Travis, and T. Wilbanks, 2012: Transformational adaptation when
incremental adaptations to climate change are insufficient. Proceedings of the
National Academy of Sciences of the Unites States of America, 109(19), 7156-
7161.

Kato, E., C. Ringler, M. Yesuf, and E. Bryan, 2011: Soil and water conservation
technologies: a buffer against production risk in the face of climate change?
Insights from the Nile basin in Ethiopia. Agricultural Economics, 42(5), 593-
604.













940

Chapter 16                                                                                                                                       Adaptation Opportunities, Constraints, and Limits

16

Schneider, S.H. and J. Lane, 2006a: An overview of ‘dangerous’ climate change. In:
Avoiding Dangerous Climate Change [Schellnhuber, H.J., W. Cramer, N.
Nakicenovic, T. Wigley, and G. Yohe (eds.)]. Cambridge University Press,
Cambridge, UK, pp. 159-176.

Schneider, S.H. and J. Lane, 2006b: Dangers and thresholds in climate change and
the implications for justice. In: Fairness in Adaptation to Climate Change [Adger,
W.N., J. Paavola, S. Huq, and M.J. Mace (eds.)]. Cambridge University Press,
Cambridge, UK, pp. 23-52.

Schneider, S.H., S. Semenov, A. Patwardhan, I. Burton, C.H.D. Magadza, M. Oppenheimer,
A.B. Pittock, A. Rahman, J.B. Smith, A. Suarez, and F. Yamin, 2007: Assessing
key vulnerabilities and the risk from climate change. In: Climate Change 2007:
Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change
[Parry, M.L., O.F. Canziani, J.P. Palutikof, P.J. van der Linden, and C.E. Hanson
(eds.)]. Cambridge University Press, Cambridge, UK and New York, NY, USA, pp.
779-810.

Schweizer, V.J. and B.C. O’Neill, 2013: Systematic construction of global socioeconomic
pathways using internally consistent element combinations. Climatic Change,
doi:10.1007/s10584-013-0908-z.

Scott, D., G. McBoyle, A. Minogue, and B. Mills, 2006: Climate change and the
sustainability of ski-based tourism in eastern North America: a reassessment.
Journal of Sustainable Tourism, 14(4), 376-398.

Seidl, R. and M.J Lexer, 2013: Forest management under climatic and social
uncertainty: trade-offs between reducing climate change impacts and fostering
adaptive capacity. Journal of Environmental Management, 114, 461-469.

Seneviratne, S.I., N. Nicholls, D. Easterling, C.M. Goodess, S. Kanae, J. Kossin, Y. Luo,
J. Marengo, K. McInnes, M. Rahimi, M. Reichstein, A. Sorteberg, C. Vera, and X.
Zhang, 2012: Changes in climate extremes and their impacts on the natural
physical environment. In: Managing the Risks of Extreme Events and Disasters
to Advance Climate Change Adaptation. A Special Report of Working Groups I
and II of the Intergovernmental Panel on Climate Change [Field, C.B., V. Barros,
T.F. Stocker, D. Qin, D.J. Dokken, K.L. Ebi, M.D. Mastrandrea, K.J. Mach, G.-K.
Plattner, S.K. Allen, M. Tignor, and P.M. Midgley (eds.)]. Cambridge University
Press, Cambridge, UK and New York, NY, USA, pp. 109-230.

Sehring, J., 2007: Irrigation reform in Kyrgyzstan and Tajikistan. Irrigation and
Drainage Systems, 21, 277-290.

Shah, T., 2009: Climate change and groundwater: India’s opportunities for mitigation
and adaptation. Environmental Research Letters, 4, 035005, doi:10.1088/1748-
9326/4/3/035005. 

Shaw, R. and J. Etterson, 2012: Rapid climate change and the rate of adaptation: insight
from experimental quantitative genetics. The New Phytologist, 195(4), 752-765.

Sheehan, P., R.N. Jones, A. Jolley, B.L. Preston, M. Clarke, P.J. Durack, S.M.N. Islam,
and P.H. Whetton, 2008: Climate change and the new world economy:
implications for the nature and timing of policy responses. Global Environmental
Change, 18(3), 380-396.

Shen, L.Y., J.J. Ochoa, M.N. Shah, and X. Zhang, 2011: The application of urban
sustainability indicators – a comparison between various practices. Habitat
International, 35, 17-29.

Shen, Y., T. Oki, N. Utsumi, S. Kanae, and N. Hansaki, 2008: Projection of future world
water resources under SRES scenarios: water withdrawal. Hydrological Sciences
Journal, 53(1), 11-33.

Sheppard, S.R., A. Shaw, D. Flanders, S. Burch, A. Wiek, J. Carmichael, and S. Cohen, 2011:
Future visioning of local climate change: a framework for community engagement
and planning with scenarios and visualisation. Futures, 43(4), 400-412.

Sheridan, S.C., 2007: A survey of public perception and response to heat warnings
across four North American cities: an evaluation of municipal effectiveness.
Journal of Biometeorology, 52, 3-15.

Silva, J.A., S. Eriksen, and Z.A. Ombe, 2010: Double exposure in Mozambique’s
Limpopo River basin. The Geographical Journal, 176(1), 6-24.

Smit, B., I. Burton, R.J.T. Klein, and J. Wandel, 1999: The science of adaptation: a
framework for assessment. Mitigation and Adaptation Strategies for Global
Change, 4, 199-213.

Smit, B., O. Pilifisofa, I. Burton, B. Challenger, S. Huq, R.J.T. Klein, and G. Yohe, 2001:
Adaptation to climate change in the context of sustainable development and
equity. In: Climate Change 2001: Impacts, Adaptation, and Vulnerability.
Contribution of Working Group II to the Third Assessment Report of the
Intergovernmental Panel on Climate Change [Smit, B., O. Pilifosova, I. Burton,
B. Challenger, S. Huq, R.J.T. Klein, and G. Yohe (eds.)]. Cambridge University
Press, Cambridge, UK and New York, NY, USA, pp. 877-912.

Smith, J.B., S.H. Schneider, M. Oppenhimer, G.W. Yohe, W. Haref, M.D. Mastrandrea,
A. Patwardhang, I. Burton, J. Corfee-Morloti, C.H.D. Magadzaj, H. Füssel, A.B.
Pittock, A. Rahman, A. Suarez, and J.-P. van Yperselen, 2009a: Assessing
dangerous climate change through an update of the Intergovernmental Panel
on Climate Change (IPCC) ‘‘reasons for concern’’. Proceedings of the National
Academy of Sciences of the United States of America, 106(11), 4133-4137.

Smith, J.B., J.M. Vogel, and J.E. Cromwell, 2009b: An architecture for government
action on adaptation to climate change. An editorial comment. Climatic
Change, 95(1-2), 53-61.

Smith, T.F., C. Brooke, T.G. Measham, B.L. Preston, R. Gorddard, G. Withycombe, B.
Beveridge, and C. Morrison, 2008: Case Studies of Adaptive Capacity: Systems
Approach to Regional Climate Change Adaptation Strategies. Sydney Coastal
Councils Group, Inc., Sydney, New South Wales, Australia, 108 pp.

Smith, T.F., R.W. Carter, P. Daffara, and N. Keys, 2010: The Nature and Utility of Adaptive
Capacity Research. National Climate Change Adaptation Research Facility
(NCCARF), Griffith University, Gold Coast Campus, Southport, Australia, 68 pp.

Somero, G.N., 2010: The physiology of climate change: how potentials for
acclimatization and genetic adaptation will determine ‘winners’ and
‘losers’. The Journal of Experimental Biology, 213(6), 912-920.

Sorte, C.J., S.J. Jones, and L.P. Miller, 2011: Geographic variation in temperature
tolerance as an indicator of potential population responses to climate
change. Journal of Experimental Marine Biology and Ecology, 400(1), 209-217.

Sosa-Rodriguez, F.S., 2010: Impacts of water management decisions on the survival
of a city: from ancient Tenochtitlan to modern Mexico City. Journal of Water
Resources Development, 27(4), 667-689. 

Sosa-Rodriguez, F.S., 2013: From federal to city mitigation and adaptation: climate
change policy in Mexico City. Mitigation and Adaptation Strategies for Global
Change, doi:10.1007/s11027-013-9455-1.

Sowers, J., A. Vengosh, and E. Weinthal, 2011: Climate change, water resources, and
the politics of adaptation in the Middle East and North Africa. Climatic
Change, 104(3-4), 599-627.

Sovacool, B.K., 2012: Perceptions of climate change risks and resilient island
planning in the Maldives. Mitigation and Adaptation Strategies for Global
Change, 17, 731-752.

Spies, T.A., T.W. Giesen, F.J. Swanson, J.F. Franklin, D. Lach, and K.N. Johnson, 2010:
Climate change adaptation strategies for federal forests of the Pacific Northwest,
USA: ecological, policy, and socio-economic perspectives. Landscape Ecology,
25(8), 1185-1199.

Stafford Smith, M., L. Horrocks, A. Harvey, and C. Hamilton, 2011: Rethinking
adaptation for a 4°C world. Philosophical Transactions of the Royal Society A,
369, 196-216.

Steenberg, J.W.N., P.N. Duinker, and P.G. Bush, 2011: Exploring adaptation to climate
change in the forests of central Nova Scotia, Canada. Forest Ecology and
Management, 262, 2316-2327.

Steffen, W., A. Burbidge, L. Hughes, R. Kitching, D. Lindenmayer, W. Musgrave, M.
Stafford Smith, and P. Werner, 2009: Australian Biodiversity and Climate
Change. CSIRO Publishing, Collingwood, Australia, 248 pp.

Stern, N., S. Peters, V. Bakhshi, A. Bowen, C.S. Cameron, C.D. Catovsky, S. Cruickshank,
S. Dietz, N. Edmondson, S. Garbett, L. Hamid, G. Hoffman, D. Ingram, B. Jones,
N. Patmore, H. Radcliffe, R. Sathiyarajah, M.C. Stock, V.T. Taylor, H. Wanjie, and
D. Zenghelis, 2006: Stern Review on the Economics of Climate Change.
Cambridge University Press, Cambridge, UK, 579 pp.

Stillwell, A.S., M.E. Clayton, and M.E. Webber, 2011: Technical analysis of a river
basin-based model of advanced power plant cooling technologies for mitigating
water management challenges. Environmental Research Letters, 6, 034015,
doi:10.1088/1748-9326/6/3/034015.

Stoutenborough, J.W. and A. Vedlitz, 2013: The effect of perceived and assessed
knowledge of climate change on public policy concerns: an empirical
comparison. Environmental Science & Policy, doi:10.1016/j.envsci.2013.08.002.

Streeter, R., A.J. Dugmore, and O. Vesteinsson, 2012: Plague and landscape resilience
in premodern Iceland. Proceedings of the National Academy of Sciences of the
United States of America, 109(10), 3664-3669. 

Stuart-Hill, S. and R.E. Schulze, 2010: Does South Africa’s water law and policy allow
for climate change adaptation? Climate and Development, 2(2), 128-144.

Sundblad, E.L., A. Biel, and T. Gärling, 2009: Knowledge and confidence in knowledge
about climate change among experts, journalists, politicians, and laypersons.
Environment and Behavior, 41(2), 281-302. 

Svenning, J.C. and B. Sandel, 2013: Disequilibrium vegetation dynamics under future
climate change. American Journal of Botany, doi:10.3732/ajb.1200469.



































































































989

Detection and Attribution of Observed Impacts                                                                                                                                           Chapter 18

18

by altering sediment yield, for example, from rockfall or disintegration
of rock glaciers (low confidence; Lugon and Stoffel, 2010).

Glacier shrinkage, permafrost degradation, and high-temperature events
have contributed to many high-mountain rock slope failures since the
1990s (medium confidence in major role of climate change; Allen et al.,
2010; Ravanel and Deline, 2011; Schneider et al., 2011; Fischer et al.,
2012; Huggel et al., 2012a). Rock slope failures have increased over this
period in the Western Alps of Europe (high confidence), the New Zealand
Alps (medium confidence), and globally (low confidence). Cascading
processes of permafrost and ice-related landslides impacting lakes and
downstream areas have been observed in many high-mountain regions,
causing major damages and risk reduction measures (high confidence),
with climate change exerting a major role (medium confidence; e.g.,
Xin et al., 2008; Bajracharya and Mool, 2009; Künzler et al., 2010; Carey
et al., 2012a; Huggel et al., 2012b). For landslide types other than the
above, there is no clear evidence that their frequency or magnitude has
changed over the past decades (Huggel et al., 2012b). In general,
detection of changes in the occurrence of landslides is complicated by
incomplete inventories, both in time and space, and inconsistency in
terminology. 

Physical understanding suggests that climate change has a major role
in changes of snow avalanche activity but no such changes have been
reported so far (medium confidence; Laternser and Schneebeli, 2002;
Voigt et al., 2011), except for the French Alps (Eckert et al., 2013;
medium confidence in detection). The detection of changes in snow
avalanche impacts, such as fatalities and property loss, is difficult over
the past decades because of changes in snow sport activities and
avalanche defense measures.

18.3.2. Terrestrial and Inland Water Systems

As documented by previous IPCC reports (notably Rosenzweig et al.,
2007), climate-driven changes in terrestrial and inland water systems
are widespread and numerous. Confidence in such detection of change
is often very high, reflecting high agreement among many independent
sources of evidence of change, and robust evidence that changes in
ecosystems or species are outside of their natural variation. Confidence
in attribution to climate change is also often high, due to process
understanding of responses to climate change, or strong correlations
with climate trends and where confounding factors are understood to
have limited importance (Sections 4.3.2, 4.3.3, Figure 4-4). The scientific
literature in this field is growing quickly; detailed traceability is provided
in Chapter 4. 

Organisms respond to changing climate in a multitude of ways, including
through their phenology (the timing of key life history events such as
flowering in plants or migration of birds), productivity (the assimilation
of carbon and nutrients in biomass), spatial distribution, mortality/
extinction, or by invading new territory. Noticeable changes may occur
at the level of individual organisms, ecosystems, landscapes, or by
modification of entire biomes. Organisms and ecosystems are adapted
to a variable environment, and they are capable of adapting to gradual
change to some degree. Assessing confidence in the detection of such
change therefore involves assumptions about natural variability in these

ecosystems, while assessment of confidence in the attribution of
detected change to climate drivers (or carbon dioxide (CO2)) implies the
assessment of confounding drivers such as pollution or land use change.

18.3.2.1. Phenology

Since the AR4 there has been a further substantial increase in observations,
showing that hundreds of (but not all) species of plants and animals
have changed functioning to some degree over the last decades to
centuries on all continents (high confidence due to robust evidence but
only medium agreement across all species; Section 4.3.2.1; Menzel et
al., 2006; Cook et al., 2012b; Peñuelas et al., 2013). New satellite-based
analyses confirm earlier trends, showing, for example, that the onset of
the growing season in the NH has advanced by 5.4 days from 1982 to
2008 and its end has been delayed by 6.6 days (Jeong et al., 2011).
Significant changes have been detected, by direct observation, for many
different species, for example, for amphibians (e.g., Phillimore et al., 2010),
birds (e.g., Pulido, 2007; Devictor et al., 2008), mammals (e.g., Adamík
and Král, 2008), vascular plants (e.g., Cook et al., 2012a), freshwater
plankton (Adrian et al., 2009), and others (Section 4.3.2.1); a number
of new meta-analyses have been carried out summarizing this literature
(e.g., Cook et al., 2012a). Attribution of these changes to climate change
is supported by more refined analyses that consider also the regional
changes in several variables such as temperature, growing season
length, precipitation, snow cover duration, and others, as well as
experimental evidence (Xu et al., 2013). The high confidence in attributing
many observed changes in phenology to changing climate is a result of
these analyses, as well as of improved knowledge of confounding factors
such as land use and land management (see also Section 4.3.2.1).

18.3.2.2. Productivity and Biomass

Many terrestrial ecosystems are now net sinks for carbon over much of
the NH and also in parts of the Southern Hemisphere (high confidence;
see also Sections 4.3.2.2-3). This is shown, for example, by inference
from atmospheric chemistry, but also by direct observations of increased
tree growth in many regions including Europe, the USA, tropical Africa,
and the Amazon. During the decade 2000 to 2009, global land net
primary productivity was approximately 5% above the preindustrial
level, contributing to a net carbon sink on land of 2.6 ± 1.2 PgC yr–1

(Section 4.3.2.2; WGI AR5 6.3.2.6; for primary literature, see also Raupach
et al., 2008; Le Quéré et al., 2009), despite ongoing deforestation.
Forests have increased in biomass for several decades in Europe
(Luyssaert et al., 2010) and the USA (Birdsey et al., 2006). These trends
are in part due to nitrogen deposition, afforestation, and altered land
management which makes direct attribution of the increase to climate
change difficult. The degree to which rising atmospheric CO2

concentrations contribute to this trend remains a particularly important
source of uncertainty (Raupach et al., 2008). Canadian managed forests
increased in biomass only slightly during 1998-2008, because growth
was offset by significant losses due to fires and beetle outbreaks (Stinson
et al., 2011). In the Amazon forest biomass has generally increased in
recent decades, dropping temporarily after a drought in 2005 (Phillips
et al., 2009). A global analysis of long-term measurements suggests that
soil respiration has increased over the past 2 decades by approximately
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Coral reefs have been degraded due both to local anthropogenic factors
such as fishing, land use changes, and pollution and to ocean warming
related to climate change and also possibly to acidification (see Box
CC-CR). Over the past 30 years, mass coral bleaching has been detected
with very high confidence on all coasts, and warming is a major
contributor (high confidence; for further discussion see Boxes 18-2,
CC-OA).

Changes in abundance and distribution of rocky shore species have
been observed since the late 1940s in the Northeast Atlantic (Hawkins
et al., 2008), and the role of temperature has been demonstrated by
experiments and modelling (Poloczanska et al., 2008; Wethey and
Woodin, 2008; Peck et al., 2009; Somero, 2012; see also Section 5.4.2.2).
Globally, the ranges of many rocky shore species have shifted up to
50 km per decade, much faster than most recorded shifts of terrestrial
species (Helmuth et al., 2006; Poloczanska et al., 2013; see also Box
18-3). However, distinguishing the response of these communities to
climate change from those due to other natural and anthropogenic
causes is challenging. Weak warming, overriding effects of confounding
factors, or biogeographic barriers can explain the fact that geographical
distribution of some species did not change over the past decades
(Helmuth et al., 2002, 2006; Rivadeneira and Fernández, 2005; Poloczanska
et al., 2011). 

Ocean warming has contributed to observed range shifts in vegetated
coastal habitats such as coastal wetlands, mangrove forests and seagrass
meadows (Section 5.4.2.3). Poleward expansion of mangrove forests,
consistent with expected behavior under climate change, has been

observed in the Gulf of Mexico (Perry and Mendelssohn, 2009; Comeaux
et al., 2012; Raabe et al., 2012) and New Zealand (Stokes et al., 2010).
High temperatures have impacted seagrass biomass in the Atlantic
Ocean (Reusch et al., 2005; Díez et al., 2012; Lamela-Silvarrey et al.,
2012), the Mediterranean Sea (Marbà and Duarte, 2010), and Australian
waters (Rasheed and Unsworth, 2011). Extreme weather events also
contributed to the overall degradation of seagrass meadows in a
Portuguese estuary (Cardoso et al., 2008).

Decline in kelp populations attributed to ocean warming has occurred
off the north coast of Spain (Fernández, 2011), as well as in southern
Australia, where the poleward range expansion of some herbivores have
also contributed to observed kelp decline (Ling, 2008; Ling et al.,
2009a,b; Johnson et al., 2011; Wernberg et al., 2011a). The spread of
subtropical invasive macroalgal species (e.g., Lima et al., 2007) may be
adding to the stresses temperate seagrass meadows experience from
ocean warming. Extreme temperature events can alter marine and
coastal communities, as shown, for example, for the European 2003
heat wave (Garrabou et al., 2009), and the early 2011 heat wave off
the Australian west coast (Wernberg et al., 2012).

In summary, there is high confidence in the detection of the impact of
climate change on the abundance and distribution of a range of coastal
species and medium confidence that climate change has played a major
role in many cases. In specific cases, such as the decline of salt marshes
and mangroves, the impact of climate change has been detected with
very low confidence owing to the overriding effect of land use changes,
pollution, and other factors unrelated to climate change.

Box 18-2 | Attribution of Mass Coral Bleaching Events to Climate Change

A critical source of energy for the maintenance and growth of coral is provided by symbiotic brown algae. Coral bleaching occurs

when these symbionts leave their host. Bleaching events have deleterious impacts on corals and, depending on their severity and

duration, can cause death. It is known that thermal stress can trigger coral bleaching (Muscatine, 1986; Hoegh-Guldberg and Smith,

1989; Jones et al., 1998). Mass bleaching events that affect entire reefs or coastal regions can occur when local or regional temperatures

exceed the typical summer maximum for a period of a few weeks (Hoegh-Guldberg, 1999; Baker et al., 2008; Strong et al., 2011). The

effect of elevated temperature is exacerbated by strong solar irradiance (Hoegh-Guldberg, 1999).

Since 1980, mass coral bleaching events have occurred throughout the tropics and subtropics at a rate without precedent in the

literature (see also Boxes CC-CR and CC-OA, and Section 5.4.2.4). These events have often been followed by mass mortality (Hoegh-

Guldberg, 1999; Baker et al., 2008). In the very warm year of 1998, for example, mass bleaching occurred in almost every part of the

tropics and subtropics and resulted in the loss of a substantial fraction of the world's corals (Wilkinson et al., 1999). A large-scale

bleaching event also occurred in the Caribbean during 2005 (Eakin et al., 2010).

Declining water quality, coastal development, increased fishing, and even tourism have also been implicated in the decline of coral

communities over the past 50 years (Bryant et al., 1998; Gardner et al., 2003; Bruno and Selig, 2007; Sheppard et al., 2010; Burke et al.,

2011; De'ath et al., 2012). However, given the scope of recent mass bleaching events, their co-occurrence with elevated temperatures,

and a physiological understanding of the role of temperature in bleaching, there is very high confidence in the detection of the

impact of climate change and high confidence in the finding that climate change has played a major role.
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Rivers, lakes, and soil moisture References
Confi dence 

in 
detection

Role of 
climate Climate driver Reference 

behavior

Confi dence 
in 

attribution

Africa Reduced discharge in West African 
rivers 

d’Orgeval and Polcher (2008); Dai et al. 
(2009); Di Baldassarre et al. (2010)

Medium Major Reduced 
precipitation

No change Low

Lake surface warming and water 
column stratifi cation increases in the 
Great Lakes and Lake Kariba

Section 22.3.2.2; Tierney et al. (2010); 
Ndebele-Murisa et al. (2011); Powers et al. 
(2011)

High Major Warming No change High

Increased soil moisture drought in 
the Sahel since 1970, partially wetter 
conditions since 1990

Section 22.2.2.1; Hoerling et al. (2006); 
Giannini et al. (2008); Greene et al. (2009); 
Seneviratne et al. (2012)

Medium Major Change in 
precipitation

No change Medium

Europe Changes in the occurrence of extreme 
river discharges and fl oods

Section 23.2.3; Schmocker-Fackel and Naef 
(2010); Beniston et al. (2011); Cutter et 
al. (2012); Vorogushyn and Merz (2012); 
Kundzewicz et al. (2013)

Low Minor Change in 
precipitation; 
change in extreme 
precipitation

No change Very low

Asia Changes in water availability in many 
Chinese rivers

Table SM24-4; Zhang et al. (2007); Zhang, S. 
et al. (2008)

High Minor Change in 
precipitation

Changes due 
to land use

Low

Increased fl ow in several rivers in China 
due to shrinking glaciers

Casassa et al. (2009); Li et al. (2010); 
Zhang, Y. et al. (2008)

High Major Warming No change High

Earlier timing of maximum spring fl ood 
in Russian rivers

Section 28.2.1.1; Shiklomanov et al. (2007); 
Tan et al. (2011)

High Major Warming No change Medium

Reduced soil moisture in North Central 
and Northeast China 1950 – 2006

Sections 24.3.1 and 24.4.1.2; Sheffi eld 
and Wood (2007); Wang, A. et al. (2011); 
Seneviratne et al. (2012)

Medium Major Warming; change in 
precipitation

No change Medium

Surface water degradation in parts 
of Asia

Section 24.4.1.2; Prathumratana et al. (2008); 
Delpla et al. (2009); Huang et al. (2009)

Medium Minor Warming; change in 
precipitation

Changes due 
to land use

Medium

Australasia Intensifi cation of hydrological drought 
due to regional warming in Southeast 
Australia

Table 25-1; Nicholls (2006); Cai et al. (2009) Low Minor Warming No change Low

Reduced infl ow in river systems in 
southwestern Australia (since the 
mid-1970s) 

Table 25-1; Section 25.5.1; Cai and Cowan 
(2006); Nicholls (2010)

High Major Change in 
precipitation; 
warming

No change High

North 
America

Shift to earlier peak fl ow in snow 
dominated rivers in western North 
America

Barnett et al. (2008) High Major Warming; change 
in snow

No change High

Runoff increases in the midwestern and 
northeastern USA

Georgakakos et al. (2013) High Minor Change in 
precipitation; 
warming

No change Medium

South and 
Central 
America

Changes in extreme fl ows in Amazon 
River

Section 27.3.1.1; Butt et al. (2011); Wang, G. 
et al. (2011); Espinoza et al. (2013)

High Major Change in 
precipitation; 
change in extreme 
precipitation

No change Medium

Changing discharge patterns in rivers 
in the Western Andes; for major river 
basins in Colombia discharge has 
decreased during the last 30 – 40 years

Section 27.3.1.1; Table 27-3; Vuille et al. 
(2008); Casassa et al. (2009); Poveda and 
Pineda (2009); Baraer et al. (2012); Rabatel 
et al. (2013)

Medium Major Warming No change Medium

Increased streamfl ow in sub-basins of 
the La Plata River

Section 27.3.1.1; Pasquini and Depetris 
(2007); Krepper et al. (2008); Saurral et al. 
(2008); Conway and Mahé (2009); Krepper 
and Zucarelli (2010); Doyle and Barros (2011)

High Major Change in 
precipitation

Increase due 
to land use

High

Polar 
regions

Increased river discharge for large 
circumpolar rivers (1997 – 2007) 

Section 28.2.1.1; Overeem and Syvitsky, 
(2010)

High Major Warming; change in 
precipitation; change 
in snow cover

No change Low

Winter minimum river fl ow increase in 
most sectors of the Arctic

Section 28.2.1.1; Tan et al. (2011) High Major Warming; change in 
snow cover

No change Medium

Increasing lake water temperatures 
1985 – 2009, prolonged ice-free seasons

Section 28.2.1.1; Callaghan et al. (2010); 
Schneider and Hook (2010)

Medium Major Warming No change Medium

Thermokarst lakes disappear due to 
permafrost degradation in the low 
Arctic, new ones created in areas of 
formerly frozen peat

Section 28.2.1.1; Riordan et al. (2006); Marsh 
et al. (2008); Prowse and Brown (2010)

High Major Warming No change High

Small 
islands

Increased water scarcity in Jamaica Gamble et al. (2010); Jury and Winter (2010) Low Minor Change in 
precipitation

Increase due 
to water use

Very low

Table 18-6 |  Observed impacts of climate change reported since AR4 on rivers, lakes, and soil moisture, over the past several decades, across major world regions, with 
descriptors for (1) the confi dence in detection of a climate change impact; (2) the relative contribution of climate change to the observed change, compared to that of 
non-climatic drivers; (3) the main climatic driver(s) causing the impacts; (4) the reference behavior of the system in the absence of climate change; and (5) the confi dence in 
attribution of the impacts to climate change. References to related chapters in this report are given as well as key references to other IPCC reports and the scientifi c literature. 
Absence of climate change impacts from this table does not imply that such impacts have not occurred.

































































1036

Chapter 18                                                                                                                                           Detection and Attribution of Observed Impacts

18

Villarini, G., F. Serinaldi, J.A. Smith, and W.F. Krajewski, 2009: On the stationarity of
annual flood peaks in the continental United States during the 20th century.
Water Resources Research, 45(8), W08417, doi:10.1029/2008WR007645. 

Voigt, T., H.M. Füssel, I. Gärtner-Roer, C. Huggel, C. Marty, and M. Zemp (eds.), 2011:
Impacts of Climate Change on Snow, Ice, and Permafrost in Europe: Observed
Trends, Future Projections, and Socio-Economic Relevance. ETC/ACC Technical
Paper 2010/13, Prepared by the European Topic Centre on Air and Climate
Change (ETC/ACC) with the Department of Geography of the University of
Zuerich, the WSL Institute for Snow and Avalanche Research (SLF) Davos and
others for the European Environment Agency (EEA), ETC/ACC, Bilthoven,
Netherlands, 117 pp. 

Vongraven, D. and E. Richardson, 2011: Biodiversity – status and trends of polar
bears. In: Arctic Report Card: Update for 2011 [Richter-Menge, J., M.O. Jeffries,
and J.E. Overland (eds.)]. National Oceanic and Atmospheric Administration
(NOAA) Arctic Research Program, NOAA Office of Oceanic and Atmospheric
Research, Silver Spring, MD, USA, pp. 75-78, www.arctic.noaa.gov/reportcard. 

Vorogushyn, S. and B. Merz, 2012: What drives flood trends along the Rhine River:
climate or river training? Hydrology and Earth System Sciences Discussions, 9,
13537-13567. 

Vuille, M., B. Francou, P. Wagnon, I. Juen, G. Kaser, B.G. Mark, and R.S. Bradley, 2008:
Climate change and tropical Andean glaciers: past, present and future. Earth
Science Reviews, 89(3-4), 79-96. 

Walker, D.A., H. Epstein, M. Raynolds, P. Kuss, M. Kopecky, G.V. Frost, F. Daniëls, M.
Leibman, N. Moskalenko, and G. Matyshak, 2012: Environment, vegetation and
greenness (NDVI) along the North America and Eurasia Arctic transects.
Environmental Research Letters, 7(1), 015504, doi:10.1088/1748-9326/7/1/
015504. 

Walker, M.D., C.H. Wahren, R.D. Hollister, G.H.R. Henry, L.E. Ahlquist, J.M. Alatalo,
M.S. Bret-Harte, M.P. Calef, T.V. Callaghan, A.B. Carroll, H.E. Epstein, I.S. Jónsdóttir,
J.A. Klein, B. Magnússon, U. Molau, S.F. Oberbauer, S.P. Rewa, C.H. Robinson,
G.R. Shaver, K.N. Suding, C.C. Thompson, A. Tolvanen, Ø. Totland, P.L. Turner,
C.E. Tweedie, P.J. Webber, and P.A. Wookey, 2006: Plant community responses
to experimental warming across the tundra biome. Proceedings of the National
Academy of Sciences of the United States of America, 103(5), 1342-1346. 

Walther, G., A. Roques, P.E. Hulme, M.T. Sykes, P. Pyšek, I. Kühn, M. Zobel, S. Bacher,
Z. Botta-Dukát, H. Bugmann, B. Czúcz, J. Dauber, T. Hickler, V. Jarošík, M. Kenis,
S. Klotz, D. Minchin, M. Moora, W. Nentwig, J. Ott, V.E. Panov, B. Reineking, C.
Robinet, V. Semenchenko, W. Solarz, W. Thuiller, M. Vilà, K. Vohland, and J.
Settele, 2009: Alien species in a warmer world: risks and opportunities. Trends
in Ecology & Evolution, 24(12), 686-693. 

Wang, A., D.P. Lettenmaier, and J. Sheffield, 2011: Soil moisture drought in China,
1950-2006. Journal of Climate, 24(13), 3257-3271. 

Wang, G., S. Sun, and R. Mei, 2011: Vegetation dynamics contributes to the multi-
decadal variability of precipitation in the amazon region. Geophysical Research
Letters, 38(19), L19703, doi:10.1029/2011GL049017. 

Wang, M., J.E. Overland, D.B. Percival, and H.O. Mofjeld, 2006: Change in the arctic
influence on Bering Sea climate during the twentieth century. International
Journal of Climatology, 26(4), 531-539.

Wang, S.-Y., R.E. Davies, W.-R. Huang, and R.R. Gillies, 2011: Pakistan’s two-stage
monsoon and links with the recent climate change. Journal of Geophysical
Research: Atmospheres, 116(D16), D16114, doi:10.1029/2011JD015760. 

Wassenaar, T., P. Gerber, P.H. Verburg, M. Rosales, M. Ibrahim, and H. Steinfeld, 2007:
Projecting land use changes in the Neotropics: the geography of pasture
expansion into forest. Global Environmental Change: Human and Policy
Dimensions, 17(1), 86-104. 

Wassmann, P. and T.M. Lenton, 2012: Arctic tipping points in a Earth system
perspective. Ambio, 41, 1-9. 

Wassmann, R., S.V.K. Jagadish, S. Heuer, A. Ismail, E. Redona, R. Serraj, R.K. Singh, G.
Howell, H. Pathak, and K. Sumfleth, 2009: Chapter 2: Climate change affecting
rice production: the physiological and agronomic basis for possible adaptation
strategies. In: Advances in Agronomy, Vol. 101 [Sparks, D.L. (ed.)]. Elsevier
Science and Technology/Academic Press, Waltham, MA, USA, pp. 59-122.

Weatherhead, E., S. Gearheard, and R.G. Barry, 2010: Changes in weather
persistence: insight from Inuit knowledge. Global Environmental Change, 20(3),
523-528. 

Webb, A.P., 2006: Analysis of Coastal Change and Erosion –Tebunginako Village,
Abaiang, Kiribati. EU EDF 8/9 – SOPAC Project Report 53: Reducing Vulnerability
of Pacific ACP States, South Pacific Applied Geoscience Commission (SOPAC),
SOPAC Secretariat, Suva, Fiji, 10 pp. 

Webb, A.P., 2007: Assessment of Salinity of Groundwater in Swamp Taro
(Cyrtosperma Chamissonis) “Pulaka” Pits in Tuvalu. EU EDF8 – SOPAC Project
Report 75: Reducing Vulnerability of Pacific ACP States, South Pacific Applied
Geoscience Commission (SOPAC), SOPAC Secretariat, Suva, Fiji, 37 pp. 

Webb, L.B., P.H. Whetton, J. Bhend, R. Darbyshire, P.R. Briggs, and E.W.R. Barlow,
2012: Earlier wine-grape ripening driven by climatic warming and drying and
management practices. Nature Climate Change, 2(4), 259-264. 

Webster, P.J., V.E. Toma, and H.M. Kim, 2011: Were the 2010 Pakistan floods pre-
dictable? Geophysical Research Letters, 38(4), L04806, doi:10.1029/
2010GL046346. 

Wegren, S.K., 2011: Food security and Russia’s 2010 drought. Eurasian Geography
and Economics, 52, 140-156. 

Welch, J.R., J.R. Vincent, M. Auffhammer, P.F. Moya, A. Dobermann, and D. Dawe, 2010:
Rice yields in tropical/subtropical Asia exhibit large but opposing sensitivities
to minimum and maximum temperatures. Proceedings of the National Academy
of Sciences of the United States of America, 107(33), 14562-14567. 

Welker, C. and E. Faust, 2013: Tropical cyclone-related socio-economic losses in the
western North Pacific region. Natural Hazards and Earth System Sciences, 13,
115-124. 

Welp, L., J. Randerson, and H. Liu, 2007: The sensitivity of carbon fluxes to spring
warming and summer drought depends on plant functional type in boreal forest
ecosystems. Agricultural and Forest Meteorology, 147(3), 172-185. 

Wernberg, T., B.D. Russell, P.J. Moore, S.D. Ling, D.A. Smale, A. Campbell, M.A. Coleman,
P.D. Steinberg, G.A. Kendrick, and S.D. Connell, 2011a: Impacts of climate
change in a global hotspot for temperate marine biodiversity and ocean
warming. Journal of Experimental Marine Biology and Ecology, 400(1), 7-16. 

Wernberg, T., B.D. Russell, M.S. Thomsen, C.F.D. Gurgel, C.J.A. Bradshaw, E.S.
Poloczanska, and S.D. Connell, 2011b: Seaweed communities in retreat from
ocean warming. Current Biology, 21(21), 1828-1832. 

Wernberg, T., D.A. Smale, F. Tuya, M.S. Thomsen, T.J. Langlois, T. de Bettignies, S. Bennett,
and C.S. Rousseaux, 2012: An extreme climatic event alters marine ecosystem
structure in a global biodiversity hotspot. Nature Climate Change, 3(1), 78-82. 

Westerling, A.L., H.G. Hidalgo, D.R. Cayan, and T.W. Swetnam, 2006: Warming and
earlier spring increases Western U.S. forest fire activity. Science, 313(5789),
940-943. 

Westra, S., L.V. Alexander, and F.W. Zwiers, 2013: Global increasing trends in annual
maximum daily precipitation. Journal of Climate, 26(11), 3904-3918. 

Wethey, D.S. and S.A. Woodin, 2008: Ecological hindcasting of biogeographic
responses to climate change in the European intertidal zone. Hydrobiologia,
606(1), 139-151. 

Weyhenmeyer, G.A., D.M. Livingstone, M. Meili, O. Jensen, B. Benson, and J.J.
Magnuson, 2011: Large geographical differences in the sensitivity of ice-
covered lakes and rivers in the Northern Hemisphere to temperature changes.
Global Change Biology, 17(1), 268-275. 

Wezel, A. and A.M. Lykke, 2006: Woody vegetation change in Sahelian West Africa:
evidence from local knowledge. Environment, Development, and Sustainability,
8, 553-567. 

WGMS, 2008: Global Glacier Changes. Facts and Figures [Zemp, M., I. Roer, A. Kääb,
M. Hoelzle, F. Paul, and W. Haeberli (eds.)]. World Glacier Monitoring Service
(WGMS), Published by the United Nations Environment Programme (UNEP),
Nairobi, Kenya and the World Glacier Monitoring Service (WGMS), University
of Zurich, Zurich, Switzerland, 88 pp. 

White, I. and T. Falkland, 2010: Management of freshwater lenses on small Pacific
islands. Hydrogeology Journal, 18(1), 227-246. 

White, I., T. Falkland, T. Metutera, E. Metai, M. Overmars, P. Perez, and A. Dray, 2007a:
Climatic and human influences on groundwater in low atolls. Vadose Zone
Journal, 6(3), 581-590. 

White, I., T. Falkland, P. Perez, A. Dray, T. Metutera, E. Metai, and M. Overmars, 2007b:
Challenges in freshwater management in low coral atolls. Journal of Cleaner
Production, 15(16), 1522-1528. 

White, S., 2011: The Climate of Rebellion in the Early Modern Ottoman Empire.
Cambridge University Press, New York, NY, USA, 354 pp. 

Wilbanks, T.J., P. Romero Lankao, M. Bao, F. Berkhout, S. Cairncross, J.-P. Ceron, M.
Kapshe, R. Muir-Wood, and R. Zapata-Marti, 2007: Industry, settlement and
society. In: Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change [Parry, M.L., O.F. Canziani, J.P.
Palutikof, P. Van der Linden, and C.E. Hanson (eds.)]. Cambridge University Press,
Cambridge, UK and New York, NY, USA, pp. 357-390. 















1043

Emergent Risks and Key Vulnerabilities                                                                                                                                                         Chapter 19

19

• Mitigation measures taken in one location can have long-distance or indirect impacts on biodiversity and/or human systems. For example,

the development of biofuels as energy sources can increase food prices (high confidence) and affect distant land use practices. {19.4.1,

19.4.3}

Additional risks related to particular biophysical impacts of climate change have arisen recently in the literature in sufficient

detail to permit assessment (high confidence). {19.5}

• Risks associated with global temperature rise in excess of 4°C relative to preindustrial levels1 arise from severe and widespread

impacts on unique and threatened systems, substantial species extinction, extensive loss of ecosystem functioning, large risks to global and

regional food security, and the combination of high temperature and humidity compromising normal human activities, including growing

food or working outdoors in some areas for parts of the year (high confidence) and the potential for traversing thresholds that lead to

disproportionately large Earth systems responses (medium confidence). {19.5.1}

• Ocean acidification poses risks to marine ecosystems and the societies that depend on them. For example, ocean acidification is

very likely to lead to changes in coral calcification rates. Reduced coral calcification is projected to have impacts of medium to high

magnitude on some ecosystem services, including tourism and the provisioning of fishing. {19.5.2} 

• There is increasing evidence in the literature that high ambient carbon dioxide (CO2) concentrations in the atmosphere will

affect human health by increasing the production and allergenicity of pollen and allergenic compounds and by decreasing

nutritional quality of important food crops. {19.5.3}

• In addition to providing potential climate change abatement benefits, geoengineering poses widespread risks to society and

ecosystems. For example, in some model experiments the implementation of Solar Radiation Management (SRM) for the purpose of limiting

global warming leads to ozone depletion and reduces precipitation. In addition, the failure or abrupt halting of SRM risks rapid climate

change. {19.5.4}

Global, regional, and local socioeconomic, environmental, and governance trends indicate that vulnerability and exposure of

communities or social-ecological systems to climatic hazards related to extreme events are dynamic and thus vary across temporal

and spatial scales (high confidence). Effective risk reduction and adaptation strategies consider these dynamics and the inter-linkages between

socioeconomic development pathways and the vulnerability and exposure of people. Changes in poverty or socioeconomic status, ethnic

composition, age structure, and governance had a significant influence on the outcome of past crises associated with climatic hazards. {19.6.1}

Challenges for vulnerability reduction and adaptation actions are particularly high in regions that have shown severe difficulties

in governance. Studies confirm that countries that are classified as failed states and afflicted by violence are often not able to reduce

vulnerability effectively. Unless governance improves in countries with severe governance failure, risk will increase as a result of climate

changes interacting with increased human vulnerability (high confidence). {19.6.1.3.3} 

Key risks inform evaluation of “dangerous anthropogenic interference with the climate system,” in the terminology of UNFCCC

Article 2. These are potentially severe adverse consequences for humans and social-ecological systems resulting from the

interaction of hazards linked to climate change and the vulnerability of exposed societies and systems. Key risks were identified

in this assessment based on expert judgments made by authors of the various chapters of this report in light of criteria described

here {19.2.2.2} and consolidated into the following representative list (high confidence). {19.2.2.2, 19.6.2.1, Table 19-4, Boxes 19-2

and CC-KR} (Roman numerals indicate corresponding entries in Table 19-4; notation at end of each entry indicates corresponding Reasons for

Concern (RFCs), discussed below.)

1 Levels of global mean temperature change are variously presented in the literature with respect to “preindustrial” temperatures in a specified year or period, e.g., 1850–1900.
Alternatively, the average temperature within a recent period, e.g., 1986–2005, is used as a baseline. In this chapter, we use both, depending on the literature being assessed.
The increase above preindustrial (1850–1900) levels for the period 1986–2005 is estimated at 0.61°C (WGI AR5 Section 11.3.6.3). For example, using these baselines, a 2°C
increase above preindustrial levels corresponds to a 1.39°C increase above 1986–2005 levels. We use other baselines on occasion depending on the literature cited and explicitly
indicate where this is the case. Climate impact studies often report outcomes as a function of regional temperature change, which can differ significantly from changes in global
mean temperature. In most land areas, regional warming is larger than global warming (WGI AR5 Section 10.3.1.1.2). However, given the many conventions in the literature
for baseline periods, readers are advised to check carefully and to adjust baseline levels for consistency when comparing outcomes.
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vulnerable systems are exposed. Accordingly, the following four
additional criteria are used to judge whether risks are key:
1) Magnitude. Risks are key if associated harmful consequences have

a large magnitude, determined by a variety of metrics including
human mortality and morbidity, economic loss, losses of cultural
importance, and distributional consequences (see Schneider et al.,
2007; IPCC, 2012a). Magnitude and frequency of the hazard as well
as socioeconomic factors that determine vulnerability and exposure
contribute.

2) Probability that significant risks will materialize and their timing.
Risks are considered key when there is a high probability that the
hazard due to climate change will occur under circumstances where
societies or social-ecological systems exposed are highly susceptible
and have very limited capacities to cope or adapt and consequently
potential consequences are severe. Both the timing of the hazard
and the dynamics of vulnerability and exposure contribute. Risks
that materialize in the near term may be evaluated differently than
risks that materialize in the distant future, as the time available for
building up adaptive capacities is different (Oppenheimer, 2005;
Schneider et al., 2007; see also Section 19.6.3.6).

3) Irreversibility and persistence of conditions that determine risks.
Persistence of risks refers to the fact that underlying drivers and
root causes of these risks, either socioeconomic (e.g., chronic
poverty; see Chapter 13) or physical, cannot be rapidly reduced.
The criteria for assessing key vulnerabilities include the persistence
of socioeconomic conditions contributing to vulnerability that also
apply here (Section 19.2.2.1, point 4). In addition, some hazards
are associated with the potential for persistent physical impacts,
such as loss of an ice sheet causing irreversible sea level rise or
release of methane (CH4) clathrates from the seabed. 

4) Limited ability to reduce the magnitude and frequency or other
characteristics of hazardous climatic events and trends and the
vulnerability of societies and social-ecological systems exposed.
Criterion 3 pertaining to key vulnerabilities (Section 19.2.2.1)
discusses limited ability of societies to improve coping and adaptive
capacities in order to manage risk. This criterion also applies here.
In addition, risks are also considered to be key when societies
together have very limited prospects for reducing the magnitude,
frequency, or intensity of the associated climate hazards. For
example, risks that may be reduced or limited by greenhouse gas
(GHG) reductions that reduce the probability of the associated
hazard are less threatening than those for which the likelihood of
the hazard cannot be effectively altered (see also Section 19.7.1).
For example, risks that are already projected to be large during the
next few decades under a range of Representative Concentration
Pathways (RCPs) are much more difficult to influence by reducing
emissions than those projected to become large late in this century
(e.g., see discussion of risk from extreme heat in Section 19.6.3.3).

19.2.3. Criteria for Identifying Emergent Risks 

A risk that arises from the interaction of phenomena in a complex system
is defined here as an emergent risk. For example, feedback processes
between climatic change, human interventions involving mitigation and
adaptation, and processes in natural systems can be classified as emergent
risks if they pose a threat to human security. Emergent risks could arise

from unprecedented situations, such as the increasing urbanization of
low-lying coastal areas that are exposed to sea level rise or where new
pluvial flooding risk emerges due to urbanization of vulnerable areas
not historically populated. Some emergent risks have been identified
or discussed only recently in the scientific literature, and as a result our
ability to assess whether they are key risks is limited. In this chapter,
the only emergent risks discussed are those that have the potential to
become key risks once sufficient understanding accumulates.

19.2.4. Identifying Key and Emergent Risks
under Alternative Development Pathways 

Key risks are determined by the interaction of climate-related
hazards with exposure and vulnerabilities of societies or ecosystems.
Development pathways describing possible trends in demographic,
economic, technological, environmental, social, and cultural conditions
(Hallegatte et al., 2011) will affect key risks because they influence both
the likelihood and nature of climate-related hazards, and the societal
and ecological conditions determining exposure and vulnerability.
Therefore some risks could be judged to be key under some development
pathways but not others. Emergent risks can depend on development
pathways as well, because whether or not they become key risks may
be contingent on future socioeconomic conditions. 

The effect of development pathways on climate-related hazards occurs
through their effects on emissions and other radiative forcing factors
such as land use change (see WGI AR5 Chapter 12). Components of
development pathways such as economic growth, technical change,
and policy will influence the rates and spatial distributions of emissions
of GHGs and aerosols, and of land use change, and therefore influence
the magnitude, timing, and heterogeneity of hazards (see WGIII AR5
Chapter 5).

Development pathways will also influence the factors determining key
vulnerabilities of human and ecological systems, including exposure,
susceptibility, or sensitivity to impacts, and adaptive capacity (Yohe and
Tol, 2002; Füssel and Klein, 2006; Hallegatte et al., 2011; Birkmann et al.,
2013a; O’Neill et al., 2014). The magnitude of the aggregate exposure
and sensitivity of socio-ecological systems will depend on population
growth and spatial distribution, economic development patterns, and
social systems. The particular elements of the social-ecological system
that are most exposed and sensitive to climate hazards, and that are
considered most important, will depend on spatial development patterns
as well as on cultural preferences, attitudes toward nature/biodiversity,
and reliance on climate-sensitive resources or services, among other
factors (Adger, 2006; Füssel, 2009). The degree to which persistent or
difficult to reverse vulnerabilities are built into social systems, as well
as the degree of inequality in exposure and vulnerability across social
groups or regions, also depend on characteristics of development
pathways (Adger et al., 2009). 

19.2.5. Assessing Key Vulnerabilities and Emergent Risks

The criteria above for assessing vulnerability and risk provide a sequence
of potential assessment steps. While the initial assessment phase would
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General equilibrium economic models (see Chapter 10) may facilitate
quantitative evaluation of synergistic influences. An analysis of the EU
by the PESETA project (Projections of economic impacts of climate
change in sectors of Europe based on bottom-up analysis) showed sub-
regional welfare loss by considering impacts on agriculture, coastal
system, river floods, and tourism together in the Computable General
Equilibrium (CGE) model, which is designed to represent interrelationships
among economic activities of sectors. The result indicated the largest
percentage loss in southern Europe (Ciscar et al., 2011).

The following examples illustrate different types of areas of compound
risk where climate change impacts coincide and interact:
1) Cities in deltas, which are subject to sea level rise, storm surge, coastal

erosion, saline intrusion, and flooding. Extreme weather events can
also disrupt access to food supplies, enhancing malnutrition risk
(Ahmed et al., 2009; see also Section 19.3.2.3). Based on national
population projections, if contemporary rates of effective sea level
rise (a net rate, defined by the combination of eustatic sea level
rise and local contributions from fluvial sediment deposition and
subsidence and subsidence due to groundwater and hydrocarbon
extraction) continue through 2050, more than 6 million people would
be at risk of enhanced inundation and increased coastal erosion in
three megadeltas and 8.7 million in 40 deltas, absent measures to
adapt (Ericson et al., 2006). Examples of urbanized delta areas at
risk include, for example, those where Mumbai and Dhaka are
located (see Chapters 8, 24; Section 19.6.3.4; Table 19-4). 

2) The Arctic, where indigenous people (Crowley, 2011) are projected
to be exposed to the disruption, and possible destruction of, their
hunting and food sharing culture (see Chapter 28). Risk arises from
a combination of sea ice loss and the concomitant local extinctions
of the animals dependent on the ice (Johannessen and Miles, 2011).
Thawing ground also disrupts land transportation, buildings, and
infrastructure while exposure of coastal settlements to storms also
increases due to loss of sea ice. Arctic ecosystems are broadly at
risk (Kittel et al., 2011).

3) Coral reefs, which are highly threatened due to the synergistic effects
of sea surface temperature rise and perturbed ocean chemistry,
reducing calcification and also increasing sensitivity to other impacts
such as the loss of coral symbionts (Chapter 6). The importance of
reef sensitivity to climate change was recently highlighted in the
near-equatorial Indo Pacific, the area of greatest reef diversity
worldwide (Lough, 2012). A second highly diverse reef system at
risk for warming was identified around Micronesia, Mariana Island,
and Papua New Guinea (Meissner et al., 2012). 

In Figure 19-2, these and other examples of areas of compound risk
identified in this assessment are indicated on a world map. The map
focuses on the key role that exposure plays in determining risk,
particularly compound risk, rather than vulnerabilities per se. 

19.4. Emergent Risk: Indirect, Trans-boundary,
and Long-Distance Impacts

Climate change impacts can have consequences beyond the regions in
which they occur. Global trade systems transmit and mediate a variety
of impacts—the most prominent example of this is the global food

trade system. The competitive market forces which dominate trade do
not account for considerations of justice, and thus can incidentally
diminish or enhance inequality in the distribution of impacts (see Section
19.6.3.4). Where prices on food, land, and other resources increase,
vulnerability increases, ceteris paribus, for those most in need and least
able to pay (see Section 19.6.1.2 on differential vulnerability). In addition,
both mitigation and other adaptation responses have unintended
consequences beyond the locations in which they are implemented
(Oppenheimer, 2013). All of these mechanisms can create emergent
risks (high confidence).

19.4.1. Crop Production, Prices, and Risk
of Increased Food Insecurity

Recent literature indicates that climate trends have already influenced
the yield trends of important crops (e.g., Kucharik and Serbin, 2008; Tao
et al., 2008; Brisson et al., 2010; Lobell et al., 2011). Chapters 7 and 18
provide a detailed overview of these impacts, and have assessed with
medium confidence that the effects of climate trends on maize and
wheat yield trends have been negative in many regions over the past
several decades, and have been small for major rice and soybean
production areas (see Sections 7.2.1.1, 18.4.1.1.). For projected impacts,
“Without adaptation, local temperature increases in excess of about
1°C above preindustrial is projected to have negative effects on yields
for the major crops (wheat, rice, and maize) in both tropical and
temperate regions, although individual locations may benefit (medium
confidence)” (Section 7.4; Figures 7-4, 7-5, 7-7; Chapter 7 ES). Across
all studies projecting crop yield impacts (some of which include both
CO2 fertilization and adaptation, and some which account for only one
or neither of these), negative impacts on average yields become likely
from the 2030s (Figure 7-5). Median yield impacts of 0 to –2% per
decade are projected for the rest of the century (compared to yields
without climate change) (Figure 7-7), and after 2050 the risk of more
severe impacts increases (medium confidence) (Chapter 7 ES; Figure
7-5). Among the smaller number of studies that have projected global
yield and price impacts, negative net effects of climate change, CO2

increases, and agronomic adaptation on global yields are about as likely
as not by 2050 and likely later in the 21st century (Section 7.4.4).

Climate impacts on crop production influence food prices directly and
through complex interactions with a variety of factors, including biofuel
crop production and mandates, as well as other domestic policies such
as crop export bans (Sections 7.1.2, 7.2.2, 7.4.4). If climate changes
reduce crop yields, international food prices and the number of food-
insecure people are expected to increase globally (limited evidence,
high agreement; Section 7.4.4). For example, global rice prices exhibit
sensitivity both to yield impacts from climate changes as well as the loss
of arable land to sea level rise (Chen et al., 2012). While the evidence
base of how climate change will affect future food consumption patterns
is limited (Section 7.3.3.2), there are large numbers of households that
would be especially vulnerable to a loss of food access if food prices
were to increase, for example, agricultural producers in low-income
countries who are net food buyers (Section 7.3.3.2; Table 7-1). 

In addition to the direct impacts of climate change, biofuel production
in service of climate change mitigation may also affect food prices.
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perceptions and therewith also influence actual and potential responses
(and thus exposure, vulnerability, and risk) include (1) interpretations
of the threat, including the understanding and knowledge of the root
cause of the problem; (2) exposure and personal experience with the
events and respective negative consequences, particularly recently (i.e.,
availability); (3) priorities of individuals; (4) environmental values and
value systems in general (see, e.g., O’Connor et al., 1999; Grothmann
and Patt, 2005; Weber, 2006; Kuruppu and Liverman, 2011). Furthermore,
the perceptions of risk and reactions to such risk and actual events are
also shaped by motivational processes (Weber, 2010). In this context
people will often ignore predictions of climate-related hazards if those
predictions fail to elicit emotional reactions. In contrast, if the event or
forecast of such an event elicits strong emotional feelings of fear, people
may overreact and panic (see Slovic et al., 1982; Slovic, 1993, 2010;
Weber, 2006). Public perceptions of risks are not determined solely by
the “objective” information, but rather are the product of the interaction
of such information with psychological, social, institutional, and cultural
processes and norms that are partly subjective, as demonstrated in
various crises in the context of extreme events (Kasperson et al., 1988;
Funabashi and Kitazawa, 2012). Risk perceptions particularly influence
and increase vulnerability in terms of false perceptions of security
(Cardona et al., 2012, p. 70). Finally, it is important to acknowledge that
everyday concerns and satisfaction of basic needs may prove more
pressing than attention and effort toward actions to address longer-
term risk factors, e.g., climate change (Maskrey, 1989, 2011; Wisner et
al., 2004). Rather, peoples’ worldviews and political ideologies guide
attention toward events that threaten their preferred social order
(Douglas and Wildavsky, 1982; Kahan, 2010). 

19.6.2. Key Risks

19.6.2.1. Assessing Key Risks

Key risks arise from the interaction of climate-related hazards and key
vulnerabilities of societies, communities, or systems exposed (see Figure
19-1). Various chapters in this report have assessed key risks from their
particular perspectives. We asked each chapter writing team to provide
Chapter 19 authors with the key risks of highest concern to their chapter
based on the criteria for defining key risks and key vulnerabilities as
outlined in Section 19.2.2. A complete presentation of the key risks
provided is found in Box CC-KR (allowing for some condensation by
authors of Chapter 19 to avoid repetition).

The key risks provided by the chapters represent the issues most
pressing to each set of experts. The list is neither unique nor exhaustive:
other authors might express other preferences; however, this compilation
provides important insights about key risks and their determinants—
hazard, exposure, and vulnerability.

Chapter 19 authors further consolidated these key risks in Table 19-4
in order to produce the following list which, in their judgment (high
confidence), is representative of the range of key risks forwarded. Roman
numerals preceding each key risk correspond with entries in Table 19-4.
Each key risk is followed with a notation in brackets indicating the
Reason(s) for Concern (RFCs; see Section 19.6.3) with which it is aligned.
In addition, a representative set of lines of sight is provided from across

the chapters. Examples of these risks are also displayed geographically
in Figure 19-2:
i) Risk of death, injury, ill-health, or disrupted livelihoods in low-lying

coastal zones and small island developing states and other small
islands, due to storm surges, coastal flooding, and sea level rise.
These risks further increase in regions where the capacity to adapt
long-lived coastal infrastructure (e.g. electricity, water and sanitation
infrastructure) to local sea level rise beyond 1 m is limited. Urban
populations with substandard housing and inadequate insurance,
as well as marginalized rural populations with multidimensional
poverty and limited alternative livelihoods are particularly vulnerable
to these hazards. Inadequate local governmental attention to
disaster risk reduction and adaptation can further increase the
vulnerability of people and also the risk of adverse consequences
(WGI AR5 Sections 3.7, 13.5; WGI AR5 Table 13.5; Sections 5.4.3,
8.1.4, 8.2.3-4, 13.1.4, 13.2.2, 24.4-5, 26.7-8, 29.3.1, 30.3.1; Boxes
25-1, 25-7). [RFC 1, 2, 3, 4, and 5]

ii) Risk of severe ill-health and disrupted livelihoods for large urban
populations due to inland flooding in some regions. Particularly
vulnerable are marginalized and poverty-stricken residents in low-
income informal settlements as well as children, the elderly, and
the disabled that have limited means to cope and adapt. Risks are
increasing due to rapid and unsustainable urbanization especially
in areas where risk governance capacities are constrained or limited
attention is given to risk reduction and adaptation measures. Also,
overwhelmed, aging, poorly maintained, and inadequate infrastructure
(e.g., drainage infrastructure, electricity, water supply, etc.) can further
increase the risk of severe harm and threats to human security in the
case of inland flooding (WGI AR5 FAQ 12.2; Sections 3.2.7, 3.4.8,
8.2.3-4, 13.2.1, 25.10, 26.3, 26.7-8, 27.3.5; Box 25-8). [RFC 2 and 3]

iii) Systemic risks due to extreme weather events leading to breakdown
of infrastructure networks and critical services such as electricity,
water supply, and health and emergency services. Interdependency
of critical infrastructure increases the risk of systemic breakdowns
of vital services, for example, the risk of failure in systems dependent
on electric power (such as drainage systems reliant on electric
pumps) during extreme events. Health and emergency services rely
on critical infrastructure (e.g., telecommunication) that can be
disrupted during such power failures. For example, Hurricane Katrina
left 1220 electricity-dependent drinking water systems in Louisiana,
Mississippi, and Alabama inoperable for several weeks (Copeland,
2005). Overly hazard-specific management planning and infrastructure
design and/or low forecasting capabilities exacerbate such risks
(WGI AR5 Section 11.3.2; Sections 8.1.4, 8.2.4, 10.2-3, 12.6, 23.9,
25.10, 26.7-8). [RFC 2, 3, and 4]

iv) Risk of mortality and morbidity during periods of extreme heat,
particularly for vulnerable urban populations and those working
outdoors in urban or rural areas. Increasing frequency and intensity
of extreme heat (including exposure to the urban heat island
effect and air pollution) interacts with an inability of some local
organizations that provide health, emergency, and social services
to adapt to new risk levels for vulnerable groups. In addition, the
impact of heat stress on aging populations, such as during the
heat wave disaster in 2003 in Europe, shows how changing climatic
conditions interact with trends in population structure, health
conditions, and social isolation (characteristics of vulnerability) to
create key risks (WGI AR5 Section 11.3.2; Sections 8.2.3, 11.3,
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11.4.1, 13.2, 23.5.1, 24.4.6, 25.8.1, 26.6, 26.8; Box CC-HS). [RFC 2
and 3]

v) Risk of food insecurity and the breakdown of food systems linked to
warming, drought, flooding, and precipitation variability and extremes,
particularly for poorer populations in urban and rural settings. This
risk is a particular concern for farmers who are net food buyers and
people in low-income, agriculturally dependent economies that are
net food importers). Climatic hazards and the vulnerability of people
(see above) may exacerbate malnutrition, giving rise to a larger
burden of disease in these groups, especially among elderly and

female-headed households having limited ability to cope. The
reversal of progress in reducing malnutrition is a potential outcome
(WGI AR5 Section 11.3.2; Sections 7.3-5, 11.3, 11.6.1, 13.2.1-2,
19.3.2, 19.4.1, 22.3.4, 24.4, 26.8, 27.3.4). [RFC 2, 3 and 4]

vi) Risk of loss of rural livelihoods and income due to insufficient
access to drinking and irrigation water and reduced agricultural
productivity, particularly for farmers and pastoralists with minimal
capital in semi-arid regions. Interaction of warming and drought
with lack of alternative sources of income, and the presence of
regional and national conditions that lead to a breakdown of food

No. Hazard Key vulnerabilities Key risks Emergent risks

i Sea level rise, coastal fl ooding 
including storm surges

(WGI AR5 Sections 3.7 and 
13.5; WGI AR5 Table 13.5; 
Sections 5.4.3, 8.1.4, 8.2.3, 
8.2.4, 13.1.4, 13.2.2, 24.4, 
24.5, 26.7, 26.8, 29.3.1, and 
30.3.1; Boxes 25-1, 25-7)

High exposure of people, economic activity, and 
infrastructure in low-lying coastal zones, Small Island 
Developing States (SIDS), and other small islands

Death, injury, and disruption to 
livelihoods, food supplies, and drinking 
water

Loss of common-pool resources, sense 
of place and identity, especially among 
indigenous populations in rural coastal 
zones

Interaction of rapid urbanization, sea 
level rise, increasing economic activity, 
disappearance of natural resources, 
and limits of insurance; burden of risk 
management shifted from the state 
to those at risk, leading to greater 
inequality

Urban population unprotected due to substandard 
housing and inadequate insurance. Marginalized 
rural population with multidimensional poverty and 
limited alternative livelihoods

Insuffi cient local governmental attention to disaster 
risk reduction

ii Extreme precipitation and 
inland fl ooding

(WGI AR5 FAQ 12.2; Sections 
3.2.7, 3.4.8, 8.2.3, 8.2.4, 
13.2.1, 25.10, 26.3, 26.7, 26.8, 
and 27.3.5; Box 25-8)

Large numbers of people exposed in urban areas 
to fl ood events, particularly in low-income informal 
settlements

Death, injury, and disruption of human 
security, especially among children, 
elderly, and disabled persons

Interaction of increasing frequency of 
intense precipitation, urbanization, 
and limits of insurance; burden of risk 
management shifted from the state 
to those at risk, leading to greater 
inequality, eroded assets due to 
infrastructure damage, abandonment 
of urban districts, and the creation of 
high-risk / high-poverty spatial traps

Overwhelmed, aging, poorly maintained, and 
inadequate urban drainage infrastructure and limited 
ability to cope and adapt due to marginalization, 
high poverty, and culturally imposed gender roles

Inadequate governmental attention to disaster risk 
reduction

iii Novel hazards yielding 
systemic risks 

(WGI AR5 Section 11.3.2; 
Sections 8.1.4, 8.2.4, 10.2, 
10.3, 12.6, 23.9, 25.10, 26.7, 
and 26.8)

Populations and infrastructure exposed and lacking 
historical experience with these hazards

Failure of systems coupled to electric 
power system, e.g., drainage systems 
reliant on electric pumps or emergency 
services reliant on telecommunications. 
Collapse of health and emergency 
services in extreme events

Interactions due to dependence on 
coupled systems lead to magnifi cation 
of impacts of extreme events. Reduced 
social cohesion due to loss of faith in 
management institutions undermines 
preparation and capacity for response.

Overly hazard-specifi c management planning 
and infrastructure design, and/or low forecasting 
capability

iv Increasing frequency and 
intensity of extreme heat, 
including urban heat island 
effect

(WGI AR5 Section 11.3.2; 
Sections 8.2.3, 11.3, 11.4.1, 
13.2, 23.5.1, 24.4.6, 25.8.1, 
26.6, and 26.8; Box CC-HS)

Increasing urban population of the elderly, the very 
young, expectant mothers, and people with chronic 
health problems in settlements subject to higher 
temperatures

Increased mortality and morbidity 
during periods of extreme heat

Interaction of changes in regional 
temperature extremes, local heat 
island, and air pollution, with 
demographic shifts 

Overloading of health and emergency 
services. Higher mortality, morbidity, 
and productivity loss among manual 
workers in hot climates

Inability of local organizations that provide health, 
emergency, and social services to adapt to new risk 
levels for vulnerable groups

v Warming, drought, and 
precipitation variability

(WGI AR5 Section 11.3.2; 
Sections 7.3, 7.4, 7.5, 11.3, 
11.6.1, 13.2.1, 13.2.2, 19.3.2, 
19.4.1, 22.3.4, 24.4, 26.8, and 
27.3.4)

Poorer populations in urban and rural settings are 
susceptible to resulting food insecurity; includes 
particularly farmers who are net food buyers and 
people in low-income, agriculturally dependent 
economies that are net food importers.  Limited 
ability to cope among the elderly and female-headed 
households

Risk of harm and loss of life due 
to reversal of progress in reducing 
malnutrition 

Interactions of climate changes, 
population growth, reduced 
productivity, biofuel crop cultivation, 
and food prices with persistent 
inequality and ongoing food insecurity 
for the poor increase malnutrition, 
giving rise to larger burden of disease. 
Exhaustion of social networks reduces 
coping capacity.

Table 19-4 |  A selection of the hazards, key vulnerabilities, key risks, and emergent risks identifi ed in various chapters in this report (Chapters 4, 6, 7, 8, 9, 11, 13, 19, 22, 
23, 24, 25, 26, 27, 28, 29, and 30). Key risks are determined by hazards interacting with vulnerability and exposure of human systems and of ecosystems or species. The table 
underscores the complexity of risks determined by various climate-related hazards, non-climatic stressors, and multifaceted vulnerabilities. The examples show that underlying 
phenomena, such as poverty or insecure land tenure arrangements, unsustainable and rapid urbanization, other demographic changes, failure in governance and inadequate 
governmental attention to risk reduction, and tolerance limits of species and ecosystems that often provide important services to vulnerable communities, generate the context in 
which climatic change–related harm and loss can occur. The table illustrates that current global megatrends (e.g., urbanization and other demographic changes) in combination 
and in specifi c development contexts (e.g., in low-lying coastal zones) can generate new systemic risks in their interaction with climate hazards that exceed existing adaptation 
and risk management capacities, particularly in highly vulnerable regions, such as dense urban areas of low-lying deltas. Roman numerals correspond with key risks listed in 
Section 19.6.2.1. A representative set of lines of sight is provided from across WGI AR5 and WGII AR5. See Section 19.6.2.1 for a full description of the methods used to select 
these entries.
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20.1. Introduction

Following summaries of what we know about climate change impacts,
vulnerabilities, and prospects for adaptation (Chapter 18) and reasons
for concern (Chapter 19), this chapter summarizes what is currently
known about options regarding what to do in responding to these risks
and concerns.

In terms of “what to do” to address climate change and threats to
development now and in the future, the chapter identifies and discusses
climate-resilient pathways. Climate-resilient pathways are defined in
this chapter as development trajectories that combine adaptation and
mitigation with effective institutions to realize the goal of sustainable
development. They are seen as iterative, continually evolving processes
for managing change within complex socio-ecological systems; taking
necessary steps to reduce vulnerabilities to climate change impacts in
the context of development needs and resources, building capacity to
increase the options available for vulnerability reduction and coping
with unexpected threats; monitoring the effectiveness of vulnerability
reduction efforts; and revising risk reduction responses on the basis of
continuous learning. As such, climate-resilient pathways include two
main categories of responses:
• Actions to reduce human-induced climate change and its impacts,

including both mitigation and adaptation toward achieving
sustainable development

• Actions to ensure that effective institutions, strategies, and choices
for risk management will be identified, implemented, and sustained
as an integrated part of achieving sustainable development.

In many cases, each of the two categories of responses has the potential
to benefit the other as well, offering potentials for win-win kinds of
integration, although mechanisms and institutions are needed to address
cases where the two elements have negative effects on each other and
to ensure that positive synergies are realized. Because climate change
challenges are significant for many areas, systems, and populations,
climate-resilient pathways will generally require transformations—
beyond incremental approaches—in order to ensure sustainable
development (see Sections 20.2.3.1, 20.6.2; for related language
employed by the UNFCCC, see Box 20-1).

Incremental responses to climate change address immediate and
anticipated threats based on current practices, management approaches,
or technical strategies. These may involve developing energy-efficient
vehicles to mitigate climate change, or building higher dykes to adapt
to sea level rise. Incremental responses are often referred to as business-
as-usual approaches, as they do not challenge or disrupt existing systems
(Kates et al., 2012). Transformative responses, in contrast, involve
innovations that contribute to systemic changes by challenging some
of the assumptions that underlie business-as-usual approaches (O’Brien,
2012). Transformational adaptations, for example, change the nature,
composition, and/or location of threatened systems (Smit and Wandel,
2006; Stringer et al., 2009; National Research Council, 2010a; Pelling,
2010; IPCC, 2012). Importantly, transformations of the systems, structures,
relations, and behaviors that contribute to climate change and social
vulnerability may also be necessary to reduce risks to sustainable
development, as discussed in Section 20.5.2 (see also WGIII AR5 Chapter
6 on Assessing Transformation Pathways).

Conceptual understandings of sustainable development have developed
considerably, particularly over the past 2 decades, as the short- and
long-term implications of climate change and extreme events have
become better understood, although empirical evidence of progress
with sustainable development is often elusive. The discussion of
sustainable development in the IPCC process has evolved since the First
Assessment Report (FAR), which focused on the technology and cost-
effectiveness of mitigation activities, and the Second Assessment Report
(SAR), which included issues related to equity and to environmental
and social considerations. The Third Assessment Report (TAR) further
broadened the treatment of sustainable development by addressing
issues related to global sustainability, and the Fourth Assessment (AR4)
included chapters on sustainable development in both Working Group
II and III reports, with a focus on both climate-first and development-
first literatures.

This chapter recognizes climate change as a threat to sustainable
development. The chapter emphasizes that, as a result, transformational
changes are very likely to be required for climate-resilient pathways—
both transformational adaptations and transformations of social
processes that make such transformational adaptations feasible.
The chapter integrates a variety of complex issues in assessing climate-
resilient pathways in a variety of regions at a variety of scales:
sustainable development as the ultimate aim, mitigation as the way to
keep climate change impacts moderate rather than extreme, adaptation
as a response strategy the way to keep climate change impacts moderate
rather than extreme or to cope with impacts that cannot be (or are not)
avoided, and development pathways as contexts that shape choices and
actions. It stresses needs and opportunities to make progress toward
climate-resilient pathways now, rather than postponing responses to
an indefinite future.

The chapter is organized in six parts: climate change as a threat to
sustainable development, by assessing links between sustainable
development and climate change as well as defining climate-resilient
pathways (Section 20.2); contributions to resilience through climate
change responses (Section 20.3); contributions to resilience through

Frequently Asked Questions

FAQ 20.1 |  What is a climate-resilient
                  pathway for development?

A climate-resilient pathway for development is
a continuing process for managing changes in
the climate and other driving forces affecting
development, combining flexibility, innovativeness,
and participative problem solving with effectiveness
in mitigating and adapting to climate change. If
effects of climate change are relatively severe, this
process is likely to require considerations of
transformational changes in threatened systems if
development is to be sustained without major
disruptions.
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through better agricultural management practices—which can reduce
net emissions—can improve soil water storage capacity. Practices such
as conservation tillage can also increase water retention in drought
conditions and help to sequester carbon in soils (Halsnaes et al., 2008).
In many cases, however, this challenge remains very difficult to meet.

Mitigation and development also interact in a third way in that different
groups and countries’ abilities to implement mitigation critically depends
on their “mitigative capacity” (Yohe, 2001): their “ability to reduce
anthropogenic greenhouse gas emissions or enhance natural sinks” and
the “skills, competencies, fitness, and proficiencies that a country has
attained which can contribute to GHG emissions mitigation” (Winkler
et al., 2007). Here, many of the determinants of mitigative capacity are
fundamentally shaped by different countries’ levels of development,
including their current level of emissions; their stock of human, financial,
and technological capital, such as the ability to pay for mitigation; the
magnitude and cost of available abatement opportunities; the regulatory
effectiveness and market rules; the education and skills base; the suite
of mitigation technologies available; the ability to absorb new
technologies; and the level of infrastructure development (Box 20-4).

20.3.2. Adaptation 

Adaptation is the subject of four chapters of this WGII AR5 (Chapters
14 to 17), to which readers are referred for comprehensive descriptions
of concepts, options, strategies, and examples of adaptation practices.
For this section, we focus on the intersection between adaptation and

sustainable development. Overall, climate adaptation and sustainable
development are linked in several ways: first, many of the determinants
of adaptive capacity to respond to climate impact and indicators of
sustainable development overlap; second, adaptive capacity building
may critically contribute to the well-being of both social and ecological
systems; and third, building adaptive capacity within a sustainable
development framework may require transformational changes (Dovers
and Hezri, 2010; Kates et al., 2012; Lemos et al., 2013). 

Around the globe, the ability of communities and individuals to respond
to climate change is predicated on a number of capacities (e.g., human
capital, information and technology, material resources and infrastructure,
organizational and social capital, political capital, wealth and financial
capital, institutions and entitlements) that typically overlap with
indicators of development (Smit and Pilifozofa, 2001; Yohe and Tol, 2002;
Eakin and Lemos, 2006). However, building these capacities both in
developed and less developed regions has implications for sustainable
development because it might increase the consumption of materials
and create potential negative effects on ecosystems (e.g., building of
new infrastructure and increasing consumption). In terms of governance,
climate change adaptation and sustainable development share many
characteristics (e.g., issues of spatial and temporal scales, uncertainty,
poorly defined jurisdictions; Dovers and Hezri, 2010), and designing
and implementing successful interventions require different kinds of
capacities, including political and administrative structures (Eakin and
Lemos, 2006; Wilbanks et al., 2007). Building adaptive capacity may
critically contribute to the improvement of the well-being of both social
and ecological systems by bettering livelihoods and reducing pressure

Pledged emission reduction from 
projected business-as-usual emissions

Pledged emission reduction 
target

No actionOpen action
Pledged emission intensity 
reduction target

Figure 20-1 | Pledges by Annex 1 and Annex 2 countries in response to the Copenhagen Accord (see http://unfccc.int/meetings/copenhagen_dec_2009/items/5264.php, 
http://unfccc.int/meetings/cop_15/copenhagen_accord/items5265.php). Refer to Table SM21-1 for groupings of countries and territories of the world of relevance for 
international climate change policy making. 
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through three types of intervention mechanisms: information, incentives,
and institutions.

Local institutions crucially influence the ability of communities to adapt
and benefit from adaptation and mitigation programs in rural and urban
settings (Corbera and Brown, 2008; Chhartre and Agrawal, 2009; Agrawal,
2010). For instance, institutions tend to play an influential role in shaping
farmers’ decisions and helping them make strategic choices with several
implications for livelihoods and sustainable development (Agrawal,
2010). In rural areas, current socioeconomic dynamics, rapid population
growth, commercialized agriculture, new agricultural trends, and
technological advancements in agriculture have meant that local
organizations and actors have seen a change in their role managing
environmental resources; local institutions are themselves in a state
of flux as they are subjected to uncertainties in climatic condition
(Senaratne and Wickramasinghe, 2010). However, in developing countries,
particularly in Africa, where traditional knowledge could potentially
moderate this uncertainty, it is often not recognized as a reference point
for managing climate risks and emerging threats. In Kenya, the importance
of indigenous knowledge, given increased uncertainty and climate-
related risks, has compelled national agencies such as the Kenyan
Meteorological Agencies and vulnerable groups such as the indigenous
communities commonly known as rainmakers to form strategic reciprocal
links. By working closely together to calibrate their forecasts and test
the efficacy of the results against climate change impacts on agricultural
productivity, the two groups have been able to demonstrate the benefits
of Western science and traditional knowledge systems to increase
effectiveness (Ziervogel and Opere, 2010). In integrating different kinds
of knowledge, participatory processes, which call for a deliberative form
of decision making among stakeholders, are well suited to the governance
culture necessary for effective adaptation and mitigation. However,
findings in the literature regarding the effectiveness of participatory
processes are mixed. For example, though some scholars have argued
that deliberative democracy methods can bring diverse stakeholders
and kinds of knowledge (e.g., lay, expert, and indigenous) together thus
putting in place a more communicative model of science delivery (Benn
et al., 2009), empirical research shows that stakeholder participation
does not always lead to consensus (Rowe and Frewer, 2004; Bell et al.,
2011; also see Salter et al., 2010).

In addition, better institutions are needed to handle the large flows of
funds and other resources that are associated with managing and
improving the delivery systems that will allow people and organizations
to take advantage of opportunities that will trigger a set of actions to
combat the negative impacts of climate change. The complexity of
different resource flows and distributional effects related to adaptation
and mitigation is at the heart of the sustainable development debate,
with numerous implications for equity and justice (O’Brien and Leichenko,
2003; Roberts and Parks, 2006). The nature and dynamics of climate
change call for flexibility to “allow society to modify its institutions at
a rate commensurate with the rapid rate of environmental change”
(Gupta et al., 2008). Here, institutional “renewal” is essential to achieve
a degree of social cohesion and transformation. 

An institutional response to climate change is even more fundamental in
common pool property resources such as freshwater, especially because
in a changing climate, many river basins are subjected to increased

precipitation or water scarcity that affects both their ecosystems and
the resources that support the livelihoods of those communities
dependent on them. The quality and performance of the organizations
and mechanisms created to manage these resources are largely shaped
by the rules they follow and the suitability of these rules to the social
ecological system in which they are embedded (Bisaro et al., 2010).
Indeed, a climate-resilient pathway is one that will not only manage
biophysical changes, but also address inherent institutional asymmetries
that can further reinforce current inequalities in the way common pool
resources are managed. In this context, the monitoring and mediation
capacities and the degree to which resource management organizations
are embedded at different scales across the governance regime will largely
shape its adaptive capacity and sustainability. Thus, the vulnerability of
large river basins will largely depend not only on the changing biophysical
conditions, but also on institutional architecture that is put in place to
manage risks and build resilience. For example, Schlager and Heikkila
(2011) argue that compacts that have fixed allocation rules tend to
exhibit greater vulnerability to climate change mainly because the
system is far too rigid and does not allow for much flexibility in dealing
with the changing hydrologic regime. States such as Colorado in the
USA have dealt with water scarcity more efficiently mainly because
users of the basin have access to venues that allow them to design and
review current rules (Schlager and Heikkila, 2011). 

Common problems with institutional arrangements for adaptively
managing natural resources include a frequent incompatibility of current
governance structures with many of those that may be necessary for
promoting social and ecological resilience. For example, some major
tenets of traditional management styles have “in many cases operated
through exclusion of users and the top-down application of scientific
knowledge in rigid programmes” (Tompkins and Adger, 2004, p. 10). 

20.4.3. Enhancing the Range of Choices
through Innovation

Finally, climate resilience will in most cases depend on innovation,
developing new ideas and options or adapting robust familiar ideas and
options to meet emerging new needs and to respond to surprises (see
also WGIII AR5 Chapter 6). As indicated in the previous section,
integrated strategies for climate resilience can benefit from considering
possibilities to develop new options through social, institutional, and
technological innovation. For example, if a climate-resilient pathway for
a particular region calls for coping with greater water scarcity, innovations
might consider changes in water rights practices, improving the
understanding of groundwater dynamics and recharge, improving
technologies and policies for water use efficiency improvements, and
in coastal areas the development of more affordable technologies for
desalination (Lebel, 2005; National Research Council, 2010a). One key
issue for risk management, therefore, is assessing needs for and possible
benefits from targeting innovation efforts on critical vulnerabilities.

Innovations can include both technological and social changes, which
in many cases are closely related (Rohracher, 2008; Raven et al., 2010),
as technology and society evolve together (Kemp, 1994). An important
characteristic of such socio-technical transitions are the interactions
and conflicts between new, emerging systems and established regimes,
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